Chapter 10

Beyond the GnRH Axis: Kisspeptin
Regulation of the Oxytocin System
in Pregnancy and Lactation

Victoria Scott and Colin H. Brown

Abstract Circulating oxytocin is critical for normal birth and lactation. Oxytocin
is synthesised by hypothalamic supraoptic and paraventricular neurons and is
released from the posterior pituitary gland into the circulation. Oxytocin secretion
depends on action potentials initiated at the cell body, and we have shown that
intravenous (I'V) administration of kisspeptin-10 transiently increases the firing rate
of supraoptic nucleus oxytocin neurons in anaesthetised, non-pregnant, pregnant
and lactating rats. This peripheral effect is likely via vagal afferent input, because
disruption of vagal afferents prevented the excitation. In our initial studies,
intracerebroventricular (icv) administration of kisspeptin-10 did not alter the firing
rate of oxytocin neurons in non-pregnant rats. Remarkably, we have now gathered
unpublished observations showing that icv kisspeptin-10 transiently excites oxyto-
cin neurons in late pregnancy and during lactation, suggesting that a central kiss-
peptin excitation of oxytocin neurons emerges at the end of pregnancy, when
increased oxytocin secretion is required for delivery of the fetus and for milk let-
down after delivery.

Introduction

This chapter considers a newly emerging area of investigation in the kisspeptin
field: the effects of kisspeptin on reproduction outside the hypothalamic-pituitary-
gonadal axis. When the endogenous ligand for the orphan GPR54 receptor (now
commonly known as KissIr in rodents and KISS1R in humans) was identified as
kisspeptin, its possible role in modulating secretion of the hormone oxytocin was
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highlighted because intravenous (IV) administration of kisspeptin-10 increased
plasma levels of oxytocin in non-pregnant female rats [1]. However, this result was
quickly overshadowed by the discovery of the role of Kisslt/KISSIR and kiss-
peptin neurons in fertility through actions on GnRH neurons.

In 2011, the possibility of an important role for kisspeptin in the regulation of the
oxytocin system was again brought to light by our finding that intravenous kisspeptin-
10 increases the firing rate of oxytocin-secreting neurons [2]. Here, we will give an
overview of that work and our more recent findings that suggest that central kiss-
peptin excitation of oxytocin neurons emerges over the course of pregnancy, which
might have important implications for successful delivery of the offspring at birth
and successful delivery of milk during lactation.

Pregnancy and Lactation

Reproduction is the process by which new offspring are produced and is a funda-
mental process of life. The hypothalamic-pituitary-gonadal axis, including the
kisspeptin neurons, is a critical part of reproduction, but fertility is only the first step
in successful reproduction. Reproduction also requires successful pregnancy, partu-
rition and, in mammals, lactation. In all mammals, there are complex interactions of
neural, endocrine and behavioural processes that enable a female to successfully
meet the challenge of pregnancy and lactation. Elucidating these different mecha-
nisms and pathways is important for understanding the transient physiological states
of pregnancy and lactation. The mechanisms that are recruited during these states
reflect profound changes in brain neurochemistry and morphology, and this includes
the oxytocin system.

The hormone oxytocin has recently come to prominence as an important modu-
lator of various behaviours, including social recognition, pair bonding, anxiety and
maternal behaviours [3]. However, oxytocin is best known for its role in parturition
and lactation [4]. The word oxytocin comes from the Greek ‘quick birth’, and oxy-
tocin facilitates mammalian reproduction through uterine contractions during labour
(parturition) and milk ejection in response to suckling during lactation [5].
Circulating oxytocin concentrations rise progressively over the course of pregnancy
[6, 7], but only induce uterine contraction when specific oxytocin receptors (OTRs)
are up-regulated in the uterus immediately prior to birth [8, 9]. The contracting
uterus provides positive feedback to induce further oxytocin secretion (‘the Ferguson
reflex’, Fig. 10.1) [10].

Oxytocin is the strongest uterotonic substance known and is widely used to
induce labour in humans, yet oxytocin-deficient mice successfully complete parturi-
tion [11]. This suggests that oxytocin secretion is not essential for birth. However,
the importance of oxytocin for the initiation and maintenance of labour, and for
delivery, remains controversial. Oxytocin plays a vital role in timing of delivery,
because oxytocin-deficient mice give birth at random times following a circadian
clock reset [12]. Furthermore, OTR antagonists administered prior to labour delay
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Fig. 10.1 A schematic representation of oxytocin regulation of parturition. Oxytocin cells fire
in bursts similar to those seen during lactation but which are superimposed upon a higher base-
line activity (left hand side). This pattern of activity results in pulsatile secretion of oxytocin
from the posterior pituitary gland which acts on myometrial oxytocin receptors to induce uterine
contractions and cause fetal expulsion. The uterine contractions feedback to the supraoptic
nucleus (SON) via the nucleus tractus solitarii (NTS) in the brainstem (right hand side) to fur-
ther enhance oxytocin cell activity and thus maintain parturition. Each burst of activity precedes
the birth of a pup

the onset of delivery, and when given early in delivery, they increase the time
between the deliveries of each pup [13]. Additionally, selective oxytocin agonists
given centrally accelerate birth, as well as the onset of maternal behaviour [14, 15].
This suggests that, at least in rats, oxytocin is important for the initiation and the
maintenance of parturition [13].

While it might be controversial as to whether oxytocin plays an indispensable
role in parturition, the critical role that oxytocin plays in milk let-down during lacta-
tion is not disputed. The release of milk is mediated by secretion of oxytocin from
the posterior pituitary gland, and oxytocin’s action at OTR in the mammary gland
induces a rise in intra-mammary pressure and release of milk: an oxytocin-mediated
reflex upon suckling [16]. The oxytocin knockout mice fail to deliver milk to their
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offspring, resulting in the death of the pups. These mice have normal milk production,
as well as normal ductal/glandular epithelium in the mammary gland, and the pups
latch and suckle the nipples but, unlike wild type animals, this fails to induce milk
ejection. Exogenous oxytocin administration in these mice can produce sufficient
milk let-down to release milk and keep pups alive [11], highlighting the essential
role for oxytocin in the milk-ejection reflex.

The Magnocellular Neurosecretory System

Oxytocin is principally synthesised in magnocellular neurons of the supraoptic
nucleus (SON) and paraventricular nucleus (PVN) of the hypothalamus and released
from the posterior pituitary gland to act in the periphery. The PVN contains magno-
cellular neurons that synthesise either oxytocin, or the closely related peptide vaso-
pressin, and parvocellular neurons that contain a range of other peptide hormones
and project to the median eminence to control anterior pituitary hormone secretion,
as well as to other brain regions. By contrast to the PVN, the SON contains only
magnocellular oxytocin and vasopressin neurons, which project a single axon cau-
dally and medially to collect in the hypothalamo-neurohypophysial tract. These
axons travel through the internal zone of the median eminence to the posterior pitu-
itary gland (the neurohypophysis), where they end in several thousand neurosecre-
tory axon swellings and terminals, filled with dense-core granules (neurosecretory
vesicles) containing oxytocin (or vasopressin) [17]. Exocytosis of the neurosecre-
tory vesicles occurs in response to invasion from action potentials, and once released
into the extracellular space, oxytocin enters the general circulation by diffusion
through fenestrated capillaries in the posterior pituitary gland [18]. The axon termi-
nals in the posterior pituitary gland cannot maintain intrinsic repetitive firing [19],
and so hormone secretion is principally determined by the frequency and pattern of
action potentials initiated at the cell bodies. Nevertheless, various factors can modu-
late the release from magnocellular neuron terminals, including ionic conditions
[20], purines [21] and neuropeptides [22].

Firing Patterns of Oxytocin Neurons

The profile of oxytocin secretion from the posterior pituitary gland is co-ordinated
by the pattern of action potential discharge at the oxytocin cell bodies [23].
Nevertheless, the axon terminals in the posterior pituitary gland actively modulate
the secretory response to action potential invasion by increasing the efficiency of
stimulus-secretion coupling at higher firing rates so that each action potential
releases more oxytocin per action potential at high action potential frequencies than at
low frequencies [24]. As a result, when oxytocin neurons respond to stimulation with
a linear increase in firing rate, the hormone output from the posterior pituitary gland is
facilitated as the frequency of stimulation increases [24]. This frequency-facilitation
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results, in part, from increased calcium entry into the axon terminals through
voltage-gated channels to enhance exocytosis. Frequency-facilitation of oxytocin
release is most marked between ~5 and 25 Hz, but continues to increase (albeit at a
slower rate) beyond ~50 Hz. By contrast, as a consequence of frequency-facilitation,
oxytocin neurons firing at less than ~4 Hz release little or no oxytocin to the poste-
rior pituitary gland in vivo [25]. Hormone secretion is not sustained upon continu-
ous stimulation and there is ‘fatigue’ in facilitation over time (although this is more
pronounced in vasopressin release), which is rapidly reversed when stimulation is
stopped for a few tens of seconds [26]. This frequency-facilitation of oxytocin
release is of particular importance during parturition and lactation.

Under normal physiological conditions, oxytocin neuron firing rate is highly
variable between neurons, and the neurons fire action potentials in a slow continu-
ous or irregular pattern. Generally, the mean firing rate of oxytocin neurons is
approximately 3-5 Hz, with intervals of at least 30 ms between consecutive action
potentials [27, 28]. However, during parturition and suckling, co-ordinated intermit-
tent high-frequency bursts are superimposed upon this slow/irregular firing
(Fig. 10.1) [29, 30]. Each burst lasts just 1 or 2 s but the action potential activity is
intense, often with 100 action potentials per burst in each neuron [31-33]. During
one of these milk-ejection bursts, the intervals between consecutive action poten-
tials are between 6 and 10 ms [34]. After a burst, each oxytocin neuron typically
falls silent for a few tens of seconds (allowing the recovery from frequency-
facilitation fatigue).

Remarkably, these milk-ejection bursts are co-ordinated across the population of
oxytocin neurons [30]. Because of the co-ordination of bursts between oxytocin
neurons and frequency-facilitation of secretion in each oxytocin neuron, oxytocin is
released into the circulation in high concentrations for short periods. This pattern of
secretion underpins the episodic contraction of the milk ducts for milk ejection, and
similar pattern of activity causes rhythmic contraction of the uterus during parturi-
tion [35, 36]. Because these bursts occur every few minutes and last for only a
couple of seconds, the net increase in firing rate only averages about one to two
action potentials per minute for each oxytocin neuron.

Bursting activity occurs in oxytocin neurons only during parturition and lacta-
tion. Other stimuli that excite oxytocin neurons simply increase the continuous fir-
ing rate of the neurons, which rarely exceeds about 15 action potentials per second
[27, 28]. Additionally, during lactation, oxytocin neurons will only fire in bursts in
response to suckling and continue to respond to other stimuli in a similar way to
virgin rats [37]; indeed stimuli that increase the background firing rate can actually
inhibit burst firing [38]. Therefore, the emergence of bursting behaviour at the end
of pregnancy does not result simply from changes in the structure or intrinsic prop-
erties of oxytocin neurons that fundamentally alter the way in which they respond
to excitatory inputs. Rather, it is the nature of the stimulus that determines whether
bursts will be triggered, and our recent work suggests the possibility that the emer-
gence of a central kisspeptin projection to oxytocin neurons over the course of preg-
nancy might fulfil this role. Uniquely, milk-ejection bursts, and bursts during
parturition, are synchronised throughout all the magnocellular oxytocin neurons,
with neurons in both the SON and PVN firing at the same time [39, 40].
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Central Effects of Oxytocin

In addition to release into the circulation, oxytocin is also released into the brain
from centrally projecting neurons, as well as from the dendrites of magnocellular
oxytocin neurons [41]. While centrally projecting oxytocin neurons have important
functions, the oxytocin release into the brain from magnocellular neuron dendrites
appears most important for regulating peripheral secretion, particularly secretion
underpinned by bursts of action potentials [42]; blocking the effects of dendritically
released oxytocin by administration of an OTR antagonist SON delays birth [14].
Therefore, oxytocin release from dendrites might contribute to pulsatile oxytocin
secretion needed for parturition and lactation by facilitating the occurrence and syn-
chronisation of action potential bursts in oxytocin neurons [43].

Afferent Inputs to Oxytocin Neurons

Like all other neurons, oxytocin neurons receive afferent inputs from many different
peripheral and central sources. The relay of sensory information from the uterus and
nipples is, of course, particularly important in allowing for the Ferguson reflex (dur-
ing parturition) and milk-ejection reflex (during lactation). The vagus nerve pro-
vides a major route of sensory input from the periphery to the brainstem and in
particular the nucleus of the solitary tract (NTS) [44]. In turn, the NTS and the
ventrolateral medulla (VLM) within the medulla oblongata of the brainstem provide
afferent input to the SON and PVN [45]. Therefore, vagal afferent fibres provide a
pathway by which factors in the periphery can relay information to the SON to
modulate the secretion of oxytocin. Electrical stimulation of vagal afferents
increases the firing rate of some magnocellular neurons [46] and disrupting the
vagal pathway reduces oxytocin secretion in response to peripheral modulators
[47]. Brainstem projections are mainly noradrenergic from the Al group of the
VLM and the A2 group of noradrenergic neurons in the NTS to the SON [48], and
excitation of A2 noradrenergic neurons excites oxytocin neurons in the SON [49].
Over half the projections from the brainstem neurons to the SON are activated dur-
ing parturition [50], and many of these are noradrenergic. During parturition, the
excited A2 neurons release noradrenaline in the SON [51], contributing to the exci-
tation of oxytocin neurons. This is unlikely to be the only link in the Ferguson reflex
afferent pathway, but to date the A2 neurons are the only identified population with
a demonstrated role in directly exciting oxytocin neurons during parturition.
Peptides secreted in the periphery also excite oxytocin neurons indirectly, via
vagal afferents to the NTS and subsequent excitatory noradrenergic input to the
SON. Cholecystokinin (CCK) is a peptide hormone that is released from the stom-
ach following food intake and, in addition to inhibiting feeding [47], CCK increases
the firing rate of oxytocin neurons [52], resulting in the secretion of oxytocin into
the circulation [47]. The effects of CCK on food intake and oxytocin secretion are
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mediated though CCKA receptors located on peripheral vagal endings [53], which
signal through the NTS in the brainstem to the oxytocin neurons in the hypothala-
mus [28]. Recently, another gastric peptide hormone, secretin, has also been shown
to increase the activity and secretion of oxytocin neurons. This effect appears to also
be mediated by the noradrenergic pathway, because intracerebroventricular (icv)
injection of the ol adrenergic antagonist, benoxathian, blocked the increase in
firing rate of oxytocin (and vasopressin) neurons [54]. Hence, visceral inputs to
oxytocin neurons (including those active in parturition and lactation) converge on
the noradrenergic inputs via the vagus nerve.

The SON and PVN also receive prominent inputs from several forebrain areas,
including areas in the anteroventral region of the third ventricle (AV3V): the subfor-
nical organ (SFO), the organum vasculosum of the lamina terminalis (OVLT) and
the median preoptic nucleus (MnPO) [45]. The SFO and OVLT are located outside
the blood brain barrier and so peripheral stimuli can stimulate oxytocin secretion by
acting on AV3V inputs. These projections from the AV3V are best characterised as
mediating osmoregulation, and lesions of this region reduces oxytocin secretion and
consequently impairs sodium excretion, but does not affect the milk-ejection reflex
or parturition [55]. In addition to the above afferent inputs that have been exten-
sively studied, the SON and PVN also receive numerous afferent inputs that have
been less well characterised and whose physiological function is not well-
established. These inputs include (but are not limited to): arcuate nucleus, bed
nucleus of the stria terminalis, diagonal band of Broca, raphe nuclei, tuberomam-
millary nucleus and suprachiasmatic nucleus.

Up to this point, we have provided a brief background of the oxytocin system and
its importance in pregnancy, parturition and lactation. There is remarkable plasticity
in the activity of oxytocin neurons that emerges at the end of pregnancy to facilitate
delivery of the offspring and delivery of milk to the offspring. This emergent behav-
iour requires afferent input for its expression, and so any afferent input that exhibits
plasticity over the course of pregnancy is a likely candidate to be involved in the
processes that underpin this change in behaviour at a cellular level. Our recent
results suggest that kisspeptin might be an important newly discovered player in the
regulation of oxytocin neurons in pregnancy and lactation. The remainder of this
chapter focuses on how kisspeptin affects the oxytocin neurons and highlights new
data that indicates that central kisspeptin regulation of oxytocin neurons emerges
towards the end of pregnancy.

Circulating Kisspeptin Concentrations in Pregnancy
and Lactation

Investigations of kisspeptin regulation of fertility have focussed on central interac-
tions with GnRH neurons [56]. However, our initial interest was in the effects of
circulating kisspeptin on oxytocin neurons because IV kisspeptin administration
increases plasma oxytocin levels in non-pregnant female rats [1], and the plasma
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concentration of kisspeptin in woman has been reported to increase hugely over the
course of pregnancy, with a 900-fold rise in the first trimester that further increases
to over 7,000-fold in the third trimester. While the circulating kisspeptin that is
found at low concentrations in non-pregnant women (and in men) is likely to be
from either vascular endothelial cells [57] or adipose tissue [58], the main source of
circulating kisspeptin during pregnancy is likely to be the placenta, because KISS/
mRNA and kisspeptin protein are detectable in syncytiotrophoblasts in the placental
wall [59]. The physiological function of elevated kisspeptin during human preg-
nancy is unknown; while it is possible that kisspeptin regulates trophoblast invasion,
a process that is important for embryonic development [60], we hypothesised that
such elevations in circulating kisspeptin might signal the oxytocin neurons to
prepare for birth and lactation.

Activation of Oxytocin Neurons by Peripheral Kisspeptin
in Non-pregnant Rats

To determine whether circulating kisspeptin might signal the oxytocin neurons to
prepare for birth and lactation, we used an in vivo electrophysiology preparation to
record spontaneous activity from the neurons in the SON of anaesthetised rats. This
preparation causes the least disruption to whole animal physiology, allowing us to
record near-normal neuron activity that can be altered by their intact peripheral and
central inputs. Our work using this preparation was the first to show that neurons in
the SON increase their firing rate following IV administration of kisspeptin-10 [2].

First, extracellular single-unit recordings of action potential firing rate were
made from oxytocin neurons in non-pregnant rats across all stages of the estrous
cycle. Intravenous administration of 25 pg kisspeptin-10 (which should achieve
similar circulating concentrations of kisspeptin reported at the end of human preg-
nancy [57]) increases plasma oxytocin levels in the blood of virgin female rats [1],
and so we administered 25 pg IV kisspeptin-10 to investigate whether changes in
oxytocin neuron activity underpin the increased plasma hormone concentration; we
found that this IV dose of kisspeptin-10 caused a robust, short-lived (~5 min)
increase in the firing rate of every single oxytocin neuron tested (Fig. 10.2). The
increase in firing rate following the peripheral kisspeptin injection was rapid, with a
clear increase in firing rate within 30 s of administration and the peak rate within
60 s. The majority of the neurons showed a return to basal levels between 5 and
10 min following the injection. Hence, we were able to show that oxytocin neurons
are able to rapidly respond to fluctuations in circulating kisspeptin, at least in non-
pregnant rats. Importantly, repeated IV injections of kisspeptin-10 every few min-
utes caused a similar increase in firing rate, showing that the oxytocin neuron
response does not desensitise over the time course expected for milk-ejection bursts.
Given the short duration of excitation, and the lack of down-regulation of the
response, it is likely that breakdown of kisspeptin (rather than a long deactivation or
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Fig. 10.2 (a) Representative ratemeter record (in 30 s bins) showing an increase in firing rate of
an oxytocin neuron (identified by a transient excitation following IV CCK) in response to 25 ug IV
kisspeptin-10 in a urethane-anaesthetised virgin female rat. (b) Representative ratemeter record (in
30 s bins) showing a dose-dependent increase in firing rate of an oxytocin neuron (identified by a
transient excitation following IV CCK, not shown) in response to IV kisspeptin-10 in a urethane-
anaesthetised virgin female rat

down-regulation of Kisslr) is the limiting factor in the duration of the oxytocin
neuron response to a bolus I'V injection of kisspeptin-10.

To further characterise the response of oxytocin neurons to IV kisspeptin, we com-
pleted dose-ranging studies that showed a clear dose-dependent increase in oxytocin
neuron firing rate to IV kisspeptin. Even at the lowest dose that we tested (5 ug), IV
kisspeptin elicited a small but consistent increase in firing rate of oxytocin neurons.

Kisspeptin-10 is known to have comparable, if not greater, biological potency to
that of the full length peptide [61, 62], but to eliminate the possibility that our
observed responses were specific to kisspeptin-10, we also completed a small num-
ber of experiments where we used kisspeptin-54 (the full length peptide). As
expected, IV kisspeptin-54 caused a similar increase in oxytocin neuron firing rate
to that seen with kisspeptin-10.
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As explained earlier, the basal firing rates of individual oxytocin neurons are
highly variable, but the responses of oxytocin neurons to IV kisspeptin were com-
pletely independent of basal firing rate. This observation, combined with the consis-
tent increase in firing rate evident in every oxytocin neuron challenged with IV
kisspeptin-10, makes it probable that, when circulating kisspeptin rises, every single
oxytocin neuron increases its firing rate. Hence, circulating kisspeptin is a potential
mechanism that could co-ordinate activity across the population of oxytocin neu-
rons; such co-ordinated oxytocin neuron activity is a pre-requisite for successful
milk ejection during lactation.

Vagal Mediation of Oxytocin Neuron Activation
by Peripheral Kisspeptin

As described earlier, information is relayed to the oxytocin neurons via various affer-
ent input pathways, including noradrenergic pathways from the brainstem that relay
vagal signals. This pathway is implicated in the co-ordination of neuroendocrine
changes occurring at birth and is well-established as completing the positive feedback
loop from the uterus to the oxytocin system in birth and lactation. Hence, we hypoth-
esised that circulating kisspeptin-10 might also converge on this pathway to act on the
SON, because Kisslr are expressed in peripheral tissues, including the stomach and
small intestine [1], that are known to be innervated by the vagus nerve.

To test this hypothesis, we repeated our experiments after desensitisation of
vagal sensory fibres using the sensory neurotoxin, capsaicin (8-methyl-N-vanillyl-
6-nonenamide). Capsaicin is a compound found in capsicums and hot chilli peppers
that creates a perception of burning in mammals via activation of the transient
receptor potential channel-vanilloid receptor subtype 1 (TRPV-1; capsaicin recep-
tor). While capsaicin initially excites thin primary afferent c-fibres expressing
TRPV-1, when it is administered in large and/or repeated doses it results in the
desensitisation and defunctionalisation of the neurons [63]. TRPV-1 is expressed on
gastric primary vagal afferent fibres [64], and capsaicin can act on these fibres to
effectively block the vagal pathway into the brain with the advantage that efferent
vagal pathways are left intact.

We found that pre-treatment with intraperitoneal (IP) capsaicin completely elim-
inated the increase in firing rate of oxytocin neurons induced by IV kisspeptin-10,
as well as that induced by IV CCK (which is known to be mediated by vagal inputs
to the NTS [47]). Thus, it appears that in non-pregnant rats, IV kisspeptin-10 does
not directly excite oxytocin neurons, but acts as a hormone on peripheral targets
with projections to the SON relayed by vagal afferent fibres. While we do not yet
have direct evidence to support the involvement of the NTS, or of noradrenergic
neurons, it is likely that NTS relays the vagal input to the SON through noradrener-
gic input. Of course, further work is still required to fully establish the pathway
from the vagus to the SON, which will involve retrograde-labelling from the SON
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combined with immunohistochemistry for neuronal activation in the retrogradely
labelled neurons after IV administration of kisspeptin.

While we have clearly established that peripheral administration of exogenous
kisspeptin-10 consistently increases the firing rate of oxytocin neurons in non-
pregnant rats [2], the physiological significance of this excitation remains to be
established and this has been a focus of our more recent unpublished work.

Activation of Oxytocin Neurons by Peripheral Kisspeptin
in Pregnancy and Lactation

We have begun to repeat our experiments by administering IV kisspeptin while
recording oxytocin neuron firing rate in rats anaesthetised at various times over
pregnancy and lactation. While still preliminary, our results to date show that the
excitation of oxytocin neurons by IV kisspeptin is evident throughout pregnancy
and into lactation. Superficially, these observations might seem straightforward,
but they are difficult to reconcile with the published observations of markedly
increased kisspeptin levels over the course of pregnancy, particularly in the third
trimester [59]. In the face of hugely increased endogenous kisspeptin levels, one
might expect occlusion, or desensitisation to the effects of exogenous kisspeptin.
Furthermore, one would expect the endogenous kisspeptin to drive a steady increase
in firing rate of oxytocin neurons over the course of pregnancy. We have seen no
diminution in the effectiveness of exogenous kisspeptin in pregnant rats, but the
progressive rise in circulating oxytocin concentrations over the course of human
pregnancy [6, 7] is very much more modest than the increase reported for kiss-
peptin in humans [59].

However, the published data on circulating kisspeptin levels in pregnancy and
lactation are from humans and our experimental model is rats. It appears likely that
humans (and possibly higher primates) are the only species in which plasma kiss-
peptin levels might increase during pregnancy, because kisspeptin does not appear
to increase during pregnancy across many non-primate species, including rodents,
sheep and horses (Alain Caraty, personal communication). Thus, if the published
data on humans genuinely reflect a species difference rather than a lack of specific-
ity of kisspeptin antibodies used in the early studies, the rat might not be the model
of choice for kisspeptin regulation of human pregnancy. Notwithstanding any spe-
cies differences, it appears that kisspeptin probably excites oxytocin neurons in
pregnant and lactating rats, and if the placental secretion of kisspeptin is pulsatile at
parturition, this might add another level of control for the co-ordination of oxytocin
neuron bursts during parturition. Of course, this idea is highly speculative and
requires further investigation using peripheral administration of kisspeptin receptor
antagonists to determine whether these can disrupt delivery of the offspring (and/or
delivery of milk to the new-born).
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Activation of Oxytocin Neurons by Central Kisspeptin
in Pregnancy and Lactation

Several electrophysiology studies have shown that kisspeptin directly excites various
neuronal populations: GnRH neurons, arcuate nucleus neurons, pro-opiomelanocortin
neurons and hippocampal neurons are all excited by direct application of kisspeptin
to brain slices [65-68]. So, we administered icv kisspeptin-10 in the expectation that
we would localise the site of action of IV kisspeptin-10 to the brain. However, to our
surprise, we did not find any effect of icv kisspeptin on the firing rate of oxytocin
neurons in non-pregnant rats. In fact, in marked contrast to the robust and repeatable
excitation following IV kisspeptin, there was no change in firing rate following icv
injection at 2 ug or at 40 pg (both in a 2 pL volume) in any oxytocin neuron tested
(Fig. 10.3), even in those neurons that were excited by IV kisspeptin-10. The higher
dose of icv kisspeptin-10 that we used (40 pLg) has been published as inducing a very
robust response in the GnRH system to markedly increase circulating luteinising
hormone levels [69], so it is very unlikely that the failure of icv kisspeptin-10 to
excite oxytocin neurons in non-pregnant rats was due to a failure to deliver sufficient
kisspeptin. The unexpected lack of response of oxytocin neurons to icv Kkiss-
peptin-10, combined with a robust response to IV kisspeptin, suggests that
kisspeptin-10 might not cross the blood brain barrier to act directly on oxytocin
neurons, or on Kisslr that might be expressed by any central inputs to the SON.
Consistent with our observed lack of effect of icv kisspeptin-10 on oxytocin neurons
in non-pregnant rats, a recent mapping study has shown the presence of only a few
kisspeptin fibres in the locality of the SON and it is not known whether they termi-
nate in or form synapses in the area [70]. Additionally, there is no clear indication as
to whether the Kisslr is expressed in the SON [71].

Notwithstanding the lack of effect of icv kisspeptin on oxytocin neurons in non-
pregnant rats, we continued to administer icv kisspeptin during our more recent stud-
ies into the effects of I'V kisspeptin in pregnancy and lactation. The preliminary data
that we have generated make the lack of effect of icv kisspeptin on oxytocin neurons
in non-pregnant animals even more intriguing because our unpublished observations
suggest that a central kisspeptin excitation of oxytocin neurons might emerge over the
course of pregnancy in rats and that this is sustained during lactation.

In our latest experiments, we made in vivo extracellular single-unit recordings
from oxytocin neurons in rats on different days of pregnancy (day 15-21). As
described above, the response of oxytocin neurons to peripheral kisspeptin-10 was
maintained throughout pregnancy, with IV injections of kisspeptin-10 continuing to
cause a short (~5 min) increase in the firing rate of oxytocin neurons recorded from
pregnant rats. This excitation was indistinguishable from the response seen in non-
pregnant rats (Fig. 10.2), with the increase in firing rate following the peripheral
injection occurring within 30 s and returning to basal levels 5-10 min later.

By contrast to the consistent responses to IV kisspeptin, there appears to be a
marked change in the response of oxytocin neurons to icv kisspeptin-10 that arises
over the course of pregnancy. In all oxytocin neurons recorded from animals on day
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Fig. 10.3 (a) Representative ratemeter record (in 30 s bins) of an oxytocin neuron, showing an
increase in firing rate after IV kisspeptin-10 but no response to icv kisspeptin-10, in a urethane-
anaesthetised virgin female rat. (b) Representative ratemeter record (in 30 s bins) of an oxytocin
neuron, showing a prolonged increase in firing rate after IV kisspeptin-10 and a rapid ~5 min
excitation after icv kisspeptin-10, in a urethane-anaesthetised day 20 pregnant rat.
(c) Representative ratemeter record (in 30 s bins) of an oxytocin neuron, showing an increase in
firing rate after icv kisspeptin-10 in a urethane-anaesthetised day 7 lactating rat
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18-21 of pregnancy, icv kisspeptin-10 caused an immediate, robust increase in oxy-
tocin neuron firing rate following the injection. Unlike the response to peripheral
kisspeptin-10, the increase in firing rate seen with central administration appeared
substantially different between neurons, with some neurons showing a return to
basal firing within 10 min, while others showed a sustained shift to a higher firing
rate that lasted tens of minutes, somewhat reminiscent of the initial observations of
kisspeptin excitation of GnRH neurons in vitro [65]. The most remarkable aspect of
this response to icv kisspeptin-10 is that it only becomes apparent during
pregnancy.

We have no knowledge of the functional consequences of the emergence of this
sensitivity of oxytocin neurons to central kisspeptin during pregnancy, but it is
tempting to speculate that it might be involved in driving, or facilitating, bursting
behaviour of oxytocin neurons during parturition. Consistent with this speculation,
the excitation of oxytocin neurons seen in response to icv kisspeptin-10 in late-
pregnant rats was also evident in the one oxytocin neuron that we have recorded
from a lactating rat, the only other time in a mammal’s life that oxytocin neurons are
known to exhibit high-frequency co-ordinated bursts of action potentials to release
a bolus of oxytocin into the bloodstream.

Not only do we not know the function of central kisspeptin excitation of oxytocin
neurons in late pregnancy, we also do not know the mechanisms that underpin the
emergence of this excitation. One possibility is an increased accessibility of kiss-
peptin to Kisslr that leads to the excitation of oxytocin neurons by icv kisspeptin.
In addition, there might be up-regulation of Kisslr expression in oxytocin neurons
(or their afferent inputs), the laying down of a new kisspeptin projection to oxytocin
neurons, and/or the up-regulation of kisspeptin expression in an existing projection
to oxytocin neurons. These possibilities are a focus of current work in our
laboratory.

Conclusion

Kisspeptin and its receptor, Kiss1r (in rodents), have been described as an essential
gatekeeper of reproductive function [72]. Our recent work has expanded our knowl-
edge of the critical role that kisspeptin plays in reproductive function via excitation
of oxytocin neurons. During pregnancy and lactation, dynamic and transient changes
occur within the oxytocin system. The synthesis, dendritic release and peripheral
secretion are all modified in order to facilitate and synchronise the function of oxy-
tocin neurons in labour, birth and lactation, as well as in maternal behaviour. We
have shown that circulating kisspeptin excites oxytocin neurons throughout life,
which might become important when the placenta secretes kisspeptin during preg-
nancy. Possibly of more importance for successful reproduction, we have also
shown that the excitation of oxytocin neurons by central administration of kiss-
peptin appears to be dramatically changed over the course of pregnancy, emerging
only in late pregnancy. The mechanisms behind this change have yet to be established



10

Beyond the GnRH Axis: Kisspeptin Regulation of the Oxytocin System... 215

but may underlie an important new role for kisspeptin in reproduction, the activation
and modification of the oxytocin system during pregnancy, parturition and
lactation.
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