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Abstract

Oxytocin (OXT) is well known for its ability to stimulate milk ejection and uterine contraction. OXT is also involved in several physiological
and pathological functions such as antinociception, anxiety, feeding, social recognition and stress responses. Previous studies showed that
neuropeptides such as cholecystokinin (CCK) activate OXT-secreting magnocellular neuron in the supraoptic (SON) and the paraventricular
nuclei (PVN) of the hypothalamus and cause OXT release from the axon terminal in the posterior pituitary into the systemic circulation. Our
recent studies showed that central administration of adrenomedullin (AM) family (AM, AM2 (identical to intermedin) and AMS) induced
the expression of the c-fos gene in the SON and the PVN and elicited the marked increase of plasma OXT levels in conscious rats. Here, we
review pathophysiological properties of OXT in whole body and effects of novel peptides such as AM family as well-as other peptides on
OXT release.
© 2012 Elsevier Ireland Ltd. All rights reserved.
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Abbreviations: AM, adrenomedullin; a-MSH, a-melanocyte stimulating hormone; AP, area postrema; AVP, arginine vasopressin; AVPYV,
the anteroventral periventricular nucleus; BNST, the bed nucleus of the stria terminalis; CART, cocaine- and amphetamine-regulated transcript; CCK,
cholecystokinin; CeA, the central nucleus of the amygdala; CGRP, calcitonin gene-related peptide; CNS, central nervous system; LHA, the lateral
hypothalamic area; NAcc, the nucleus accumbens; NTS, the nucleus of the solitary tract; OLETE, Otsuka Long-Evans Tokushima Fatty rat; OTR, oxytocin
receptor; OXT, oxytocin; POMC, proopiomelanocortin; PrRP, prolactin-releasing peptide; PVN, the paraventricular nucleus; RFRP, RFamide-related
peptides; SON, the supraoptic nucleus; VLM, the ventrolateral medulla; VMH, the ventromedial nucleus of hypothalamus.
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1. Introduction

Oxytocin (OXT), a nine amino acid neuropeptide, was
discovered in 1906 as the extracts with uterus-contracting
effects from pituitary [1]. OXT was the first peptide hor-
mone to be sequenced and synthesized in 1953 [2-4]. OXT
and Arginine vasopression (AVP) are closely related pep-
tides synthesized primarily in magnocellular neurons of the
hypothalamus localized in the supraoptic (SON) and the para-
ventricular nuclei (PVN), which project their axon terminals
into the posterior pituitary where it is released into the sys-
temic circulation [5,6].

OXT is well known for its roles in reproduction, espe-
cially during and after childbirth. A large amount of OXT
is released after distension of the cervix and uterus during
labor to help birth, and after stimulation of the nipples to milk
ejection. Previous many studies showed that OXT is involved
in several of physiological and pathological functions such
as antinociception, anxiety, feeding, social recognition and
stress responses [7-12] (Fig. 1).

In this review, we focus on (1) synthesis and distribution
of OXT, (2) physiological functions of OXT, and (3) novel
peptides, which stimulate OXT release (Table 1).

2. Synthesis and distribution of OXT
2.1. Regulation of synthesis and release of OXT

OXT is produced in the magnocellular neurosecretary
cells of the SON and the PVN of the hypothalamus and is
released into the systemic circulation from axon terminals
in the neurohypophysis, particularly during parturition,
lactation and in response to osmotic challenge [13]. The
parvocellular OXT cells in the PVN, project their axon
terminals to the brainstem and the spinal cord where OXT
regulates autonomic functions [14]. Additional parvocellular

OXT cells are found in the preoptic area and the lateral
hypothalamus, whereas accessory magnocellular OXT cells
are found scattered across the hypothalamus.

OXT is well known for its roles in reproduction, especially
during and after childbirth. The pulsatile OXT release into the
circulation is stimulated by vaginocervical stimulation asso-
ciated with labor and suckling stimulus on the nipple. The
uterine muscle increases its OXT receptor (OTR) and sen-
sitivity to OXT during the latter few months of pregnancy.
That level of OXT release from the neurohypophysis is con-
siderably increased at the time of labor. In lactation, OXT
causes milk to be expressed from the alveoli into the ducts of
the breast that the baby can obtain it by suckling. The suck-
ling stimulus on the nipple of the breast causes signals to
be transmitted through sensory nerves to the OXT-secreting
magnocellular neurons in the SON and the PVN. OXT in
plasma is carried to the breast, where it causes contraction of
myoepithelial cells that lie outside of and form a latticework
surrounding the alveoli of the mammary glands. In less than
a minute after baby’s suckling, milk begins to flow.

OXT is also recognized as having endocrine and paracrine
roles in male reproduction. OXT is synthesized within the
mammalian testis, epididymis and prostate and OTRs in the
reproductive tract supports a local action for OXT [15-23]. In
ejaculation, a burst of OXT is released from the neurohypoph-
ysis into the systemic circulation and stimulates contractions
of thereproductive tract for sperm release [24-26]. OXT hasa
paracrine role in stimulating contractility of the seminiferous
tubules, epididymis and the prostate gland.

Interestingly, OXT is also released from soma and den-
drites during parturition and lactation [27]. Although OXT
released from soma and dendrites of magnocellular neu-
rons in the SON and the PVN may act in a paracrine to
activate distant receptors [27], OXT-like immunoreactivity
(LI) fibers can be found throughout the brain, including
the nucleus accumbens (NAcc), lateral septum, amygdala,
and some areas in the hindbrain, brainstem, and spinal cord
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Fig. 1. Physiological function of OXT.

[14,28]. A notable reduction was observed in OXT-LI fibers
throughout the brain by the lesioning the PVN [29]. Although
little is known about the regulation of OXT release from these
forebrain projections, they maybe contribute significantly to
the regulation of behavior.

2.2. The OXT gene expression

The OXT gene expression is stimulated during pregnancy
and lactation [30,31]. Interestingly, estrogen or progesterone
alone does not increase OXT synthesis, however, the OXT
gene expression in the SON and the PVN was increased by
the administration of prolonged estrogen and progesterone,

followed by progesterone withdrawal [32]. By contrast, the
OXT gene expression in the uterine was highly stimulated by
combined estrogen and progesterone application [33].

2.3. Distribution of OTR

The central effects of OXT are mediated by OTRs
distributed widely in the brain. OTR mRNAs are distributed
in the ventromedial nucleus of hypothalamus (VMH) and
PVN which is involved in steroid-sensitive reproductive
behaviors, in the PVN substantia nigra and ventral tegmental
area which is involved in maternal behaviors, in the hip-
pocampus which is involved in learning and memory and in

Table 1
Novel peptides which activate oxytocin (OXT) neurons and stimulate OXT release.
Peptides Activation of oxytocin (OXT) neuron or OXT release References
OXT neuron OXT release
Adrenomedullin (AM) Activate (icv) Increase (icv) [111,112]
Adrenomedullin 2 (AM2)/intermedin Activate (icv) Increase (icv) [113,118]
Adrenomedullin 5 (AMS5) Activate (icv) Increase (icv) [120]
Apelin Inhibite (icv) Not determined (ND) [136]
Cholecystokinin (CCK) Activate (iv, ip) Increase (iv, ip) [138-141,145]
Cocaine- and amphetamine-regulated transcript (CART) Activate (icv) Increase [76]
Corticotropin-released factor (CRF) Not determined (ND) Increase (icv, iv) [220]
Kisspeptin Activate (iv) Increase (iv) [173,175]
Glucagon-like Peptide-1 (GLP-1) Activate (icv) Increase (iv, high dose icv) [221-223]
Decrease (low dose icv)
a-melanocyte-stimulating hormone (¢ MSH) Activate (icv) Decrease (icv) [224,225]
Nesfatin-1 Activate (icv) Not determined (ND) [181,182]
Neuromedin U (NMU) Activate (icv) Increase (icv) [226]
Opioids (naloxone-induced OXT release) Inhibite (icv) Decrease (icv) [227,228]
Prolactin-releasing peptide (PrRP) Activate (icv) Increase (icv) [197,200]
Secretin Activate (icv) Increase (icv) [215]
Thyrotropin-releasing hormone (TRH) Not determined (ND) Increase (iv) [229]
Vasoactive intestinal polypeptide (VIP) Not determined (ND) Increase (icv) [230]
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the substantia nigra, ventral tegmental area, lateral septum,
caudate putamen, amygdaloid nuclei, olfactory tubercle and
cingulate, perirhinal, and frontal cortices which are involved
in reinforcement [34].

2.4. The OIR gene expression

Gonadal steroids play an important role in mediating
the regulation of the OTR expression. Most peripheral
OXT-binding sites, including pituitary, renal, and uterine,
are upregulated by estrogens [35-37]. The upregulation is
accompanied by OTR mRNA expression. These results sug-
gested that the upregulation is a consequence of a genomic
estrogen effect on the OTR gene transcription [38,39]. In
the behavioral studies clearly showed that a necessary poten-
tial of OXT to elicit maternal or sexual behavior is priming
with estrogen alone or with both estrogen and progester-
one [40,41]. This evidence suggests that OTR are under the
control of gonadal steroids in the central nervous system
(CNS). ‘

The OTR gene expression increased during pregnancy
and/or at parturition in olfactory bulb, medial preoptic area,
bed nucleus of the stria terminalis (BNST), the SON, and
the medial amygdala in rat [42,43]. OTRs-binding sites
increased in the medial preoptic area, the BNST, VMH, and
the ventral tegmental area on postpartum day 1 [42,44,45].
These changes suggest that OXT and OTR likely play
a role in both lactation and the regulation of maternal
behavior.

3. Pathophysiological function of OXT
3.1. Antinociception

OXT neurons in the PVN project not only to the posterior
pituitary gland, but also to other brain areas and the spinal
cord and OXT-LI fibers could be found in the dorsal horn
of the spinal cord [46—48]. Several studies showed that OXT
modulates nociception in the CNS. In the behavioral studies,
intrathecally administered OXT enhanced antinociceptive
effects in a dose-dependent manner in rats [47,49,50]. The
antinociceptive effect, relief of low back pain, of intrathecally
administered OXT was also reported in humans [51]. The
antinociceptive effects of OXT were also shown in a model of
experimental neuropathy developed following a spinal nerve
ligation in rats [52]. The antinociceptive effects of intraperi-
toneally administered OXT were reversed by an OXT

antagonist, not by naloxone [53]. After the administration of -

OXT into the periaquaductal gray, nucleus rapha magnus, and
the NAcc, nociceptive response reduced in rats. These effects
were blocked by OTRs antagonist [50,54]. As infusion of on
opioid receptor antagonist dose-dependently attenuated the
antinociceptive effects of OXT in the NAcc, the antinoci-
ceptive effects of OXT may involve an interaction with the
opioid system [54]. Interestingly, recent study showed that

OXT-induced analgesia was blocked in AVP receptor knock-
out mice [55]. The central and peripheral effects of OXT
are thought to be mediated by its binding to a single iso-
form of the OTR [56], which activates the phospholipase
CB (PLCB) signal transduction pathway [57-59]. Centrally
effects of AVP are mainly through the AVP-1A receptor
(V1AR), whichis also coupled to the PLC[ pathway [60-62].
Both OXT and AVP, as well as the OTR and V1AR, display
a high degree of sequence homology, and both peptides can
therefore activate both receptors [63]. OXT and AVP would
have the functional interactions via their receptor system in
antinociception.

3.2. Anxiety

Many studies reported that OXT had anxiolytic effects in
rats, mice, and humans. In rats, intracerebroventricular (icv)
administration of OXT suppressed the increase in plasma
corticosterone level following 10 min of noise stress [64].
When rats placed in a novel environment, icv administration
of OXT display decreased anxiety-like behavior in female
rats in the elevated plus maze [65]. Moreover, OXT knock-
out mice display increasing anxiety-related behavior in the
elevated plus maze, and enhanced corticosterone levels fol-
lowing a psychogenic stressor [66]. The effects of OXT on
the stress response and on anxiety-like behavior are thought
to partially mediate the anxiolytic effects observed during
lactation. A steroid regimen that mimics changes in estra-
diol and progesterone during pregnancy, that is, estradiol
and progesterone treatment followed by progesterone with-
drawal, results in a decrease in anxiety-like behavior in the
elevated plus maze and an attenuation of corticosterone secre-
tion following noise stress in female rats. The effects of
steroid treatment were blocked by OTR antagonist [67]. The
treatment of estrogen has also been found to enhance the anx-
iolytic effects of OXT in mice [68]. The anxiolytic effects
of estrogen may be mediated, at least in part, via OTR in
the central nucleus of the amygdala. After the administration
of OXT in the central nucleus of the amygdala (CeA), the
anxiety-like behavior increase, while the administration of
OTR antagonist into the CeA decreased anxiety-like behavior
[69]. In human, intranasal OXT infusion enhanced the effects
of social support in the suppression of cortisol secretion and
subjective responses to psychosocial stress [70]. Moreover,
functional magnetic resonance imaging study demonstrated
that a similar intranasal OXT decreases activation at amyg-
dala following the viewing of fear-inducing visual stimuli
[71].

3.3. Feeding

OXT has an anorexic effect that is thought to play a
role in signaling satiety. Icv administration of OXT inhibits
feeding in hungry rats, while this inhibition of feeding
was prevented by co-administration of OTR antagonist
[72,73]. These studies were confirmed in the observations
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that OXT knockout mice consume larger quantities of sweet
and nonsweet carbohydrates than wild-type mice [74].
In the Prader—Willi syndrome, characterized by extreme

hyperphagia leading to morbid obesity in human, the number

of OXT-containing neurons is decreased in the PVN [75].
Some studies showed that nerve fibers contain-
ing the feeding-inhibitory peptides, such as cocaine-
and amphetamine-regulated transcript (CART) [76] and
prolactin-releasing peptide (PrRP) [77], have synaptic con-

tact with hypothalamic OXT neurons. OXT neurons are -

activated by the administration of CART or PrRP [78]. It has
also been suggested that e-melanocyte stimulating hormone
(a-MSH)), a feeding inhibition factor released by proopiome-
lanocortin (POMC) neurons, activates OXT neurons [79].1tis
therefore possible that OXT contributes to feeding inhibitio
by CART, PrRP and c-MSH. :

OXT has a short-term feeding-inhibitory effect. How-
ever, when OXT is administered for a long period, it has
been reported that food intake becomes increased after an
initial decrease in feeding [80]. In addition, OTR antago-
nists also do not block feeding inhibition by o receptor
agonists [81].

The site of OXT action upon the feeding inhibition is not
completely understood. OXT neurons in the PVN project to
the medullary dorsal nucleus of the vagus nerve, and microin-
jection of OXT into the dorsal nucleus of the vagus nerve
inhibits gastric motility, suggesting that OXT neurons of the
PVN projecting to the medulla oblongata may act to inhibit
feeding [82]. OXT neurons in the PVN also project to sym-
pathetic preganglionic neurons of intermediolateral nuclei
in the spinal columns. OXT has been suggested to excite
these sympathetic preganglionic neurons. Consequently, it
is possible that activation of the sympathetic nervous sys-
tem may cause inhibition of feeding. OXT reduces binding
affinity in the hypothalamus of coNA receptor agonists that
have a feeding promotion effect [81]. Thus, modification of
NA receptors may also contribute to feeding inhibition by
OXT. In addition to feeding inhibition, OXT released in the
CNS after various stress stimuli has been proposed to mod-
ify neuroendocrine stress responses, such as ACTH secretion,
and to affect anxiety behaviors [83]. More recently, Maejima
et al. showed that peripheral OXT treatment reduced food
intake and visceral fat mass, and ameliorates obesity, fatty
liver and glucose intolerance [84]. Peripheral OXT treatment
provides a new therapeutic avenue for treating obesity and
hyperphagia.

In human, the overnight secretion of OXT in women with
anorexia nervosais decreased compared with healthy women
[85]. In underweight anorexia nervosa patients, estrogen-
or insulin-induced hypoglycemia results in an impaired
response in plasma OXT level [86]. In recovered anorexia
nervosa patients, cerebrospinal fluid OXT level was normal
[87]. Although itis still unclear the pathophysiological mech-
anism of OXT in anorexic nervosa, OXT maybe have an
important role in hypopahagia, including anorexia nervosa
and cachexia.

3.4. Salt appetite

OXT appears to play an important role in salt appetite.
Icv administration of OXT inhibited hypovolemia-induced
salt appetite but had little effect on water intake [88]. Icv
administration of OXT also inhibited angiotensin-induced
salt appetite [89]. The salt intake was increased in the OXT
knockout mice [90]. Moreover, hypovolemia-induced saline
intake was increased in rats where OTR bearing neurons were
selectively ablated by the application of OXT conjugated
to the A chain of ricin [91]. In the OXT knockout mice,
the hypovolemia- and dehydrated-induced- sodium intake
was increased [92,93]. By contrast, sodium intake did not
decrease in OXT knockout mice [94]. These studies sug-
gested that OXT pathways are not the only regulator of salt
intake, OXT may be more critical in controlling salt intake
over brief intervals when an animal is quickly compensating
for a dehydrating stimulus [94].

3.5. Social recognition

Social recognition is necessary for the development of all
social relationships and requires the appropriate processing
of social cues and the activation of processes related to learn-
ing and memory. OXT plays an important role in the neural
processing of social information and in social recognition.
Low doses of central administration of OXT facilitate social
recognition in rats, however, higher doses of OXT can be
amnestic [95]. Both male and female OXT knockout mice
had a profound disruption of social recognition [96,97]. OXT
facilitated social recognition through its actions on OTR in the
medial amygdala during memory formation. The administra-
tion of OXT into the medial amygdala, prior to but not after
the initial social exposure to a stimulus female, completely
rescues social recognition in OXT knockout mice [98]. In

~female wild-type mice, infusion of OTR antisense DNA into

the medial amygdala decreases OTR protein and blocks social -
recognition [99].

4. Peptides to stimulate oxytocin release
4.1. Adrenomedullin family

Adrenomedullin (AM) is a 52-amino acid neuropeptide
that was originally isolated from tissue extracts of human
pheochromocytoma and later found to be widely distributed
in peripheral organs and the CNS [100] (Fig. 2). A similar
47-amino acid neuropeptide, adrenomedullin 2 (AM?2),
identical to intermedin, was first isolated from pufferfish
[101,102] and later from mammals [102,103] by the search
in the genomic databases [101,102] (Fig. 2).-AM2 is identical
to intermedin, which was discovered by Roh et al. [102].
AM, AM2/intermedin, and amylin belong to the calcitonin
gene-related peptide (CGRP). Each member of AM family
has an N-terminal ring structure and an amidated carboxyl
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Structure of human adrenomedullin (AM) family

Adrenomedullin2 (AM2)

Fig. 2. Structure of adrenomedullin (AM) family. Each member of AM family has an N-terminal ring structure and an amidated carboxyl terminus.

terminus (Fig. 2). Both of these structures are critical for
receptor binding and subsequent signaling [104,105].

AM and AM?2 are both considered potent vasodilators
because peripheral administration of either peptide decreases
arterial blood pressure, inhibits urine flow, decreases food
intake, and suppresses gastric activity [102,103,106—-109].
By all accounts, the effects of the two peptides are qual-
itatively and quantitatively similar [102,103,106,107]. The
actions of AM or AM2 given centrally are quite different
from their actions when given peripherally. Central admin-
istration of AM2 inhibits food intake and drinking in rats in
much the same manner as it does when given peripherally,
but centrally administered AM2 elevates arterial blood pres-
sure and heart rate [110]. Icv administration of either AM2 or
AM caused hypertension and tachycardia [103,108,110]. We
showed that central administration of AM activated OXT neu-
rons [111,112] and caused an elevation of plasma OXT levels
inrats [111]. We also showed similar activation of OXT neu-
rons and circulating OXT levels after central administration
of AM2 [113] (Fig. 3). These effects of AM?2 are similar to
those of AM [108,109,111,114-117] and may be mediated by
both AM and CGRP receptors [110]. Moreover, we showed
that centrally effects of AM2 were stronger than those of
AM in the expression of the c-fos gene in the SON and PVN,
plasma OXT level, and blood pressure in rats [118]. Inter-
estingly, combined AM and CGRP receptor blockade was
incomplete for central effects of AM2 [118]. These results
suggested that the more potent central effects of AM2 and
only partial blockade by AM/CGRP receptor antagonists may
result from its action on an additional, as yet unidentified,
specific receptor in the CNS.

- More recently, in teleost fish, AM peptides were identi-
fied as five AMs (AM1-5), and they form an independent
subfamily [101]. Takei et al. searched the orthologs of the

AMs in the genome and established sequence tag databases
and identified AM2 and AMS5 genes in mammals [103,119]
(Fig. 2). Since AM and AM2 have many effects on the CNS in
mammals, AMS5, which is a newly discovered 50-amino acid
peptide identical to fish AMS5, may also have similar actions
on the CNS through the CLR/CTR-RAMPs complexes. We
showed that centrally administered AMS5 induced the expres-
sion of c-fos gene in the SON and the PVN, and this induction
was significantly reduced, incomplete, by pretreatment with
both the CGRP and AM receptor antagonists [120]. There-
fore, we presume that central AMS activates OXT-secreting
neurons in the SON and the PVN partly through the CGRP
and/or AM receptor. Further study is required to explore the
possibility that unknown specific receptors for AMS5 and/or
AM?2 may exist in the CNS.

What is the relationship between AM family and OXT?
‘We showed that coexistence of AM- and OXT-LI was iden-
tified in the SON and PVN in rats [121]. Although we
don’t know whether other AMs would be co-existed with
OXT, we suggested that AM family might play a role as
autocrine/paracrine functions. Further study is required to
explore the relationship between AM family and OXT func-
tions.

4.2. Apelin

Apelin, a 36-amino acid peptide, originally has been iso-
lated from bovine stomach tissue extracts as the endogenous
ligand of the human orphan G protein-coupled receptor APJ
[122,123]. APJ is now therefore commonly referred to as the
apelin receptor [124]. Apelin and its receptor are widely dis-
tributed throughout the rat nervous system [125-132] and
are particularly strongly expressed in the SON and PVN
[126-129]. Both AVP and OXT neurons produce apelin
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Fig. 3. Central effects of adrenomedullin 2 (AM2) in the OXT release.A-D: Coexistence of Fos-like immunoreactivity (LI) and OXT-LI in the supraoptic
nucleus (SON; A and B) and the paraventricular nucleus (PVN; C and D) of rats 90 min after icv administration of AM2 (2 nmol/rat). A and C: Coexistence
of Fos-LI (brown, in round structures) and OXT-LI (violet, in spindle-shaped structures). B and D: Enlargements from the boxed areas in A and C. Black
arrowheads indicate coexistence of nuclear Fos-LI and OXT-LI. White arrowheads indicate OXT-LI without Fos-LI. 3V, third ventricle; OX, optic chiasma.
Bars indicate 50 pm. E: Effects of icv administration of AM2 (0.2, 1, and 2 nmol/rat) or saline (vehicle) on plasma concentrations of oxytocin in conscious rats.
All rats were decapitated 30 min after icv administration of the AM2 (0.2, 1, and 2 nmol/rat) or vehicle. Data for plasma concentrations of OXT are expressed
as means £ SE (1= 6 rats). **P <0.01 compared with vehicle-administered rats. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
Modified with permission from Figs. 1 and 2 in ref. [110].

receptor mRNA in the SON in rats [127,133]. In immuno-
histochemistry study, OXT neurons contain apelin in the
SON and PVN in male and virgin female rats [134]. APJ
immunoreactivity cell were also seen in the somata, den-
drites, axon fibers, the ventral glial lamina, and axon terminals
of magnocellular OXT and AVP neurons [135]. Apelin-13
increased the firing rates of AVP cells but had no effect on

the firing rate of OXT neurons in extracellular electrophysio-
logical recordings from the transpharyngeally exposed SON
of urethane-anaesthetized rats [135].

Recently, Bodineau et al. showed that apelin modulated
the activity of magnocellular and parvocellular OXT neurons
in the lactating rat [136]. They revealed that the colocaliza-
tion of apelin with OXT in about 20% of the hypothalamic
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OXT neurons by double immunofluorescence study. They
also showed that icv administered apelin inhibited the activ-
ity of magnocellular and parvocellular OXT neurons by
immunohistochemistry for c-fos and electrophysiological
study. These central effects of apelin were correlated with
a decrease in the amount of milk ejected. Thus, apelin may
inhibit the activity of OXT neurons through a direct action on
apelin receptors expressed by these neurons in an autocrine
and paracrine manner. They suggested that the inhibitory role
of apelin as an autocrine/paracrine peptide acting on OXT
neurons during breastfeeding [136].

4.3. Cholecystokinin (CCK)

CCKisregarded as an important physiological satiety sig-
nal [137]. The pathway from CCK to OXT release has been
wellinvestigated. Previous studies have shown that peripheral
administration of CCK-8 stimulated secretion of OXT but not
AVP and inhibited feeding [138-141]. Otsuka Long-Evans
Tokushima Fatty (OLETF) rats have been established as an
animal model of non-insulin dependent diabetes mellitus and
obesity [142,143], has a congenital defect in the expression
of the CCK-A receptor gene [144]. We showed that periph-
eral administration of CCK-8 does not activate hypothalamic
OXT neurons and the brainstem neurons in the nucleus of the
solitary tract (NTS) and the area postrema (AP) in OLETF
rats [145]. We suggested that systemic administration of
CCK-8 might selectively activate the hypothalamic OXT neu-
rons and brainstem neurons through CCK-A receptor in rats.
OXT release induced by peripheral administration of CCK-8
was abolished by subdiaphragmatic vagotomy and chemical
destruction of vagal afferents [146,147], and also by admin-
istration of the selective CCK-A receptor antagonist, but not
by the CCK-B receptor antagonist [148]. Moreover, systemic
administration of CCK stimulates gastric vagal afferents via
CCK-A receptor and activates noradrenergic neurons in the
NTS [149]. Tt is postulated that these noradrenergic inputs
activate magnocellular OXT neurons in the SON and the
PVN and cause secretion of OXT into the systemic circula-
tion in rats [150,151]. In addition, selective gastric vagotomy
eliminates the OXT response to CCK, and lesions of the
NTS abolish the behavioral effects of CCK-8 on food intake
[148,152]. Therefore, CCK-A receptors in the stomach are
stimulated, the abdominal vagus nerve is activated, NA neu-
rons in the A2 region of the NTS are excited, and NA is
released in the hypothalamus, which activates magnocellular
OXT neurons [153-155].

In addition to the A2 NA neurons [156], NA neurons in
the medullary ventrolateral A1l region also play an important
role in OXT secretion after stressful stimuli such as noxious
stimuli [157]. It is unlikely that OXT in the peripheral blood
controls feeding directly. At the time when OXT release from
the posterior pituitary is promoted, OXT release within the
hypothalamus was increased, and OXT in the CNS induced
to inhibit feeding [82]. Icv administration of an OXT receptor
antagonist attenuates feeding reduction in response to LiCl

or CCK [158,159] and blocked feeding reduction in response
to CRH [160]. These studies suggest that intrinsic OXT may
play an important physiological role in inhibition of feeding
during satiety and stress.

4.4. Kisspeptin

Kisspeptin, a placental polypeptide secreted through-
out pregnancy, is suggested to play a role at parturition.

-Kisspeptin is the product of the kiss gene and its receptor,

GPR54, which is the product of kissIr. Kisspeptin stimu-
late the release of GnRH and gonadotrophin and advance
vaginal opening in rodents, sheep and primates [161-166].
Kisspeptin is found in both the periphery and the CNS. In the
periphery, kisspeptin has been identified in the testis, ovary,
anterior pituitary gonadotrophs, pancreas and small intes-
tine [167-169]. However, peripheral expression of kisspeptin
is highest in the placenta with maternal plasma levels of
kisspeptin in the third trimester of pregnancy rising to 7000-
fold greater than in the non-pregnant state [167,170,171].
In the CNS, both Kiss] mRNA and kisspeptin protein
are particularly highly expressed in the Arc, anteroventral
periventricular nucleus (AVPV) and periventricular nucleus
[162] in the mice. In primates including humans, hypo-
thalamic KISS7 mRNA is predominantly found within the
infundibular nucleus, which is the equivalent of the Arc in
this order of mammals [172].

Previous studies showed that intravenous (iv) adminis-
tered kisspeptine-10 increased plasma OXT level in female
rats [173], whereas icv administered kisspeptin-10 increased
plasma AVP level in male rats [174]. Recently, in vivo
extracellular single unit recording, peripheral administered
kisspeptin increased plasma OXT level and icv administered
kisspeptin-10 increases AVP levels [175]. Iv adminis-
tered kisspeptin-10 significantly increased the firing rate
of OXT neurons from 3.7+0.8 to 4.7 £ 0.8 spikes/s, but
only a quarter of AVP neurons responded to iv adminis-
tered kisspeptin-10, showing a short (<3 s) high-frequency
(>15 spikes/s) burst of firing. By contrast, icv administered
kisspeptin-10 (2 and 40 p.g) did not alter OXT or AVP neuron
firing rate. This effect of peripheral administered kisspeptin-
10 in OXT neurons on firing rate blocked by pretreatment of
capsaicin which desensitize vagal afferents. Kisspeptin may
activate on magnocellular neuron via the vagus, and presum-
ably NTS during pregnancy and lactation, when circulating
kisspeptin levels are increased. :

4.5. Nesfatin-1

Nesfatin-1 is a recently discovered, 82-amino acid
protein derived from the cleavage of a precursor,
NEFA/nucleobindin2 (NUCB2) [176]. Nesfatin-1 is pro-
duced in several hypothalamic nuclei, such as the SON, PVN,
arcuate nucleus (Arc), and lateral hypothalamic area (LHA)
[176], and in extra-hypothalamic areas as well, including the
raphe pallidus, the Edinger—Westphal nucleus, and the NTS





