Kathryn L. Garner, Krasimira Tsaneva-Atanasova, and
Craig A. McArdle

Abstract

Gonadotropin-releasing hormone (GnRH) mediates central control of reproduc-
tive function by activation of G-protein-coupled receptors on pituitary
gonadotropes. These Gg-coupled receptors mediate acute effects of GnRH on
the exocytotic secretion of luteinizing hormone and follicle-stimulating hormone
and also chronic regulation of the synthesis of these gonadotropin hormones.
GnRH is secreted in brief pulses and GnRH effects on its target cells are
dependent upon the characteristics of these pulses. Here we provide an overview
of GnRH receptors and their signaling network, emphasizing novel and atypical
functional features of GnRH signaling, and mechanisms mediating pulsatile
hormone signaling.
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Gonadotropin-Releasing Hormone (GnRH) and Its Receptors

Gonadotropin-releasing hormone, (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-
NH,), also known as luteinizing hormone-releasing hormone (LHRH) or GnRH-I,
is a peptide that is synthesized in hypothalamic neurons. It is secreted into the
hypothalamic-hypophyseal portal circulation in pulses each lasting for a few minutes
(Belchetz et al. 1978; Clarke and Cummins 1985; Wildt et al. 1981), with the
secretory activity of GnRH neurons being controlled largely by input from
kisspeptin-containing neuronal circuits. After secretion GnRH exits the portal cir-
culation and binds to its cognate receptors (GnRHRs) on the surface of anterior
pituitary gonadotropes. It causes them to synthesize and secrete luteinizing hormone
(LH) and follicle-stimulating hormone (FSH); these two gonadotropin hormones
then control gametogenesis and steroidogenesis in the gonads (Cheng and Leung
2005; Ciccone and Kaiser 2009; McArdle and Roberson 2015; Millar et al. 2004;
Naor 2009; Sealfon et al. 1997; Stojilkovic et al. 2010b; Wang et al. 2010). LH and
FSH are heterodimeric glycoprotein hormones with distinct f-subunits (LHP and
FSHp) and a common a-gonadotropin subunit (¢dGSU). The mature protein hor-
mones are packaged into secretory vesicles for release from gonadotropes. Acutely
GnRH regulates vesicle fusion with the plasma membrane whereas chronically, it
increases synthesis of gonadotropins and thereby influences the hormone content of
these vesicles. Together, these effects on synthesis and secretion underpin the central
control of reproduction by GnRH.

The importance of this system is illustrated by the fact that GnRH and its
receptors are both absolutely essential for mammalian reproduction (Cattanach
et al. 1977; de Roux et al. 1997; Mason et al. 1986), but comparative studies have
revealed multiple forms of GnRH and GnRHR. There are three distinct forms of the
hormone: GnRH-I (often known simply as GnRH), GnRH-II, and GnRH-III. These
have a common ancestral origin that predates vertebrates (Fernald and White 1999).
Most classes of vertebrate have GnRH-I and GnRH-II, but GnRH-III is specific for
teleosts (Cheng and Leung 2005; Millar et al. 2004; Schneider and Rissman 2008).
GnRHRs are members of the rhodopsin-like G-protein-coupled receptor (GPCR)
family and have a characteristic seven-transmembrane a-helical domain structure.
They have been cloned from multiple species and can be classified into three groups
based on sequence homology. All of the cloned mammalian GnRHRs are in groups I
or II (Millar et al. 2004; Morgan and Millar 2004), and the type I GnRHRs of
humans, rats, mice, pigs, sheep, and horses have >80% amino acid sequence
identity. Some primates (notably rhesus and green monkeys and marmosets) express
functional type I GnRHR (as well as type I GnRHR), but in humans there is a
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frameshift mutation and a premature stop codon in the GnRHR II (pseudo)gene so
that a functional type II GnRHR is not expressed (Morgan and Millar 2004; Stewart
et al. 2009; Wang et al. 2010). Accordingly, for humans, central control of repro-
duction is mediated by GnRH-I from the hypothalamus acting on type I GnRHR in
gonadotropes. Further evidence of the importance of this system lies in the fact that
GnRHRs are established therapeutic targets for manipulation with agonist and
antagonist analogues of GnRH for assisted reproduction technology (Al-Inany
et al. 2016; Siristatidis et al. 2015). In general, stimulatory effects of endogenous
GnRH pulses can be mimicked with pulsatile agonists to induce ovulation or
spermatogenesis. Alternatively, effects of endogenous GnRH can be blocked with
GnRH antagonists to reduce circulating levels of gonadotropins and gonadal steroids
and thereby treat sex hormone-dependent neoplasms such as those of the prostate,
ovary, endometrium, or mammary glands (Chengalvala et al. 2003; Conn and
Crowley 1994; Schally 1999). Paradoxically, sustained stimulation with GnRH
agonists causes stimulation followed by desensitization of GnRHR-mediated gonad-
otropin secretion, and this is also exploited to treat sex steroid-dependent cancers
(Cheng and Leung 2005; Ciccone and Kaiser 2009; McArdle and Roberson 2015;
Millar et al. 2004; Naor 2009; Sealfon et al. 1997; Stojilkovic and Catt 1995; Wang
et al. 2010).

GnRHR Signaling and Gonadotropin Secretion

In gonadotropes, GnRHR signaling (Fig. 1) is primarily mediated by activation of
the heterotrimeric G-protein G4 which, in turn, activates the effector enzyme phos-
pholipase C (PLC). PLC cleaves phosphatidylinositol (4,5)-bisphosphate to produce
the second messengers inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol
(DAG). IP; acts via its own intracellular receptors to increase Ca’" release
from intracellular stores, whereas DAG activates isozymes of protein kinase C
(PKC). Ca*" mobilization is followed by Ca®" influx via L-type voltage-gated Ca*"
channels, and it is this Ca>" entry across the plasma membrane that supports a more
sustained increase in cytoplasmic Ca>* concentration on continuous GnRH exposure
(Ciccone and Kaiser 2009; Naor 2009; Stojilkovic and Catt 1995; Stojilkovic et al.
2010b). In some models, GnRH causes oscillations in cytoplasmic Ca”*, and the
type of response depends on the model system and on GnRH concentration, with low
concentrations having subthreshold effects, intermediate concentrations causing
oscillatory responses, and high concentrations causing biphasic (spike-plateau)
responses (Leong and Thorner 1991; Stojilkovic et al. 1991). For the latter, the
initial spike phase is due to mobilization of Ca*" from intracellular stores, whereas
the plateau is dependent on Ca®" entry through voltage-gated Ca®" channels (Hansen
et al. 1987; Izumi et al. 1989). For the oscillatory responses, a cytoplasmic oscillator
model has been described, and with either response pattern, rapid effects of GnRH
on gonadotropin secretion are driven by elevation of cytoplasmic Ca®" (Hansen et al.
1987; Hille et al. 1994; Izumi et al. 1989; Stojilkovic et al. 1994).
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Fig. 1 A simplified GnRHR signaling network. GnRHR acts primarily via Gq, activating
phospholipase C (PLC) to generate IP; which drives IP3 receptor (IP;R)-mediated mobilization
of Ca®>" from intracellular stores, and diacylglycerol (DAG) which, along with Ca®"
activates conventional PKC isozymes. Additional proteins involved in the control of the
cytoplasmic Ca*" ion concentration include Ca*" sequestering sarcoplasmic and endoplasmic
reticulum Ca?" ATPase (SERCA), plasma membrane ATPase (PMCA), plasma membrane Na*/
Ca*" exchanger (NCX), Ca**-sensitive K* channels (K(Ca)), and voltage-gated Ca*" channels
(VGCC); GnRH increases cytoplasmic Ca*>" by coordinated effects on mobilization from intra-
cellular stores and entry across the plasma membrane. Ca®" is the primary driver for regulated
release of gonadotropins that are contained in secretory vesicles and secreted largely by
regulated exocytosis. Ca>" also activates calmodulin (CaM), which activates CaM-dependent
protein kinases (CaMK), which in turn phosphorylate and regulate effectors including CREB
(cAMP response element binding protein). CaM also activates the protein phosphatase
calcineurin (Cn), which activates a number of effectors including the Ca>*-dependent transcrip-
tion factor NFAT (nuclear factor of activated T-cells). Furthermore, GnRH activates MAPK
cascades, including the (largely PKC-mediated) activation of the Raf/MEK/ERK cascade shown.
NFAT, CREB, and ERK-activated transcription factors are among the many inputs to the
transcriptome mediating combinatorial control of gene expression. This includes the genes
encoding the gonadotropin subunits, so GnRH has both acute effects on the rate of vesicle
fusion with the plasma membrane and chronic effects on the gonadotropin synthesis to influence
the content of these vesicles. This is a greatly simplified view of some of the network compo-
nents and more detailed GnRH signaling models are described elsewhere (Bliss et al. 2010;
Ciccone and Kaiser 2009; Fink et al. 2010; McArdle and Roberson 2015; Millar et al. 2004;
Navratil et al. 2010; Stojilkovic and Catt 1995; Wang et al. 2010; Wurmbach et al. 2001)

The Ca®" sensors mediating this regulated exocytosis have not been explored in
detail, but early work implicated calmodulin as a mediator of GnRH-stimulated LH
secretion (Conn et al. 1981) and also showed that PKC activation can mimic and
modulate secretory effects of GnRH (McArdle et al. 1987; Stojilkovic et al. 1991,
Zhu et al. 2002). Here, it is important to recognize that although Ca®" drives
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regulated exocytosis, a proportion of gonadotropin secretion is via the constitutive
pathway so that physiologically, pulses of GnRH-stimulated gonadotropin secretion
overlay significant basal secretion (Pawson and McNeilly 2005). Indeed, the pro-
portion of FSH secreted constitutively exceeds that for LH and when gonadotropins
were measured in hypophyseal and peripheral blood, there was a high degree of
synchrony between pulses of GnRH and LH, whereas FSH pulses are only associ-
ated with a small proportion of GnRH pulses (Clarke et al. 2002). LH and FSH are
present in the same gonadotrope (Crawford and McNeilly 2002) so this requires
sorting of the gonadotropins into distinct vesicles. Here it is noteworthy that only
vesicles containing LH are associated with the storage protein secretogranin II and
that the amount of LH stored in the pituitary can be 10-50 times higher than that of
FSH (Pawson and McNeilly 2005). Thus, GnRH-stimulated Ca”" transients drive
regulated exocytotic release of storage vesicles containing LH, but have a less
pronounced effect on FSH secretion, because FSH is less abundant in these vesicles
and is directed largely for constitutive secretion (Pawson and McNeilly 2005).

GnRH Signaling and Gene Expression

Array studies have revealed that GnRH influences expression of many genes, several
of which encode transcription factors, including c-Fos, Egrl, and ATF-3 (Ruf et al.
2003; Yuen et al. 2009; Yuen et al. 2002), but most work in this area has focused on
transcriptional control of the gonadotrope signature genes for aGSU, LHp, FSHp,
and GnRHR. GnRH increases transcription of each of these genes, and mechanistic
studies have revealed regulatory roles for Ca*'-regulated proteins and also for
mitogen-activated protein kinase (MAPK) cascades (McArdle and Roberson
2015). The most extensively studied MAPK is ERK, which phosphorylates and
regulates numerous cytoplasmic and nuclear target proteins including Ets, ELK1,
and SAP1 transcription factors. The ERK cascade is classically engaged by growth
factors via tyrosine kinase receptors, but many other stimuli, including GPCR
agonists, feed into the cascade (Caunt et al. 2006b). The mechanisms of GnRHR-
mediated ERK activation differ between model systems, but it is largely mediated by
PKC in oT3-1 and LPT2 gonadotropes (Naor 2009), and both PKC and ERK
mediate transcriptional effects of GnRH on aGSU (Fowkes et al. 2002; Harris
et al. 2003; Roberson et al. 1995; Weck et al. 1998), as well as LHp (Call and
Wolfe 1999; Harris et al. 2002; Kanasaki et al. 2005; Liu et al. 2002a) and FSHf
(Bonfil et al. 2004; Kanasaki et al. 2005; Vasilyev et al. 2002; Wang et al. 2008)
subunits. However, other reports suggest roles for Ca* rather than ERK in GnRH-
mediated LHP (Weck et al. 1998) or aGSU expression (Ferris et al. 2007; Kowase
et al. 2007). Moreover, in some models, GnRH engages the canonical ERK activa-
tion pathway by causing a PKC-dependent proteolytic release of membrane bound
epidermal growth factor (EGF) receptor ligands, thereby activating EGF receptors
(Cheng and Leung 2005; Kraus et al. 2001), whereas in others EGF receptor
activation is not involved (Bonfil et al. 2004; Naor 2009). A particularly interesting
feature here is that gene knockouts targeting the aGSU-expressing cells of the mouse



40 K.L. Garner et al.

pituitary revealed a requirement for ERK 1 and/or ERK2 for ovulation and fertility in
females but not for fertility in males (Bliss et al. 2009). These effects were attributed
to LH insufficiency because LHp transcript levels were reduced by knockout in
females (but not in males) and levels of transcripts for other gonadotropin subunits
and for the GnRHR were indistinguishable between control and knockout animals of
either gender (Bliss et al. 2009). It is also important to recognize that GnRH can also
activate other MAPKs. Thus, in rat pituitaries, aT3-1 and LPT2 cells, GnRH
increases c-Jun N-terminal kinase (JNK) activity (Burger et al. 2004, 2009; Naor
2009), and JNK can mediate GnRH effects on aGSU expression as well as tran-
scriptional activation of LHp and FSHp expression (Bonfil et al. 2004; Burger et al.
2009; Haisenleder et al. 2008). Similarly, GnRH activates p38 (also known as stress-
activated protein kinase, SAPK) in these three model systems (Coss et al. 2007,
Roberson et al. 1999), and this has been reported to have no role in LHB, FSHp, or
aGSU subunit transcription (Haisenleder et al. 2008; Liu et al. 2002a; Roberson
et al. 1999) or to mediate GnRH effects on FSHf transcription in LBT2 cells (Bonfil
et al. 2004; Coss et al. 2007). GnRH also activates ERKS, and this is thought to
contribute to activation of FSHf transcription in LT2 cells (Lim et al. 2009).

Although G is the major mediator of GnRHR action, there is also evidence for
regulation of the adenylyl cyclase/cyclic AMP (cAMP)/protein kinase A (PKA)
pathway via G or G;. GnRH was reported to increase cAMP production by pituitary
cells (Borgeat et al. 1972), by gonadotrope-derived LPT2 cells (Lariviere et al. 2007,
Liu et al. 2002b), and in heterologous GnRHR expression systems (Arora et al.
1998). GnRHR coupling to G4 has however remained controversial, because it was
reported not to increase cAMP in some models (Conn et al. 1979; Horn et al. 1991),
and where it does, some reports emphasize mediation by G; (Liu et al. 2002b;
Stanislaus et al. 1998), whereas others show GnRHR coupling exclusively to Gq
(Grosse et al. 2000) or cAMP accumulation mediated by Ca**/calmodulin-sensitive
adenylyl cyclases (Lariviere et al. 2007). GnRHR apparently activate G; in some
cancer cell lines including JEG-3 human choriocarcinoma cells and BPH-1 human
benign prostate hyperplasia cells (Maudsley et al. 2004), but perhaps the most
compelling evidence for GnRHR coupling to multiple G-proteins comes from
work with immortalized GnRH-expressing neurons where the endogenous mouse
GnRHR of GT1-7 cells mediates the activation of Gs, Gj, and G, as revealed by
GnRH-stimulated release of G-protein subunits from membranes as well as associ-
ated functional responses (Krsmanovic et al. 2003). In LPT2 cells, a cAMP FRET
sensor study (Tsutsumi et al. 2010) revealed that GnRH pulses cause pulsatile
increases in cAMP and also that with constant stimulation, effects of GnRH on
cAMP were more transient than its effects on Ca®" or DAG (Tsutsumi et al. 2010).
Furthermore, more recent work revealed that the GnRHRs interact directly with the
proto-oncogene SET and that, in LPT2 cells, the SET protein facilitates cAMP
production while inhibiting GnRHR-mediated elevation of cytoplasmic Ca*" con-
centration (Avet et al. 2013).

Together, such studies highlight the possibility that GanRHR mediate effects on
multiple heterotrimeric G-proteins and that the balance of signaling via these
effectors varies with cell context and stimulation paradigm.
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Regulation of cAMP levels by GnRH appears to have little or no acute effect on
gonadotropin secretion but gonadotropin subunit promoters contain CREs (cAMP
response elements), providing a direct mechanism for regulation by the cAMP/PKA
pathway. In oT3-1 cells GnRH caused a 4-5-fold increase in phospho-CREB
(CRE-binding protein) binding (Duan et al. 1999), and cAMP stimulates transcrip-
tion of the mouse, rat, and human aGSU genes (Delegeane et al. 1987; Maurer et al.
1999). Moreover, a cAMP analogue increased aGSU mRNA in rat pituitary cells,
although it did not alter mRNA levels for LHP or FSHf (Haisenleder et al. 1992).
Nevertheless, it is possible that the ERK cascade mediates gonadotropin promoter
CRE activation rather than the cAMP/PKA pathway (Brown and McNeilly 1999;
Burger et al. 2004; Counis et al. 2005; Harris et al. 2002; Levi et al. 1998) as CREB
integrates multiple inputs, being regulated not only by PKA but also by MAPKs,
CaMKs, and PKC (Berridge 2012). Two known substrates of JNK (c-Jun and
ATF-2) bind the CRE domain of the aGSU promoter (Haisenleder et al. 2005).
Indeed, GnRH acts via p38 and JNK to phosphorylate ATF-2 and upon phosphor-
ylation ATF-2 binds the CRE element within the c-Jun proximal promoter. Func-
tional ATF-2 is needed for GnRH-mediated induction of both c-Jun and FSHf (Fox
et al. 2009). GnRH also increases ATF-3 expression, and ATF-3 is recruited along
with c-Jun and c-Fos to CREs on the aGSU promoter that are essential for GnRH-
stimulated aGSU gene expression (Chu et al. 2009).

In addition to the canonical G4 pathway that mediates GnRH effects on gonad-
otropin synthesis and secretion, it is important to recognize that GnRH activates
additional signaling intermediates for which physiological roles are largely
unknown. Thus, in addition to PLC, GnRH activates phospholipases D and A2
(Naor 2009), which hydrolyze phosphatidylcholine to produce phosphatidic acid
(PA) and arachidonic acid (AA), respectively. PA and AA products (prostaglandins,
thromboxanes, and leukotrienes) are thought to mediate GnRH signaling, and,
conversely, GnRHR can activate a DAG kinase that phosphorylates DAG to produce
PA (Davidson et al. 2004a). Similarly, although most work on cyclic nucleotide
signaling has focused on cAMP, gonadotropes also express neuronal nitric oxide
synthase (nNOS) which generates nitric oxide (NO), and thereby stimulates cyclic
GMP production by NO activation of soluble guanylyl cyclase. Of particular interest
here is that GnRH is not only able to increase expression of nNOS but would also be
expected to cause a Ca®*/CaM-dependent activation of nNOS and that NO (which is
membrane permeant and labile) has the potential to regulate guanylyl cyclase in
gonadotropes and in neighboring cells (Garrel et al. 1997; Lozach et al. 1998). It has
also been shown that GnRHRs mediate activation of the Wnt/p-catenin signaling
pathway (Gardner et al. 2007), as well as proline-rich tyrosine kinase-2 (Davidson
et al. 2004b) and AMP-activated protein kinase (AMPK), and the latter effect is
implicated in control of LHp gene transcription providing a potential common link
between GnRH regulation and reproductive disorders due to metabolic
dysregulation of gene expression (Andrade et al. 2013). Another particularly inter-
esting feature here is that localization within the plasma membrane is crucial for
GnRHR signaling. Indeed, GnRHRs are constitutively expressed in specialized
plasma membrane micro-domains termed rafts, where they are co-localized with
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important effectors and GnRHR signaling (at least to ERK) is dependent on the
integrity of such rafts (Bliss et al. 2007; Navratil et al. 2003; Navratil et al. 2010). A
comprehensive overview of the signaling network in LBT2 cells (Fink et al. 2010) is
available as a process diagram at http://tsb.mssm.edu/pathwayPublisher/GnRHR
Pathway/GnRHR_Pathway index.html.

Trafficking, Compartmentalization, and Desensitization of GhRHR

It has long been known that sustained agonist exposure causes activation followed
by desensitization of GnRH-stimulated gonadotropin secretion that can be avoided
with pulsatile stimulation. Indeed, early physiological studies revealed that GnRH
pulses support circulating gonadotropin levels in ovariectomized primates, whereas
sustained stimulation caused them to plummet, an effect that is reversed on return to
pulsatile stimulation (Belchetz et al. 1978). GnRH causes GnRHR internalization,
and this could certainly contribute to desensitization of GnRH-stimulated gonado-
tropin secretion. Sustained stimulation of GPCRs typically elicits a process known
as rapid homologous receptor desensitization, in which G-protein receptor kinases
phosphorylate Ser and Thr residues, most often within the receptor’s COOH-
terminal tail, facilitating binding of nonvisual arrestins (arrestins 2 and 3). The
arrestins prevent G-protein activation and also target the desensitized receptors for
internalization, most often via clathrin-coated vesicles (CCVs) (Bockaert et al. 2003;
Pierce and Lefkowitz 2001). Although GnRH was known to cause GnRHR inter-
nalization via CCVs (Hazum et al. 1980; Jennes et al. 1984), the cloning of
mammalian type I GnRHR revealed most remarkably the complete absence of a
COOH-terminal tail (Millar et al. 2004; Sealfon et al. 1997; Tsutsumi et al. 1992).
Equally remarkable is the fact that all nonmammalian GnRHRs cloned to date have
such tails, indicating that mammalian type I have undergone a period of rapidly
accelerated molecular evolution with the advent of mammals being associated with
the loss of COOH-terminal tails. In fact, it was established that type | mammalian
GnRHR (where explored) do not rapidly desensitize or undergo agonist-induced
phosphorylation or arrestin binding. Moreover, although they do show agonist-
induced internalization, the process is relatively slow and is arrestin independent
(Blomenrohr et al. 2002; Chen et al. 1995; Davidson et al. 1994; Finch et al. 2009;
Heding et al. 1998; Hislop et al. 2000, 2001; McArdle et al. 1999; Pawson et al.
1998; Vrecl et al. 1998). Conversely, nonmammalian GnRHRs or type Il mammalian
GnRHRs (with COOH-terminal tails) do undergo agonist-induced phosphorylation,
arrestin binding, and/or arrestin-dependent rapid homologous desensitization and are
desensitized and internalized more rapidly than type I mammalian GnRHR. Further-
more, fusing the COOH-terminal of various nonmammalian GnRHRs to type I
mammalian GnRHR can facilitate rapid desensitization, arrestin binding, and inter-
nalization (Finch et al. 2009; Hanyaloglu et al. 2001; Heding et al. 1998, 2000;
Hislop et al. 2005). The fact that GnRH effects do undergo homologous desensiti-
zation seems initially at odds with the lack of desensitization of type I mammalian
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GnRH, but in reality just points to the importance of alternative downstream
mechanisms as discussed in more detail below.

Arrestins are well known as terminators of GPCR signaling, but they can also
act as scaffolds to mediate signaling (Pierce and Lefkowitz 2001). Notably, they
bind MAPK cascade components so that some GPCRs can switch between two
distinct modes of signaling with two waves of ERK activation, the first mediated
by G-protein activation and the second reflecting G-protein-independent acti-
vation of arrestin-scaffolded ERK (Luttrell and Lefkowitz 2002; Shenoy and
Lefkowitz 2003). This raised the possibility that the latter might be selectively
engaged by GnRHR with COOH-terminal tails and consistent with this, it was
shown that heterologously expressed mouse GnRHR mediate only G-protein-
dependent ERK activation whereas a Xenopus laevis GnRHR (XGnRHR) pro-
voked both G-protein- and arrestin-mediated ERK activation (Caunt et al.
20064, c). A third area in which the absence or presence of GnRHR C-tails is
important is for cell surface GnRHR expression. Here the key observation is that
a large proportion of GnRHRs are actually intracellular (Brothers et al. 2006;
Finch et al. 2009; Finch et al. 2008; Janovick and Conn 2010a, b; Janovick et al.
2012; Sedgley et al. 2006), as shown by work with human (h)GnRHR mutants
that cause infertility and were found to be nonfunctional because of impaired
trafficking rather than impaired signaling (Conn and Janovick 2009; Conn and
Ulloa-Aguirre 2010; Janovick et al. 2009; Tao and Conn 2014; Ulloa-Aguirre
and Conn 2009). Even wild-type hGnRHRs are relatively poorly expressed at
the cell surface, and the presence of a primate specific Lys'®", the absence of a
second N-terminal glycosylation site, and the absence of a COOH-tail are all
implicated in poor cell surface expression of hGnRHR (Conn and Janovick
2009; Conn and Ulloa-Aguirre 2010; Davidson et al. 1995; Janovick et al.
2009; Tao and Conn 2014; Ulloa-Aguirre and Conn 2009). Indeed, quantitative
immunofluorescence revealed that <5% of HA-tagged GnRHRs are at the cell
surface in several heterologous expression systems and that this value can be
increased as much as 10-50-fold for GnRHR with COOH-terminal tails (Finch
etal. 2008, 2010). Cell-permeant GnRHR ligands are currently being developed
as potential orally active GnRHR antagonists (Betz et al. 2008) and the propor-
tion of hGnRHRs at the cell surface can also be increased (10-20-fold) by
non-peptide indole antagonists (Finch et al. 2008, 2010). Such compounds can
rescue signaling by trafficking-impaired GnRHR mutants, acting as pharmaco-
logical chaperones (pharmacoperones) to aid the folding of endoplasmic retic-
ulum (ER)-resident GnRHR into a suitable conformation to meet ER exit quality
control criteria, thereby facilitating GnRHR trafficking to the cell surface (Conn
and Janovick 2009; Conn and Ulloa-Aguirre 2010; Janovick and Conn 2010b;
Janovick et al. 2009; Ulloa-Aguirre and Conn 2009). Perhaps the most exciting
aspect of this work is the potential for such compounds to be used clinically to
restore function of mutant receptors with impaired trafficking, and recent
work provided proof of concept, using a knock-in mouse model with a recessive
E90K mutation in the GnRHR (Stewart et al. 2012). This mutation impairs
trafficking of GnRHR to the cell surface by causing ER retention. This causes
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hypogonadotropic hypogonadism in humans as well as in the mice, and
pharmacoperone therapy restored testis function in this misfolded GnRHR
model (Janovick et al. 2013).

Extrapituitary GnRHR, Context Dependence, and Ligand Bias

GnRHR expression is not restricted to the pituitary as they are found in many normal
and neoplastic tissues. Thus, GnRHRs have been found in the brain, placenta,
endometrium, ovary, breast, testes, and prostate, where they may be activated by
locally produced GnRH (Harrison et al. 2004). Here, some of the earliest studies
suggested a paracrine role with GnRHR expression in Leydig cells and GnRH
production by Sertoli cells as well as well as effects of GnRH agonists on steroido-
genesis in cultured testes (Bahk et al. 1995; Botte et al. 1998; Dufau et al. 1984;
Harrison et al. 2004). Interestingly, rat testes have been shown to express high-
affinity GnRHRs that mediate GnRH effects on steroidogenesis in vitro (Huhtaniemi
et al. 1985), but blockade of testicular GnRHR did not alter Leydig cell function
in vivo (Huhtaniemi et al. 1987) and early work showed that GnRHRs are not
present in human gonadal tissues (Clayton and Huhtaniemi 1982). In general,
physiological roles for extrapituitary GnRHR remain elusive, but interest in this
field is fueled by the fact that GnRH analogs can stimulate apoptosis and can inhibit
proliferation and migration, in cell lines derived from cancers of such tissues (Eidne
et al. 1987). Thus, GnRH agonists can inhibit proliferation and/or migration of
prostate cancer cell lines which together with evidence for GnRHR expression in
reproductive duct cancers suggests a local role in tumor growth and metastasis
(Cheng and Leung 2005; Cheung and Wong 2008; Franklin et al. 2003; Limonta
et al. 2012; Limonta et al. 2003; Montagnani Marelli et al. 2009; Wang et al. 2010).
There is also considerable interest in the possibility that such receptors may be
targeted with cytotoxins conjugated to GnRH analogs. Notably a cytotoxin
consisting of the agonist D-Lys®GnRH covalently coupled to doxorubicin (AEZS-
108) is undergoing clinical trials for treatment of breast, endometrial, ovarian, and
prostate cancers (Engel et al. 2012, 2016).

Interestingly, major functional differences have been reported between pitui-
tary and extrapituitary GnRHR, most notable in early work suggesting that
extrapituitary GnRHRs have lower affinity for peptide ligands than their pituitary
counterparts, signal via G;j rather than via Gy, and are unable to distinguish
agonists from antagonists in the same way as pituitary GnRHR do (Emons et al.
1998; Everest et al. 2001; Franklin et al. 2003; Grundker et al. 2001; Imai et al.
1997; Limonta et al. 2012). It was initially suspected that this reflected expression
and activation of distinct receptors in different cell types, but this seems unlikely
because, as noted above, the type II GnRHR pseudogene that does not encode
functional GnRHR (Stewart et al. 2009), and in some hormone-dependent cancer
cell line effects of GnRH (and, indeed, effects of GnRH-II), can be prevented by
knockdown of type I GnRHR (Montagnani Marelli et al. 2009). The simplest
alternative possibility is that GnRHRs are capable of activating multiple upstream
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effectors (i.e., G-proteins), that the efficiency with which they do so is dependent
on the relative amounts of such effectors in their immediate vicinity, and that this
varies from one cell type to another. Although the endogenous GnRHR of breast
cancer (MCF7) and prostate cancer (PC3) cells has been shown to mediate direct
antiproliferative effects of GnRHR ligands, in our hands these cells did not
express measurable GnRHR, as judged by binding and functional assays (Everest
et al. 2001; Finch et al. 2004; Franklin et al. 2003). However, when recombinant
adenovirus was used to express type I GnRHR in them, the heterologously
expressed GnRHR had similar binding affinity, ligand specificity, and G4 coupling
to the native GnRHR in gonadotropes. Moreover, activation of these receptors did
reduce proliferation with effects apparently mediated by G rather than G;. These
experiments are consistent with a role for extrapituitary GnRHRs as regulators of
cell fate in hormone-dependent cancer cells, but it remains unclear why the native
type  GnRHR of GnRHR-positive breast and prostate cancer cells should mediate
proliferation inhibition by a distinct mechanism to the type I GnRHR expressed
heterologously in GnRHR-negative versions of the same cells. Cell context-
dependent behavior was also seen when fluorescence microscopy was used to
explore receptor compartmentalization, however (Finch et al. 2008; Sedgley et al.
2006). This revealed that <1% of HA-tagged hGnRHRs are at the cell surface in
MCF7 and prostate cancer (DU145) cell lines and that this proportion is >5-fold
higher in gonadotrope-lineage LBT2 cells.

Receptor dimerization may also be relevant to context-dependent GnRHR sig-
naling as it is now well established that many GPCRs form dimers of higher-order
oligomers and that such oligomerization can facilitate signaling and may be either
constitutive or ligand induced. In some of the earliest work supporting this idea,
Conn’s groups showed that GnRH antagonists could be converted to agonists by
addition of bivalent antibodies to the ligand. No such effect was seen with monova-
lent antibodies so the simplest interpretation is that antibody-mediated GnRHR
cross-linking is sufficient for activation (Conn et al. 1982), presumably because
this cross-linking facilitates or mimics GnRHR dimerization. There is also now
considerable evidence that agonists (but not antagonists) cause GnRHR oligomeri-
zation or at least bring GnRHR sufficiently close to one another to mediate FRET or
BRET (Cornea et al. 2001; Horvat et al. 2001; Kroeger et al. 2003). However, the
cellular compartments in which GnRHR oligomers form and the regulation of
oligomer assembly remain poorly understood, and it has not been shown that
oligomerization is required for GnRH signaling. It is also now well established
that many GPCRs can form heterodimers (or higher-order oligomers) with other
GPCRs. For example, type V somatostatin receptors (SSTRS) form heterodimers
with type II dopamine receptors (D2R), both of which are Gi-coupled GPCRs
(Rocheville et al. 2000). Some of the best evidence for this comes from early
functional rescue studies showing, for example, that when signal dead (C-terminal
truncated) SSTRS are co-expressed with D2R, this rescues the ability of SST to
activate Gi (Rocheville et al. 2000). To our knowledge dimerization of GnRHR with
other GPCRs has not been explored, but if this were to occur, it could potentially
facilitate GnRH signaling to G-proteins activated by the partner GPCR, and this
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could confer context-dependent signaling as the repertoire of partner GPCRs avail-
able would presumably also be dependent on cell type.

Finally, ligand bias (also known as biased signaling or pluridimensional efficacy)
is another concept that may be important for cell context-dependent GnRHR signal-
ing. Here, the fundamental idea is that GPCRs actually have multiple active confor-
mations that may couple differentially to different effectors. They may also be
differentially stabilized by different ligands, such that different ligands can bias
signaling toward different effectors (Kenakin 2011; McArdle 2012). The simplest
scenario is that there are two distinct active conformations, but in reality, for any
given GPCR, there are thought to be many different tertiary structures in related
groups of preferred conformations known as receptor ensembles (Kenakin 2011). If
the effect of a given ligand on the distribution of receptors between possible
conformations differs from one cell type to another (because other features of the
receptors’ environments differ), ligand bias would itself be dependent on cell
context. For cell context-dependent GnRHR effects, some experimental data cannot
be easily explained without distinct active conformations of a single GnRHR type.
Thus, the peptide “antagonist” cetrorelix is a pure antagonist of GnRH effects on
inositol phosphate (IP) accumulation and gonadotropin secretion in pituitary cells,
but it actually mimics antiproliferative effects of GnRH in some models (Grundker
et al. 2004; Maudsley et al. 2004). Similarly, GnRH-I is more potent than GnRH-II at
stimulation of IP accumulation by type I GnRHR in pituitary cells, which is the
reverse of the situation for inhibition of proliferation in some models (Cheung and
Wong 2008; Enomoto et al. 2004; Grundker et al. 2004; Hislop et al. 2000; Wang
et al. 2010). Indeed, with only a single receptor target, ligand bias appears the most
likely explanation for much data showing differences in ligand specificity when
native GnRHR-mediated effects have been compared in different cell types
(McArdle 2012). More direct evidence for ligand bias has been obtained in a number
of models (Caunt et al. 2004; Davidson et al. 2004b; Lopez de Maturana et al. 2008;
Maudsley et al. 2004) including a study comparing effects of GnRH analogues on
different type I mammalian GnRHR-mediated responses. A series of GnRHR
ligands all inhibited proliferation in JEG-3 cells and BPH-1 cells (both with native
hGnRHR) and in SCL60 cells (which have exogenous rat GnRHR). They all
apparently activated G; and caused Gi-dependent inhibition of proliferation
(Maudsley et al. 2004), and marked ligand bias was observed because GnRH-I
stimulated IP accumulation; activated ERK, p38, and JNK; and inhibited prolifera-
tion, whereas a GnRH analogue (135-25) mimicked all other GnRH-I effects but
failed to increase IP accumulation (Maudsley et al. 2004). Ligand bias at GnRHR is
also evident in work on GnRHR localization and trafficking. As noted above,
non-peptide pharmacoperones can increase GnRHR trafficking to the cell surface
so work with these compounds provides a marked example of pluridimensional
efficacy with non-peptide ligands acting as antagonists in terms of cell surface
GnRHR signaling, but as agonists in terms of anterograde trafficking. This also
indicates that the cell surface and intracellular GnRHRs have different conforma-
tions, which is not unexpected as most GnRHRs within the cell have apparently
failed quality control criteria for ER exit, whereas those at the cell surface evidently
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have not. Experiments were performed with two peptide antagonists (antide and
cetrorelix), which, being membrane-impermeant, did not have access to intracellular
GnRHR and, as expected, had no effect on the proportion of hGnRHR at the cell
surface (Finch et al. 2008). However, when the XGnRHR COOH-tail was added to
the hGnRHR in order to increase cell surface expression, the peptide antagonists
further increased cell surface expression of the chimeric receptor. Although the effect
was modest, it raised the possibility that the peptides might act at the surface to
increase GnRHR number by slowing internalization. Indeed, a pronounced syner-
gism can occur when a non-peptide chaperone is used to increase GnRHR trafficking
to the cell surface and a peptide antagonist is used to slow internalization from the
cell surface (Finch et al. 2010). Thus, although the mechanisms are not known, this
work clearly demonstrates that the cetrorelix-occupied hGnRHR is functionally
distinct from the unoccupied receptor and that cetrorelix can be a pure antagonist
for GnRH-I-stimulated IP accumulation and Ca®" signaling and an inverse agonist
for GnRHR internalization. Importantly, this form of ligand bias was seen with a
compound that is used clinically and in gonadotropes, the only proven targets for
GnRHR-directed therapy. Ligand bias has a number of implications for understand-
ing and manipulating GnRHR signaling in pituitary and extrapituitary sites, but most
importantly, it raises the exciting possibility of developing ligands that more selec-
tively engage therapeutically beneficial responses. Here an obvious strategy would
be to develop GnRHR ligands that are antagonists for G,-mediated stimulation of
gonadotropin secretion from the pituitary and agonists for direct G;-mediated anti-
proliferative effects on hormone-dependent cancers.

Additional Hormonal and Local Regulators of Gonadotropes

In addition to GnRH, gonadotropes are targets for numerous other hormonal and
local regulators. It is well established, for example, that gonadal steroids (estrogen,
progesterone, and testosterone) mediate feedback within the hypothalamic-gonadal
axis, acting centrally to influence GnRH secretion and at the pituitary to modulate
GnRH effects on gonadotropes. In females estrogen exerts positive and negative
feedback effects with positive feedback at the pituitary level being crucial for the
preovulatory gonadotropin surge, whereas in males, testosterone exerts negative
feedback effects both centrally and at the pituitary. At the pituitary level, testosterone
influences expression of GnRHR, gonadotropin subunit expression, and GnRH
signaling (Clayton and Catt 1981; Kaiser et al. 1993; Winters et al. 1992), and
modulation of GnRH effects on cytoplasmic Ca>* was shown to be dependent on
local conversion of testosterone to dihydrotestosterone by Sa-reductase (Tobin and
Canny 1998). Interestingly, a recent study in which the male reproductive axis of
sheep was modeled mathematically incorporated regulation of GnRH pulsatility by
central testosterone-mediated negative feedback (but not feedback at the pituitary)
and illustrated the importance of a time delay that was attributed to conversion of
testosterone to estrogen (Ferasyi et al. 2016). The proteins inhibin and activin also
feedback from the gonads to inhibit and activate (respectively) FSH production but,
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in addition to this endocrine loop, are also synthesized in gonadotropes and act
locally to regulate FSH synthesis. They are members of the TGF-f family and act via
receptors with intrinsic serine/threonine kinase activity to exert effects that are
modulated by locally produced follistatin (Bilezikjian et al. 2006).

Pituitary adenylyl cyclase-activating polypeptide (PACAP) is another ligand
thought to mediate both endocrine and local regulation of gonadotropes. It was
isolated from hypothalamic extracts based on its ability to stimulate cAMP produc-
tion in pituitary cell cultures (Miyata et al. 1989) and has higher concentration in the
portal circulation than in the periphery, supporting a hypothalamic-hypo-
physiotrophic hormone role (Counis et al. 2007; Rawlings and Hezareh 1996;
Schomerus et al. 1994; Winters and Moore 2011). It has two major forms
(PACAP27 and PACAP38) which act via three GPCRs: VPAC; and VPAC, that
have similar affinity for PACAP and VIP (vasoactive polypeptide) and PAC; that has
higher affinity for PACAP than for VIP. PACAP causes a PAC,-mediated activation
of both G and G in gonadotropes and gonadotrope-derived cell lines and influences
gonadotropin secretion and synthesis both alone and by modulation of GnRH
effects. It also targets PAC,; receptors on folliculo-stellate cells and evidence exists
for its production by folliculo-stellate cells and gonadotropes, suggesting it to be an
autocrine regulator of both (Denef 2008; Winters and Moore 2011). Interestingly,
PACAP increases follistatin expression by folliculo-stellate cells and gonadotropes
and may thereby modulate activin signaling in the pituitary (Winters and Moore
2011). Other ligands that act via GPCRs on gonadotropes include oxytocin, endo-
thelin 1, galanin, B-endorphin, neuropeptide Y, and nucleotides (Denef 2008). The
latter are of particular interest as ATP, ADP, uridine 5’ diphosphate, and uridine 5’
triphosphate (UDP and UTP) act via purinergic receptors that include both GPCRs
and ligand-gated ion channels. P2X receptors (P2XRs) are ATP-activated ligand-
gated ion channels that are permeable to Na*, K', and Ca®" so their activation
characteristically increases Ca®" entry across the plasma membrane either directly
or as a consequence of membrane depolarization. P2Y receptors (P2YRs) and
adenosine receptors (ARs) are GPCRs that are preferentially activated by ATP and
adenosine (respectively), and since both classes include G4-coupled receptors, their
activation is also often associated with elevation of cytoplasmic Ca**. Anterior
pituitary cell expresses at least six types of P2XRs, two types of P2YR, and all
four types of AR (Stojilkovic et al. 2010a; Stojilkovic and Koshimizu 2001). Early
work revealed that ATP and UTP act via P2YRs in gonadotropes to drive a
Gg-mediated increase in cytoplasmic Ca”" (Chen et al. 1994, 1995), whereas later
work revealed expression of P2XR in gonadotropes and, indeed, in all secretory cell
types of the pituitary (Stojilkovic et al. 2010a, b; Stojilkovic and Koshimizu 2001).
Pituitary cells store ATP in secretory vesicles and co-release it with hormones during
agonist-stimulated exocytosis (Denef 2008), underlining the potential for a positive
feedback loop in which GnRH stimulates ATP secretion and ATP stimulates LH
secretion, either alone or by amplification of GnRHR-mediated LH secretion (Denef
2008). As noted above, GnRH increases nNOS expression and thereby increases
c¢GMP production mediated by NO and soluble guanylyl cyclase, but pituitary cells
are also responsive to natriuretic peptides that act via cell surface receptors with
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intrinsic guanylyl cyclase activity (Fowkes and McArdle 2000). Of particular inter-
est here is C-type natriuretic peptide (CNP) that specifically activates NPR-2 (natri-
uretic peptide receptor 2, also known as guanylyl cyclase B) to increase cGMP levels
in primary cultures of pituitary cells and in gonadotrope-derived cell lines (Fowkes
and McArdle 2000; McArdle et al. 1994a; Thompson et al. 2009). CNP is highly
expressed in the pituitary with particularly strong expression in gonadotropes where
it is located largely in secretory vesicles (McArdle et al. 1996). Deletion of genes
encoding both CNP and NPR-2 causes infertility (Chusho et al. 2001; Tamura et al.
2004), and although CNP does not stimulate LH secretion, it can stimulate the aGSU
promoter (Thompson et al. 2009). Together these data suggest that autocrine and/or
paracrine regulation of both particulate and soluble guanylyl cyclases influences
gonadotrope function.

Gonadotropes (like all cells) sense multiple chemicals in their environment, and
these different inputs act in combination. The importance of this combinatorial input
is illustrated by cyclic nucleotide signaling; although GnRH increases cAMP and
c¢GMP production in some models, its effects are much less pronounced than those of
PACAP and CNP, and in the presence of PACAP, GnRH actually inhibits cAMP
production (McArdle and Counis 1996; McArdle et al. 1994b), just as it actually
inhibits cGMP production in the presence of CNP in gonadotrope cell lines
(McArdle et al. 1994a). This raises the question of which effects predominate in
normal gonadotropes and more generally, the issue that effects of GnRH seen in
isolation and in vitro may differ from those seen in more complex and physiolog-
ically relevant extracellular environments. Furthermore, gonadotropes not only
sense and respond to their environment but also influence it, as highlighted above
for ATP, NO, CNP, PACAP, and inhibin, all of which are likely secreted in response
to GnRH (Denef 2008). Recent work has shown how GnRH-stimulated secretion of
inhibin and of growth differentiation factor 9 form incoherent feedforward loops
controlling FSH production, highlighting the fact that the extracellular space can also
mediate GnRH signaling in a concept that was termed “outside the box signaling”
(Choi et al. 2012, 2014; Pincas et al. 2014).

Pulsatile GnRH Signaling

GnRH is secreted from hypothalamic neurons in pulses that drive pulses of gonad-
otropin release and are essential for normal reproduction (Clarke and Cummins
1982; Dierschke et al. 1970). Its effects are dependent on pulse frequency, as
shown in early studies in which constant GnRH suppressed LH and FSH secretion,
whereas restoration of GnRH pulses restored gonadotropin secretion (Belchetz et al.
1978; Knobil 1980; Wildt et al. 1981). In humans and other primates, GnRH pulses
have a duration of a few minutes and intervals of 30 min to several hours, with pulse
frequency differing under different physiological conditions. For example, changes
in GnRH pulse frequency drive changes in reproductive status during development,
with an increase in pulse frequency driving the increased gametogenesis and gonadal
steroid production at puberty (Sisk and Foster 2004). Similarly, GnRH pulse
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frequency varies through the menstrual cycle, increasing before ovulation and
contributing to generation of the preovulatory gonadotropin surge (Ferris and
Shupnik 2006; Marshall et al. 1993). Moreover, stimulation paradigm is crucial for
therapeutic intervention because agonist pulses can maintain or increase circulating
gonadotropin levels whereas sustained agonist stimulation (after initial activation)
reduces them, causing the chemical castration that is exploited in treatment of breast
cancer, prostate cancer, and other sex steroid hormone-dependent conditions (Bliss
et al. 2010; Ferris and Shupnik 2006; Marshall et al. 1993; Millar et al. 2004).
Similar mechanisms mediate responses to sustained and pulsatile GnRH as for both,
GnRH activates G4 and effectors including the Ca”*/calmodulin/calcineurin/NFAT
module and ERK (Armstrong et al. 2009a, b; Bliss et al. 2009, 2010; Ciccone and
Kaiser 2009; Ferris and Shupnik 2006; Millar et al. 2004). Moreover, pituitary ERK
is essential for reproduction (Bliss et al. 2009) consistent with its role as an effector
of pulsatile GnRHR in vivo.

A fundamental question here is why GnRH is secreted in pulses, and we have
explored this by monitoring effects of pulsatile GnRH on the nuclear translocation
of ERK2-GFP as a readout for Raf/MEK/ERK activation and of NFAT-EFP as a
readout for Ca®*/calmodulin activation (Fig. 2). We found that each 5 min pulse of
GnRH elicits a rapid and transient ERK2-GFP translocation response and a
somewhat slower NFAT-EFP translocation response (Armstrong et al. 2009a,
2010). With 30 min pulse intervals, there was insufficient time for the NFAT-
EFP reporter to return to pre-stimulation values so that a cumulative or “saw-
tooth” response was observed. Indeed, the NFAT-EFP translocation response to
GnRH pulses was comparable to that seen with constant stimulation (Armstrong
et al. 2009a), whereas the ERK2-GFP translocation response was not. This
demonstrates two fundamental reasons why pulsatile signals are so prevalent in
biological systems: first, the increase in efficiency (similar system output with
pulsatile vs. constant stimulation) and, second, the possibility for selective effec-
tor activation (with 30 min pulses of GnRH causing maximal NFAT translocation
and submaximal ERK activation). To explore this further, we developed an
ordinary differential equation-based mathematical model of a GnRHR signaling
network that was trained on experimental data (Perrett et al. 2014; Tsaneva-
Atanasova et al. 2012) (Fig. 2). Model simulations were used to predict responses
with varied GnRH concentration, pulse width and pulse frequency in order to
explore system sensitivity to these distinct features of the dynamic input (Perrett
et al. 2014; Tsaneva-Atanasova et al. 2012). These simulations revealed that a
tenfold increase in GnRH concentration does not cause a tenfold increase in
responses, primarily because it does not cause a tenfold increase in GnRHR
occupancy. Moreover, increases in system outputs caused by a tenfold increase
in GnRH pulse width are less than the increases caused by a tenfold increase in
pulse frequency. Thus, the system is an integrative tracker (in that it is sensitive to
pulse amplitude, frequency, and width, all of which influence the integral of the
input), but there is certainly not a simple 1:1 relationship between integrated input
and output. Instead, the kinetics of receptor occupancy and downstream effector
activation create a system that is relatively robust to changes in pulse width and
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Fig.2 Live cell monitoring and mathematical modelling of pulsatile GnRH signaling to ERK
and NFAT. Panels A and B: Hela cells were transduced with recombinant adenovirus for expression
of ERK2-GFP or NFAT-EFP (as indicated), both of which translocate to the nucleus on activation.
Live cell imaging was used to capture responses during 5 min pulses of 1077 M GnRH at intervals
of 30 min (circles), 60 min (upright triangles) or 120 min (inverted triangles). Nuclear:cytoplasmic
ratios were calculated for each reporter. These were normalized to the value at time 0 and are offset
on the vertical axes for clarity (i.e., NFAT-EFP data are offset by 0, 1, or 2 and ERK2-GFP values
are offset by 0, 0.5 or 1). Note that each GnRH pulse caused nuclear translocation of each reporter
(although the ERK2-GFP translocation responses had more rapid onset and offset) and that with
high pulse frequencies, there was insufficient time for the NFAT-EFP to return to the pre-stimulation
value. Note also, that there was no obvious desensitization, in that amplitudes did not reduce over
time. Panels C and D: An ordinary differential equation-based model for GnRH signaling was
developed and trained against wet lab data for pulsatile GnRH signaling to ERK and NFAT. The
data shown are simulations for ERK and NFAT translocation in cells receiving 5 min pulses of
107 M GnRH offset precisely as described for panels A and B to illustrate the close agreement
between the wet lab data and the model predictions (Adapted from Tsaneva-Atanasova et al. 2012)

concentration but is highly sensitive to changes in pulse frequency, the input
variable known to vary under different physiological conditions in vivo (Perrett
et al. 2014).

Another fundamentally important feature of the system is that responses can be
maximal at submaximal pulse frequency (Bedecarrats and Kaiser 2003; Ciccone and
Kaiser 2009; Ciccone et al. 2010; Dalkin et al. 1989; Ferris and Shupnik 2006;
Haisenleder et al. 1991; Kaiser et al. 1993; Kanasaki et al. 2005; Shupnik 1990;
Weiss et al. 1990). Moreover, the frequency eliciting maximal responses is depen-
dent on the output measured, as seen in work with luciferase reporters for
gonadotrope signature genes (Bedecarrats and Kaiser 2003), where optimal GnRH
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pulse frequencies for expression of LHf, FSHp, aGSU, and GnRHR reporters differ
(maximal responses at pulse intervals of 2 h for LHp and FSHp, 0.5 h for aGSU, and
1 h for GnRHR, in LPT2 cells). In ovariectomized rhesus monkeys bearing hypo-
thalamic lesions which reduced circulating LH and FSH to undetectable levels,
hourly GnRH pulses favored LH secretion whereas pulses every 3 h favored FSH
secretion (Wildt et al. 1981). Additional in vivo studies with GnRH-deficient men
recapitulated this observation (Gross et al. 1987; Spratt et al. 1987), as do in vitro
studies using pituitary cultures (Bedecarrats and Kaiser 2003; Dalkin et al. 1989;
Ferris and Shupnik 2006; Haisenleder et al. 1991; Kaiser et al. 1993; Shupnik 1990;
Weiss et al. 1990; Yasin et al. 1995). Moreover, in polycystic ovarian syndrome, the
most common cause of infertility in women of reproductive age, there is an increase
in GnRH activity and predominance of high-frequency GnRH pulses that are
thought to drive the observed elevation of LH and suppression of FSH and the
associated disruption of reproductive cycles (Ciccone et al. 2010; Hoffman and
Ehrmann 2008).

In essence, the data above all illustrate the fact that for many GnRH effects, there
is a non-monotonic (bell-shaped) pulse frequency-response curve. This could reflect
the existence of feedback or feedforward loops (Krakauer et al. 2002), but the nature
of these loops is unclear. Rapid homologous receptor desensitization can be
excluded as a potential negative feedback loop because type I mammalian GnRHR
do not show this behavior (as discussed earlier). However, GnRH does downregulate
cell surface GnRHR, and a mathematical model of GnRH signaling predicts pulse
frequency-dependent desensitization of upstream signals as a consequence of
GnRHR downregulation (Washington et al. 2004). Alternative possible mechanisms
for desensitization to GnRH have been described, including GnRHR-mediated
induction of RGS-2 (regulator of G-protein signaling-2) which displays GTPase-
activating protein activity and is known to inhibit Ga signaling (Karakoula et al.
2008; Wurmbach et al. 2001), direct interaction of GnRHR with SET protein which
can inhibit Ga binding (Avet et al. 2013), induction of MAPK phosphatases (MKPs)
which would modulate GnRHR-mediated ERK signaling (Lim et al. 2009), down-
regulation of IP; receptors (Willars et al. 2001; Wojcikiewicz et al. 2003), induced
expression of calmodulin-dependent small G-protein Kir/Gem (kinase-inducible
Ras-like protein/GTP-binding protein overexpressed in skeletal muscle) (Ferris
and Shupnik 2006), and ERK-mediated negative feedback (Armstrong et al.
2009b; Caunt et al. 2006a). However, such responses have been explored primarily
with constant stimulation paradigms and may well have little or no effect with
pulsatile stimulation. A thorough theoretical examination of pulse frequency
decoding mechanisms also revealed how receptor dimerization can generate
non-monotonic frequency-response relationships (Fletcher et al. 2014), and this is
of particular interest in light of early studies suggesting that dimerization of GnRHR
could elicit signaling (Conn et al. 1982, 1987), as well as work showing that agonists
(but not antagonists) bring GnRHR closer to one another (Cornea et al. 2001;
Navratil et al. 2006). However, as noted above, it is not established that dimerization
of normal GnRHR is a prerequisite for signaling; the live cell imaging experiments
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described above also provide some insight here, as the ERK2-GFP and NFAT-EFP
translocation responses were both reproducible with repeated GnRH pulses (Fig. 2)
and the signals passing from the cytoplasm to the nucleus showed increasing
monotonic frequency-response relationships. In support of this, Egr-1-responsive
and NFAT-responsive luciferase reporters used as transcriptional readouts for ERK
and NFAT activation both show maximal responses at maximal GnRH pulse fre-
quency (Armstrong et al. 2009a, 2010).

If signaling inputs to the nucleus show increasing monotonic frequency-response
relationships, the obvious possibility is that feedback and/or feedforward regulatory
loops within the nucleus underlie the observed non-monotonic frequency-response
relationships for gene expression. This has been explored most extensively for the
FSHp promoter, for which a number of incoherent feedforward loops have been
described. These are signaling modules that fan out from an upstream node and
reconverge at a downstream node and for which the two divergent branches have
different overall signs (i.e., positive and negative effects). Thus, for example,
stimulation of FSHf gene expression by GnRH is, in part, mediated by its ability
to phosphorylate and activate the transcription factor CREB, but GnRH can also
increase expression of the inducible cAMP early repressor (ICER), which inhibits
the effect of CREB, providing both positive and negative inputs to the promoter
(Ciccone et al. 2010; Thompson et al. 2013). As noted above, pulsatile stimulation
provides the potential for specificity in effector activation, and the inhibitory (ICER-
mediated) loop is preferentially activated at high GnRH pulse frequency so that
transcriptional activation is greatest at submaximal pulse frequency. Similarly, it was
shown that expression of Fos and Jun (positive regulators of FSHf expression) is
increased at lower GnRH pulse frequencies than needed for expression of negative
regulators (the co-repressors SKIL, CREM, and TGIF1) suggesting regulation by an
alternative incoherent feedforward loop in which SKIL and/or TGIF1 inhibits
activation by AP-1 factors Fos and Jun (Mistry et al. 2011). In addition to these
nuclear mechanisms, incoherent feedforward loops have been described in which the
inhibitory branch is due to GnRH-stimulated protein secretion. In the first, it is
mediated by secretion of inhibin-a, which has long been known to suppress FSH
expression, and in the second, it is mediated by inhibition of the secretion of growth
differentiation factor 9, an autocrine inducer of FSHp expression in LT2 cells (Choi
et al. 2012, 2014; Pincas et al. 2014). These studies are of particular interest as they
effectively extend the GnRH signaling network to the extracellular space
(as outlined above for autocrine regulation).

We have also used mathematical modeling to explore possible frequency
decoding mechanisms, taking our model trained against NFAT-EFP and ERK2-
GFP translocation data (Figs. 2 and 3), so that these could then be used as inputs
to the transcriptome. In doing so, it was assumed that two transcription factors act at
separate sites on a common gene promoter (using NFAT as the first transcription
factor and an undefined ERK-dependent transcription factor as the second one).
Three distinct logic gates were considered: an “and-gate,” an “or-gate” or a “coop-
erative gate.” This model predicted bell-shaped frequency-response relationships
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Fig. 3 Generation of bell-shaped pulse frequency-response relationships by convergent
signaling. A previously described mathematical model for GnRH signaling (Tsaneva-Atanasova
et al. 2012) was used to simulate transcriptional responses driven by ERK and NFAT assuming that
they converge at a common promoter with one of three logic gates: an “and-gate,” an “or-gate,” or a
“cooperative” gate. Predicted transcriptional responses (area under the curve for time-course data)
are shown in panel A, as a function of pulse frequency (5 min pulses of 10”7 M GnRH) for the target
gene (here given the generic term GSU, but not indicating any particular gonadotropin subunit
gene). Such simulations always yielded increasing monotonic frequency-response relationships
when a single pathway was considered or when convergence was modelled with an and-gate or an
or-gate. Bell-shaped frequency-response relationships were only obtained with cooperative conver-
gence of these two pathways at the transcriptome (panels A and B) (Adapted from Tsaneva-
Atanasova et al. 2012)

when two transcription factors act cooperatively. The characteristic feature of max-
imal response at submaximal frequency was never seen with the and-gate or with the
or-gate, and this behavior was predicted without negative feedback (Tsaneva-
Atanasova et al. 2012). A particularly interesting feature of these simulations is
that they revealed GnRH pulse frequency-response relationship may be plastic, in
that varying rate constants for transcription factor activation and inactivation, or
varying balance of signaling via NFAT and ERK-dependent transcription factors,
influenced the frequencies at which maximal response occurred (Tsaneva-Atanasova
et al. 2012). This modelling clearly does not show that the bell-shaped frequency-
response relationships seen for transcriptional effects of GnRH are mediated by
convergence of NFAT and ERK-dependent transcription factors. In fact, multiple
pathways converge to mediate GnRH effects on transcription (Nelson et al. 1998),
and the relative importance and mechanisms of integration of these inputs are
undoubtedly promoter/enhancer specific. Moreover, the bell-shaped frequency-
response relationships seen in this model rely on a mathematical description of
cooperative convergence for which biological substrates have not been identified,
so it will be important to develop and test mathematical models for the biological
pathways described above. Nevertheless, a common feature of much work in this
field is that it highlights mechanisms for generation of non-monotonic frequency-
response relationships in the absence of upstream negative feedback. Indeed, it
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seems likely that pulsatile GnRH secretion and the resistance of type I mammalian
GnRHR to desensitization both serve to minimize negative feedback and thereby
place increasing reliance on such alternative mechanisms.

An Information Theoretic Approach to GnRH Signaling

Most work on GnRH signaling has entailed measurement of average responses
from populations of cells, and the mechanistic modelling outlined above effectively
considers the behavior of a single cell, assuming it to be representative of the
population. These approaches ignore cell-cell variation but such variation is in
fact inevitable because cell signaling is inherently stochastic. It is also crucial for
the behavior of cell populations (Bowsher and Swain 2014) because each individual
cell has to sense its environment and make appropriate decisions (to express or
suppress given genes, to survive or die, to proliferate or differentiate, etc.). Cell-cell
variation in response to GnRH has been documented for many years, from early
work on gonadotropin secretion and Ca** mobilization (Lewis et al. 1989; McArdle
et al. 1992; Stojilkovic and Catt 1995) and more recent studies using transcriptional
readouts and/or high content imaging (Armstrong et al. 2009a, b, 2010; Caunt et al.
2012; Garner et al. 2016; Ruf et al. 2006, 2007). Information theory was developed
to analyze electronic communication but can also be applied to biological systems,
where it provides tools with which the influence of cell-cell variation on the
reliability of sensing can be determined (Bowsher and Swain 2014; Bowsher
et al. 2013; Brennan et al. 2012; Cheong et al. 2011; Selimkhanov et al. 2014;
Uda et al. 2013; Voliotis et al. 2014). In this context, information is defined as the
uncertainty about the environment that is reduced by signaling and can be quanti-
fied as the mutual information (MI) between two stochastic variables (Bowsher and
Swain 2014). MI measures the quality of the inference (or “prediction”) of the
signal from the response. It is measured in bits with an M1 of 1 bit indicating that the
system can unambiguously distinguish between two equally probable states of the
environment. Importantly, estimation of MI doesn’t require knowledge of the
mechanism by which information is transferred, and MI values are unaffected by
transformations of the signal or response (Bowsher and Swain 2014). Several
groups have applied information theoretic approaches to analysis of cell signaling,
treating signaling pathways as noisy communication channels and quantifying the
information that they do (or could) carry. The value of this approach can be
illustrated by considering a signaling pathway with multiple levels, such as a
MAPK cascade. It is well established that signal amplification can occur from one
tier to the next in the cascade, but it is less well recognized that information about
the input cannot actually increase from one level in the cascade to the next. In fact
there is normally loss (and never gain) of information through signaling cascades
and any increase in numbers of activated molecules must therefore be associated
with increased variability (noise) through the cascade. There is considerable interest
in understanding how cells mitigate loss of information through signaling path-
ways, and here negative feedback loops are of particular interest because they can



56 K.L. Garner et al.

reduce information transfer (by reducing dynamic range of the output) or protect it
(by reducing cell-cell variability).

In a recent study, ppERK and nuclear translocation of NFAT-EFP were mea-
sured as activation readouts, and Egrl- and NFAT response element-driven
fluorophore expression were measured as transcription activation by ERK and
NFAT. Responses were measured in large numbers of individual GnRH-stimulated
cells (Garner et al. 2016) and used to calculate MI between GnRH concentration
and ppERK (I(ppERK;GnRH)). This revealed information transfer between
GnRHR and ERK to be <1 Bit in HeLa cells transduced with Ad-GnRHR
(Fig. 4). This is comparable to values obtained for cytokine and growth factor
signaling in other systems (Garner et al. 2016), but is still surprisingly low for two
reasons. First, the cells were typically stimulated with eight GnRH concentrations
so there was a 3 Bit input, of which <1 Bit of information was transferred. Second,
population-averaged measures consistently show responses to GnRH being graded
over a wide range of GnRH concentrations, yet an MI of <1 implies that single
cells cannot unambiguously distinguish between just two inputs (i.e., with and
without GnRH). This was not due to use of a heterologous expression system
because information transfer values were similar in HeLa cells (with exogenous
GnRHR) and LPT2 gonadotropes (with endogenous GnRHR). It was also not
restricted to the ERK pathway because information transfer from GnRHR to
NFAT was <0.5 Bits in both cell models (Garner et al. 2016). Another possible
explanation for low information transfer is that single time-point measures under-
estimate information transfer. This would be expected where cells infer inputs (i.e.,
GnRH concentrations) from trajectories of outputs (i.e., ppERK levels) over time
(Selimkhanov et al. 2014). For example, time-course experiments revealed that I
(ppERK;GnRH) is higher at 5 than at 360 min (Fig. 4), but this clearly does not
mean that a cell obtains less information over 360 min than it had over 5 min.
Instead, it shows that the 360 min snapshot underestimates information transferred
over the 360 min stimulation. Measuring MI for ERK-driven transcription is an
alternative approach that could be sensitive to ppERK trajectory, and, consistent
with this, work with imaging readouts for ERK-driven transcription revealed more
reliable sensing of PDBu than of GnRH in HeLa cells (Fig. 4), presumably because
PDBu has a more sustained effect than GnRH on ppERK and causes a more marked
increase in Egrl-driven zsGREEN expression (Garner et al. 2016). Thus the system
senses sustained stimulation more reliably and must therefore be sensitive to the
dynamics of ERK activation. This information theoretic approach was also applied
to consider possible effects of negative feedback, focusing on ERK-dependent
feedback (i.e., rapid transcription-independent and slow transcription-dependent
feedback) and on receptor desensitization (i.e., by comparison of type [ mammalian
GnRHRs that do not rapidly desensitize and XGnRHRs that do). The overriding
observation from these first statistical measures of information transfer via GnRHR
is that it is not measurably influenced by the occurrence or absence of rapid
receptor desensitization, but is influenced by downstream adaptive processes
(i.e., ERK-mediated feedback) with optimal GnRH sensing at intermediate feed-
back intensities.
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Fig. 4 MI as an information theoretic measure of GnRH sensing. Panels A and B show
concentration and time-dependent effects of GnRH and phorbol 12,13 dibutyrate (PDBu) on
ERK activity in LPT2 cells, with nuclear ppERK reported in arbitrary fluorescence units (AFU).
Single cell measures underlying these plots were also used to calculate MI between ppERK and
each of these stimuli and these values are plotted (MI in Bits on vertical axis) against time in panel
C. The cells were also transduced with recombinant adenovirus for expression of an ERK-driven
transcription reporter (Egrl-zsGREEN). Panel D shows the concentration-dependence of GnRH
and PDBu on zsGREEN expression (in AFU) at 360 min and the MI between zsGREEN and each
of these stimuli is also shown for this time (Adapted from Garner et al. 2016)

Summary

Since GnRH was isolated and sequenced in the 1970s, there have been immense
advances in our understanding of GnRH signaling. This ranges from the early work
identifying Ca®" as a mediator of stimulus-secretion coupling through subsequent
work mapping the GnRH signaling network as well as the extensive studies of gene
expression focusing on gonadotrope signature genes or using omics approaches to
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elucidate regulatory networks. The ever-increasing complexity of GnRHR signaling
networks highlights the necessity for mathematical and statistical analyses as illus-
trated by recent information theoretic work on GnRH signaling, where emphasis was
on the amount of information transferred rather than identifying components of the
paths through which it is conveyed. From the outset the system has provided
remarkable surprises. Notably, the initial paradoxical observation that a peptide
purified as a gonadotropin-releasing factor actually reduces circulating gonadotro-
pins and causes chemical castration on sustained stimulation in vivo. With receptor
cloning came the equally surprising observation that mammalian type I GnRHR lack
COOH-terminal tails and do not rapidly desensitize, so alternative mechanisms must
underlie the desensitization of GnRH-stimulated gonadotropin secretion. Compart-
mentalization has also emerged as a crucial determinant of GnRHR function, as
highlighted by the discovery that most hGnRHRs are actually intracellular as well as
the fact that GnRHR signaling is dependent upon its location within the plane of the
plasma membrane. Similarly, the importance of dynamics cannot be overestimated
because the CNS provides GnRH pulses as a frequency-encoded signal to be
decoded by gonadotropes. We still do not have a detailed understanding of how
they do so or how GnRHR compartmentalization is controlled, let alone how these
systems may be modulated by other hormonal or local inputs. Accordingly, the
authors believe that a major research challenge for future work is to overlay space
and time on existing schema for GnRH action, whereas the clinical challenge lies in
translating the large amount of mechanistic information into genuine therapeutic
benefit.
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