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INTRODUCTION

It is now just more than 100 years since it was 
discovered that an extract of the posterior pitu-
itary gland potently stimulates uterine contrac-
tions in vitro (DALE, 1906). The active substance 
stimulating the uterus was accordingly named 
oxytocin, and the antidiuretic and vasopressor 
activity of posterior pituitary extract was attrib-
uted to vasopressin/ antidiuretic hormone. It was 

subsequently demonstrated that this oxytocic ac-
tivity was caused by a peptide distinct from va-
sopressin (PIERCE and DU VIGNEAUD, 1950; DU VI-
GNEAUD et al., 1954), and confi rmed in 1954 with 
the publication by du Vigneaud and colleagues 
(DU VIGNEAUD et al., 1954) of the structure and 
synthesis of a 9-amino acid peptide with potent 
oxytocic activity. Subsequently, the gene for oxy-
tocin was characterised and it became evident 
that the vasopressin and oxytocin genes had 
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Fig. 1. Progesterone and allo-
pregnanolone inhibit positive feedback 
refl ex stimulation of oxytocin (OT) 
secretion in late pregnancy.
A) During births oxytocin neurones 
are stimulated by neural pathways 
activated by uterine cervical and 
vaginal distension, consequent on 
uterine contractions. This pathway 
involves A2 noradrenergic neurones 
in the nucleus tractus solitarii (NTS): 
activation during parturition (or 
by OT infusions at term) is shown 
by Fos expression in the NTS and 
noradrenaline (NA) release in the 
supraoptic and paraventricular nuclei 
(SON, PVN). Intermittent bursts of 
action potentials in oxytocin neurones 
cause secretion of OT pulses from the 
posterior pituitary gland. OT acts 
on oxytocin receptors (OTR) in the 
myometrium, increasing intrauterine 
pressure (IUP) and expelling fetuses 
and placentae. In late pregnancy, 
before births, progesterone acts directly 
on the uterus to decrease sensitivity to 
OT (1*), and indirectly on the neural 
pathway that excites oxytocin secretion 
through its neurosteroid metabolite, 
allopregnanolone (AP; see B). AP 
induces enkephalin gene expression in 
the NTS (2*), and the opioid inhibits 
NA release onto OT neurones (3*); AP 

also acts directly on OT neurones in late pregnancy (4*), acting as an enhancer of GABA action on GABAA receptors (inset). 
[adapted from (BRUNTON et al., 2014), with permission].
B) Schematic of pathway for progesterone conversion by 5α-reductase to dihydroprogesterone (DHP), and then by 3α-hydroxysteroid 
dehydrogenase (3α-HSD) to allopregnanolone (AP). Finasteride blocks AP synthesis by inhibiting 5α-reductase.

arisen in vertebrate evolution from duplication 
and point mutations of a common ancestral gene 
(ACHER et al., 1995). Essentially oxytocin is only 
found in mammals, although in the marmoset 
and tree shrew oxytocin is replaced by [Pro8] oxy-
tocin (WALLIS, 2012), and in some marsupials a 
similar peptide, mesotocin ([Ile8]-oxytocin), func-
tions like oxytocin (SIEBEL et al., 2005; PARRY et 
all, 2009). Related peptides are found in other 
vertebrates: notably, in hens vasotocin (8-argi-
nine-oxytocin) administration stimulates uterine 
contractile activity and evokes premature ovipo-
sition in hens, and is more potent than oxytocin 
(RZĄSA and EWY, 1970). 

The biological actions of oxytocin are exerted 
through a 7-transmembrane G-protein coupled 
receptor, which can signal via several intracel-
lular pathways, according to the phenotype of 
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target cells (GIMPL et al., 2008; BUSNELLI et al., 
2013). Hence oxytocin can alter contractile, elec-
trical or secretory activity of target cells. Only 
a single oxytocin receptor gene has been found, 
contrasting with the three types of vasopressin 
receptor genes (V1a, V1b, V2) that have been 
identifi ed (KOSHIMIZU et al., 2012).

Oxytocin in the posterior pituitary gland is 
contained in the many thousands of axon termi-
nals of neurones that have their cell bodies in 
the paraventricular and supraoptic nuclei in the 
hypothalamus. These neurones were identifi ed 
as neurosecretory in morphological, histochemi-
cal, biochemical and functional studies some 40-
60 years ago (BARGMANN and SCHARRER, 1951; 
DOUGLAS, 1973; MORRIS, 1976; PICKERING, 1976) 
[Figure 1A].
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Thus, these neurones are highly active in syn-
thesising oxytocin, initially within a large pre-
cursor peptide, which is cleaved in the Golgi sys-
tem and the neurosecretory vesicles in which it is 
packaged to yield oxytocin and a higher molecu-
lar weight peptide, neurophysin (BURBACH et al., 
2006), which evidently is bound weakly to oxytocin 
but has no other known function (KAŹMIERKIEWICZ 
et al., 1997). As these neurones must be capable 
of producing and secreting suffi cient oxytocin into 
the systemic circulation to elicit responses in tar-
get tissues they have abundant cellular machinery 
for protein synthesis, which distinguishes them 
as magnocellular neurones (VANDESANDE and 
DIERICKX, 1975). 

It was established more than 40 years ago 
that the secretion of oxytocin by the posterior pi-
tuitary depends on the frequency and pattern of 
action potentials generated in the cell bodies of 
these neurones and propagated along their ax-
ons into the axon terminals. Here, depolarisation 
increases Ca2+ entry which triggers exocytosis 
(DOUGLAS, 1973; LEMOS et al., 2012). Importantly, 
this stimulated release of oxytocin is greater if 
action potentials are clustered together, refl ect-
ing frequency facilitation (DYBALL et al., 1988). 
Hence, the capacity of the magnocellular oxyto-
cin neurones to secrete oxytocin depends on the 
rate of synthesis in the cell bodies and the size of 
the store in the posterior pituitary gland. Given 
adequate production and storage, the rate and 
pattern of secretion of oxytocin depends on the 
action potentials arriving from the magnocellu-
lar neurones, and this in turn is a consequence 
of the balance of excitatory and inhibitory syn-
aptic inputs to these neurones, interacting with 
their intrinsic electrical properties (ROSSONI et 
al., 2008). Over the past 40 years much has been 
learned about these mechanisms that regulate 
the secretion of oxytocin from the use of in vivo 
and in vitro electrophysiological studies and from 
investigations of the neural pathways that proj-
ect to these neurones (LENG et al., 1999; HATTON 
and WANG, 2008; ARMSTRONG et al., 2010). Less 
well understood is how the production of oxytocin 
is regulated, in terms of the roles of transcription 
factors, including steroid hormone receptors, in 
the regulation of oxytocin gene transcription 
(KOOHI et al., 2005); recent evidence indicates 
regulation by estradiol via estrogen receptor 
ß and a composite hormone response element 

(HIROI et al., 2013), and by a specifi c microRNA 
(CHOI et al., 2013).

Understanding the regulation of the secretion 
of oxytocin obviously requires measurement of its 
concentration in the circulation under changing 
physiological states, and measurement of chang-
es in the biological processes in which it has an 
important role. Until around 40 years ago, bioas-
say was the only available methodology, involv-
ing in vitro or in vivo analysis of biological re-
sponses of sensitive tissue (HOLTON, 1948; NIEZ-
GODA et al., 1973). In lactating animals increases 
in intramammary pressure during suckling can 
be calibrated against systemic oxytocin injections 
enabling estimations of endogenous oxytocin re-
lease, in real time by auto-bioassay (LINCOLN et 
al., 1973; TOBIN et al., 2014). Subsequent devel-
opment of sensitive and specifi c radioimmunoas-
says, with or without extraction (FORSLING et al., 
1973; ROBINSON, 1980; LANDGRAF, 1981; HIGUCHI et 
al., 1985), allowed more frequent sampling. From 
these assays it is clear that basal circulating lev-
els of oxytocin are in the range of a few pg/ml 
plasma (though some current assays evidently 
give spurious much higher levels, and lack speci-
fi city (SZETO et al., 2011)), and levels increase 
briefl y during suckling, and in parturition levels 
increase by 10-fold with additional pulses (HIGU-
CHI et al., 1986; LENG et al., 1988). Similarly, in 
hens blood vasotocin levels increase about 6-fold 
at oviposition, and are about 50-fold greater than 
levels in hens not laying (NIEZGODA et al., 1973).

Oxytocin and parturition

Since the characterisation and synthesis of oxyto-
cin, synthetic oxytocin has been widely used to in-
duce or support parturition in women and farmed 
and domesticated animals. This is proof of effi ca-
cy, but an important role for maternal oxytocin in 
normal parturition has been disputed. This doubt 
arose from diffi culty in measuring increased oxy-
tocin secretion before or during births, and more 
recently from studies of mice with targeted inac-
tivation of the oxytocin gene or the oxytocin re-
ceptor gene, which evidently give birth normally 
(NISHIMORI et al., 1996; TAKAYANAGI et al., 2005). 
Strikingly, the offspring of these mice die, unless 
they are cross-fostered or their mothers are given 
oxytocin injections, as they do not receive milk 
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because oxytocin is indispensable for driving 
the ejection of milk into the mouths of suckling 
young (NISHIMORI et al., 1996). Hence oxytocin is 
absolutely essential for the survival of mammals, 
unless succour is available by cross-fostering or 
artifi cial feeding, as is possible in women. 

An alternative interpretation of the fi ndings 
about parturition from the oxytocin knockout 
mice is that there is redundancy in the mecha-
nisms that drive parturition, in which prosta-
glandins in the uterus and fetal membranes are 
well-established to have essential roles (SUGIMOTO 
et al., 1997), and that maternal oxytocin normally 
does contribute to the process. Despite the fi nd-
ings from the oxytocin knockout mice, there is 
abundant strong evidence that maternal magno-
cellular oxytocin neurones are activated during 
parturition, that oxytocin secretion is increased 
and that if its secretion is blocked or its action is 
antagonised, then parturition is slowed [Fig. 1A] 
(RUSSELL et al., 2003). Thus, activation of magno-
cellular oxytocin neurones during parturition is 
revealed in rats by increased secretion of oxytocin, 
by their expression of the c-fos gene (ANTONIJEVIC 
et al., 1995), and in a remarkable study involving 
extracellular recording of the electrical activity of 
magnocellular neurones, by their increased rate 
of fi ring action potentials with the birth of each 
pup (SUMMERLEE, 1981). This increased electrical 
activity can explain the increases in circulating 
oxytocin levels seen with the birth of each rat pup 
(HIGUCHI et al., 1985).

Pulsatile infusion is the most effective pat-
tern of stimulation by intravenous oxytocin of 
the birth process, in rats and women (RANDOLPH 
and FUCHS, 1989; LUCKMAN et al., 1993), intermit-
tent peaks are seen during parturition in pigs 
(GILBERT et al., 1994), and in rabbits peak cir-
culating oxytocin levels follow a burst of action 
potentials within a few seconds (O’BYRNE et al., 
1986). This fi nding further indicates that oxy-
tocin is secreted in pulses during parturition, 
consequent on the intermittent co-ordinated 
burst-fi ring of the oxytocin neurones. Further-
more, as the bursts of fi ring are associated with 
the passage of a fetus through the birth canal, 
it can be surmised that each burst is triggered 
by distension of the birth canal which increases 
impulses in afferents that synapse in the spi-
nal cord, activating excitatory projections to the 
magnocellular oxytocin neurones. Such a mecha-

nism was originally proposed by Ferguson (FER-
GUSON, 1941), who demonstrated that dilatation 
of the uterine cervix in vivo at term is followed by 
uterine contractions. As these contractions dur-
ing parturition will cause a fetus to move into 
or through the birth canal, this will increase im-
pulses in afferent nerves and stimulate further 
oxytocin secretion: this is a positive feedback 
mechanism, which continually stimulates until 
it is interrupted by the birth of a fetus [Fig. 1A]. 
A comparable mechanism operates in birds dur-
ing oviposition, as uterine distension stimulates 
vasotocin secretion (RZĄSA et al., 1979). 

While pulsatile secretion of oxytocin is most ef-
fi cient and effective, continuous secretion of oxy-
tocin is also effective, as commonly mimicked by 
continuous intravenous infusion in human obstet-
rics. During parturition in animals, circulating 
level of oxytocin between births is also increased, 
and this is a result of increasing continuous fi ring 
of oxytocin neurones: indeed, parturition can be 
induced by infusing oxytocin in a pulsatile man-
ner in late pregnant rats (DOUGLAS et al., 2001).

Mechanisms of burst-fi ring of oxytocin neu-
rones. Electrophysiological studies in anaes-
thetised lactating rats some 40 years ago fi rst 
revealed the high frequency burst-fi ring that is 
characteristic of magnocellular oxytocin neurones 
during suckling. Each burst, a few minutes apart, 
leads to secretion of a pulse of oxytocin and a milk 
ejection – a consequence of oxytocin-induced con-
traction of myo-epithelial cells around the milk-
secreting alveoli (WAKERLEY and LINCOLN, 1973). 
The burst-fi ring of oxytocin neurones is driven by 
increased activity in afferents from the nipples 
during suckling; the candidate neurotransmit-
ters mediating excitation of oxytocin neurones 
by suckling include noradrenaline and glutamate 
(MOOS et al., 1997; ONAKA et al., 2003). 

 However, the bursts, which are synchronised 
among the oxytocin neurones, are a result of the 
properties of the neurones and their interactions 
with each other and with their synaptic inputs, 
rather than patterning in the suckling input. 
These interactions include an essential involve-
ment of oxytocin itself, secreted by the dendrites 
of these neurones during suckling (LAMBERT et 
al., 1993). Dendritic secretion of oxytocin is fi rst 
primed, probably by action of another neuropep-
tide released by afferents (LUDWIG et al., 2002; 
SABATIER et al., 2003), and then triggered by 
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action potentials invading the dendrites. This 
dendritically-released oxytocin acts locally on 
the oxytocin neurones, stimulating endocannabi-
noid release, which then modulates glutamater-
gic and GABAergic terminals on the neurones 
(ROSSONI et al., 2008). Computer-based modelling 
of experimental data indicates that adjacent oxy-
tocin neurone dendrites in bundles in the mag-
nocellular nuclei are functionally loosely coupled 
during suckling (ROSSONI et al., 2008). This allows 
mutual excitation when a critical level of local 
oxytocin is reached so that all the oxytocin neu-
rones fi re a co-ordinated high frequency burst of 
action potentials, which stimulates the release of 
a pulse of oxytocin from the posterior pituitary, 
resulting in a milk ejection.

Presumptively, the same mechanisms gen-
erate the burst-fi ring that underlies secretion 
of pulses of oxytocin during parturition. Sup-
portive evidence is as follows [Fig. 1A]: gluta-
mate release in the supraoptic nucleus (SON) is 
increased at the start of parturition (HERBISON 
et al., 1997), noradrenergic neurones in the A2 
group in the nucleus tractus solitarius [NTS] 
are activated during parturition (MEDDLE et al., 
2000), and noradrenaline release in the SON is 
increased in natural parturition (HERBISON et 
al., 1997) and if parturition is simulated in late 
pregnant rats by intravenous oxytocin infusion 
(DOUGLAS et al., 2001). Furthermore, stimula-
tion of the noradrenergic input is more effective 
at releasing noradrenaline in late pregnancy, 
indicating ‘wind-up’ as parturition approaches 
(TOBIN et al., 2010); oxytocin release within the 
SON is increased during parturition (NEUMANN 
et al., 1993), and local infusion into the SON of 
an oxytocin antagonist disrupts the progress of 
established parturition (NEUMANN et al., 1996).

Restraining the oxytocin system in pregnancy. 
An important conclusion from consideration of 
the above oxytocin neurone mechanisms that me-
diate the Ferguson refl ex to drive parturition is 
that the positive feedback mechanisms involved 
must be restrained from being activated before 
the young are ready to be born. Premature birth 
remains a major human health problem, and its 
prevention is diffi cult. The availability of syn-
thetic peptides designed as oxytocin antagonists 
provides an additional tool to probe the role of 
oxytocin neurones in parturition and a preven-
tive treatment for threatened pre-term labour 

(MANNING et al., 2012). One oxytocin antagonist, 
atosiban, reduces electrical activity of the uterus 
in women in threatened pre-term labour (HADAR 
et al., 2013), and is partially effective in delay-
ing pre-term birth in women, but only for a short 
while (PAPATSONIS et al, 2005; PAPATSONIS et al., 
2013), and this at least supports other evidence 
for a role of oxytocin in the process. Understand-
ing the mechanisms that normally restrain the 
processes involved in positive feedback activa-
tion of the magnocellular oxytocin system until 
full term is a potential route to developing better 
treatment for pre-term labour (BRUNTON et al., 
2014). 

Considered here are roles for placental leu-
cine aminopeptidase (p-LAP); oxytocin receptor 
(OTR) availability; progesterone and its neuroac-
tive metabolite, allopregnanolone [Fig. 1B] and 
GABAA receptors [Fig. 1A]; and a central endog-
enous opioid peptide mechanism.

 p-LAP. This is an enzyme that effectively in-
activates oxytocin, so it is known also as oxytoci-
nase. In pregnancy it is produced by the uterus 
and placenta (TOBIN et al., 2014), and it is pres-
ent in the circulation in women in pregnancy. 
Hence in pregnant women circulating oxytocin 
is rapidly inactivated by this enzyme which can 
be considered to be a mechanism for prevent-
ing uterine contractions from being induced by 
any premature oxytocin release (NOMURA et al., 
2005). Accordingly, pregnant wild-type mice 
given repeated p-LAP injections showed delayed 
parturition (ISHII et al., 2009), and p-LAP gene 
knockout mice can have shortened pregnancy 
(ISHII et al., 2009), although this is not consis-
tently found (PHAM et al., 2009). A similar oxyto-
cinase has been found in birds (SUSKA-BRZEZIŃSKA 
and EWY, 1970).

It has been recently shown that p-LAP is also 
expressed in magnocellular oxytocin neurones, 
where, as in other tissues, it is active after inser-
tion in the plasma membrane so that its extra-
cellular domain inactivates nearby oxytocin (and 
some other neuropeptides) (ROGI et al., 1996; 
TOBIN et al., 2014); p-LAP is present in the den-
drites as well as the soma of oxytocin neurones, 
so it is positioned to be externalised to inactivate 
oxytocin released from dendrites and hence limit 
auto-excitation by oxytocin (TOBIN et al., 2014). 
Amastatin is an inhibitor of p-LAP and in vitro 
it enhances inhibitory presynaptic oxytocin ac-
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tions on inputs to oxytocin neurones (HIRASAWA 
et al., 2001). Given by i.c.v. injection, under ure-
thane anaesthesia, to a suckled lactating rat it 

increases the frequency of milk ejections with-
out altering the amount of oxytocin released per 
milk ejection [Fig. 2] (TOBIN et al., 2014). 

Hence, as inhibition of central p-LAP during 
suckling evidently reduces the interval between 
the bursts of co-ordinated fi ring of oxytocin neu-
rones it seems that p-LAP released by the den-
drites of magnocellular oxytocin neurones acts 
to limit positive feedback action of oxytocin also 
released from the dendrites (TOBIN et al., 2014). 

Membrane bound and intracellular (soluble) 
p-LAP activities can be measured separately 
(FERNANDO et al., 2005), and in extracts of the 
hypothalamus from lactating rats intracellular 
p-LAP activity is increased [Fig. 2]. p-LAP gene 
(mRNA) expression in the PVN is also increased 
in lactation, and by confocal microscopy more 
p-LAP containing granules are located beneath 
the plasma membrane of oxytocin neurones, 

ready for release (TOBIN et al., 2014). Together, 
these fi ndings indicate up-regulation of p-LAP 
production and release by oxytocin neurones 
in lactation, when oxytocin released from den-
drites is essential for co-ordinated burst-fi ring 
and pulsatile oxytocin secretion. It is not yet 
clear whether p-LAP in the hypothalamus has a 
role in preventing premature auto-excitation of 
oxytocin neurones in late pregnancy, although 
p-LAP production is evidently not increased 
[Fig. 2] (TOBIN et al., 2014). It is also not yet 
known whether p-LAP production and action in 
the hypothalamus is increased at parturition, al-
though it seems likely it has an important role 
in regulating the auto-excitation of oxytocin neu-
rones during births.

Fig. 2. Placental leucine aminopeptidase (p-LAP) regulates oxytocin neurone auto-excitability.
A), B): Recordings of intramammary pressure (i.m.p.) in a lactating suckled rat (urethane-anaesthetised). Each sharp increase 
in i.m.p. (#) during suckling indicates release of a pulse of oxytocin (assayed by comparing responses to intravenous oxytocin 
(OT) injections, inset), as a result of synchronised burst-fi ring of OT neurones (LINCOLN et al., 1973). Intracerebroventricular 
(i.c.v.) injection of OT triggers the bursts (A), refl ecting an essential autoexcitatory action of OT on OT neurones (LAMBERT et 
al., 1993). A similar action of i.c.v. injection of amastatin, a p-LAP inhibitor (B), indicates that p-LAP, which is produced by OT 
neurones, acts to limit the availability of extracellular oxytocin released by the dendrites of the OT neurones during suckling. 
C) Effects of i.c.v. OT and amastatin are quantitatively similar: both increase the amount of OT released by increasing the 
frequency of milk ejections (A, B) rather than the amount of OT per ejection. D) p-LAP activity in the hypothalamus is 
increased in lactation, but not in late pregnancy. *P<0.05.
[Modifi ed from (TOBIN et al., 2014) with permission].
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Central OTR availability 

At the level of the uterus, the myometrium is 
relatively unresponsive to oxytocin until late in 
pregnancy. This is essentially a result of inhibi-
tory action of progesterone [Fig. 1A], which sup-
presses expression of contractile agonist systems 
in the uterus, including the expression of OTR, 
until near to the onset of parturition (ARTHUR et 
al., 2008). In addition, the inhibitory action of 
progesterone may involve inhibition of binding of 
oxytocin to OTRs and consequent prevention of 
intracellular signalling by OTRs, though this is 
not the case for the human OTR (GRAZZINI et al., 
1998; DUNLAP and STORMSHAK, 2004). 

In the brain, by the end of pregnancy OTR 
mRNA expression is increased in the SON though 
not in the PVN (MEDDLE et al., 2007), and in the 
SON and PVN OTR ligand binding is increased 
in mid- and late pregnancy, and this may be a 
result of estrogen action (BEALER et al., 2006), 
Progesterone does not inhibit OTR binding in the 
brain, unlike its action in the uterus (GRAZZINI 
et al., 1998; BEALER et al., 2006). Overall, OTR 
expression for auto-excitatory oxytocin actions 
on oxytocin neurones is enhanced by the end 
of pregnancy, although OTR signalling mecha-
nisms are altered at parturition [see later]. Fur-
thermore, oxytocin neurones that express OTR 
are activated during parturition, as evidenced by 
Fos expression (MEDDLE et al., 2007). 

Progesterone

In species such as rodents and sheep in which 
progesterone is mainly produced by the corpora 
lutea of pregnancy, the withdrawal of proges-
terone that follows luteolysis near the end of 
pregnancy is essential to sensitise the myome-
trium to oxytocin and hence to allow parturition 
(FUCHS et al., 1983; GRAZZINI et al., 1998; MURATA 
et al., 2000; ARTHUR et al., 2008; BRUNTON and RUS-
SELL, 2014). Similarly, in hens progesterone pre-
treatment reduces uterine contractile responses 
to vasotocin (RZĄSA and EWY, 1982). Progesterone 
withdrawal is also important to enable operation 
of the Ferguson refl ex, by allowing activation by 
oxytocin-stimulated uterine contractions of, fi rst-
ly NTS A2 neurones, and then oxytocin neurones, 

as shown by retrograde labelling and Fos stud-
ies (ANTONIJEVIC et al., 1995; MEDDLE et al., 2000) 
[Fig. 1A]. While uterine actions of progesterone 
are mediated by progesterone receptors (PR), few 
NTS neurones express PR and magnocellular oxy-
tocin neurones lack PR (ANTONIJEVIC et al., 2000; 
FRANCIS et al., 2002). Actions of progesterone on 
oxytocin neurones are instead indirect and medi-
ated by allopregnanolone, a neuroactive metabo-
lite of progesterone [Fig. 1B]: these allopregnano-
lone actions are both directly on the neurones via 
GABAA receptors and indirect, via induction of an 
endogenous opioid inhibitory mechanism. 

Allopregnanolone

Allopregnanolone (3α-hydroxy-5α-pregnan-20-
one, or 3α,5α-tetrahydroprogesterone) is a me-
tabolite of progesterone that is designated as a 
neuroactive steroid because it acts directly and 
non-genomically on neurones. Allopregnanolone 
is an allosteric modifi er of inhibitory GABAA re-
ceptors, acting to prolong the opening time of 
the Cl- channel in these receptors when they are 
activated by GABA; in several types of neurone 
allopregnanolone acts via the GABAA receptor 
ó- or α1 subunits [Fig. 1A, B] (BAULIEU, 1997; 
KOKSMA et al., 2003; HOSIE et al., 2006; LAMBERT 
et al., 2007; GUNN et al., 2013). In oxytocin neu-
rones sensitivity to allopregnanolone of GABAA 
receptors on these neurones, and hence allopreg-
nanolone action, involves inhibition of protein 
kinase C (PKC) (KOKSMA et al., 2003).

Allopregnanolone is produced by the sequential 
actions of 5α-reductase (which converts progester-
one to dihydroprogesterone [DHP; 20α-hydroxy-4-
pregnen-3-one]) and 3α-hydroxysteroid dehydro-
genase (3α-HSD) which converts DHP to allopreg-
nanolone [Fig. 1B]. These enzymes are expressed 
in the brain, in glia and neurones (MELCANGI et 
al., 1993), so that the brain has the capacity to 
produce allopregnanolone from progesterone. In 
pregnancy circulating allopreganolone level in-
creases as progesterone levels increase, and there 
is markedly increased allopregnanolone level in 
the brain as well (CONCAS et al., 1998). In particu-
lar the capacity of the hypothalamus to produce 
allopregnanolone is increased in late pregnancy, 
and expression of 3α-HSD mRNA in the PVN is 
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increased (BRUNTON et al., 2009). In addition, NTS 
neurones express both 5α-reductase and 3α-HSD, 
and the expression of mRNAs for both enzymes 
is increased near the end of pregnancy (BRUNTON 
et al., 2009). Hence, local actions of allopregnano-
lone generated in the PVN, SON and NTS may 
be involved in regulating oxytocin neurones: by 
enhancing inhibitory actions of GABA on these 
neurones in the PVN and SON, or via action on 
their input neurones in the NTS [Fig. 1A]. 

Power of allopregnanolone. The importance 
of the actions of allopregnanolone in enhancing 
inhibition by GABA of the activity of oxytocin 
neurones is indicated by treating late pregnant 
rats with fi nasteride, a 5α-reductase inhibitor, 
which by blocking conversion of progesterone to 
DHP blocks allopregnanolone formation [Fig. 1B] 
(FINN et al., 2006). Repeated administration of 
fi nasteride to rats in the last week of pregnancy 
(from 5 days before to 1 day before expected de-
livery) results in pre-term births, high post-na-
tal offspring mortality and impaired post-natal 
brain development in surviving offspring [Fig. 3] 
PARIS et al., 2011b). 

Fig. 3. Finasteride treatment in late pregnancy shortens 
pregnancy and reduces pup survival.
To inhibit allopregnanolone synthesis, daily injections of 
fi nasteride (50 mg/day), a 5α-reductase inhibitor, were 
given to pregnant rats from day 18. Finasteride reduced 
A) the time to parturition, and B) the number of viable 
pups. Daily allopregnanolone injections (10 mg/day) had no 
effect. *P<0.05. [Modifi ed from (PARIS et al., 2011b), with 
permission].

Impact on the oxytocin system in these cir-
cumstances has not been directly examined, nor 
has a role for premature oxytocin secretion yet 
been assessed. 

However, the role of allopregnanolone in re-
straining inappropriate premature oxytocin se-
cretion in late pregnancy has been studied in the 

context of challenge with systemic interleukin-
1ß (IL-1ß) administration (BRUNTON et al., 2012). 
The rationale for this approach is that utero-
cervical infection is considered to predispose to 
preterm labour (HAGBERG et al., 2005; KLEIN and 
GIBBS, 2005), and in non-pregnant rats acute sys-
temic IL-1ß administration stimulates oxytocin 
secretion (BRUNTON et al., 2012). The striking 
fi nding is that in rats near the end of pregnancy 
there is no oxytocin secretory response to acute 
intravenous IL-1ß injection [Fig. 4] (BRUNTON et 
al., 2012).

Fig. 4. Allopregnanolone (AP) inhibits stimulation of 
oxytocin secretion by interleukin-1ß (IL-1ß).
A) Day 21 pregnant rats were given an injection of a pro-
infl ammatory cytokine, IL-1ß (500 ng/kg, intravenous), after 
pretreatment with a 5α-reductase inhibitor, fi nasteride 
(FIN, 25 mg/kg, subcutaneous injection) 22 and 2 h 
previously. Venous blood samples were collected before and 
after IL-1ß injection for plasma oxytocin radioimmunoassay. 
IL-1ß had no effect on oxytocin secretion in vehicle (oil) 
treated pregnant rats, but after FIN pre-treatment IL-1ß 
strongly stimulated oxytocin secretion (as in virgin rats 
not given FIN: B). B) Virgin rats given AP pre-treatment 
(3 and 1 mg/kg) instead of FIN, had no signifi cant oxytocin 
response to IL-1ß. Hence, AP is responsible for suppressed 
oxytocin responses to IL-1ß in late pregnancy.[Modifi ed from 
(BRUNTON et al., 2012) with permission].

This suppressed response to IL-1ß is due to 
central mechanisms as, in contrast to the stimu-
lation of electrical activity in SON oxytocin neu-
rones and of Fos expression in PVN and SON 
oxytocin neurones in virgin rats, there is no elec-
trophysiological or Fos response of oxytocin neu-
rones to IL-1ß in late pregnant rats [Fig. 5A,B] 
(BRUNTON et al., 2006; BRUNTON et al., 2012). 

In virgin rats, the oxytocin neurone responses 
to IL-1ß can be attenuated by allopregnanolone 
treatment and conversely the suppressed re-
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Fig. 5. Allopregnanolone inhibits oxytocin neurone responses to interleukin-1ß (IL-1ß) by inducing central opioid inhibition.
A), B) Firing-rates of supraoptic nucleus oxytocin neurones in virgin (A) and late pregnant (B) rats (urethane-anaesthetised). 
After collecting baseline data for at least 10 min, all rats were given IL-1ß (500 ng/kg, intravenous, i.v.), and the effects were 
recorded for at least a further 25 min. In the rats given only IL-1ß (black data points and s.e.m. bars) the virgin rats (A) 
showed increased fi ring rate, but in the pregnant rats (B) there was no response. Naloxone (an opioid receptor antagonist, 
5 mg/kg, i.v.) 5 min before IL-1ß did not alter the response (grey data points and s.e.m. bars) in the virgin rats (A), but 
enabled a response to IL-1ß in the pregnant rats (B). Hence, an endogenous opioid mechanism prevents excitation of oxytocin 
neurones by IL-1ß in late pregnancy. *P<0.05. C) In situ hybridisation autoradiographs for pro-enkephalin-A (pENKA) 
mRNA in the nucleus tractus solitarii from virgin rats. Top: allopregnanolone (AP) pre-treatment (3 and 1 mg/kg, 22 and 2 h 
before tissue collection); Bottom: vehicle (VEH) pre-treatment. AP clearly increased pENKA mRNA level. 
D) Virgin rats were given AP treatment as in C; after a basal blood sample the rats were given naloxone (NLX, as in A, B) or 
vehicle, and then IL-1ß (as in A,B). Only the rats given AP and naloxone responded to IL-1ß. Hence, the opioid mechanism 
induced by AP can account for restraint by AP of oxytocin neurone responses to IL-1ß in pregnancy.
[A,B: adapted from (BRUNTON et al., 2006) with permission; C, D: adapted from (BRUNTON et al., 2009; BRUNTON et al., 2012) 
with permission].
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sponses in pregnancy are restored by treatment 
with fi nasteride (BRUNTON et al., 2012) [FIG 4]. 
Hence, the high levels of allopregnanolone in late 
pregnancy can protect against premature stimu-
lation of oxytocin secretion by acute IL-1ß expo-
sure. Nonetheless, as noted above, repeated IL-
1ß injections in late pregnancy induce pre-term 
delivery in rats (PARIS et al., 2011a), although it 
is not yet known if this is a result of actions on 
oxytocin secretion.

Endogenous opioid mediation of allopreg-
nanolone actions. While allopregnanolone has 
direct actions on oxytocin neurones (see later), it 
also inhibits these neurones indirectly by induc-
ing activation of an endogenous opioid peptide 
inhibitory mechanism. Oxytocin neurones are 
highly sensitive to inhibition by μ- and κ-opioids, 
which act directly on these neurones and presyn-
aptically (BROWN et al., 2013). Hence, adminis-
tration of agonists at μ- and κ-opioid receptors 
to rats in established parturition markedly slows 
births, as a consequence of inhibiting oxytocin 
secretion (RUSSELL et al., 1989; DOUGLAS et al., 
1993a). Moreover, without pregnancy the activ-
ity of oxytocin neurones is not under regulation 
by central opioid mechanisms as naloxone, an 
opioid receptor antagonist, does not alter electri-
cal activity or stimulate Fos expression in these 
neurones (DOUGLAS et al., 1995); however, an 
auto-inhibitory mechanism involving κ-opioid 
receptors operates on oxytocin axon terminals in 
the posterior pituitary (DOUGLAS et al., 1993b). By 
contrast, in late pregnant rats the κ-opioid mech-
anism in the posterior pituitary is down-regulat-
ed, which enhances fi delity of coupling between 
action potentials and secretory mechanisms 
(DOUGLAS et al., 1993b). Instead, at this time cen-
tral μ-opioid inhibition of oxytocin neurones is 
evident (DOUGLAS et al., 1995). Hence, oxytocin 
neurone electrophysiological, Fos and secretory 
responses to acute IL-1ß in late pregnant rats 
are restored by prior naloxone injection [Fig. 5] 
(BRUNTON et al., 2006; BRUNTON et al., 2012). 
The central opioid mechanism is functional dur-
ing parturition, regulating the spacing of births 
(LENG et al., 1988), and in rats and pigs is evi-
dently responsible for stress-induced suspension 
of births by an environmental stressor (LENG et 
al., 1988; LAWRENCE et al., 1992).

The central actions of systemic IL-1ß are me-
diated via the NTS noradrenergic A2 neurones 

(ERICSSON et al., 1994; BULLER et al., 2001), and 
without pregnancy systemic IL-1ß activates Fos 
expression in these neurones and the release of 
noradrenaline in the PVN (BRUNTON et al., 2005). 
In late pregnant rats given IL-1ß NTS neurones 
express Fos, so they are clearly activated, but 
there is no release of noradrenaline in the PVN 
(BRUNTON et al., 2005). Microdialysis of naloxone 
into the PVN restores noradrenaline release, so 
this fi nding indicates presynaptic opioid inhi-
bition of noradrenergic terminals in late preg-
nancy (BRUNTON et al., 2005). The source of this 
opioid may be the NTS A2 neurones as they ex-
press more pro-enkephalin A (PENKA) mRNA 
in late pregnancy, and more μ-opioid receptor 
mRNA (BRUNTON et al., 2005), which would pro-
vide μ-opioid receptor for axonal transport to 
terminals in the PVN and SON. Importantly, in 
virgin rats allopregnanolone treatment induces 
increased PENKA mRNA expression in the NTS 
and opioid inhibition of the oxytocin response to 
IL-1ß [Fig. 5] (BRUNTON et al., 2009; BRUNTON et 
al., 2012). In late pregnant rats the effect of nal-
oxone in reversing suppression of the oxytocin 
response to IL-1ß is not enhanced by fi nasteride 
treatment, indicating that allopregnanolone ac-
tion depends on the opioid mechanism (BRUNTON 
et al., 2012). Furthermore, fi nasteride treatment 
in late pregnancy reduces PENKA mRNA expres-
sion in the NTS (BRUNTON et al., 2009), indicating 
that allopregnanolone sustains as well as induc-
es the endogenous opioid mechanism. Together, 
these fi ndings indicate that in late pregnancy 
a major action of allopregnanolone is to induce 
an opioid shield that protects oxytocin neurones 
from premature activation by the brainstem 
pathway that will mediate the Ferguson refl ex 
[Fig. 1A]. This opioid shield is withdrawn at the 
end of parturition (DOUGLAS et al., 1993b), per-
haps because of the decline in allopregnanolone 
levels at the end of pregnancy. 

Oxytocin neurone plasticity and preparation 
for parturition. There are two types of change in 
the oxytocin neurones near the end of pregnancy 
that fi rst, alleviate direct actions of allopreg-
nanolone on the neurones, and second, enhance 
their excitability when they are activated by the 
positive feedback mechanism of the Ferguson re-
fl ex. 

GABAA receptor changes. In late pregnancy, 
allopregnanolone effectively potentiates in-
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hibitory actions of GABA on oxytocin neurones 
[Fig. 1A], but at the end of pregnancy, in partu-
rition, this action is lost (BRUSSAARD et al., 1997; 
KOKSMA et al., 2003). Clearly this will increase 
the excitability of the neurones. The explanation 
for this dramatic change is the loss of the effect 
of inhibition of PKC by allopregnanolone at this 
time, as a result of rapid local feedback action 
of oxytocin on stimulation of PKC and relative 
reduction in serine/threonine phosphatase ac-
tivity, leading to phosphorylation of the GABAA 
receptors and desensitisation to allopregnano-
lone (KOKSMA et al., 2003). In addition, at this 
time, GABA receptors with different subunit 
compositions cluster on the oxytocin neurones 
in a new pattern, reducing the predominance of 
α1 subunits, thus effectively reducing actions of 
allopregnanolone (KOKSMA et al., 2005). Locally 
released oxytocin, acting with the high level of 
estradiol at this time, also induces this plasti-
city of GABA synapses (THEODOSIS et al., 2006). 
Hence, despite remaining still increased level of 
allopregnanolone in the brain at the end of preg-
nancy (CONCAS et al., 1998), the local dendritic 
release of oxytocin, which is evident in parturi-
tion and is important in regulating the process 
(NEUMANN et al., 1993; NEUMANN et al., 1996), en-
sures inaction of allopregnanolone on oxytocin 
neurones during births. 

Electrophysiological properties. The oxytocin 
neurones show some subtle changes with the end 
of pregnancy that make them more excitable, 
and more prone to burst-fi re effectively. Studied 
in vitro with intracellular electrophysiological 
recording, increased excitability is evident with 
the emergence of depolarising after-potentials 
following a train of action potentials (TERUYAMA 
et al., 2002). Conversely, oxytocin neurones also 
show enhanced Ca2+-dependent after-hyperpo-
larisations (AHPs) following a burst of action po-
tentials, and these are considered to restrict the 
duration of each burst (TERUYAMA et al., 2008). 
In accordance with other changes in the magno-
cellular system discussed above, the enhance-
ment of AHPs is attributable to actions of locally 
released oxytocin in the presence of estradiol 
(TERUYAMA et al., 2008). 

CONCLUSION

The magnocellular oxytocin neurone system 
has an undisputed essential role in the survival 
of mammals as it provides the means to effect the 
transfer of milk from the secretory alveoli in the 
mammary glands into the mouths of the infants. 
It is also important in promoting the expulsion 
of the fetuses and placentae in parturition, dur-
ing which it releases suffi cient oxytocin to drive 
the delivery of a ca 3.5 kg human infant, or 12 
or more rat pups within a short time. For this 
process, and lactation, oxytocin neurones are 
adapted to discharge action potentials in high 
frequency bursts that are synchronised among 
the whole population, resulting in intermittent 
secretion of pulses of oxytocin from the poste-
rior pituitary gland. As the stimulation of these 
bursts involve positive neural feedback signals, 
including oxytocin itself acting on the neurones 
after release from their dendrites, emphasis here 
has been on inhibitory mechanisms in the sys-
tem that restrain excitation in pregnancy until 
the start of parturition. Such understanding 
may be helpful in the management of threatened 
pre-term labour. 
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