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Abstract 1 

Backgrounds/Aims: During late pregnancy, blockade of progesterone action by mifepristone 2 

(Mp) treatment induces a dopaminergic tone fall that enables naloxone (NAL) administration to 3 

release pituitary PRL. We determined whether oxytocin, that stimulates PRL secretion acting 4 

directly on anterior pituitary lactotrophs, mediates the stimulatory action of Mp and NAL on 5 

PRL secretion during late pregnancy. Methods: On day 19 of pregnancy, circulating and 6 

pituitary oxytocin and PRL levels were measured by RIA, 10, 20 and 30 min after NAL (given 7 

at 17.30h) in rats pre-treated with Mp (at 08.00h). Pituitary oxytocin receptors (OTR) 8 

expression in Mp treated rats was evaluated by RT-PCR. Activation of oxytocin neurons in 9 

Mp-NAL treated rats was measured counting double immunoreactive neurons for Fos and 10 

oxytocin (Fos-OT-ir) in SON, medial (PaMM) and lateral (PaLM) magnocellular divisions of 11 

PVN. Results: Elevated serum oxytocin and decreased pituitary oxytocin were observed 10 min 12 

after NAL administration both in vehicle- and Mp-treated rats. This PRL increase was 13 

prevented by previous ip administration of an OTR antagonist but intracerebroventricular 14 

oxytocin administration was ineffective. Mp increased pituitary OTR expression at 18.00h. 15 

Only Mp-NAL increased Fos-OT-ir neurons in the PaMM and SON.  Conclusions: These 16 

findings suggest that PRL secretion induced by Mp-NAL treatment is preceded by oxytocin 17 

release. These results together with the activation of hypothalamic oxytocin neurons and the 18 

higher expression of pituitary OTR support the hypothesis that, during late pregnancy, oxytocin 19 

may act at pituitary level to facilitate PRL secretion if the inhibitory action of progesterone is 20 

blocked. 21 

 22 
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Introduction  1 

 2 

Serum prolactin (PRL) levels are the result of a complex balance between the action of 3 

dopamine (DA), the main inhibitory factor regulating its synthesis and secretion, and 4 

hypothalamic factors with stimulatory effects such as thyrotropin releasing-hormone (TRH), 5 

vasoactive intestinal polypeptide (VIP), oxytocin, vasopressin, serotonin, angiotensin II and 6 

others [1]. Although important evidence exists, it is still not sufficiently clear if these factors 7 

act directly on lactotrophs to induce PRL release and what are their specific mechanisms of 8 

action in the different physiological states of the rat. Among the hypothalamic factors 9 

mentioned above, oxytocin has been considered a putative regulator of PRL secretion in the 10 

female rat [2]. Oxytocin is a nonapeptide synthesized at hypothalamic levels in the 11 

paraventricular (PVN) and supraoptic nuclei (SON) and its main roles are the participation in 12 

milk ejection and uterine contractions. Most oxytocin neurons project to the neural pituitary 13 

lobe [3], where the hormone is released into the circulation, from where it reaches the anterior 14 

pituitary [4]. However, some projections have been described to the median eminence and 15 

limbic structures [5]. 16 

In vivo and in vitro experimental data suggest that oxytocin is involved in PRL release 17 

acting directly on the anterior pituitary lactotrophs [6-8]. In fact, these cells express oxytocin 18 

receptors (OTR) [9] and they increase markedly in pregnant rats [10]. A rise of serum oxytocin 19 

levels occurs before the increase of PRL secretion during the suckling stimulus [11, 12] and an 20 

increase of oxytocin in portal blood has been described previous to the proestrous PRL surge 21 

[13]. Cervical stimulation induces an immediate increase of oxytocin levels [14] that is 22 

followed by a rhythmical secretion of PRL [15]. Furthermore, immunoneutralization of 23 

oxytocin attenuates the surges of PRL secretion observed during proestrus, lactation and 24 

induced by estradiol administration [16, 17]. Pharmacological blockade of OTRs prevents PRL 25 

release during proestrus and in different physiological paradigms [18, 19]. 26 

In previous reports, we demonstrated that the blockade of the central inhibitory action of 27 

progesterone on PRL release by the antiprogesterone mifepristone (Mp) has a permissive effect 28 

on PRL release in rats on day 19 of pregnancy. Thus, although Mp alone is not capable of 29 

releasing PRL, the administration of the opioid antagonist naloxone (NAL) induces a PRL 30 

surge, suggesting an inhibitory-neuromodulatory role of the opioid system at the end of 31 
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pregnancy [20, 21]. The elevated circulating progesterone and placental lactogens typical of 1 

pregnancy maintain an elevated dopaminergic tone that blocks any stimulus able to induce PRL 2 

secretion [22-24]. We have demonstrated that Mp lowers hypothalamic dopaminergic tone, as 3 

shown by decreases in TH expression and activity, but that this effect is not sufficient to 4 

increase circulating PRL [25], while NAL alone does not modify dopaminergic tone [25]. 5 

Taking these results together we may hypothesize that NAL may act stimulating the release of 6 

a PRL releasing factor (PRF) that directly stimulates PRL release from the pituitary in the 7 

presence of a low dopaminergic tone. 8 

At the end of pregnancy, previous to parturition, oxytocin levels increase progressively 9 

in the neurohypophysis [26]. Interestingly, a central opioid mechanism acts at late pregnancy 10 

maintaining the oxytocin neurons inhibited to protect them from stressful situations [27]. In this 11 

way, the neurohypophyseal oxytocin store remains intact until the time previous to parturition 12 

when oxytocin is necessary [27]. On the last fourth of pregnancy, endogenous opioids acting on 13 

mu and kappa opioid receptors inhibit PVN and SON oxytocin neurons blocking its release 14 

from the neurohypophysis [27-29] Injections of the opioid antagonist NAL increase 15 

immediately oxytocin secretion [26]. Specific mu and kappa opioid agonists prevent the 16 

suckling reflex [30] and Fos expression in SON magnocellular neurons [26, 31]. Progesterone 17 

also plays an important role within the fine mechanism that regulates oxytocin neurons [32]. At 18 

the end of pregnancy, when the fall of progesterone levels is prevented by exogenous 19 

progesterone administration, oxytocin neurons are inhibited by other mechanisms independent 20 

of opioid action, resulting in a delay in the time of parturition [33]. Thus, the stimulatory effect 21 

of NAL on PRL secretion in Mp treated pregnant rats may be exerted through the release of 22 

oxytocin that will directly stimulate adenohypophysial PRL liberation.  23 

To test this hypothesis we evaluated: a) the effects of Mp and/or NAL on serum oxytocin levels 24 

and pituitary oxytocin content, b) whether the blockade of serum oxytocin levels prevents the 25 

PRL secretion induced by Mp and NAL administration and if intracerebroventricular 26 

administration of oxytocin induces PRL secretion in Mp treated rats, c) the effect of Mp on the 27 

expression of pituitary OTRs and d) whether Mp and/or NAL treatments modify the activation 28 

of oxytocin neurons by analyzing the number of double immunoreactive neurons for Fos and 29 

oxytocin (Fos-OT-ir) in the supraoptic nucleus (SON) and the medial (PaMM) and lateral 30 

(PaLM) magnocellular divisions of the paraventricular nucleus (PVN). 31 

32 
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2. Materials and methods 1 

2.1. Animals 2 

Virgin female rats, 3-4 months old (200-220 g), bred in our laboratory and originally of 3 

the Wistar strain were used. They were kept in a light (06.00-20.00 h) and temperature (22±2 4 

ºC)-controlled room; rat chow (Cargill, Argentina) and tap water were available ad libitum. 5 

Vaginal smears were taken daily; virgin rats showing two or three consecutive 4 day cycles 6 

were used. Rats were made pregnant by being caged individually with a fertile male on the 7 

night of pro-oestrus. Vaginal smears were checked for the presence of spermatozoa on the 8 

following morning and that day was considered day 0 of pregnancy. Rats from our colony 9 

normally deliver on day 22 of pregnancy. Animal maintenance and handling were conducted 10 

according to the NIH guide for the Care and Use of Laboratory Animals (NIH publication Nº 11 

86-23, revised 1985 and 1991) and the UK requirements for ethics of animal experimentation 12 

(Animals Scientific Procedures, Act 1986). All experimental procedures were approved by the 13 

Care and Use of Laboratory Animals Committee (CICUAL) of the Faculty of Medical 14 

Sciences, National University of Cuyo, Mendoza, Argentina. 15 

2.2 Drugs 16 

Naloxone (NAL), oxytocin and mifepristone (Mp; RU-486; 17β-hydroxy-11β-[4-17 

dimethyl-amino-phenyl]-17α-propinyl-estra-4, 9-dien-3-one) were obtained from Sigma 18 

Chemical Co, St Louis, MO, USA. Selective OT antagonist (OTA; desGly-NH2-d(CH2)5[D-19 

Tyr2,Thr4]OVTa,bST-11-61) was a gift of Dr Maurice Manning, Health Science Campus, The 20 

University of Toledo, Ohio, USA. 21 

2.3 Experimental procedures 22 

Experiment 1: This experiment was designed to correlate serum PRL levels after Mp 23 

and/or NAL administration with serum oxytocin concentrations and pituitary oxytocin content. 24 

Additionally, OTR expression in the anterior pituitaries was determined in vehicle or Mp 25 

treated rats. We used the same schedule as previously described [21, 34]. Briefly, Mp was 26 

dissolved in sunflower seed oil and injected s.c. at 08.00 h on day 19 of pregnancy at a dose of 27 

5 mg/kg. Control animals were injected with the respective volume of vehicle. NAL was 28 
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dissolved in 0.9% (w/v) NaCl and injected i.p. at a dose of 2 mg/kg at 17.30 h. Groups of 5-8 1 

rats from each experimental condition were decapitated 10, 20 and 30 min after administration 2 

of NAL or saline. Trunk blood was collected and the posterior pituitaries were rapidly removed 3 

(from the 10 and 20 min groups) and stored frozen (-70 ºC) until assay for oxytocin content by 4 

radioimmunoassay (RIA). The blood samples were allowed to clot at room temperature and 5 

serum was separated and stored frozen (-20 ºC) until assayed for PRL and oxytocin by RIA.  6 

To evaluate the expression of OTRs, the anterior pituitaries of groups of 6 oil or Mp-7 

treated rats sacrificed 30 min after saline administration, were dissected and stored frozen (-70 8 

ºC) until the RNA extraction.  9 

 10 

Experiment 2:  The aim of these experiments was to determine if oxytocin is responsible 11 

for the systemic increase of PRL induced by Mp and NAL treatment. First, we determined the 12 

effect of systemic OTA administration or icv injection of oxytocin. Pregnant rats treated with 13 

Mp as previously described in experiment 1, received an i.p. injection of 500 µg/kg OTA 14 

dissolved in saline or saline only, five minutes before NAL (n=8) or saline (n=8) administration 15 

(at 17.30 h). Rats were decapitated 30 min after. 16 

Other groups of rats had a stainless-steel guide cannulae surgically implanted in the right lateral 17 

ventricle on day 12 of pregnancy, seven days before the experiment. The animals were 18 

anesthetized with a combination of xylazine hydrochloride (4 mg/kg) and ketamine 19 

hydrochloride (80 mg/kg), injected i.p. between 09.00 a.m. and 12.00 a.m. Rats were positioned 20 

in a stereotaxic frame and a stainless-steel guide cannula was inserted into the right lateral 21 

ventricle (M/L 1.5 mm, A/P-0.4 mm relative to bregma, 4.5 mm relative to dura [35]. Cannulae 22 

were fixed to the skull using dental acrylic and sealed until the time of drug injection. On the 23 

morning of day 19 of pregnancy, the animals were treated with Mp (5 mg/kg, s.c.) or its vehicle 24 

(oil) at 08.00 h, anesthetized with a combination of xylazine hydrochloride (4 mg/kg) and 25 

ketamine hydrochloride (80 mg/kg) injected i.p. between 09.00 a.m. and 12.00 a.m. and with 26 

sterile procedures a sterile silastic cannula (inside diameter 0.5 mm, outside diameter 0.94 mm, 27 

Dow Corning, Midland, Michigan, U.S.A) was inserted into the jugular vein [35]. The cannula 28 

was externalized on the back of the head and fixed to the skin with a suture. The catheter was 29 

filled with sterile heparinized 0.9 % saline, 30 units/ml (Liquemine, Roche, Buenos Aires, 30 

Argentina) and stoppered. After surgery, the rats were housed in individual cages until the 31 
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moment of the experiment. At 16.00 h, the cannula was attached to an extension tubing 1 

(polythene, outside diameter 1.0 mm) connected to a syringe filled with sterile heparinised 2 

saline (20 units/ml) and the rats were left undisturbed for 90 min. At 17.30 h oxytocin (0.2 3 

µg/µl dissolved in saline) or saline was injected in a volume of 5 µl using a 10 µl Hamilton 4 

microsyringe connected to an injection needle that protruded 1 mm beyond the tip of the guide 5 

cannula placed in the lateral ventricle. Blood samples were taken from the jugular vein 20, 40 6 

and 60 minutes after from groups of 6-8 rats of each experimental condition. After the 7 

experiment, the animals were decapitated and the cannulae placement was verified 8 

histologically and only those animals that had the cannulae correctly placed were considered. 9 

 10 

Experiment 3: The purpose of this experiment was to analyze the activation of oxytocin 11 

neurons as shown by double Fos and OT immunohistochemistry in the PVN and SON after Mp 12 

and/or NAL treatment. Pregnant rats were treated with Mp or oil followed by NAL or saline as 13 

described in experiment 1. Ninety minutes after NAL or saline administration the 4 animals of 14 

each experimental condition were perfused for immunohistochemical detection of Fos and 15 

oxytocin.  16 

2.4 Hormone determinations  17 

Serum concentration of PRL was measured by double-antibody RIA with materials 18 

supplied by Dr A. F. Parlow from the National Hormone and Pituitary Program. PRL was 19 

radioiodinated using the chloramine T method and purified by passage through a Sephadex G-20 

75 column. The assay sensitivity was 1 ng/ml serum and the inter- and intra-assay coefficients 21 

of variation were less than 10%. The PRL antibody does not cross-react with placental lactogen 22 

[36].  23 

Oxytocin was measured by double antibody RIA using an antibody generously provided 24 

by Dr N Hagino as previously reported [37]. The hormone was radioiodinated using the 25 

chloramine-T method and purified by passage through a Sephadex G50 column. To maximize 26 

sensitivity of the assay, the standards and serum samples were incubated 24 h at 4 °C with 27 

appropriate dilution of the antibody, subsequently the labelled hormone (8–10×103 cpm) was 28 

added and the tubes incubated overnight at 4 °C before addition of the second antibody. Assay 29 
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sensitivity was 8 pg/ml serum and the intra-assay coefficients of variation were <10%. All the 1 

samples were measured on the same assay by duplicate.  2 

2.5 Total RNA Extraction and reverse transcriptase PCR 3 

Total RNA was isolated from anterior pituitaries obtained after Mp or vehicle treatment 4 

with the single-step method based on guanidine isothiocyanate/phenol/chloroform extraction 5 

using TriZol (GIBCO-BRL, Inc) according to the manufacturer’s instructions. RNA 6 

concentration was determined by absorbance at 260 nm and its integrity was verified by 7 

electrophoresis on 1.5 % agarose gel. Reverse transcription (RT) was carried out using 5 µg of 8 

total RNA obtained from the hypophysis of each rat. RT was performed at 37°C for 60 min 9 

with 200 U of Moloney murine leukaemia virus reverse transcriptase (GIBCO-BRL, Inc). 10 

Before proceeding with the semiquantitative PCR, the conditions were established for each 11 

mRNA such that the amplification of the products was in the exponential phase, and the assay 12 

was linear with respect to the amount of input cDNA. For the PCR amplification, specific 13 

oligonucleotide primers (0.5 µM each) were incubated with aliquots of cDNA template 14 

corresponding to 50 ng total RNA in a 35 µl PCR reaction mixture containing 1.5 mM MgCl2, 15 

25 mM KCl, 10 mM Tris-HCl, pH 9, 1µl deoxynucleotides (1mM each), and 1 unit Taq 16 

polymerase (Invitrogen Life Sci, Argentina). The sequences of the specific primers for 17 

amplification of the OTR mRNA were: Sense: 5´- GCATGTTCGCCTCCACCT-3´, Antisense: 18 

5´-CCTGTGAAGAGCATGTAGATCC-3´ and for amplification of β-actin were: sense 5´-19 

CGTGGGCCGCCCTAGGCACCA-3 and antisense 5´-TTGGCCTTAGGGTTCAGAGGGG-20 

3´ (BC063166). The thermal cycling program for OTR PCR amplification was as follows: 95 21 

°C for 80 sec, 62 °C for 80 sec, 72 °C for 90 sec for 30 cycles, followed by an elongation step 22 

of 5 min at 72 °C. The same protocol was used for β-actin amplification with an annealing 23 

temperature of 56 °C. Samples from control (n= 8) and treated rats (n= 8) were run and 24 

processed simultaneously. RNA samples were assayed for DNA contamination by PCR without 25 

the prior reverse transcription. The amplicons (OTR 634 and β-actin 243 bp) were analyzed on 26 

1.5% agarose gels containing 0.5 mg/ml ethidium bromide and photographed with a Kodak 27 

DC-290 camera. Band intensities of the RT-PCR products were quantified using the NIH 28 

Image software; relative levels of mRNA were expressed as the ratio of signal intensity for the 29 

target gene relative to β-actin cDNA.  30 
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2.6 Immunohistochemistry 1 

Rats were anesthetized with an i.p. injection of chloral hydrate and perfused 2 

transcardially with ∼200 ml saline followed by 400 ml of 4% paraformaldehyde in 0.1 M 3 

phosphate buffer (PB, pH 7.2). The brains were removed, fixed in the same solution overnight, 4 

and then stored at 4 °C in PB containing 30% sucrose. The brains were serially sectioned (40 5 

µm slides) with a cryostat (Microm) beginning approximately at -0.60 mm posterior to bregma, 6 

corresponding to the supraoptic nucleus and through the paraventricular nucleus (-0.96 mm to -7 

1.92 mm posterior to bregma) according to the atlas of Paxinos & Watson (2007) for the adult 8 

rat brain. Immediately before immunostaining, sections were placed in a mixture of 3% H2O2 9 

and 10% methanol until oxygen bubbles ceased appearing and then incubated in 10% normal 10 

horse serum (NHS) in PB for 1 h to block sites of nonspecific binding of serum products. Fos-11 

immunoreactivity (Fos-ir) was detected using the standard avidin-biotin peroxidase protocol. 12 

The free-floating sections were incubated overnight at room temperature with anti-Fos 13 

antibody, raised in rabbits against a synthetic 14-amino acid sequence corresponding to 14 

residues 4–17 of human Fos (Ab-5, batch no. 60950101; Oncogene Science, Manhasset, NY) 15 

diluted 1:30000 in a solution of PB containing 2% NHS and 0.3% Triton X-100. After washes 16 

in PB, sections were subsequently incubated with biotin-labeled anti-rabbit immunoglobulin 17 

and ExtrAvidin peroxidase complex (Sigma, 1:20 dilution in 2% NHS-PB) for 1 h at room 18 

temperature. The peroxidase label was detected using diaminobenzidine hydrochloride (DAB, 19 

Sigma) intensified with 0.5% cobalt chloride and 0.5% nickel ammonium sulphate. This 20 

method produces a blue-black nuclear reaction product. One series of Fos-labeled sections was 21 

processed subsequently for immunocytochemical localization of oxytocin. Sections were 22 

incubated for 72 h at 4 °C with polyclonal rabbit anti-oxytocin antibody (Peninsula 23 

Laboratories) and revealed with avidin biotin peroxidase. After incubation, sections were rinsed 24 

and incubated with the appropriate biotinylated secondary antiserum and ExtrAvidin 25 

peroxidase complex (Sigma, 1:20 dilution in 2% NHS-PB). Cytoplasmic oxytocin 26 

immunoreactivity was detected with unintensified DAB to produce a brown reaction product. 27 

Finally, the free-floating sections were mounted on gelatin-coated slides, dehydrated and cover 28 

slipped with Canada balsam. To check for nonspecific labelling, the primary antibody was 29 

omitted in the course of immunostaining. The brain nuclei exhibiting positive staining were 30 

identified and delimited according to the rat brain atlas of Paxinos & Watson (2007). 31 
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Representative sections exhibiting Fos-oxytocin-ir were identified and delimited according to 1 

the atlas of Paxinos & Watson (2007) for the adult rat brain. Double labelled Fos-oxytocin-ir 2 

neurons were counted in the supraoptic nucleus (SON) and in two levels for different PVN 3 

subnuclei, i.e., medial magnocellular (PaMM) and lateral magnocellular (PaLM). Sections from 4 

each brain were obtained based on planes comparable to plates 44, 45 and 47 of the atlas of 5 

Paxinos & Watson (2007). The Fos-oxytocin- ir neurons of all nuclei/subnuclei were counted at 6 

one level of representative sections in control and experimental groups acquired at exactly the 7 

same level. The distance from the bregma of the corresponding plates is as follows: for SON= 8 

Ȃ�,�2 mm� PaMM= Ȃ�,44 mm� PaLM= Ȃ�,72 mm. The counting was done in four animals of 9 

each condition and was repeated at least twice on each section analyzed, to ensure that the 10 

number of profiles obtained was similar. The counting was done in four animals of each 11 

condition and was repeated at least twice on each section analyzed, to ensure that the number of 12 

profiles obtained was similar. Images were taken with a Nikon Eclipse E200 Microscope 13 

(Nikon Corp., Japan) fitted with a Micrometric SE Premium digital still camera (Accu-Scope, 14 

Commak, NY ��725) under �0× and �00× magnifications. Images were assembled into figures 15 

for publication using Adobe Photoshop with minimal alteration to the contrast and background. 16 

Figures show representative photomicrographs of SON, PaMM and PaLM sections with double 17 

immunoreactive cells for -Fos and oxytocin.   18 

2.7 Statistics 19 

Statistical analysis was performed using two-way analysis of variance (ANOVA) 20 

(Figures �, 2, 4) and Student´s test (Figure �) with the statistical computer analysis system 21 

GraphPad Prism. When ANOVA revealed statistical differences, we applied the Bonferroni 22 

post hoc analysis. When variances were not homogeneous log transformation of the data was 23 

performed. Differences between means were considered significant at the p< 0.05 level. 24 

 25 

26 
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3. Results 1 

 2 

Serum levels of PRL and oxytocin and pituitary oxytocin content in Mp and/or NAL treated rats 3 

on day 19 of pregnancy. 4 

 5 

As was previously demonstrated [20, 25], serum PRL levels significantly increased 30 min 6 

after NAL administration in Mp-treated rats (Fig. 1.A). Interestingly, 20 min after NAL 7 

administration, a slight but not significant increase on serum PRL was observed. No effect was 8 

obtained after saline administration in vehicle or Mp (Fig. 1.A) treated rats at all times studied. 9 

However, increases in serum oxytocin levels were observed 10 min after NAL administration 10 

both in vehicle and Mp treated rats (Fig. 1.B). In correlation with serum oxytocin increase, a 11 

fall of pituitary oxytocin content was observed 10 min after NAL administration, that was 12 

maintained until at least 20 min after, in vehicle and in Mp treated rats (Fig. 1.C), while no 13 

effect on oxytocin pituitary content was observed after saline treatment (Fig. 1.C). Since no 14 

change was observed on serum oxytocin levels 20 and 30 min after NAL administration in spite 15 

of the increases in serum PRL levels, the neurohypophyseal oxytocin content 30 min after NAL 16 

injection was not determined. 17 

 18 

Effect of oxytocin antagonist (OTA) on serum PRL secretion induced by Mp and/or NAL 19 

treatment in rats on day 19 of pregnancy. 20 

 21 

To further investigate whether oxytocin mediates the effect of NAL on PRL release in Mp 22 

treated rats, we administered OTA to Mp treated rats, 5 min before NAL injection. As shown in 23 

Fig. 2, OTA administration prevented the increase on serum PRL secretion induced by NAL in 24 

Mp treated rats, but had no significant effect on Mp plus saline treated rats. 25 

 26 

Serum PRL levels after icv administration of oxytocin in Mp treated rats on day 19 of 27 

pregnancy. 28 

 29 

In an attempt to determine whether oxytocin administration can stimulate PRL secretion in Mp 30 

treated pregnant rats through central action, oxytocin (0.2 µg/µl) was injected icv to vehicle or 31 
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Mp treated rats on day 19 of pregnancy and serum samples obtained every 20 min from the 1 

moment of injection up to 60 min after. No significant changes in serum PRL levels were 2 

observed at the different times studied (Table 1).  3 

 4 

Expression of pituitary OTR in Mp treated rats on 19 day of pregnancy. 5 

 6 

The administration of Mp (5 mg/kg, sc) at 08.00 h on day 19 of pregnancy increased the 7 

expression of pituitary OTR mRNA measured by RT-PCR in rats on day 19 of pregnancy (Fig. 8 

3).  9 

 10 

Fos activation in oxytocin neurons of the PVN and SON after Mp and/or NAL treatment. 11 

 12 

An increase on Fos expression in SON oxytocin neurons was observed after NAL treatment in 13 

Mp treated rats (Fig. 4 and 5 B). In the PVN, we found an increase in the number of Fos-14 

oxytocin ir neurons in the PaMM subnucleus of Mp and NAL treated rats (Fig. 4.B and 5.D). In 15 

contrast, in the PaLM division no effect of Mp and/or NAL was observed (Fig 4.C). No effects 16 

were observed in vehicle plus saline or NAL and in Mp plus saline treated rats (Fig. 4.A and 17 

5.A). 18 

19 
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 1 

4. Discussion 2 

 3 

Strong evidence supports the proposal that oxytocin may act as a PRF in different reproductive 4 

states such as the preovulatory PRL surge and lactation [2]. Here we show that the increase on 5 

serum PRL levels induced by NAL in Mp treated rats on day 19 of pregnancy, is preceded by 6 

an increase in serum oxytocin levels and a fall in posterior pituitary oxytocin content. 7 

Moreover, OTA administration five minutes before NAL, resulted in a blockade of the effect of 8 

the latter on serum PRL release. These results strongly suggest that NAL is responsible for the 9 

release of oxytocin from the neurohypophysis, reflected by the reduced content in the gland and 10 

the increase in circulation that in turn, stimulates PRL secretion from the lactotrophs. Thus, 11 

oxytocin acting on its own receptors located at pituitary level [1, 2] may be the PRL releasing 12 

factor stimulated when the inhibitory opioid tone is lifted in absence of progesterone action, or 13 

at least, one of the factors involved. The lack of effect of the icv injection of oxytocin to Mp 14 

treated rats may suggest that the stimulatory action of the oxytocin release induced by NAL 15 

upon PRL release is exerted at the anterior hypophysis level. In fact, central oxytocin effects 16 

are different, since it has been reported to modulate magnocellular neurons activity and 17 

neurohypophyseal oxytocin release [38, 39], excite TIDA neurons [40] and suppress circulating 18 

PRL levels [41, 42] . 19 

Most probably the action of NAL is exerted at hypothalamic level, since opioids modulate the 20 

activity of oxytocin neurons acting directly upon them or through other neuron systems that in 21 

turn modulate the former [27-29]. Several studies have pointed out that µ-opioid receptors 22 

located in hypothalamic nuclei participate in the regulation of oxytocin release from SON and 23 

PVN, since NAL administration increases the activity of oxytocin neurons. In fact, it has been 24 

demonstrated that µ-opioid receptor activation [28] is involved in the blockade of 25 

noradrenergic excitatory inputs to SON and PVN that modulate oxytocin release [43] provided 26 

by noradrenergic neurons mainly located in the tractus solitarius nucleus (NTS; A2 neurons) 27 

[44]. This is supported by the fact that the blockade of endogenous opioid action by a specific 28 

µ-opioid antagonist induces a fall on noradrenaline levels in PVN and SON [45] and increases 29 

c-fos expression in SON oxytocin neurons [28]. However, a direct inhibitory opioid influence 30 

from arcuate nucleus POMC neurons may be also involved because a projection from these 31 
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POMC neurons to the PVN and SON is well-established [46, 47]. On the other hand, NAL is a 1 

non selective antagonist that acts on all subtypes of opioid receptors, so it may also act on the 2 

κ-opioid receptors located in the axon terminals of the neurohypophysis [48] that participate in 3 

the regulation of oxytocin release [49], along with µ-opioid receptors that also act at this level 4 

[50, 51]. 5 

It is also interesting to highlight that the oxytocin release produced by NAL administration in 6 

the absence of Mp did not induce an increase on serum PRL levels. Most probably, this is due 7 

to the elevated dopaminergic tone present in late pregnant rats [25] that blocks the action of 8 

most PRFs [2, 52, 53]. Thus, the oxytocin released by NAL can stimulate PRL release only 9 

when the dopaminergic activity is decreased by the antiprogesterone action of Mp. 10 

Concomitant to the increase in circulating oxytocin, we found a rapid fall in its 11 

neurohypophyseal content in both groups of NAL treated rats. Most oxytocin is secreted into 12 

neurohypophyseal capillaries from the nervous terminals of magnocellular neurons located in 13 

PVN and SON to the circulation, from where it may arrive to the adenohypophysis to exert its 14 

actions, directly through the short portal vessels [54] or indirectly via the general circulation.  15 

On the other hand, the blockade of progesterone action by Mp alone did not modify either 16 

serum oxytocin levels or neurohypophyseal oxytocin content. Although a slight expression of 17 

progesterone mRNA receptor (PR) in PVN has been measured [32], PRs were not detectable in 18 

SON oxytocin neurons [55, 56]. However, evidence indicates that the increased SON c-fos 19 

expression observed during parturition, is prevented by progesterone administration [33], while 20 

Mp administration increases SON c-fos expression, suggesting that progesterone mediates an 21 

inhibitory action on oxytocin neurons altering directly or indirectly gene transcription via PRs 22 

[33]. When progesterone action was blocked by Mp in rats that had been treated with steroids 23 

to simulate the hormonal milieu of pregnancy, PVN oxytocin mRNA levels were increased 48 24 

h later [32]. Since in our present study we evaluated Mp action 10 h after administration, it is 25 

probable that any action of the antiprogesterone alone needs more time for inducing an effect 26 

on oxytocin secretion. Supporting this conclusion, no effect of Mp alone was observed on the 27 

expression of Fos in oxytocin-ir neurons in SON, PaMM and PaLM.  28 

Interestingly, in correlation with the increase in oxytocin serum levels after NAL 29 

administration to Mp treated rats, a marked activation of SON and PaMM was evidenced by an 30 

increase of the number of double –Fos-oxytocin-ir neurons. The lack of effect in PaLM may be 31 
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due to the fact that the predominant neuron type present in this PVN division is 1 

vasopressinergic, with few oxytocin neurons [57].Although, NAL given alone was able to 2 

induce an increase on oxytocin release, no effect on the activation of oxytocin neurons was 3 

observed, as demonstrated by an unchanged number of double labelled neurons observed after 4 

NAL administration. This result suggests that NAL´s action may involve oxytocin release from 5 

axon terminals of the neurohypophysis rather than an action at central levels, in spite of the 6 

desensitization of oxytocin axon terminals to endogenous opioid action that occurs at the end of 7 

pregnancy [26] .It has been demonstrated that NAL is able to increase SON c-fos expression on 8 

day 21 of pregnancy [28]. However, in that work no information is given about the levels of 9 

serum progesterone of the animals at the moment of sacrifice. This fact is important 10 

considering that the authors described in their experimental animals, that parturition occurred 11 

during day 21 of pregnancy (11.00-20.00 h). As progesterone prevents NAL-induced c-fos 12 

expression in SON in late pregnancy[33], it is probable that the diminution of serum 13 

progesterone levels that precedes parturition triggered neuronal activation evidenced by an 14 

increase of Fos expression. PRs have not been described in the SON [55] and only a low 15 

expression was shown in the PVN [32], so it is probable that PRs expressed in the afferent 16 

inputs such as GABA neurons [58] mediate the inhibitory effect of progesterone. Although PRs 17 

are not expressed in lactotrophs [59] both isoforms (A and B) are present in other pituitary cells 18 

as gonadotrophs and may modulate indirectly lactotroph action. 19 

OTRs are highly expressed in the lactotrophs and their expression increases during late 20 

pregnancy [10]. Although these receptors are also present in other pituitary cell types such as 21 

somatotrophs and gonadotrophs [8],in late pregnant rats most of the OTR mRNA is expressed 22 

in the lactotrophs [10]. Thus, the increase in pituitary OTR mRNA induced by Mp treatment 23 

may also occur in this cell type. Our finding that Mp treatment increases pituitary OTR mRNA 24 

expression suggests that progesterone may inhibit OTR expression, and that after its decrease 25 

or PR blockade, lactotrophs increase the expression of OTRs, facilitating the action of oxytocin 26 

as a PRF to induce PRL secretion. However, we cannot exclude effects of Mp on OTR 27 

expression on the other pituitary cell types. 28 

We have previously shown that estrogen action is necessary for the stimulatory action of Mp 29 

and NAL on PRL secretion during late pregnancy, since administration of the antiestrogen 30 

tamoxifen on days 14 and 15 of pregnancy prevented it [21, 36]. Thus, it is possible that 31 
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estrogen action participates in the activation of oxytocin neurons and particularly in the 1 

increase of oxytocin pituitary receptor mRNA after Mp administration. Although a minority of 2 

oxytocin neurons express estrogen receptor β (ER β) [60, 61] in PVN and SON, estrogen 3 

promotes oxytocin gene expression [60, 62], probably via a nuclear orphan receptor binding 4 

site in the oxytocin gene promoter [63]. Also, estradiol-17β rapidly excites oxytocin neurons 5 

when chronic opioid inhibition is removed [64]. Moreover, in the anterior pituitary, estradiol 6 

increases OTR mRNA [10] and protein [65] expression in ovariectomized rats. Thus, the 7 

increase of OTR expression in the anterior pituitary may be induced by estrogens once the 8 

action of progesterone has been blocked by Mp.  9 

In conclusion, we present evidence that PRL secretion induced by NAL in Mp pretreated rats is 10 

preceded by an increase in serum oxytocin levels, suggesting that this peptide may mediate the 11 

stimulatory effect of NAL in absence of progesterone action, acting at pituitary level to induce 12 

PRL release. These data also support the hypothesis that oxytocin may act as a PRF during late 13 

pregnancy, when the inhibitory action of progesterone is blocked. 14 

15 
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FIGURE LEGENDS 1 

Figure 1. Serum levels of (A) PRL and (B) oxytocin and (C) pituitary oxytocin content in Mp 2 

and/or NAL treated rats on 19 day of pregnancy. 3 

Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered at 08.00 h and naloxone (NAL; 2 4 

mg/kg) or saline at 17.30 h on day 19 of pregnancy. Animals were sacrificed 10, 20 and 30 min 5 

after NAL. Results are expressed as means ± S.E.M. of groups of 5-10 animals in each 6 

experimental group. The numbers of animals of each group is indicated inside the 7 

corresponding bar. *** p <0.001; ## p <0.01 compared to the respective basal, 20 and 30 min 8 

values; **p <0.01; * p <0.05 compared to the respective basal value. Two way ANOVA 9 

(factors: time and treatments) followed by Bonferroni post-hoc test. 10 

Figure 2. Effect of an oxytocin antagonist (OTA) on serum PRL secretion induced by Mp 11 

and/or NAL treatment in rats on day 19 of pregnancy. 12 

Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered at 08.00 h and naloxone (NAL; 2 13 

mg/kg) or saline (SAL) at 17.30 h on day 19 of pregnancy. Five minutes before NAL 14 

administration, the oxytocin antagonist (OTA, 500 µg/kg) or saline were injected ip. Animals 15 

were sacrificed at 18.00 h on day 19 of pregnancy. Results are means ± S.E.M. of groups of 8 16 

animals in each experimental group. * p<0.01 compared with all the other respective groups. 17 

Two way ANOVA (factors: treatment with OTA and treatment with NAL) followed by 18 

Bonferroni test for multiple comparisons. 19 

Figure 3. Expression of pituitary OTR in Mp treated rats on day 19 of pregnancy.  20 

Upper panel: RT-PCR representative bands. Lower panel: OTR mRNA expression levels 21 

relative to β-actin. Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered at 08.00 h, on 22 

day 19 of pregnancy. Animals were sacrificed at 18.00 h on day 19 of pregnancy. Results are 23 

means ± S.E.M. of groups of 6 animals in each experimental group. * P < 0.05 compared to V 24 

(Student´s test). 25 

 26 

Figure  4.  Fos activation in oxytocin neurons of the PVN and SON after Mp and/or NAL 27 

treatments. 28 

Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered at 08.00 h and naloxone (NAL; 2 29 

mg/kg) or saline at 17.30 h on day 19 of pregnancy. Animals were perfused 90 min after NAL 30 
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administration. The bars represent the average number of double-immunolabelled Fos-oxytocin 1 

(Fos-OT) cells within the SON and the medial magnocellular (PaMM) and lateral 2 

magnocellular (PaLM) divisions of the PVN. Results are means ± S.E.M. of 4 animals in each 3 

experimental group. For further details see materials and methods section. * P <0.05 compared 4 

with the other groups using two way ANOVA (factors: treatment with Mp and treatment with 5 

NAL) followed by Bonferroni test for multiple comparisons.  6 

 7 

Figure 5. Pattern of Fos activation in oxytocinergic neurons of the SON and PVN after Mp 8 

and/or NAL treatment. 9 

Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered at 08.00 h and naloxone (NAL; 2 10 

mg/kg) or saline at 17.30 h on day 19 of pregnancy. Animals were perfused 90 minutes after 11 

NAL administration. A and C are representative images of SON and the medial magnocellular 12 

(PaMM) division of the PVN respectively, in vehicle plus saline treated rats (magnification: 13 

10x). B and D are representative images of SON and the medial magnocellular (PaMM) 14 

division of the PVN respectively in Mp and NAL treated rats.  Inset are higher magnifications 15 

(x100) of cells indicated in A, B, C, D. Scale = 100 µm. For further details see materials and 16 

methods section. 17 
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Table 1.  Effect of icv oxytocin injection in mifepristone treated rats on serum prolactin 

levels on day 19 of pregnancy. 

Serum Prolactin  (ng/ml) 

 

 

 

Oil + saline Oil + OT Mp + saline Mp + OT  

Basal 

 

2.8 ± 0.8  (n=6) 2.4 ± 0.5  (n=5)  2.4 ± 0.4  (n=6)   2.2± 0.5  (n=6) 

20 min 

 

3.4 ± 0.5  (n=8) 3.0 ± 0.9  (n=7) 2.7± 0.2  (n=9)   1.8 ± 0.2  (n=6)   

40 min 

 

2.6 ± 0.5  (n=7) 1.9 ± 0.8  (n=5) 2.6± 0.6  (n=7)   2.2 ± 0.6  (n=7)   

60 min 

 

3.8 ± 0.8  (n=7) 2.5 ± 0.5  (n=5)  2.9 ± 0.5 (n=8)   2.9 ± 0.5  (n=6) 

 

Mifepristone (Mp; 5 mg/kg) or vehicle (V) was administered s.c. at 08.00 h and oxytocin 

(OT; 0,2 µg/µl) or saline was injected icv at 17.00 Serum samples obtained every 20 min 

from the moment of injection up to 60 min. after. Results are means ± S.E.M of groups of 

5-9 animals in each experimental group. 
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