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Abstract

The pulsatility of GnRH release is essential for reproductive function. The key events in
reproductive function, such as puberty onset and ovulatory cycles, are regulated by the frequency
and amplitude modulation of pulsatile GnRH release. Abnormal patterns of GnRH pulsatility are
seen in association with disease states, such as polycystic ovarian syndrome and anorexia nervosa.
Recent studies with physiological, track-tracing, optogenetic and electrophysiological recording
experiments indicate that a group of kisspeptin neurons in the arcuate nucleus (ARC) of the
hypothalamus are responsible for pulsatile GnRH release. Thus, the kisspeptin neuron in the ARC
has been called the “GnRH pulse-generator.” However, a few pieces of evidence do not quite fit
into this concept. This article reviews some old works and discusses unresolved issues on the
mechanism of GnRH pulse generation.
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Introduction:

In the early 1970°s the GhnRH molecule was isolated and sequenced from the pig and sheep
hypothalamus (Matsuo et al., 1971; Amoss et al., 1971). At about the same time Knobil’s
group reported that the anterior pituitary releases LH in a pulsatile manner (Dierschke et al.,
1970; Gay and Sheth, 1972). Subsequently, the same group reported that pulsatile
administration, not continuous infusion, of GnRH in female monkeys with the lesioned basal
hypothalamus or immature hypothalamus can maintain normal reproductive function
(Belchetz et al., 1978; Knobil et al., 1980) and initiates puberty (Wildt et al., 1980). Knobil’s
group further extended their findings to show that a steady-state pulsatile GnRH release
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from the hypothalamus is only necessary for the regulation of the ovulatory cycle (Knobil et
al., 1980). However, Spies and his colleagues demonstrated that increase in the frequency,
amplitude and baseline GnRH release from the hypothalamus as the consequence of the
estradiol feedback action is also important for reproductive function (Spies and Norman,
1975; Levine et al., 1985; Pau et al., 1993). Since then, the mechanism by which pulsatile
GnRH release is generated became one of the most fascinating topics in reproductive
neuroendocrinology. Oscillatory activity of multiple neurons synchronizing periodically in
the brain is not uncommon. However, the interval of oscillatory GnRH release occurring on
the order of hours is much longer than other brain oscillations, such as neuronal oscillations
detected by EEG or recurrent thalamo-cortical resonance that occur on the order of
milliseconds to seconds. Oscillatory activity among multiple neurons requires cell-cell
connections, but mammalian GnRH neurons are widely scattered in the preoptic area and
basal hypothalamus. How do GnRH neurons communicate with each other? Is there any
source that drives the GnRH neuronal oscillation? How do gonadal steroids modulate GnRH
neuronal oscillators? There are several excellent articles on this topic (Constantin, 2017;
Herbison, 2018; Nestor et al., 2018). This short review article discusses current views and
unresolved questions regarding GnRH pulse generation.

Historical perspectives:

A series of studies led by Knobil’s group in the 1970’s indicate that pulsatile release of
GnRH from the hypothalamus drives pulsatile release of LH and FSH in monkeys (see
Knobil, 1980). To assess GnRH neuronal activity in the hypothalamus the group further
adapted to recording multiple unit activity (MUA). Unlike single unit activity recording,
MUA is recorded by electrodes with low impedance (~50kQ). As such, electrical activity
recorded through this method represents differential potentials from the field, rather than
activity of a single neuron. It turned out, however, that this method was quite a useful
approach for monitoring synchronous activity from multiple GnRH neurons or a group of
neurons associated with pulsatile GnRH release, as an abrupt increase in electrical activity
occurs in perfect unison with an LH pulse in ovariectomized rats and monkeys (Kawakami
et al., 1982; Wilson et al., 1984). Not surprisingly, Knobil’s group was not able to confirm
that the tip of MUA electrodes was in close proximity to GnRH neurons or their fibers
(Silverman et al., 1986). A quarter century later, another group reported that GnRH pulse-
generating activity by MUA is readily recorded when electrodes are located in or near the
arcuate nucleus (ARC), in close proximity to kisspeptin neurons in goats (Wakabayashi et
al., 2010).

Studies of deafferentation of the medial basal hypothalamus (MBH) and discrete lesions
within hypothalamus have identified that pulsatile release of GnRH requires the presence of
the MBH, more specifically, the ARC in rats, monkeys and sheep (Blake and Sawyer, 1974;
Plant et al., 1978; Pau et al., 1982). Although GnRH neuroterminals and other surrounding
cells in the median eminence (ME) may have the capacity to generate periodical release of
neurohormones, as fragments of the rat ME release GnRH in a pulsatile manner
(Rasmussen, 1993), as discussed later, neurons in the ARC generate periodical activity with
a frequency similar to that seen from GnRH/LH release /n vivo.
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Endogenous capacity of the GnRH neuron for oscillatory peptide release

GnRH neurons themselves have the capacity to release the decapeptide in an oscillatory
manner. Immortalized GT1 GnRH secreting cells and primary GnRH neurons derived from
embryonic olfactory placode release the GnRH peptide in pulsatile manner with species-
specific intervals (Figs. 1A and 1B, Weiner et al., 1992; Terasawa et al., 1999a; Duittoz et
al., 2000; Funabashi et al., 2000; Moore et al., 2002). Primate and murine GnRH neurons
also exhibit periodical synchronized intracellular calcium oscillations (Fig. 1C, Terasawa et
al., 1999b; Temple et al., 2003) and increased firing activity or oscillatory calcium activity in
response to estradiol, ATP, and kisspeptin (Abe and Terasawa, 2001; Abe et al., 2008; Noel
et al., 2009; Constantin et al., 2009). Importantly, pulsatile release of GnRH requires full
maturation of GnRH neurons (Constantin et al., 2009; Kurian et al., 2011). Primary GnRH
neuronal cultures derived from the fetal olfactory placode contain non-neuronal cells, such
as fibroblast and epithelial cells, but there are very little other types of neurons and glia
(Terasawa et al., 1993; Fueshko and Wray, 1993). Although periodically synchronized
intracellular calcium signaling among GnRH neurons occurring at ~60 min intervals /n vitro
(Fig. 1C) is speculated in association with the decapeptide release, this has not been directly
confirmed.

Direct in vivo measurements of GnRH release:

To discuss pulsatile GnRH release /in vivo, a direct measurement of GnRH is essential. This
was first achieved by collecting the portal blood under anesthesia or acute condition, as the
portal circulation is located in the bottom of the brain, where accessibility is limited. With
this method, the simultaneous measurement of hypothalamic GnRH and circulating LH is
possible and the method has been successively applied to studies in rats and sheep (Sarkar et
al., 1976, Clarke and Cummins, 1982, Caraty et al., 1982; Moenter et al., 1992). Importantly,
in most cases, each elevated GnRH release is followed by an elevated LH release. Of note,
this is the basis for measuring circulating LH levels as a surrogate for GnRH release in
various animal models including humans.

Alternative methods for measuring GnRH release in unanesthetized monkeys were
developed in this laboratory. First, we established a push-pull perfusion method in rhesus
monkeys (Terasawa, 1994) by adapting the method reported by Ramirez’s group in rats and
sheep (Levine and Ramirez, 1982; Levine et al., 1982). A fine double lumen stainless steel
cannula is inserted into the pituitary stalk and median eminence (S-ME), where artificial
cerebrospinal fluid (aCSF) is continuously infused through an inner cannula, while
perfusates are collected through an outer cannula in fractions. This is an extremely powerful
method for assessing events in the S-ME, where not only GnRH terminals, but also many
other neuroterminals from neurotransmitter and neuromodulator neurons are present. This
method allowed us to assess release patterns of multiple neurochemicals/neuromodulators in
the S-ME with a fine time resolution, and to apply agonists/antagonists for various
neuromoulators to examine the responsiveness of the GnRH neuronal system. However, we
do not use this approach any longer, as the push-pull perfusion method requires animal
chairing for a minimum of 3 days. Subsequently, we developed a microdialysis method
(Frost et al., 2008). With this method, we use a double lumen fine stainless steel cannula
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with a semipermeable membrane attached to the tip of the outer cannula. Again, aCSF is
infused into the inner cannula at an ultra-slow speed, and effluxes (dialysates) are collected
from the S-ME in fractions. Again, this method allows us to assess the release pattern of
neurchormones in the S-ME and observe the responses to agonists/antagonists for various
neuromodulators. In general, microdialysate (efflux) concentrations of neurochemical
substances per 10-min fraction are not as high as in 10-min samples collected by the push-
pull perfusion method. As such, with the microdialysis method often we have to sacrifice the
time resolution to 20 min or longer fractions, especially when we measure multiple
neurochemicals/neuromodulators in the S-ME. Note that even though our microdialysis
probe consists of 5 mm length, an active portion of the probe through which neuropeptides
and neuromodulators are collected, appears to be limited to the tip of the probe (1-2 mm)
located in the S-ME. This speculation is based on our observations that GnRH concentration
map with microdialysis in the S-ME (Kenealy et al., 2013) and push pull perfusion (Gearing
and Terasawa, 1988) are very similar. Perhaps, with the microdialysis method the
concentration of efflux depends on chemical equilibrium between the fluid inside the probe
and the extracellular tissue space, such that only the efflux from the ME, not from the
hypothalamus per se, reflects measured neurotransmitters/neuropeptide values.

Findings in this laboratory before discovery of kisspeptin:

Taking advantage of our ability to assess two neurochemicals in the S-ME simultaneously,
we have examined synchronous release of GnRH with other neuropeptides and
neurotransmitters for many years. Primarily, we focused on endogenous neurochemicals, in
which agonists and antagonists have been reported to modify pulsatile release of LH/GnRH.
Among them are norepinephrine (NE), neuropeptide Y (NPY), kisspeptin, gamma amino
butyric acid (GABA), and glutamate. As described below, pulses of kisspeptin, NPY, and NE
had a high incidence of synchronization with GnRH pulses (Terasawa et al., 1988; Woller et
al., 1992, Keen et al., 2008). However, we were not able to find any correlated changes
between GnRH and GABA or glutamate (see Terasawa et al., 1999).

Neuropeptide Y (NPY):

NPY is one of the first peptides found that modulates LH/GnRH release (see Kalra and
Crowley, 1992). Initially, we found that NPY infusion into the S-ME stimulates GnRH
release in a dose responsive manner in ovariectomized (OVX) adult female rhesus monkeys
(Woller and Terasawa, 1991). Subsequently, we observed that infusion of an NPY antibody
into the S-ME suppressed GnRH pulses in a dose responsive manner in OV X females
(Woller et al. 1992). Accordingly, we speculated that NPY release might be pulsatile and
correlated to GnRH release. We measured GnRH and NPY in the same samples collected
from the S-ME at 10-min intervals. We also collected plasma samples at the same time for
LH measurement. Indeed, we found that NPY release is pulsatile and NPY peaks occur with
GnRH peaks, or 10 min preceding GnRH peaks (Figs. 2B and 2D, Woller et al., 1992).
Subsequent calculations indicate that on average the NPY peak occurs ~5-min before GnRH
peaks, which are followed by LH peaks with ~5 min delay (Fig. 2A and 2C, Woller et al.,
1992). Together, it appears that the NPY pulse is necessary for the pulsatility of GnRH
release. In fact, signaling by NPY pulses to GnRH neurons appears to be quite important as
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the interface between energy balance and reproductive function. NPY neurons are negatively
and positively regulated by leptin from fat tissues and ghrelin from the stomach, respectively
(see Hill and Elias, 2018). As such, reproductive function will not be maintained under
negative energy balance.

Because in a previous series of studies we found that the treatment of OV X female monkey
with a small dose of estradiol (E», 10-30 ug) plus progesterone (2.5mg) results in LH/GnRH
surges with a peak latency of 6-9h (Terasawa et al., 1984; Yeoman and Terasawa, 1984), we
examined whether the steroid hormone-induced modification of GnRH pulsatility affects
pulsatility of NPY release. In the study, the dose of E; is very small, such that it suppresses
LH levels in OVX females, but does not result in an LH surge. Progesterone treatment 24 h
after E,, however, induces an LH surge (Terasawa et al., 1984). The results from
simultaneous measurements of GnRH and NPY in push-pull perfusates indicate that a
progesterone-induced LH surge is accompanied by increases in the mean release of GnRH
and NPY. Moreover, the progesterone-induced mean GnRH increase is a consequence of
increases in both pulse amplitude and pulse frequency, whereas the progesterone-induced
mean NPY increase is accelerated pulse frequency only, not the pulse amplitude. Oil
treatment after EB administration (control for progesterone) does not alter any parameter of
GnRH and NPY pulses. Importantly, the NPY and GnRH pulses occur in a highly correlated
manner, regardless of whether monkeys were treated with EB + progesterone or EB alone,
and again NPY pulses preceded GnRH pulses by ~5 min (Figs. 2E and 2F, Woller et al.,
1994). These observations indicate the presence of two layers of mechanisms for
coincidental GnRH and NPY pulse-generation. The first layer consists of the pulse-
generating source that is directly or indirectly connected with GnRH and NPY neurons and
it determines the pulse frequency. This structure can be sensitive to gonadal steroids, as the
pulse frequency of GnRH and NPY is accelerated simultaneously. Obviously, nature and
neuronal substrates of this structure are yet to be identified. The second layer is kisspeptin
neurons containing estrogen receptor alpha (ERa.), through which estradiol action (and
perhaps progesterone action through progesterone receptors) is transduced to GhRH neurons
with a great amplification. Previously, we have shown the significant amplification of
kisspeptin signaling to GnRH neurons by gonadal steroids (Guerriero et al., 2012, Garcia et
al., 2017, 2018; Terasawa et al., 2018). As to kisspeptin neurons, | will discuss more in a
later section.

Note that there is confusion as to whether NPY is stimulatory or inhibitory to GhnRH/LH
release. While in female monkeys we consistently reported that direct infusion of NPY into
the ME stimulates GnRH release regardless of the presence or absence of circulating
estradiol (Woller and Terasawa, 1991; Woller et al., 1992, Woller and Terasawa, 1992),
initially Spies and collaborators reported that iv injection of NPY suppresses LH release
(Kaynard et al., 1990), but later the they found that direct infusion of NPY into the ME
stimulated GnRH release, especially with a small elevation of circulating estradiol (Pau et
al., 1995). We believe that this is an issue of site-dependent NPY action on GnRH release.
GnRH neurons express both inhibitory Y1 receptors as well as stimulatory Y4 receptors
(Roa and Herbison. 2012) and whichever predominant NPY receptor subtype is activated,
GnRH neurons would be inhibited or stimulated.
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Norepinephrine (NE):
Catecholamines--dopamine, NE and epinephrine (E)--were the first neurotransmitters found
to modify LH release (Sawyer et al, 1949). Moreover, al adrenergic, but not a2 or 8
adrenergic, input from NE/E signaling has been shown to alter LH and GnRH pulsatility and
GnRH pulse generating activity (Bhattacharya et al., 1972, Kaufman et al., 1985; Gearing et
al, 1991a, 1991b, 1991c). Thus, we have examined 1) whether NE release in the S-ME is
pulsatile, and if so, 2) whether pulsatile GnRH release is correlated to release of NE and its
metabolites in the same perfusate samples collected by the push-pull perfusion method from
the S-ME. Results indicate that NE release is pulsatile and each GnRH pulse is correlated
with every other NE pulse: The frequency of NE was 2 pulses/h, whereas GnRH was 1
pulse/h (Terasawa et al., 1988). The NE precursor, dopamine, and their metabolites
dihydrophenyl glycol (DOPEG), methoxy hydroxyphenyl glycol (MOPEG),
dihydroxyphenyl acetic acid (DOPAC) and homovanillic acid (HVA), however, are not
consistently correlated to GnRH pulses (see Terasawa et al., 1988). Periodical increases in
circulating NE at ~90-min intervals in rhesus monkeys have been reported (Levin et al.,
1978).

Role of kisspeptin neurons as a source of GnRH pulse generation:

Discovery of genetic mutations in the kisspeptin receptor, KISSIR (GPR54), and its ligand
kisspeptin resulting in delayed puberty and infertility in humans and mice (Seminara et al.,
2003: de Roux et al., 2003) and a subsequent finding that mutations of the genes encoding
neurokinin B (NKB) and its receptor NK3R also induce hypogonadotropic hypogonadism
(Topaloglu et al., 2009) have made exponential progress in our understanding of the
regulation of GnRH release. The presence of kisspeptin neurons and its receptors in the
hypothalamus is essential for GnRH pulsatility, as the absence of K/SSZRin human and
deletion of KissZ or Kiss1rin mice results in the absence of pulsatile LH release (Seminara
et al., 2003, Tenenbaum-Rakover et al., 2007; Lapatto et al., 2007, Steyn et al., 2013). An
elegant study with GCaMP fiber photometric approaches by Herbison’s group further
indicates that individual kisspeptin neurons in the ARC of mice exhibit periodical increases
in intracellular calcium [Ca2*]; and a group of ARC kisspeptin neurons exhibit synchronous
activity of [Ca2*]; at an interval of 15-20 min, coinciding with LH pulses in gonadectomized
mice (Clarkson et al., 2017). Together with additional experiments using channelrhodopsin
and archaerhodopsin transfection in kisspeptin-Cre mice that allows stimulation and
inhibition of selective ARC kisspeptin neurons, respectively, the authors conclude that
activation of ARC kisspeptin neurons is necessary and sufficient for generation of LH (and
presumably GnRH) pulses (Clarkson et al., 2017). A similar conclusion is drawn by Kelly’s
group by optogenetic stimulation and recording of synchronized firing activity of kisspeptin
neurons in the ARC and GnRH neurons in the preoptic area (Qiu et al., 2016). Therefore, a
set of kisspeptin neurons represents the most prominent machinery responsible for GnRH
pulse generation.

Because 100% of kisspeptin neurons in the ARC co-express NKB and dynorphin in several
species including rodents and ruminants, the concept that KNDy (Kisspeptin-NKB-
Dynorphin) is important for GnRH pulsatility (see Goodman et al., 2014) arose. The co-
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localization of kisspeptin with NKB and dynorphin in the same ARC neurons, however, may
not be essential for postulating that these 3 neuropeptides are involved in pulse-generation.
In primates co-localization of these 3 neuropeptides in the same neuron is far less than

100 % (Ramaswamy et al., 2010; Hrabovszky et al., 2012), yet the 3 types of neurons may
form a functional network in the MBH. In fact, pulsatility can be modified at the level of the
neuroterminal in the median ME, as discussed in a later section. A series of developmental
studies in this lab (Garcia et al., 2017; 2018) further indicate that kisspeptin and NKB
signaling undergoes maturational changes with a quite different time course, such that
application of “kisspeptin and NKB signaling in the single cell concept” is not easy to apply.

A recent report by Lippincott et al. (2019) indicates that a family of hypogonadotropic
hypogonadism patients due to mutation in 7AC3responded to Kisspeptin challenges
exhibiting increases in LH release and infusion of the opioid antagonist naloxone resulted in
unambiguous pulsatile LH release. A similar finding was also made with NKB deficient
mice (Lippincott et al., 2019). It is possible that during maturational process, the absence of
NKB neurons is compensated by other another mechanism. Nevertheless, the findings of
Lippincott et al (2019) clearly suggest that GnRH pulsatility can occur in the absence of
NKB neurons, and that the mechanism for GnRH pulse generation consists of more than a
single layer.

Concept that the brain has a basic rhythmic activity:

There is evidence showing that the mechanism governing pulsatile GnRH release is not
completely independent of activity in the rest of the brain. First, it has been shown that in
human subjects at the pubertal age the occurrence of slow-wave (deep) sleep, not rapid eye
movement (REM) sleep or light sleep stages, is associated with the onset of LH pulses
(Shaw et al., 2012). Moreover, fragmentations of deep sleep by loud auditory stimuli in
pubertal children do not influence the relationship between slow-wave sleep and onset of LH
pulses (Shaw et al., 2015), indicating there is a common mechanism between GnRH pulse-
generation and sleep rhythm.

Second, Rasmussen and Malven (1981) have reported in ovariectomized ewes housed in a
chamber that LH pulses assessed at 5-min intervals are highly correlated with rest-activity
cycles. Those authors have monitored behavioral activities by phonocartridge detecting
chamber vibrations caused by foot movements or abrupt postural changes of ewes. Temporal
relationships between rhythms in motor activity and plasma LH levels are examined by
cross-spectral analysis. Both activity and plasma LH levels fluctuate at ~36 min intervals
and the occurrences of rhythmicity for LH and for activity were highly correlated either in
phase or 180° out of phase (Rasmussen and Malven, 1981).

Based on recurring REM sleep cycles at every 1-2 h intervals, the concept that “basic rest-
activity cycle (BRAC)” has been proposed by Kleitman (1963). For example, various
physiological functions, such as sleep wakefulness (Kleitman, 1982), eating and drinking
behaviors (Blessing et al., 2012), and thermo regulation (Blessing, 2018), recur at 1-2 h
intervals. Because pulsatile GnRH release occurs at 30-90 min intervals, though periodicity
varies among species, developmental ages, and physiological conditions, such as circulating
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gonadal steroid hormone levels, the possible relationship between GnRH pulse-generation
and BRAC has been previously discussed (Rasmussen, 1986). More than thirty years later,
however, we know nothing about the source or neural substrates involved in BRAC in the
brain.

Pulsatility at the median eminence:

It has been reported that pulsatile release of GnRH is observed in rat ME fragments or
retrochiasmatic-MBH tissues, in which GnRH perikarya are missing (Rasmussen, 1993;
Bourguignon et al., 1997). In our own studies, synchronization of GnRH pulses with
kisspeptin, NPY and NE described above is seen in a restricted area of the ME. Because in
the primate hypothalamus a small number of GnRH, kisspeptin, and NPY neuroperikarya
are present in the ME (Goldsmith et al., 1983, Ramaswamy et al., 2008; McDonald and
Calka, 1994), a contribution of cell bodies cannot be excluded. Nevertheless, it is quite likely
that GnRH neurofibers in the ME release the decapeptide in a pulsatile manner. We have
previously shown that not only neuroterminals and cell bodies, but also dendrites of monkey
GnRH neurons are equipped for decapeptide neurosecretion (Fuenzalida et al., 2011).
Moreover, Herbison and colleagues have termed GnRH terminal fibers in the ME as
“Dendron,” because they possess the dual properties of dendrites receiving a substantial
amount of synaptic innervation and axons conducting action potentials (Herde et al, 2013).
Importantly, we have consistently shown that pulsatile GnRH release is modified by local
application of agonists and antagonists for neuromodulators/neurotransmitters, such as NPY,
kisspeptin, NKB, GABA, glutamate, and NE.

Conclusions and unresolved issues:

As described earlier, Herbison and colleagues have clearly shown that kisspeptin neurons are
a major cell group modifying GnRH pulse generation. However, there are several
phenomena where it might be premature to call the kisspeptin neuron, the “pulse generator”.
First, NPY pulses occur synchronously with GnRH pulses, regardless of the presence of
absence of gonadal steroids (Woller and Terasawa, 1991, 1994) and modification of pulsatile
NPY release by antiserum to NPY alters GnRH pulses (Woller et al., 1992). Although we
have not done simultaneous measurements of kisspeptin and NPY in the same sample, we
can assume that synchronous release of kisspeptin and NPY occurs in the monkey S-ME, as
Kisspeptin pulses accompany GnRH pulses (Keen et al., 2008). Does this mean a common
mechanism of pulse-generation among neurons in the ARC? Or, does rhythmic activity of
kisspeptin neurons lead to NPY rhythmicity, or vice versa? Do other neurons in the ARC,
such as POMC neurons, also release their peptides in a pulsatile manner? Because
innervations between NPY/Agouti-Related Peptide (AgRP) neurons and kisspeptin (Padilla
et al., 2017; Fu and van den Pol, 2010) or POMC and kisspeptin neurons (Manfredi-Lozano
et al., 2016; Fu and van den Pol, 2010) are present, coordinated activity within the ARC is
quite possible. Furthermore, similar to kisspeptin signaling to GnRH neurons (Kirilov et al.,
2013; Yip et al., 2019), NPY and POMC neurons could directly influence activity of GnRH
neurons (Li et al., 1999; Israel et al., 2012; Roa and Herbison, 2012).
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Second, recent work in OV X sheep by Clarke et al. (2018) showing that suppression of LH
pulses by icv infusion of an NKB antagonist is restored by a systemic, small dose of
continuous, not pulsatile, infusion of kisspeptin-10. In that paper, the authors conclude that
kisspeptin-10 augments excitability of GhRH neurons and kisspeptin signaling is
downstream of NKB signaling, such that the ability to generate pulses of decapeptide release
in GnRH neurons is essential. Then a question arises: Is this an analogous situation to the
mammalian circadian rhythms where each cell/tissue posses endogenous ~24 h rhythm, yet
the neuron in the suprachiasmatic nucleus dictates overall circadian rhythmicity?

Third, while acute ablation of kisspeptin neurons in the ARC with a neurotoxin in adult
animals disrupts GnRH secretory activity, as LH levels are low and unaltered by OVX or
OVX+E, (Mittelman-Smith et al., 2012), prenatal deletion of KissZ by transgenic approach
does not interfere with GnRH secretory activity, as it accelerates puberty onset (vaginal
opening) and LH levels at puberty are higher than control animals (Mayer and Boehm, 2011,
Dubois et al., 2015). Although in those studies pulsatility of GnRH release is not assessed
and in both situations steroid feedback mechanisms to GnRH neurons are impaired, prenatal
deletion of kisspeptin neurons may allow activation of alternative compensatory pathways
for the regulation of the GnRH neurosecretory system. The neuronal substrate of
compensatory signaling in this situation is presently unknown.

Fourth and most importantly, are there any common genes regulating ~60 min periodicity
among the ARC neurons, equivalent to clock genes in neurons of the suprachiasmatic
nucleus? It has been shown that a subset of kisspeptin and NPY neurons arises from POMC
progenitor cells (Sanz et al., 2015). Collectively, even though kisspeptin neurons are a
primary cell component regulating pulsatile GnRH release in normal condition, there must
be multiple layers to the GnRH regulatory mechanism in the hypothalamus. The multiple
layers of regulatory mechanisms for GnRH pulsatility protect from a failure to reproduce,
hence preserving each species in nature.
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Highlights:

Pulsatile release of GnRH is indispensable for reproductive function. This article reviews
current concept and unresolved issues on the mechanism of GnRH pulse generation.
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Figure 1:
GnRH neurons derived from monkey embyro in cultures exhibit release the GnRH peptide

in a pulsatile manner (A and B) and individual GnRH neurons exhibit intracellular calcium
[Ca?*]; oscillations, which periodically synchronize at ~60 min intervals (C). Two examples
each of in vitro GnRH release from cultures obtained from the olfactory placode (A) or the
migratory pathway (B) are shown. GnRH release was pulsatile. GnRH peaks, revealed by
PULSAR algorithm, are indicated by arrows. All GnRH peaks revealed by PULSAR
algorithm are above the assay sensitivity level. Cultures were also exposed to high KCI (56
mM). Note that GnRH release patterns in cultures of the olfactory placode and migratory
pathways were similar. C. An example of the synchronization of [Ca2*]; oscillations in 50
GnRH neurons for the period of 152 min. Each color represents the activity of an individual
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cell. Note that synchronization occurred at 22, 81, and 143 min after time 0, which gives 59
and 61 min intervals between synchronizations. The amplitude of the synchronized pulses is
larger than normal pulses, and the post-excitatory suppressions are seen right after the
synchronized pulse. The gradual decrease of signal is caused by photobleaching.
Reproduced from Terasawa, et al., Endocrinology 140, 1432-1441, 1999, and Terasawa, et
al., J. Neurosci., 19, 5898-5909, 1999 with permission pending.
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Figure 2:
Correlated release of GnRH in the stalk median eminence and LH release in general

circulation (A, C) and synchronous release of GnRH and NPY in the stalk median eminence
(B, D) from an orchidectomized male monkey (left) and an ovariectomized female monkey
(right). Arrowheads indicate LHRH pulses and arrows indicate LH or NPY pulses detected
by PULSAR. Note that in male monkey, all GnRH peaks are synchronized with LH pulses
(A), and 9 of 10 NPY peaks either precede by one point or coincide with corresponding
GnRH peaks (C). Similarly, in female monkey, GnRH and LH pulses and NPY and GnRH
pulses are highly correlated as GnRH peaks either precede or coincide with LH peaks (B),
and NPY and GnRH pulses are also highly correlated (D). Effects of progesterone (E) or oil
(F, control for progesterone) on the release of GnRH (solid line) and NPY (broken line)
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measured in aliquots of the same perfusate samples from the S-ME of two ovariectomized
female monkeys. Progesterone or oil was injected at time zero in animals treated with EB
(30 ug) 24 h earlier. Arrowheads and arrows indicate pulses of GnRH and NPY, respectively,
detected by Pulsar. Note that in E the pulse frequency was increased by progesterone in both
GnRH and NPY release, maintaining the synchronous release of both neuropeptides. In
contrast, the pulse amplitude of GnRH release increased dramatically 3-9 h after
progesterone treatment, while the pulse amplitude of NPY remained unaltered. In F, oil
injection altered neither the pulse frequency nor pulse amplitude. Again, the synchronous
release of GnRH and NPY was unaltered. Reproduced from Woller et al., Endocrinology.
130, 2333-2342, 1992, and Woller and Terasawa, Endocrinology 135, 1679-1686, 1994,
with permission pending.
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