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Abstract
Sexual receptivity, lordosis, can be induced by sequential estradiol and progesterone or extended
exposure to high levels of estradiol in the female rat. In both cases estradiol initially inhibits
lordosis through activation of β-endorphin (β-END) neurons of the arcuate nucleus of the
hypothalamus (ARH) that activate μ-opioid receptors (MOP) in the medial preoptic nucleus
(MPN). Subsequent progesterone or extended estradiol exposure deactivate MPN MOP to
facilitate lordosis. Opioid receptor-like receptor-1 (ORL-1) is expressed in ARH and ventromedial
hypothalamus (VMH). Infusions of its endogenous ligand, orphanin FQ (OFQ/N, aka nociceptin),
into VMH-ARH region facilitates lordosis. Whether OFQ/N acts in ARH and/or VMH and
whether OFQ/N is necessary for steroid facilitation of lordosis is unclear. In Exp I, OFQ/N
infusions in VMH and ARH that facilitated lordosis also deactivated MPN MOP indicating that
OFQ/N facilitation of lordosis requires deactivation of ascending ARH-MPN projections by
directly inhibiting ARH β-END neurons and/or through inhibition of excitatory VMH-ARH
pathways to proopiomelanocortin neurons. It is unclear whether OFQ/N activates the VMH output
motor pathways directly or via the deactivation of MPN MOP. In Exp II we tested whether ORL-1
activation is necessary for estradiol-only or estradiol + progesterone lordosis facilitation. Blocking
ORL-1 with UFP-101 inhibited estradiol-only lordosis and MPN MOP deactivation but had no
effect on estradiol + progesterone facilitation of lordosis and MOP deactivation. In conclusion,
steroid facilitation of lordosis inhibits ARH β-END neurons to deactivate MPN MOP, but
estradiol-only and estradiol + progesterone treatment appear to use different neurotransmitter
systems to inhibit ARH-MPN signaling.
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INTRODUCTION
Sexual receptivity (lordosis) can be facilitated in female rats by sequential exposure of
neural circuits to a priming dose of estradiol followed by progesterone or by a longer
exposure to higher levels of estradiol (Blaustein et al., 1987; Clemens and Weaver, 1985;
Pfaff, 1970; Quadagno et al., 1972; Sodersten and Eneroth, 1981). In both cases, estradiol
initially inhibits lordosis by signaling rapidly through membrane estrogen receptors
complexed to metabotropic glutamate receptors-type 1a (Dewing et al., 2007; Mills et al.,
2004). This initiates the activation of a multi-synaptic circuit originating in the arcuate
nucleus of the hypothalamus (ARH) to stimulate the release of the opioid β-endorphin (β-
END) in the medial preoptic nucleus (MPN; Dewing et al., 2007; Mills et al., 2004;
Sanathara et al., 2009), and in turn activates and internalizes μ-opioid receptors (MOP) in
the MPN to inhibit lordosis (Eckersell et al., 1998; Sinchak and Micevych, 2001). Lordosis
is facilitated when this circuit is deactivated by either subsequent progesterone or after
exposure to a high dose of estradiol for 48 hr (Eckersell et al., 1998; Sinchak and Micevych,
2001). Deactivation of MPN MOP is critical for facilitation of lordosis. Infusions of MOP
agonists into the MPN dramatically inhibits sexual receptivity in female rats primed with
estradiol and progesterone indicating that this region is an important inhibitory output
neurocircuit that blocks downstream lordosis motor output pathways (Eckersell et al., 1998;
Sinchak and Micevych, 2001). MOP are G protein-coupled receptor that undergo
internalization into early endosomes when activated by endogenous opioid ligands and some
exogenous ligands (Eckersell et al., 1998; Micevych et al., 2003; von Zastrow et al., 1994).
The activation/internalization of MPN MOP has been correlated with an increase in the
levels of positive MOP immunoreactivity (Dewing et al., 2007; Eckersell et al., 1998; Mills
et al., 2004; Sinchak and Micevych, 2001). This MPN MOP activation/internalization
immunohistochemical assay allows us to determine whether hormonal and pharmacological
manipulations act through ARH β-END neurons to regulate sexual receptivity (Dewing et
al., 2007; Eckersell et al., 1998; Mills et al., 2004; Sinchak and Micevych, 2001).

In previous studies infusions of the opioid, orphanin FQ (OFQ/N; aka nociceptin), into the
ventral medial nucleus of the hypothalamus (VMH) facilitated lordosis in estradiol-primed
nonreceptive female rats presumably through its cognate receptor, opioid receptor-like
receptor-1 (ORL-1; aka NOP; Sinchak et al., 1997). Originally, because of the abundant
expression of ORL-1 in the VMH, we concluded that OFQ/N was acting on descending
motor output pathways to facilitate lordosis (Calizo and Flanagan-Cato, 2002, 2003;
Cottingham et al., 1987; Pfeifle et al., 1980; Sinchak et al., 1997). However, preliminary
experiments showed that similar OFQ/N infusions into the VMH deactivated MPN MOP
suggesting that OFQ/N activates ORL-1 circuits that inhibit ARH β-END neurons that
project to the MPN to facilitate lordosis (Sinchak et al., 2006a; Sinchak et al., 2006b).
ORL-1 are expressed in proopiomelanocortin (POMC; putative β-END) neurons that project
to the MPN (Sanathara et al., 2009), and electrophysiological studies have demonstrated that
OFQ/N hyperpolarizes β-END neurons via G protein-coupled inwardly-rectifying potassium
channels (GIRK) in female Guinea pigs and mice (Farhang et al., 2010; Wagner et al.,
1998). Therefore, OFQ/N may have diffused into the ARH and is acting directly on the β-
END neurons to inhibit β-END release in the MPN. Additionally, OFQ/N may be acting in
the VMH to inhibit ARH β-END neuronal activity. Golgi staining indicates that some ARH
processes extend into the VMH and some VMH processes extended into the ARH
(Millhouse, 1973b; van den Pol and Cassidy, 1982). Although tract tracing studies have
produced sparse evidence to support VMH to ARH neurocircuits (Bouret et al., 2008;
Canteras et al., 1994; Saper et al., 1976), laser scanning photostimulation studies indicate
that VMH has excitatory inputs onto POMC neuron and inhibitory input to NPY ARH
neurons (Sternson et al., 2005). In Experiment I (Exp I) we used multiple infusion sites and
measured MPN MOP activity to investigate the site(s) of action of OFQ/N for facilitation of
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lordosis and regulation of MPN MOP activation in the ARH and VMH in estradiol-primed
nonreceptive female rats.

The neural pathways for estradiol + progesterone and estradiol-only facilitation of lordosis
converge on β-END neurons that project to the MPN (Eckersell et al., 1998; Sinchak and
Micevych, 2001). In both cases estradiol initially activates the MPN MOP presumably
through the release of β-END from ARH neurons that project to the MPN. Lordosis is
facilitated when MPN MOP are deactivated through the actions of progesterone or high
levels of estradiol presumably through reduction of β-END release (Eckersell et al., 1998;
Sinchak and Micevych, 2001). In Exp I, OFQ/N infusions facilitated lordosis in estradiol-
primed nonreceptive rats via deactivation of MPN MOP. Therefore, we hypothesized that
steroid facilitation of lordosis is mediated by OFQ/N signaling through the ARH. This idea
is supported by progesterone receptor expression in ARH OFQ/N neurons (Haase et al.,
2008), ORL-1 expression in POMC neurons that project to the MPN (Sanathara et al., 2009)
and VMH to ARH microcircuits that regulate POMC neurons (Sternson et al., 2005). In a
previous study, we used OFQ/N immunoneutralization in the VMH/ARH and inhibited
lordosis in estradiol-only treated rats but not those primed with estradiol + progesterone
(Sinchak et al., 2007). These results suggest that these two steroid priming paradigms
potentially act through different pathways to facilitate lordosis. However, since estradiol
priming upregulates the OFQ/N-ORL-1 system (Quesada and Micevych, 2008; Sinchak et
al., 2006b), it is unclear whether immunoneutralization was able to sufficiently neutralize
OFQ/N released by estradiol + progesterone treatment. In Exp II, we tested the hypothesis
that estradiol-only and estradiol + progesterone facilitation of lordosis requires activation of
ORL-1 to deactivate MPN MOP through the ARH, we used UFP-101, an ORL-1 selective
antagonist, and expected to block facilitation of lordosis and maintain MPN MOP activation.

MATERIALS AND METHODS
Experiment I

OFQ/N acts within the VMH/ARH region to facilitate lordosis (Sinchak et al., 2006a).
However, whether OFQ/N acts through one, or a combination of VMH descending motor
output pathways, VMH-ARH-MPN pathways and/or directly through ARH-MPN pathways
to induce lordosis was unclear. We tested the ability of OFQ/N to induce lordosis and
deactivate MPN MOP neurons by infusing into the ARH and sites that aimed progressively
dorsolateral through the VMH and outside the VMH. Thus, if OFQ/N infusions 1)
deactivated ascending ARH-MPN MOP neurotransmission and 2) activated VMH
descending motor output pathways, we expected that would produce the highest LQ and
greatest deactivation of MPN MOP compared to activating individual circuits within the
nuclei. We used levels of MPN MOP positive immunoreactivity intensity as a measure of
MPN MOP activation/internalization reflective of ARH-MPN activity, and predicted that
activation of VMH alone would produce moderate LQ without deactivating MPN MOP to
indicate VMH motor output pathway levels of involvement. Briefly, adult ovariectomized
(OVX) Long-Evans rats received bilateral guide cannula aimed at one of four regions: 1) the
ARH; 2) between the ARH and VMH (ARH-VMH); 3) the VMH; and 4) dorsolateral to the
VMH (lateral hypothalamus; OUT-VMH; Figure 2). The animals were primed with 2 μg of
17β-estradiol benzoate (EB) and received site specific bilateral infusions 29.5 hr later with
either OFQ/N or saline and tested for sexual receptivity 30 minutes after infusion. On the
next EB priming cycle, all the animals received the same drug infusions and 30 minutes
after infusion the animals were anesthetized, and perfused through the heart with 4%
paraformaldehyde. Their brains were processed for MPN MOP immunohistochemistry to
determine the effects of OFQ/N infusions on MPN MOP activation/internalization as
measured by MOP immunofluorescence staining intensity levels (Dewing et al., 2007; Mills
et al., 2004). Levels of sexual receptivity and OFQ/N MOP immunofluorescence staining
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intensity were compared to determine regional effects of OFQ/N in the ARH and VMH on
lordosis and MPN MOP activity.

Experiment II
In Exp II we tested whether OFQ/N acts through ORL-1 to facilitate lordosis and whether
ORL-1 activation is necessary for either estradiol-only or estradiol + progesterone
facilitation of lordosis. In Exp IIA, to determine whether OFQ/N acts through ORL-1 to
facilitate sexual receptivity, rats were treated with 2 μg EB followed by oil 26 hr later. These
animals received 2 sequential third ventricular (3V) infusions starting 29 hr 20 minutes after
EB. The first 3V infusion was either UFP-101 or saline followed 10 minutes later by either
saline or OFQ/N. In Exp IIB, to determine whether ORL-1 activation was necessary for
estradiol + progesterone facilitation of sexual receptivity, 3V cannulated rats were treated
with 2 μg EB followed by progesterone 26 hr later (EB + P). These animals received 2
sequential 3V infusions starting 29 hr 20 minutes after EB. The first infusion was either
UFP-101 or saline followed 10 minutes later with a saline infusion. In Exp IIC, to determine
whether ORL-1 activation was necessary for estradiol-only facilitation of sexual receptivity,
rats were made receptive by treating with 5 μg EB. These animals received 2 sequential 3V
infusions starting 47 hr 20 minutes after EB. The first infusion was either UFP-101 or saline
followed 10 minutes later with a saline infusion saline. In Exp IIA-C sexual receptivity was
tested 30 minutes after the second infusion. On the next steroid treatment cycle animals
received the same steroid and drug treatments and 30 minutes after the final 3V infusion the
animals were anesthetized and brains were processed for MPN MOP
immunohistochemistry. The results from the MPN MOP immunofluorescence staining
intensity levels were compared with the behavior from the previous week to determine
whether blocking progesterone inactivation of MOP is associated with reduced sexual
receptivity.

Animals—Adult male and OVX female Long-Evans rats (200–225 g) were purchased from
Charles River Laboratory Inc., (Wilmington, MA). The supplier performed the bilateral
ovariectomy surgeries. Animals were housed two per cage in a climate and light controlled
room (12/12 L/D cycle, lights on 0600 h) with food and water available ad libitum. All
procedures were approved by the California State University, Long Beach IACUC
Committee.

Guide cannula stereotaxic surgery—Rats were anesthetized using 2–3% isoflurane in
oxygen and injected with Carprofen (s.c. 5 mg/kg). Cannulae were implanted using standard
stereotaxic procedures and secured to the skull using dental acrylic and stainless steel bone
screws (Sinchak et al., 2007).

In Exp I, OVX Long-Evans rats received bilateral cannula (Plastics One Inc., Roanoke, VA)
aimed at one of the four locations within the ARH and VMH region (Fig. 1). The
implantation sites from ventromedial to dorsal lateral were directed at 1) the ARH
(approximate coordinates beginning at the bregma: anterior −1.56 mm, lateral 0.25 mm,
ventral −7.9 mm from the dura; tooth bar at −3.3 mm; OFQ/N, n = 5; saline, n = 4 (Paxinos
and Watson, 1986; Swanson, 2004); 2) ARH-VMH (approximate coordinates beginning at
the bregma: anterior −1.56 mm, lateral 0.5 mm, ventral −7.5 mm from the dura; tooth bar at
−3.3 mm; n = 4 per group); 3) VMH (approximate coordinates beginning at the bregma:
anterior −1.56 mm, lateral 0.75 mm, ventral −7.0 mm from the dura; tooth bar at −3.3 mm;
OFQ/N, n = 6; saline, n = 4); and 4) OUT-VMH (approximate coordinates beginning at the
bregma: anterior −1.56 mm, lateral 1 mm, ventral −7 mm from the dura; tooth bar at −3.3
mm; OFQ/N, n = 5; saline, n = 8).
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In Exp II, OVX Long-Evans rats were implanted with a 21-gauge stainless-steel guide
cannula (Plastics One Inc.) directed at the 3V (Figure 1; coordinates from bregma: 4° angle;
posterior 2.5 mm, lateral −0.5 mm, ventral −7.3 mm from the dura; tooth bar at −3.3 mm).

Following guide cannula surgery, rats were single housed and given oral antibiotics via
drinking water (0.5 mg/ml of sulfamethoxazole and 0.1 mg/ml of trimethoprim; Hi-Tech
Pharmacal, Amityvill, NY; Sinchak et al., 2007). Rats were allowed to recover for 1 week
after surgery, prior to infusions and behavioral testing.

Steroid and Drug Treatments—All steroids were dissolved in safflower oil. Each
steroid dose was delivered subcutaneously in 0.1 ml of oil. Drugs that were infused site
specifically or 3V were dissolved in sterile 0.9% saline. Guide cannula drug infusions were
performed using a Stoelting microliter syringe pump with a 25 μl Hamilton syringe infusing
at the rate of 0.5 μl/minute. The microinjection needles protruded approximately 2 mm
beyond the opening of the guide cannula and were left in the guide cannula 1 minute after
infusion to allow diffusion of drug from site of infusion (Sinchak et al., 1997).

In Exp I, rats were “cycled” with 2 μg EB once every four days. This treatment primes
facilitative neurocircuits but does not produce sexual receptivity without subsequent
progesterone (Sinchak and Micevych, 2001). On the third EB cycle after cannula surgery,
rats were bilaterally infused with either OFQ/N (25 nmol/side) or sterile 0.9% saline (saline)
29.5 hr after EB (Sinchak et al., 1997). Animals were returned to the home cage and then 30
minutes after infusion animals were placed into the behavioral arena and tested for sexual
receptivity. On the following EB cycle animals received the same drug treatments 29.5 hr
after EB and 30 minutes later were transcardially perfused with chilled saline followed by
4% paraformaldehyde in Sorenson’s buffer.

In Exp IIA and IIB, steroid priming of the rats was “cycled” once every 4 days as in Exp I.
In Exp IIA, OVX rats (n = 7 per group) were treated with 2 μg EB and 26 hr later oil vehicle
(2 μg EB). After the third steroid cycle, each animal received 2 sequential 3V drug infusions
starting 29 hours 20 minutes after EB treatment. The first was either UFP-101 (50 nmol), an
ORL-1 antagonist, or saline. The second drug infusion was given 10 minutes after the first
and consisted of either OFQ/N (50 nmol) or saline. In Exp IIB, OVX rats (n = 5 per group)
were primed with 2 μg EB and 26 hr later with 500 μg of progesterone (EB + P) to induce
maximal sexual receptivity. After the third steroid cycle, each animal received 2 sequential
3V drug infusions starting 29 hours 20 minutes after EB treatment. The first drug infusion
was either UFP-101 (50 nmol) or saline. The second drug infusion was saline given 10
minutes after the first. In Exp IIC, OVX rats were made sexually receptive by treating with 5
μg EB (EB-only) once a week. After the third steroid cycle, each animal received 2
sequential 3V drug infusions beginning 47 hours 20 minutes after EB. The first infusion was
either UFP-101 (50 nmol; n = 6) or saline vehicle (n = 9) and 10 minutes later all received
saline infusions. All animals in Exp IIA-C were tested for sexual receptivity 30 minutes after
the second 3V infusion. On the next steroid cycle, all animals in Exp II received the same
hormone and drug treatment and 30 minutes after the second 3V infusion were deeply
anesthetized with isoflurane and transcardially perfused with chilled 0.9% saline followed
by 4% paraformaldehyde in Sorenson’s buffer in preparation for MOP
immunocytochemistry and confirmation of cannula placement.

Sexual receptivity behavioral tests—The female rats were tested for sexual receptive
behavior following drug infusions by placing a single female in a behavioral arena with a
stimulus male that was sexually experienced. Sexual receptivity was measured by lordosis
quotient (LQ) that was determined by dividing the number of times the female displayed
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lordosis by the number of vigorous mounts by the male rat (10) multiplied by 100 (Sinchak
et al., 1997).

Tissue collection and guide cannula placement confirmation—Following
perfusion brains were excised from the skull and postfixed overnight in 4%
paraformaldehyde and then transferred into 20% sucrose in a 0.1 M phosphate buffer
solution (pH 7.5) for cryoprotection and then stored at 4°C until sectioning (Sinchak and
Micevych, 2001). Brains were blocked and mounted on the cryostat stage and rapidly frozen
by covering in crushed dry ice. Brains were scored with a razor blade on the left cortex to
match the cannula placement with MPN MOP immunoreactivity. Tissue was coronally
sectioned at 20 μm thickness on a cryostat and collected into wells containing phosphate
buffered saline (PBS; pH 7.5). Sections were collected from the level of the anteroventral
periventricular nucleus through the mammilary bodies.

To confirm the placement of the guide cannulae after the experiments, every fourth brain
section was mounted onto a Superfrost Plus slide, air dried on a 37° C slide warmer, stained
with thionin, dehydrated in an alcohol series followed by xylene, and coverslipped with
Permount mounting medium (Sinchak et al., 2006b). The injection sites were verified in
both experiments using a bright-field microscope to visualize the thionin staining (Figure 1;
Sinchak and Micevych, 2001).

MOP immunohistochemistry—To determine the effect of 3V OFQ/N infusions on
MPN MOP activation/internalization, MOP were visualized using immunohistochemical
techniques on free-floating sections collected through the MPN as described previously
(Dewing et al., 2007; Eckersell et al., 1998; Mills et al., 2004; Sinchak and Micevych,
2001). Fluorescein (FITC) staining of MOP antibody signal was amplified using a Tyramide
Signal Amplification kit (TSA kit; Perkin Elmer/Life Science Products, Boston, MA).
Sections were washed in PBS, removed of endogenous peroxidases and incubated for 2 days
at 4°C in MOP primary antibody raised in rabbit (1:5000; Neuromics Antibodies Edina,
MN; Dewing et al., 2007; Mills et al., 2004). Sections were washed in Tris-buffered saline
(TBS; pH 7.5) and incubated in blocking buffer from the TSA kit. Sections were washed in
TBS and incubated with biotin-conjugated goat anti-rabbit IgG (1:200 Vector Laboratories,
Burlingame, CA) in TBS, 1% normal goat serum, and 0.17% Triton X-100 for 60 minutes.
Following a wash in TBS, sections were incubated in TSA blocking buffer and 1:100
dilution of streptavidin-horseradish peroxidase (Perkin Elmer/Life Sciences Inc., Boston,
MA). TBS washed sections were then incubated in Amplification Diluent and FITC
conjugated tyramide (1:50) for 4 minutes. The reaction was stopped and excess reagent
removed by washing sections in TBS. Sections were then placed in 0.1 M Tris buffer (pH
7.5) and mounted on Fisher Scientific Superfrost Plus slides. Slide mounted sections were
dried on a 37°C slide warmer for 15 minutes and immediately coverslipped using Aqua-
Poly/Mount anti-fade mounting medium (Polysciences, Inc., Warrington, PA).

MOP image analysis—Relative internalization (activation) of the MPN MOP was
estimated in the dorsal region of the MPN by measuring the area of positive MOP
immunofluorescence staining in epifluorescent photomicrographs (Dewing et al., 2007).
Photographs were captured in grayscale with a Leica DFC360 monochrome fluorescence
camera mounted on a 6000B Leica Microscope with Leica software. FITC label was
detected using BP 485/20 excitation filter and BP 537/45 suppression filter. Brightness and
contrast were adjusted for in Adobe PhotoShop (version 7.0; Adobe Systems Inc., San Jose,
CA) and then imported into ImageJ software (version 1.32j; National Institutes of Health,
Bethesda, MD).
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In ImageJ, the “pixel inverter” function was selected and calibrated. To measure the area of
MOP immunofluorescence staining within each photomicrograph, a 60 μm diameter circle
was positioned on the dorsal MPN and positive MOP immunofluorescence staining
measured. Within the same section an area of background staining was measured. The
intensity level of MOP immunofluorescence staining was calculated in arbitrary units (AU)
by subtracting the background staining from the positive MPN MOP immunoreactive
staining. MOP activation/internalization appears as distinct cytoplasmic MOP
immunoreactive puncta of the neuron and processes (Eckersell et al., 1998; Mills et al.,
2004; Sinchak and Micevych, 2001). The level of internalized/activated MOP
immunostaining has been positively associated with increased MPN MOP immunoreactivity
fiber density (Dewing et al., 2007; Dewing et al., 2008; Eckersell et al., 1998; Mills et al.,
2004; Sinchak and Micevych, 2001).

In Exp I, the effects of drug treatment on intensity levels of MOP immunofluorescence
staining in the animals with different cannula placements was compared between the side
with a more ventral medial cannula site versus the more dorsal lateral site by t-test, where P
< 0.05 was considered significant (SigmaStat 3.5; Systat Software Inc.). Although MOP
intensity did not differ between the sides, only the more ventral medial site side was used in
the MOP analysis. The main effects and interactions of drug treatments and infusion site on
LQ and MPN MOP intensity were analyzed by two-way ANOVA, followed by Holm-Sidak
post-hoc analysis with a significance threshold of P < 0.05 (SigmaStat 3.5, Systat Software
Inc.).

In Exp IIA, main effects of drug treatments on LQ and MPN MOP immunofluorescence
staining intensity levels were analyzed by one-way ANOVA and Holm-Sidak post hoc with
a significance threshold of P < 0.05 (SigmaStat 3.5, Systat Software Inc.). In Exp IIB and
IIC LQ and MPN MOP intensities were analyzed by Student’s t-test (Sinchak and
Micevych, 2001).

RESULTS
Experiment I

To test the hypothesis that OFQ/N acts in both the ARH and VMH to facilitate lordosis
bilateral guide cannulae were aimed at 1) ARH; 2) ARH-VMH; 3) VMH; and 4) OUT-
VMH (outside both the ARH and VMH) and OFQ/N or saline was infused into estradiol-
primed nonreceptive animals, as illustrated in Figure 1. There were main effects of site of
infusion (ANOVA, df = 3,39; F = 3.716, P = 0.021), drug treatment (ANOVA, df = 1,39; F
= 31.744, P < 0.001) and an interaction (ANOVA, df = 3,39; F = 3.219, P = 0.036) on sexual
receptivity (LQ). OFQ/N infusions into either ARH, ARH-VMH or VMH regions increased
LQ compared to saline controls within infusion site (Holm-Sidak P < 0.05; Figure 2A). In
contrast, OFQ/N infusions into the OUT-VMH region did not facilitate sexual receptivity
compared to saline controls (Holm-Sidak P > 0.05; Figure 2A). The LQ did not differ among
rats that received infusions of OFQ/N into the ARH, ARH-VMH and VMH regions (Holm-
Sidak P > 0.05; Figure 2A), but were all greater than VMH-OUT (Holm-Sidak P < 0.05;
Figure 3A). LQ in saline infused animals did not differ among the four brain regions (Holm-
Sidak P > 0.05; Figure 2A). Similar to the behavior, there was a main effect of site of
infusion (ANOVA df = 3,39; F = 7.996; P < 0.001), drug treatment (ANOVA df = 1,39; F =
25.998; P < 0.05) and an interaction (ANOVA df = 3,39; F = 3.161; P = 0.038) on the MPN
MOP immunofluorescence staining intensity levels. OFQ/N infusions reduced MPN MOP
immunofluorescence staining intensity levels in the ARH, ARH-VMH, and VMH compared
to within group saline controls (Holm-Sidak P < 0.01; Figure 2B & C) but not in the OUT-
VMH group (Holm-Sidak P > 0.05; Figure 3B). MOP immunofluorescence staining
intensity levels did not differ among the ARH, ARH-VMH, and VMH sites (Holm-Sidak P
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> 0.05; Figure 2B & C), but all were significantly reduced compared to VMH-OUT (Holm-
Sidak P < 0.05; Figure 2B & C). Infusion of OFQ/N into OUT-VMH neither increased LQ
nor altered MPN MOP immunofluorescence staining intensity levels compared to saline
treated control animals (Holm-Sidak P > 0.05; Figure 2B & C). Regardless of infusion
region, OFQ/N infusions that facilitated lordosis was correlated with a reduction in MPN
MOP activation (Pearson’s Correlation n = 40, cc = −0.595; P < 0.001).

Experiment II
In general, an increase in LQ was correlated with decreased MPN MOP activation/
internalization as measured by MOP immunofluorescence staining intensity levels. In Exp
IIA, OFQ/N significantly increased LQ in EB + oil primed rats compared to saline controls
(Figure 3A; ANOVA df = 2,20; F = 56.966, P = 0.002: Tukey Test, P < 0.001). OFQ/N
infusions that increased LQ in EB-primed rats significantly decreased MPN MOP staining
intensity compared to the saline infused EB-primed nonreceptive females (Figure 3B;
ANOVA df = 2,20; F = 29.958, P < 0.001; Holm-Sidak: P < 0.05). Pretreatment with the
ORL-1 selective antagonist, UFP-101, blocked OFQ/N facilitation of lordosis and blocked
OFQ/N reduction of MPN MOP activation compared to saline-OFQ/N (Holm-Sidak: P <
0.05) indicating that OFQ/N facilitation is acting through ORL-1 to inhibit ARH β-END
release in the MPN. The increased LQ was correlated with a decrease in MPN MOP
intensity (Pearson’s Correlation n=21, cc = -0.898; P < 0.001).

In Exp IIB, EB + P primed animals that received saline infusions displayed maximal sexual
receptivity and low levels of MPN MOP immunofluorescence staining intensity levels.
Antagonism of ORL-1 with UFP-101 3V infusions neither reduced sexual receptivity (t -
test, t = 0.478, df = 8, P = 0.654; Figure 3A) nor increased MPN MOP immunofluorescence
staining intensity levels in comparison to control (t - test, t = 0.369, df = 8, P = 0.972; Figure
3B).

In contrast, in Exp IIC, where females were made sexually receptive with EB-only,
antagonism of ORL-1 significantly decreased LQ (t-test, df = 13, t = 7.348, P < 0.001) and
increased MPN MOP immunofluorescence staining intensity levels (t-test, df = 14, t =
7.372, P < 0.001) compared to saline infused EB-only controls (Figure 3B). The increased
LQ was correlated to the decrease in MPN MOP intensity (Pearson’s Correlation n = 15, cc
= −0.872; P < 0.001).

DISCUSSION
The ARH and VMH are important nuclei in the steroid regulation of sexual receptivity
(Dewing et al., 2007; Dewing et al., 2008; Eckersell et al., 1998; Mills et al., 2004; Pfaff and
Sakuma, 1979a, b; Sinchak and Micevych, 2001). Previous studies indicated that OFQ/N
may act in both nuclei to facilitate lordosis (Sinchak et al., 2006a; Sinchak et al., 1997).
These experiments were designed to determine the roles of the opioid-peptide OFQ/N in the
ARH and the VMH to facilitate lordosis and what role its receptor, ORL-1, plays in the
estradiol-only and estradiol + progesterone facilitation of lordosis. The results from Exp I
demonstrate that in the region of the VMH/ARH, OFQ/N infusions that facilitate lordosis
reduced the activity of the ARH-MPN β-END pathway as measured by MPN MOP
immunoreactive staining intensity. These data support the idea that OFQ/N may act directly
on β-END-MPN projecting neurons (Mills et al., 2004) or indirectly regulate ARH-MPN
projections through VMH-ARH microcircuits that regulate POMC neuronal output
(Sternson et al., 2005). Although it is likely that OFQ/N is acting directly through ORL-1 on
the descending motor pathway from the VMH because muscle tone was reduced, the exact
level of involvement remains unclear since the deactivation of MPN MOP occurred
whenever lordosis was facilitated. Results from Exp II indicate that in the VMH/ARH
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region ORL-1 activation is necessary for estradiol-only facilitation of lordosis, but not for
estradiol + progesterone facilitation of lordosis. Based on these results, estradiol-only and
estradiol + progesterone signal through different neurotransmitter systems that converge on
the ARH-MPN β-END neurocircuits to reduce MPN MOP activity for facilitation of
lordosis.

We wanted to determine the relative importance of OFQ/N-ORL-1 opioid peptide system in
the facilitation of lordosis in the ARH and the VMH. Since preliminary studies showed that
OFQ/N infusions into the VMH/ARH deactivated MPN MOP (Sinchak et al., 2006a), in
Exp I we hypothesized that OFQ/N facilitation of lordosis was due to a combination of 1)
deactivating MPN MOP neurons through OFQ/N inhibition of ascending ARH β-END
neurons either directly (Mills et al., 2004; Sanathara et al., 2009) and/or indirectly via VMH-
ARH microcircuits (Sternson et al., 2005) and 2) the simultaneous activation of descending
lordosis motor output pathways originating in the VMH (Calizo and Flanagan-Cato, 2002,
2003; Pfeifle et al., 1980; Sinchak et al., 1997). Thus, expectations were that facilitation of
lordosis would be greatest and MPN MOP activation lowest when OFQ/N acted in ARH and
VMH simultaneously. Additionally, as the infusion sites moved dorsolaterally away from
the ARH, the expectations were that the VMH descending motor pathway would be mainly
activated, and the deactivation of MPN MOP would be reduced producing moderate levels
of sexual receptivity. As expected, OFQ/N infusion into the ARH and the ARH-VMH
region facilitated lordosis and decreased MPN MOP activation. However, OFQ/N infusions
that were aimed at the dorsolateral region of the VMH, facilitated lordosis and deactivated
MPN MOP to the same degree as infusions into the ARH, and ARH-VMH. OFQ/N
infusions in OUT-VMH neither induced lordosis nor decreased MPN MOP activation
indicating that OFQ/N did not diffuse into the ARH or VMH regions. These results indicate
that OFQ/N facilitation of lordosis requires the deactivation of MPN MOP via ARH β-END
neurons that project to the MPN and support the idea that OFQ/N infusions can act in the
ARH directly and/or through VMH-ARH microcircuits to inhibit β-END release in the MPN
(Mills et al., 2004; Sanathara et al., 2009; Sternson et al., 2005). The infusions of OFQ/N
aimed at the lateral side of the VMH (VMH) were not expected to diffuse into the ARH and
directly inhibit β-END release (Myers, 1966) and therefore be a measure of OFQ/N actions
mainly in the VMH. If little or no diffusion of OFQ/N into the ARH occurred that would
indicate that mechanism(s) exist for OFQ/N released in the VMH to inhibit ARH β-END
neurons. One possible mechanism is β-END neurons may have dendritic projections
extending dorsolateral beyond the boundaries of the ARH into portions of the central VMH
(VMHc) and ventrolateral VMH (VMHvl) that may be regulated by steroid exposure
(Millhouse, 1973a, b; van den Pol and Cassidy, 1982). This possibility is supported by
estradiol priming increasing the area of ORL-1 immunoreactivity in the VMH (Sinchak et
al., 2007) and the ability of steroid priming to rapidly alter dendritic length in the VMH
(Flanagan-Cato et al., 2006; Griffin et al., 2010; Griffin and Flanagan-Cato, 2008, 2009,
2011). The second viable mechanism for OFQ/N acting in the VMH to regulate ARH
POMC neurons is through VMH-ARH microcircuits (Sternson et al., 2005). Using laser
scanning photostimulation, Sternson et. al., (2005) demonstrated that the VMH has direct
excitatory inputs onto ARH POMC neurons and Neuropeptide Y neurons as well as other
excitatory inputs onto unknown ARH neurons. Since activation of ORL-1 induces inhibitory
K+ currents, OFQ/N in the VMH may reduce β-END release by inhibiting these VMH-ARH
excitatory inputs to POMC neurons. Fasting alters the strength of these microcircuits,
therefore it is possible that neurotransmission within these microcircuits may be also
regulated by steroid levels across the estrous cycle (Sternson et al., 2005). These data
support the possibility of an indirect OFQ/N responsive multisynaptic pathway originating
in the VMH that ultimately converges on and regulates ARH β-END neurons that project to
the MPN.
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Although MPN MOP activity must be reduced for facilitation of lordosis in estradiol +
progesterone primed female rats (Sinchak and Micevych, 2001), we were somewhat
surprised by the complete inverse correlation of MPN MOP activity and sexual receptivity.
We expected to dissect out some of the actions of OFQ/N on the motor output pathways
from the VMH. The OFQ/N infusions into the ARH, ARH-VMH and VMH most likely
stimulated ORL-1 located in the VMHvl; a region associated with lordosis facilitative
descending circuits to the PAG (Calizo and Flanagan-Cato, 2002, 2003; Cottingham et al.,
1987; Pfeifle et al., 1980; Sinchak et al., 1997), since some muscle tone was lost as seen
previously (Sinchak et al., 2007; Sinchak et al., 1997). The OFQ/N infusions into the OUT-
VMH region did not diffuse into the delineated boundaries of the ARH (Paxinos and
Watson, 1986; Swanson, 2004) or regions that may contain potential ORL-1 pathways that
regulate the ARH, since MPN MOP activation was not affected. If the area of OFQ/N
diffusion was larger than expected OFQ/N would have diffused into regions of the VMH
that contain ARH projections and/or into the VMHvl and acted on motor output pathways.
The results from Exp I indicate that OFQ/N may facilitate lordosis through inhibition of
ARH MPN projecting β-END neurons directly via ORL-1 and indirectly by inhibition of
VMH excitatory inputs to ARH POMC neurons. This deactivation of MPN MOP appears to
be important for OFQ/N to act on descending lordosis motor output pathways of the VMH
to facilitate lordosis, since activation of MPN MOP can rapidly and completely inhibit
lordosis in estradiol + progesterone treated rats (Sinchak and Micevych, 2001).

To investigate whether steroid priming signals through the OFQ/N-ORL-1 system to
mediate sexual receptivity, the selective ORL-1 antagonist UFP-101 was used to inhibit
sexual receptivity. First, we demonstrated that 3V infusions of OFQ/N facilitated lordosis
and reduced MPN MOP activation in estradiol-primed females indicating OFQ/N is acting
through similar pathways as observed in Exp I. Pretreatment with UFP-101 blocked OFQ/N
facilitation of lordosis and blocked OFQ/N deactivation of MPN MOP. These results
demonstrate that exogenous OFQ/N acts through ORL-1 to inhibit release of β-END in the
MPN and facilitate lordosis.

Since OFQ/N facilitates lordosis in estradiol-primed nonreceptive rats in a similar manner to
steroid priming by deactivation of MPN MOP, we hypothesized that activation of the OFQ/
N-ORL-1 system is required for steroid facilitation of lordosis. UFP-101 3V infusions were
expected to block estradiol-only and estradiol + progesterone facilitation of lordosis and
prevent deactivation of MPN MOP as seen with the OFQ/N infusions. In OVX rats that
were made sexually receptive by treating with 5 μg EB and testing 48 hr later, 3V infusions
of UFP-101 inhibited sexual receptivity and blocked the deactivation of MPN MOP, as
expected. Previously, we showed that immunoneutralization of OFQ/N in the VMH/ARH
region was capable of blocking estradiol-only facilitation of lordosis (Sinchak et al., 2007).
However, MPN MOP activity was not measured in that study, and OFQ/N was thought to be
acting on VMH descending motor output pathways. The present results indicate that
estradiol-only facilitation of lordosis requires the release of OFQ/N and activation of ORL-1
in the ARH/VMH region to inhibit the release of β-END in the MPN to facilitate lordosis.

In contrast, UFP-101 3V infusions in estradiol + progesterone primed animals neither
reduced sexual receptivity nor blocked progesterone deactivation of MPN MOP. Likewise,
immunoneutralization of OFQ/N in the VMH/ARH region did not block progesterone
facilitation of lordosis either (Sinchak et al., 2007). These results suggest the possibility that
estradiol + progesterone induces the release of another neurotransmitter that acts like OFQ/
N to inhibit directly the activity of the ARH β-END neurons that project to the MPN to
facilitate lordosis. One such mechanism may be through the release of γ-aminobutyric acid
(GABA) that primarily serves to inhibit neuronal activity. Like OFQ/N, GABA induces
inhibitory K+ currents in ARH POMC neurons that are modulated by estradiol (Nguyen and
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Wagner, 2006). Further, 3V bicuculline treatments that block GABAA receptors inhibited
lordosis (Luine et al., 1999), and progesterone increases GABA turnover in the VMH region
indicating progesterone may enhance GABA activity (Luine et al., 1997; McCarthy et al.,
1990). The estradiol-only and estradiol + progesterone facilitation of sexual receptivity
using different neurotransmitter systems may reflect multiple reproductive mechanisms that
are present but used at different reproductive stages in the rat to coordinate behavior with the
luteinizing hormone surge and ovulation. The young intact rat is a spontaneous ovulator, and
her neural circuits are exposed to sequential estradiol and progesterone. The estradiol +
progesterone induced release of another neurotransmitter may be part of a mechanism that
initiates the termination of sexual receptivity after spontaneous ovulation to prevent her
from seeking copulation after the window of opportunity that would result in pregnancy
(Georgescu et al., 2009; Pfaus et al., 1999). Thus, progesterone released from the ovary
signals ovulation, augments sexual receptivity and initiates termination of sexual receptivity
through release of a specific neurotransmitter(s). Also present in the young female are
behavioral circuits that respond to prolonged high doses of estradiol that induce a later onset
and longer window of sexual receptivity compared to estradiol + progesterone (reviewed in
Clemens and Weaver, 1985). In the intact rat, sexual receptivity induced by prolonged, high
circulating levels of estradiol is associated with the onset of menopause (Lu et al., 1979). At
this reproductive stage the female rat appears to be a reflex ovulator and responds to male
sexual stimulation with a luteinizing hormone surge and ovulation (Day et al., 1988), and it
is to her advantage to delay ovulation and prolong sexual receptivity until she finds a
suitable mate. These actions of estradiol on behavior during these reproductive stages appear
to coordinate the induction of the luteinizing hormone surge and ovulation through
regulating neuroprogesterone synthesis (Micevych et al., 2008).

However, the priming and activational effects that steroid hormones have on the OFQ/N-
ORL-1 system in the VMH/ARH may also account for the observation that neither UFP-101
antagonism of ORL-1 nor OFQ/N immunoneutralization blocked progesterone facilitation of
lordosis and deactivation of MPN MOP. Estradiol upregulates the mRNA expression of
OFQ/N and ORL-1, as well as increases the functional coupling of ORL-1 to its G-protein,
in regions of the hypothalamus that control lordosis (Quesada and Micevych, 2008; Sinchak
et al., 2006b). Further, estradiol also increases the number of neurons that express OFQ/N in
the ARH as well as its colocalization with progesterone receptors in ARH neurons
suggesting that progesterone may induce the release of the increased stores of OFQ/N
(Haase et al., 2008). In addition, estradiol increases the ORL-1 mRNA expression in POMC
neurons that project to the MPN (Sanathara et al., 2009). Thus, following estradiol priming,
ORL-1 are more abundant and more efficient in the VMH/ARH region. Subsequently,
progesterone may augment OFQ/N release in the VMH/ARH region that may increase the
area and amount of OFQ/N in the region. This suggests that UFP-101 administration and
OFQ/N immunoneutralization may not have been able to block the activation of ORL-1
because of increased ORL-1 expression and efficiency as well as OFQ/N release throughout
the VMH/ARH region (Sinchak et al., 2007). The results from Exp I indicate that the area of
OFQ/N influence includes the ARH and VMH to facilitate lordosis but still signals through
the ARH, since VMH OFQ/N infusions were as effective as ARH infusions in facilitating
lordosis and deactivating MPN MOP.

Ovarian steroids induce rapid dendritic remodeling of the processes that extend dorsolateral
into areas that surround the ARH as seen in the ARH/VMH region (reviewed in Garcia-
Segura et al., 1986; Griffin and Flanagan-Cato, 2011; Perez et al., 1993; Rethelyi, 1985; van
den Pol and Cassidy, 1982). Thus, estradiol + progesterone may induce synaptic remodeling
of the VMH to ARH microcircuits to reduce excitatory inputs onto POMC neurons to
decrease MPN MOP activation and facilitate lordosis (Griffin and Flanagan-Cato, 2011;
Rethelyi, 1985; Sternson et al., 2005; van den Pol and Cassidy, 1982). This may cause the
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larger area of the VMH to be responsive to OFQ/N and reduce the effectiveness of 3V
UFP-101 infusions if they do not diffuse into these regions of the VMH. However, we do
not think that this is the case. We used a high dose of inhibitor compared to other studies
(Duzzioni et al., 2011; Goeldner et al., 2010), which was enough to inhibit lordosis and
block MPN MOP deactivation in the estradiol-only animals, and we observed similar effects
with OFQ/N immunoneutralization bilateral infusions into the VMH/ARH region (Sinchak
et al., 2007). Even with greater OFQ release and ORL-1 responsiveness in the VMH/ARH
region, we would expect some antagonism of ORL-1 to induce a moderate inhibition of
lordosis and partial attenuation of MPN MOP deactivation, but observed none. In addition,
the total lack of effect by UFP-101 and OFQ/N immunoneutralization on lordosis and MPN
MOP activation in the estradiol + progesterone primed animals compared to the estradiol-
only animals strongly suggests that estradiol + progesterone signals through a
neurotransmitter system other than ORL-1 that converges on the β-END ARH neurons that
project to the MPN to facilitate lordosis. In general these data also indicate that some actions
of hormones, neurotransmitters and neuropeptides that regulate other behavioral and
physiological functions that have been ascribed to the VMH may have to be reevaluated as
to their potential for acting through ARH pathways either directly or through VMH-ARH
circuits.

CONCLUSIONS
Estradiol-only and estradiol + progesterone priming initially inhibits lordosis by activating
ARH β-END neurons that project to MPN. Lordosis is then facilitated when MPN MOP are
deactivated by either extended exposure to estradiol or subsequent progesterone. OFQ/N
acts through ORL-1 in the ARH and/or VMH to facilitate lordosis in estradiol-primed
female rats by inhibiting ARH β-END neurons to deactivate MPN MOP. Estradiol-only
facilitation of lordosis requires endogenous OFQ/N activation of ORL-1 to deactivate MPN
MOP. In contrast, estradiol + progesterone appears not to require ORL-1 activation to
facilitate lordosis and deactivate MPN MOP. Although both steroid treatments facilitate
lordosis by inhibition of ARH β-END neurons to deactivate MPN MOP, it appears that
different neurotransmitter systems are used to directly inhibit ARH neurons.
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Highlights

• lordosis requires deactivation of medial preoptic nucleus μ-opioid receptors
(MOP)

• Estradiol-only (E) acts through orphanin FQ activation of ORL-1 to deactivate
MOP

• Estradiol + progesterone (E + P) MOP deactivation does not require orphanin
FQ

• E and E + P signaling converges on arcuate nucleus β-endorphin neurons

• E and E + P use different neurotransmitters to inhibit MOP and facilitate
lordosis
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FIGURE 1.
Photomicrographs of representative ARH-VMH and 3V guide cannulae placements in
thionin stained sections for Exp I and II. A) Site specific infusions of OFQ/N or saline into
the ARH and VMH region. Adult female ovariectomized (OVX) rats were implanted with
bilateral guide cannulae to determine whether OFQ/N facilitation of lordosis was through
activating both the ARH and VMH behavioral circuits. Four groups of female rats were
implanted with bilateral guide cannulae aimed at; 1) the ARH, 2) between the ARH and
VMH, 3) the VMH, or 4) dorsolateral to the VMH. Bilateral cannulae allowed for repeated
drug infusions into; 1) mainly the ARH; 2) a combination of the ARH and the VMH; 3)
mainly the VMH; and 4) outside of both the ARH and the VMH. B) Photomicrograph of a
representative 3V guide cannulae placement at the level of the ARH. Adult OVX rats were
cannulated in the in the 3V for infusions of drug or saline to examine the role of ORL-1
facilitation of lordosis. 3V = third ventricle; ARH = arcuate nucleus of the hypothalamus;
VMH = ventromedial nucleus of the hypothalamus; c = central; dm = dorsomedial; vl =
ventrolateral. Scale bar = 100 μm.
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FIGURE 2.
Effects of bilateral infusions of OFQ/N or saline into regions of the ARH and VMH on
sexual receptivity and MPN μ-opioid receptor (MOP) immunofluorescence staining
intensity levels in EB primed OVX rats. OVX rats were implanted with bilateral cannulae
aimed at either 1) the ARH, 2) the ARH-VMH, 3) the VMH, or 4) OUT-VMH (see Figure
1) and treated with 2 μg EB and 29.5 hr later infused bilaterally with either OFQ/N (25 nmol
dissolved in 0.5 μl of 0.9% saline/per side) or 0.9% saline. A) Sexual receptivity was
measured by lordosis quotient 30 minutes after the OFQ/N or saline infusion. B) On the next
steroid cycle animals were given the same steroid and drug infusions and MPN MOP
activation/internalization was measured by MOP immunofluorescence staining intensity
level in arbitrary units (AU). C) Photomicrographs representative of the MPN region
measured for FITC-labeled MOP immunofluorescence staining intensity level in EB primed
OVX rats that were infused with either OFQ/N or saline in the four different ARH-VMH
regions. * = significantly different than saline treatment group within brain region and
compared to OFQ/N treatment in OUT-VMH group (Holm-Sidak; P < 0.05).
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FIGURE 3.
Role of ORL-1 activation in OFQ/N, estradiol-only and estradiol + progesterone facilitation
of A) sexual receptivity and regulation of B) MPN MOP activation. Rats were steroid
primed with 2 μg EB and 26 hr later received either oil (2 μg EB) or 500 μg progesterone
(EB + P), and a third set of rats received 5 μg EB (5 μg EB). All rats received two sequential
3V infusions at the level of the ARH. The first was 40 minutes prior to behavioral testing
and the second 10 minutes later. The 2 μg EB group of animals first received either saline or
50 nmol UFP-101 and then either saline or 50 nmol OFQ/N. EB + P animals received first
either saline or 50 nmol UFP-101 and then saline. A) The 2 μg EB and EB + P groups were
tested for sexual receptivity as measured by lordosis quotient 30 hr after EB priming. The 5
μg EB animals were first infused with either saline or 50 nmol UFP-101 and then saline.
They were tested for sexual receptivity 48 hours after EB. B) Using the same steroid and
drug treatments on the next steroid priming cycle, brains were processed MOP
immunohistochemistry to measure MPN MOP activation by immunofluorescence staining
intensity level in arbitrary units (AU). * = significantly greater than other groups within
steroid treatment group, P < 0.05; # = significantly greater than saline-OFQ drug group
within steroid treatment, P < 0.05.
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