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The m-opioid receptor (MOR), a G-protein-coupled receptor, is
internalized after endogenous agonist binding. Although recep-
tor activation and internalization are separate events, internal-
ization is a good assay for activation because endogenous
opioid peptides all induce internalization. Estrogen treatment of
ovariectomized rats induces MOR internalization, providing a
neurochemical signature of estrogen activation of the medial
preoptic nucleus. MOR activation appears to be the mecha-
nism via which estrogen acts in the medial preoptic area to
prevent the display of female reproductive behavior during the
first 20–24 hr after estrogen treatment. Naltrexone, an alkaloid
universal opioid receptor antagonist, prevented MOR inter-
nalization, suggesting that estrogen induces the release of
endogenous opioid peptides that in turn activate the MOR.
Enkephalins and b-endorphin are nonselective endogenous
MOR ligands. The most selective endogenous MOR ligands
are the endomorphins. Infusions of selective MOR agonists,

H-Tyr-D-Ala-Gly-N-Met-Phe-glycinol-enkephalin (DAMGO) or
endomorphin-1, into the medial preoptic nucleus attenuated
lordosis, and their effects were blocked with the MOR antag-
onist H-D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP).
Infusion of endomorphin-1 internalized MOR. To determine
whether progestin also acts via the MOR system to facilitate
reproductive behavior, ovariectomized rats were primed with
17b-estradiol and progesterone. Progestin facilitation of lordo-
sis was correlated with a reduction of estrogen-induced MOR
internalization. Progestin reversed estrogen-induced MOR inter-
nalization, suggesting that progesterone blocked estrogen-
induced endogenous opioid release, relieving estrogen inhibition
and facilitating lordosis. These results indicate a central role of
MOR in the mediation of sex steroid activation of the CNS to
regulate female reproductive behavior.
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A fundamental question in neuroendocrinology is how hormonal
information is transduced by neural circuitry to regulate repro-
duction. Estrogens and progestins act via receptors within inter-
connected limbic system and hypothalamic circuits that modulate
the display of female sexual behavior (lordosis). Endogenous
opioid peptides are important intercellular messengers in these
circuits. Endogenous opioid peptides activate specific receptors
within the limbic–hypothalamic lordosis-regulating circuits to
mediate facilitatory and inhibitory effects of sex steroids.

m-Opioid receptors (MOR), typical G-protein-coupled recep-
tors with seven membrane passes, are translocated from the
plasma membrane to endosomes after endogenous opioid peptide
stimulation. This G-protein-coupled receptor internalization is a
signature of receptor activation in response to a stimulus (Allen
et al., 1997; Micevych et al., 1997; Trafton et al., 2000). Estrogen
induces MOR internalization in the medial preoptic nucleus
(MPN) and the posterodorsal medial amygdaloid nucleus (Eck-
ersell et al., 1998). Estrogen-induced MOR internalization is
dependent on ligand-receptor binding. Naltrexone, a universal
alkaloid opioid antagonist, prevented estrogen-induced MOR

internalization, suggesting that estrogen releases endogenous opi-
oid peptides that bind to MOR, stimulating internalization.
MOR, like most opioid receptors, has several endogenous ligands,
including b-endorphin, enkephalins, and recently characterized
MOR-selective endomorphins (Patterson et al., 1983; Smith et al.,
1983; Goldstein and Naidu, 1989; Zadina et al., 1997). Distribu-
tion studies suggest that endomorphin-1 (ENDO-1) is a likely
MOR ligand in the MPN (Martin-Schild et al., 1999; Pierce and
Wessendorf, 2000).

Although estrogen eventually induces lordosis, this effect is
delayed. Immediately after estrogen treatment, females are not
sexually receptive (Beach, 1948). This delay has been attributed
to estrogen-induced transcription and translation; however, lor-
dosis may be also prevented by inhibitory mechanisms activated
by estrogen. For example, estrogen decreases neuronal firing in
the medial preoptic area (Kow et al., 1994). Because MOR
agonists infused into the medial preoptic area inhibit lordosis
(Wiesner and Moss, 1984, 1986; Sirinathsinghji, 1986), estrogen-
induced internalization of MOR immunoreactivity (MORi) in
MPN circuits may be neurochemical correlates of estrogen-
induced inhibition of neuronal firing and lordosis.

Initially estrogen increases progestin receptor expression
through which progestins act to facilitate lordosis (Edwards et al.,
1968; MacLusky and McEwen, 1978, 1980; Parsons et al., 1980;
Romano et al., 1989; Hagihara et al., 1992; Simerly et al., 1996;
Shughrue et al., 1997). However, the downstream neurochemical
events induced by progestin to facilitate lordosis remain unchar-
acterized. Progestin facilitates lordosis in estrogen-primed non-
receptive females, suggesting that progestin interrupts estrogen-
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mediated inhibition of lordosis in the MPN. Because MOR
activation inhibits lordosis, progestin blockade of endogenous
MOR peptide release would relieve MOR inhibition and facilitate
lordosis.

In the present study, progestin induction of lordosis in nonre-
ceptive female rats treated with estrogen was correlated with
MORi internalization, as a measure of receptor activation. Sec-
ond, MOR agonists and antagonists were infused into the MPN
to study the role of MOR in the estrogen 1 progestin regulation
of lordosis. Finally, we correlated ENDO-1 inhibition of lordosis
and MORi internalization, demonstrating that MOR-selective
endogenous peptide activation in the MPN regulates lordosis.

Parts of this paper have been published previously (Sinchak et
al., 1999).

MATERIALS AND METHODS
Subjects. Male and ovariectomized (OVX) female (250 gm) Long–Evans
rats were purchased from Harlan Sprague Dawley (Indianapolis, IN).
Females were bilaterally OVX while anesthetized with halothane (2–3%
in equal parts oxygen and nitrous oxide) by the distributor. All rats were
housed two per cage in a partially reversed 12/12 hr light /dark cycle
(lights on at 12 midnight) and provided food and water ad libitum except
during behavioral testing. All of the procedures were approved by the
Chancellor’s Animal Research Committee at the University of Califor-
nia, Los Angeles.

Implantation surgery of guide cannulas. For the behavioral experiments,
2 weeks after OVX surgery, rats were implanted with bilateral guide
cannulas (24 ga) directed at the MPN (coordinates from bregma, ante-
rior, 20.1 mm; lateral, 60.8 mm; and ventral, 26.0 mm from dura; tooth
bar, 23.3 mm) using standard stereotaxic procedures while anesthetized
with halothane (2–3% in equal parts oxygen and nitrous oxide). The
cannulas were secured to the skull with dental cement and bone screws.
Stylets were placed in the guide cannulas that protruded ,0.5 mm
beyond the opening of the cannulas. Animals were allowed to recover 7 d
before behavioral testing.

Microinjection. For each experiment, drugs were dissolved in artificial
CSF (aCSF) vehicle (Babcock et al., 1988). In the behavioral experi-
ments, solutions were injected using an infusion pump (Harvard Instru-
ments) at a rate of 0.5 ml /min (total volume of 0.5 ml per side). The
microinjection needle protruded 2 mm past the opening of the cannulas
and remained in the cannulas ;1 min after injection to allow for
diffusion of drug or aCSF from the injector. After microinjection, stylets
were reinserted into the guide cannulas, and the animals were returned
to their home cage until the time of testing.

Steroid priming and behavioral test design. Steroids were dissolved in
safflower oil vehicle and injected subcutaneously in a total volume of 0.1
ml. In all experiments, OVX rats were primed with 2 mg of estradiol
benzoate (EB) every fourth day for three cycles. This paradigm was
chosen to mimic the natural-occurring pattern and level of estrogen in
the intact female rat (Micevych et al., 1994). In experiment I, the time
course of progestin facilitation of sexual receptivity in OVX rats primed
with 2 mg of EB was determined. Progesterone (500 mg) was adminis-
tered 8, 12, 16, 19, 26, 32, or 56 hr after EB, or oil vehicle was adminis-
tered 8 or 26 hr after EB; rats were tested for sexual receptivity 4 hr after
oil vehicle or progesterone treatment. Progesterone and oil vehicle in-
jections were given 1 hr before the dark phase of the cycle.

Based on the results from Eckersell et al. (1998) and experiment I,
experiment II determined whether progesterone treatment that facili-
tates sexual receptivity in EB-treated OVX rats decreases the activity of
MOR circuits in the MPN. OVX rats were treated once every 4 d with
2 mg of EB for three cycles. Twenty-six hours after the third EB
treatment, either 500 mg of progesterone or oil vehicle was injected, and
4 hr later animals were killed and prepared for immunocytochemistry.

Experiments III and IV tested whether site-specific activation of the
MOR system in the MPO inhibited sexual receptivity. Four days after
guide cannulas were implanted, each female received sequential injec-
tions of 2 mg of EB 3 hr before dark phase and 500 mg of progesterone
26 hr later. This treatment was repeated every fourth day. Behavioral
testing began 30 hr after injection of EB, 3 hr into the dark phase of the
light cycle. Female rats were tested for sexual receptivity during the
second steroid treatment cycle after cannulation surgery to confirm
responsiveness to steroids. On the third EB 1 progesterone treatment

cycle after implantation of cannulas in experiment III, females received
bilateral microinjections of 1, 5, or 25 nmol of ENDO-1 (dissolved in 0.5
ml of aCSF per side) or aCSF ;30 hr after EB. Each rat was tested for
sexual receptivity 10 and 60 min after microinjection. In experiment IV,
females received two sets of bilateral infusions. The first infusion was
either the MOR antagonist H-D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-
NH2 (CTOP; 25 nmol) or aCSF vehicle. Ten minutes later, the second
bilateral infusion contained either H-Tyr-D-Ala-Gly-N-Met-Phe-
glycinol-enkephalin (DAMGO; 0.2 nmol), ENDO-1 (25 nmol), or aCSF.
Animals were tested for lordosis 10 min after the second microinfusion.

To measure sexual receptivity, each female was placed in a Plexiglas
testing arena with a male (males were acclimatized to the arenas for 30
min before testing). The male was allowed to mount the female vigor-
ously 10 times. The number of times that the female displayed lordosis
(lifting of the head, arching of the back, and movement of the tail to one
side) when mounted by a male was recorded. For each female, a lordosis
quotient (LQ) was calculated (number of lordosis displays/number of
mounts 3 100) as a measure of sexual receptivity. In experiments I and
IV, LQ data were transformed using an arcsine square root transforma-
tion and analyzed by one-way ANOVA and Student–Newman–Keuls
post hoc (SNK). In experiment III, LQ data were transformed using an
arcsine square root transformation and analyzed by two-way ANOVA
and SNK post hoc analysis. In all cases p , 0.05 were considered
significant.

Confirmation of the placement of guide cannulas. At the end of the
behavioral series, animals were anesthetized with sodium pentobarbital
(50 mg/kg) and decapitated. Brains were removed, blocked, and quickly
frozen with powdered dry ice in OTC embedding media (Fisher Scien-
tific, Houston, TX). Brains were stored at 220°C and sectioned in a
cryostat (Zeiss Microm). Twenty-five micrometer sections were melted
onto Superfrost Plus slides (Fisher Scientific), stained with thionin,
dehydrated, and coverslipped with Permount mounting medium (Fisher
Scientific). Injection sites were verified under bright-field illumination.

MOR immunocytochemistry. In experiment II, 30 hr after the final EB
treatment and 4 hr after the final progesterone or oil vehicle treatment,
each animal was deeply anesthetized with sodium pentobarbital (50
mg/kg) and perfused transcardially with chilled physiological saline
followed by 4% paraformaldehyde in Sorensen’s buffer. Brains were
removed and post-fixed in paraformaldehyde overnight and cryopro-
tected in 15% sucrose-phosphate buffer. Twenty micrometer sections
through the MPN were obtained with a cryostat.

To determine whether ENDO-1 activates MOR (Experiment V),
ENDO-1 was microinfused into the lateral ventricle of EB-treated OVX
rats. Under halothane anesthesia and by the use of standard stereotaxic
procedures, a 25 ga cannula aimed just above the lateral ventricle
(coordinates from bregma, posterior, 1.0 mm; lateral, 1.4 mm; and ventral
from skull, 23.5 mm) was implanted and secured to the skull with bone
screws and dental acrylic. A stylet was inserted in the cannula. This stylet
was checked and cleaned daily to maintain patency of the cannula. The
rats were allowed to recover 1 week before infusion treatment. ENDO-1
(50 nmol) was infused into the lateral ventricle via a 30 ga injector that
protruded 2 mm beyond the opening of the cannula. The injector re-
mained in place for 1 min after completion of the infusion. Ten minutes
after the infusion, each animal was deeply anesthetized (50 mg/kg
sodium pentobarbital), perfused, and prepared for MOR immunocyto-
chemistry as described above.

MOR immunocytochemistry, modified from Eckersell et al. (1998),
used an affinity-purified antibody (MOR387–398; gift from C. Evans and B.
Anton, University of California, Los Angeles) raised in rabbits against a
synthetic fragment (LENLEAETAPLP) corresponding to the intracel-
lular C terminal of rat MOR. Free-floating tissue sections were washed in
PBS followed by incubation in 1% normal goat serum, 1% bovine serum
albumin, and 0.3% Triton X-100 in PBS for 30 min. Sections were then
incubated for 48 hr with the affinity-purified MOR antibody at 4°C.
Primary antibody dilutions were 1:5000 for fluorescence and 1:2000 for
3,39-diaminobenzidine tetrahydrochloride (DAB) in PBS with 1% nor-
mal goat serum, 1% bovine serum albumin, and 0.3% Triton X-100.
After 48 hr, sections were washed in 0.1 M Tris buffer, and alternate
sections were processed with an avidin–biotin-peroxidase complex and
either a fluorescent label for laser-scanning confocal microscopy or the
chromogen DAB for light microscopy.

Sections processed for fluorescence were incubated in blocking buffer
(Tyramide Signal Amplification kit; NEN Life Science Products, Boston,
MA) and then in biotin-conjugated goat anti-rabbit IgG (1:200; Vector
Laboratories, Burlingame, CA) for 1 hr. Tissue was then washed in
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Tris-buffered saline, incubated in streptavidin–horseradish peroxidase
(1:100; NEN Life Science Products) for 30 min, washed, and then
incubated for 5 min in Fluorescein-conjugated tyramide (1:50; Tyramide
Signal Amplification kit; NEN Life Science Products). Sections were
again washed in 0.1 M Tris buffer and mounted on Superfrost Plus slides
(Fisher Scientific). Mounted sections were air dried and coverslipped
using Vectashield mounting medium (Vector Laboratories).

Sections processed for bright-field microscopy were incubated with
biotinylated goat anti-rabbit IgG (1:200; 1 hr) followed by an avidin–
biotin complex coupled to horseradish peroxidase (1:50; 1 hr; Vectastain
Elite; Vector Laboratories) and visualized with the chromogen DAB
(Sigma, St. Louis, MO). Sections were mounted on Superfrost Plus
slides, processed through a series of graded alcohols and xylene, and
coverslipped with Permount mounting medium (Fisher Scientific). To
minimize variability, tissue from each treatment group was processed
together.

Analysis. A Zeiss LSM 410 laser-scanning confocal microscope system
(Zeiss, Thornwood, NY) was used to visualize the subcellular distribu-
tion of MORi. The excitation source was a krypton–argon laser (Coher-
ent, Santa Clara, CA) with output at 488, 568, and 633 nm. Fluorescein
was imaged with a 488 nm emission filter and a 515–540 nm bandpass
filter. Images were adjusted for brightness and contrast using the Zeiss
LSM-PC program before printing with an Epson 1200 color printer.
MORi was considered internalized when the majority of immunoreac-
tivity was observed in the vesicles within the cytoplasm of neuronal cell
bodies and processes (see Fig. 2). The density of labeled DAB MORi
somata and processes was positively correlated with the level of MORi
internalization visualized by confocal laser-scanning microscopy (Eck-
ersell et al., 1998). The density of MORi processes as a measure of
internalization was determined by superimposing a set of perpendicular
lines onto images of the MPN at four to six levels throughout the
rostrocaudal extent of the nucleus (see Fig. 3). All distinct, MORi
processes that intersected or touched the line were counted, and the
density was calculated by normalizing the number of processes to a 100
mm line length. The effects of steroid treatment in the MPN were
compared using one-way ANOVA with SNK post hoc comparisons
(Sigma Stat; Jandel Scientific, San Rafael, CA), and differences at the
p , 0.05 level were considered significant. The effects of ENDO-1
infusion were compared using the t test, and differences at the p , 0.05
level were considered significant.

RESULTS
Experiment I
As reported previously, OVX rats treated with oil vehicle were
uniformly sexually nonreceptive (LQ ; 0). Likewise, a 2 mg dose
of EB did not facilitate lordosis at the 12 or 30 hr time points after
treatment (Fig. 1). The rats primed with 2 mg of EB and given
progesterone 4 hr before testing were sexually receptive when
tested at 20 hr and maximally receptive at 23 hr after EB treat-
ment. Progesterone could not overcome the initial period of
nonreceptivity at 12 hr after EB. Estrogen priming was long-

lasting. Sexual receptivity could be induced by progesterone 4 hr
before testing up to 60 hr after EB priming (Fig. 1). In rats given
progesterone 26 hr after EB, sexual receptivity began to wane 28
hr after progesterone treatment. By 34 hr after progesterone
treatment, females were not receptive (Fig. 1).

Experiment II
Previously, we had reported that 50 mg of EB induced MOR
internalization for at least 24 hr (Eckersell et al., 1998). Now
using a repeated priming schedule of 2 mg of EB that mimicked
the level and timing of estrogen surge during the estrous cycle, we
demonstrate MOR internalization. It was also shown that the
time course of internalization extended to 30 hr after EB (Figs. 2,
3, 4). In addition to increasing the number of distinct MORi
processes in the MPN, EB treatment dramatically increased the
number of varicose MORi processes compared with oil vehicle-
treated, control females. This increase in varicose processes is
caused by a reduction in the plasma membrane because of mas-
sive internalization (Fig. 3) (Mantyh et al., 1995b; Allen et al.,
1997). Progesterone treatment did not alter the distribution of
MORi fibers throughout the medial preoptic area. However,
progesterone injected 26 hr after EB and 4 hr before rats were
killed (30 hr after EB) induced a pattern of cellular MORi
distribution similar to that seen in the oil vehicle-treated OVX
controls (Figs. 2, 3). With EB 1 progesterone treatment, the
majority of MORi was associated with the plasma membrane,

Figure 1. Time course of responsiveness of estrogen-treated females to
progesterone facilitation of sexual receptivity as measured by lordosis
quotient. Females were tested at various times after 2 mg of EB and 500
mg of progesterone or 4 hr after oil vehicle (2) treatment. Similar symbols
(1, *) signify equivalent groups within the EB 1 progesterone-treated
groups only (SNK p , 0.05). EB 1 oil vehicle and EB 1 progesterone
groups of females were not compared statistically.

Figure 2. Confocal projections of MOR immunoreactivity in the MPN
of ovariectomized rats that were treated with 2 mg of estradiol benzoate
followed by either oil vehicle (EB) or 500 mg of progesterone (EB 1 P) 26
hr later and were killed 30 hr after the initial treatment (Experiment II)
or received a microinfusion of either ENDO-1 (50 nmol) or aCSF into
the lateral ventricle (Experiment V). The resulting images illustrate that
both EB- and ENDO-1-treated animals had an internalized pattern of
MOR immunoreactivity (arrows). In EB 1 P- and aCSF-treated rats, MOR
immunoreactivity was associated with the plasma membrane (arrowheads),
indicating that these receptors were not activated. Scale bar, 10 mm.
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indicating that progesterone reversed EB-induced MOR internal-
ization (Figs. 2, 3). Progesterone treatment significantly reduced
the EB-induced MORi fiber density from 20.6 6 1.2 to 14.9 6 0.5
MORi fibers/100 mm (Figs. 3, 4). Fiber density in the EB 1
progesterone-treated females was not significantly different from
oil vehicle-treated control females (14.0 6 0.7 MORi fibers/100
mm; ANOVA, p 5 0.0007; df 5 2, 11; F 5 7.39).

Experiments III and IV
ENDO-1 inhibited lordosis in EB 1 progesterone-treated fe-
males in a dose-related manner compared with the aCSF control
(Fig. 5; two-way ANOVA, p 5 0.001; F 5 6.15; df 5 3, 69).
ENDO-1 at 1 nmol did not inhibit sexual receptivity, whereas 5
and 25 nmol doses significantly reduced LQ 10 min after treat-
ment (SNK, p , 0.05). ENDO-1 inhibition of lordosis was
undetectable after 1 hr (SNK, p . 0.05). Bilateral infusion of
DAMGO (0.2 nmol) aimed at the MPN inhibited lordosis com-
pared with aCSF control animals (Fig. 6; SNK, p , 0.05; one-way
ANOVA, p , 0.0001; F 5 67.9; df 5 2, 28). Infusion of the MOR
antagonist, CTOP, before either ENDO-1 or DAMGO blocked
the inhibitory effects on lordosis (Figs. 6, 7; SNK, p , 0.05). No
gross motor deficits were noted with the doses of ENDO-1 used.

Low-dose DAMGO females exhibited typical hopping and dart-
ing, but mounts by the male did not elicit lordosis (Fig. 6).
However, a higher dose (2.4 nmol) of DAMGO produced a
reduction of exploratory behavior and proceptive behavior (hop-
ping and darting) in estrogen 1 progesterone-primed sexually
receptive females. Animals with DAMGO-induced locomotor
deficits were not receptive.

Experiment V
ENDO-1 has been suggested to be the endogenous MOR-
selective agonist (Zadina et al., 1997). To test whether ENDO-1
would induce MOR internalization, ENDO-1 was infused into
the lateral ventricle. Ten minutes after infusion of ENDO-1, at
the time ENDO-1 inhibited lordosis, the majority of MORi was
observed in varicose processes. Confocal examination revealed
that the majority of MORi was not associated with the plasma
membrane (Fig. 2). This pattern of MORi has been correlated
with receptor internalization. In contrast, after intracerebroven-
tricular infusion of aCSF, MORi was observed in larger diameter
processes associated with the plasma membrane, indicating a lack
of MOR internalization (Fig. 2). Quantification of MORi fiber

Figure 3. Bright-field photomicrographs of 3,39-diaminobenzidine tetrahydrochloride-stained MOR immunoreactivity localization in the medial MPN
dorsal to the central MPN in the region quantified in ovariectomized rats treated with 2 mg of estradiol benzoate and either oil vehicle (EB) or 500 mg
of progesterone (EB 1 P) 26 hr later or oil vehicle initially and oil vehicle 26 hr later (CONTROL) and killed 30 hr after the initial injection. CONTROL
rats had a lower density of distinct MOR-immunoreactive processes compared with EB-treated rats. Although the density of distinct processes was low
in the CONTROL rats, distinct processes suggested that a basal, estrogen-independent internalization of MOR occurs. The EB 1 P-treated rats exhibited
a reversal of the estrogen-induced increase in MOR-immunoreactive fiber density to CONTROL levels. Distinct varicose MOR-immunoreactive fibers
(arrowheads) were increased in EB-treated rats compared with the levels in the CONTROL and EB 1 P groups that had MOR immunoreactivity that
was mainly diffuse (arrows).

Figure 4. Effects of estrogen and progesterone treatment on the density
of m-opioid receptor-immunoreactive (MORi) fibers stained with 3,39-
diaminobenzidine tetrahydrochloride in the MPN. Ovariectomized rats
were treated with 2 mg of estradiol benzoate and either oil vehicle (EB) or
500 mg of progesterone (EB 1 P) 26 hr later or oil vehicle initially and 26
hr later oil vehicle (CONTROL) again. Animals were killed 4 hr after the
final injection and processed for MOR immunocytochemistry (*, signifi-
cantly greater MOR-immunoreactive fiber density than was found with
other treatment groups; p , 0.05, SNK).

Figure 5. Effects of bilateral ENDO-1 (1, 5, 25 nmol/side) or aCSF
microinjections (0.5 ml of total volume/side) into the medial preoptic area
on the lordosis quotient 10 and 60 min after microinjection. Ovariecto-
mized rats were maximally receptive after sequential treatment with 2 mg
of EB 1 500 mg of progesterone 26 hr after EB. Animals were tested 30
hr after EB treatment. Values are means 6 SEM (*, significantly less than
aCSF and 1 nmol treatments at 10 min and less than within group
treatments in the 60 min test; p , 0.05, SNK).
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density paralleled the confocal results. Fiber density increased
from 16.3 6 0.5 MORi fibers/100 mm (aCSF) to 23.7 6 0.4 MORi
fibers/100 mm (ENDO-1; Fig. 8; t test, t 5 11.3; df 5 4; p 5
0.0003).

DISCUSSION
The major finding of the present studies is that MOR internal-
ization correlates with behavioral measures ascribed to MOR
activation in the MPN. MOR activation inhibits lordosis (Pfaus et

al., 1986; Sirinathsinghji, 1986; Pfaus and Gorzalka, 1987a,b;
Pfaus and Pfaff, 1992). In the present study, estrogen or exoge-
nous MOR agonists inhibited lordosis and produced dramatic
MORi internalization (Figs. 2, 3), suggesting that the lack of
sexual receptivity immediately after estrogen treatment (Fig. 1) is
caused by MOR activation/internalization (Figs. 2, 3). In nonre-
ceptive, estrogen-primed rats (Fig. 1), progesterone induced lor-
dosis and reversed estrogen-induced MORi internalization, dem-
onstrating that a pivotal action of progestin was to reverse the
estrogen-induced MOR activation in the MPN. MOR activation
inhibits lordosis, and blockade of MOR activation facilitates
lordosis. We also showed that the selective endogenous MOR
agonist, ENDO-1, inhibited lordosis and induced MORi inter-
nalization, demonstrating that specific activation of MOR corre-
lated with its internalization and inhibition of lordosis.

This study expands our previous findings that MOR trafficking
in the limbic–hypothalamic lordosis-regulating circuit was influ-
enced by a natural stimulus, estrogen (Eckersell et al., 1998). The
present study demonstrates that a physiological dose of 17b-
estradiol, 2 mg, is sufficient to induce MOR internalization and
that progesterone reverses the internalization, removing MOR
inhibition and permitting lordosis. Our hypothesis is that estro-
gen acts on neurons that are presynaptic to the MOR to augment
the release of endogenous opioid peptide(s) that selectively acti-
vates MOR, inhibiting lordosis. Progestin reverses estrogen-
induced release of MOR endogenous peptide(s) and removes the
opioid inhibition, allowing lordosis. Within the context of our
experiment, in OVX rats, estrogen simultaneously increases the
release of endogenous MOR-activating peptide(s) and induces
progestin receptors. Progestin then acts on estrogen-induced pro-
gestin receptors to attenuate release of endogenous MOR-
activating peptide(s) and relieves MPN inhibition. This hypoth-
esis of progestin action is supported by the ability of exogenous
MOR agonists infused into the medial preoptic area to inhibit
lordosis in estrogen 1 progestin-primed rats, indicating that the
progestin-induced reduction in MOR action is not caused by a
lack of sufficient MOR. Although a high dose of estrogen will
induce lordosis, the onset of sexual receptivity does not occur
until the second day after the initial exposure. Coincident with
estrogen-induced sexual receptivity is a reduction in MOR acti-
vation in the MPN and medial amygdala, indicating that lordosis
is facilitated after MOR activation is reduced (Eckersell et al.,
1998). Our data suggest that the reduction of MOR activity is
associated with reduced endogenous opioid peptide(s) release
because MOR agonists will block estrogen-induced lordosis (K.
Sinchak and P. E Micevych, unpublished data) (but see Pfaus and
Pfaff, 1992). This experiment demonstrates specific neurochemi-
cal events that are correlated with estrogen 1 progestin facilita-
tion of lordosis.

Although regulation of MOR activation is involved in neural
regulation of lordosis, other cellular events are mediated by
estrogen and progestin to facilitate this behavior. Estrogen up-
regulates a number of neurotransmitter and receptor systems in
the medial preoptic area and ventromedial nucleus of the hypo-
thalamus (Pfaff et al., 1994; Eckersell and Micevych, 1997). How-
ever, opioid circuit regulation appears to be a key to modulating
lordosis. Estrogen increases mRNA expression of enkephalins
(endogenous d-opioid receptor peptides) (Romano et al., 1988;
Priest et al., 1995) that are thought to be responsible for facilitat-
ing lordosis, and progestin extends their increased expression.
Moreover, estrogen increased expression of the orphanin FQ/
nociceptin receptor in the ventromedial nucleus of the hypothal-

Figure 6. Effects of bilateral infusions of either the MOR-specific antag-
onist CTOP (25 nmol/0.5 ml volume) or aCSF 10 min before bilateral
infusion of the MOR-specific agonist DAMGO (0.2 nmol/0.5 ml volume)
into the medial preoptic area on lordosis quotient 10 min after the last
injection. Ovariectomized rats were maximally receptive after treatment
with 2 mg of EB 1 500 mg of progesterone 26 hr after EB. Animals were
tested 30 hr after EB treatment. Values are means 6 SEM (*, significantly
less than all other treatments; p , 0.05, SNK).

Figure 7. Effects of bilateral infusions of either the MOR-specific antag-
onist CTOP (25 nmol/0.5 ml volume) or aCSF 10 min before bilateral
infusion of ENDO-1 (25 nmol/0.5 ml volume) or aCSF on lordosis
quotient 10 min after the last injection. Ovariectomized rats were maxi-
mally receptive after sequential treatment with 2 mg of EB 1 500 mg of
progesterone 26 hr after EB. Animals were tested 30 hr after EB treat-
ment. Values are means 6 SEM (*, significantly less than all other
treatments; p , 0.05, SNK).

Figure 8. MORi fiber density in the MPN of ovariectomized rats that
received either ENDO-1 (50 nmol) or aCSF microinfusion into the
lateral ventricle (*, significantly higher density of MOR-immunoreactive
fibers compared with that in aCSF animals; p , 0.001). Each value is the
mean 6 SEM (n 5 3; df 5 4).
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amus, and infusion of orphanin FQ/nociceptin into this region
facilitated lordosis (Sinchak et al., 1997). Nevertheless, MOR
activation is integral for the display of lordosis. Although MOR
activation acutely inhibits sexual receptivity, when the initial
estrogen-induced activation of MOR circuits is blocked, the re-
sulting lordosis 48 hr later is attenuated (Torii and Kubo, 1994;
Torii et al., 1995, 1996, 1997). This suggests that rapid and
prolonged activation of MOR by estrogen, although inhibitory to
lordosis, is an important component of the sequence of estrogen-
induced events needed to facilitate lordosis. The present results
show that MOR activation and suppression of activation are part
of the mechanism through which estrogen and progestin act to
facilitate lordosis.

The present experiments specifically examined the actions of
ENDO-1 on lordosis in the MPN. ENDO-1 is concentrated in
the medial preoptic area (Zadina et al., 1997) and overlaps with
MORi (Micevych et al., 1997; Eckersell et al., 1998; Martin-Schild
et al., 1999). Results from the present study demonstrated that
ENDO-1 is a viable endogenous opioid peptide candidate to
activate MOR in the MPN in vivo and regulate lordosis. Like
estrogen and etorphine (Eckersell et al., 1998), ENDO-1 inter-
nalized MORi in the MPN. This internalization parallels the
effects of endogenous opioid peptides binding to MOR and other
opioid receptors (Von Zastrow et al., 1993; Keith et al., 1998).
G-protein-coupled receptor internalization is a general phenom-
enon and is part of the desensitization process that follows
agonist binding (Mantyh et al., 1995b; Allen et al., 1997;
Micevych et al., 1997; Trafton et al., 2000). Internalization can be
visualized as a translocation of receptor immunoreactivity from
the plasma membrane to endosomes at the electron microscopic
level (Dournaud et al., 1998) or the confocal microscopic level
(Mantyh et al., 1995a). Receptor internalization has been posi-
tively correlated with the density of DAB-stained MORi pro-
cesses (Eckersell et al., 1998), whereas the nonactivated receptors
were associated with the plasma membrane and had diffuse im-
munocytochemical staining (Dournaud et al., 1998; Eckersell et
al., 1998). In the present study, we saw a similar increase in MORi
fiber density that was associated with internalization of MORi
visualized by confocal microscopy in the MPN when ENDO-1
was infused into the lateral ventricle (Figs. 7, 8). The time course
of ENDO-1-induced MORi internalization (activation) corre-
lated with ENDO-1 inhibition of lordosis by direct infusion into
the MPN. Ten minutes after infusion, both inhibition of sexual
receptivity and MORi internalization occurred (Figs. 2, 5). This
rapid activation of MOR circuits was similar to that seen previ-
ously with estrogen or etorphine treatment (Eckersell et al.,
1998).

The ENDO-1 inhibition of lordosis was less robust than with
DAMGO. A 100-fold excess of ENDO-1 was not able to match
the DAMGO inhibition of lordosis (Fig. 6). One reason may
involve differences in signal transduction after DAMGO or
ENDO-1 binding to MOR. For example, in an assay of functional
coupling using [35S]GTPgS binding, ENDO-1 is a partial agonist,
whereas DAMGO is a full agonist (Hosohata et al., 1998; Narita et
al., 1998; Sim et al., 1998). In assays of MOR activation, however,
ENDO-1 is a full agonist, inhibiting the cAMP–adenylyl cyclase
pathway and activating G-protein-activated inward-rectifying po-
tassium channels (Gong et al., 1998). In the present experiment,
another explanation for the difference between DAMGO and
ENDO-1 may be that endogenous peptidases quickly degrade
ENDO-1 in the extracellular space and reduce its effective con-
centration, whereas DAMGO is more resistant to degradation.

Although ENDO-1 has high affinity and selectivity for MOR,
other endogenous opioid peptides that activate MOR are present
in the MPN. Both b-endorphin and enkephalins are located in
the MPN (Khachaturian et al., 1985; Simerly et al., 1988) and
exhibit steroid regulation (Hammer and Cheung, 1995; Holland
et al., 1998). In particular, several lines of evidence suggest that
estrogen also acts via b-endorphin circuits that may represent
another pathway for MOR activation. In the arcuate nucleus, the
site of origin of b-endorphin fibers in the MPN, a percentage of
b-endorphinergic neurons contains receptors for estrogen (Mor-
rell et al., 1985; Jirikowski et al., 1986) and progestin (Fox et al.,
1990). The b-endorphin fiber density within the MPN varies with
hormone treatment and across the estrous cycle (Ge et al., 1993).
Finally, infusion of b-endorphin antibodies into the MPN facili-
tated sexual receptivity in estrogen-primed females, demonstrat-
ing that estrogen-induced MOR activation initially inhibits lor-
dosis (Sirinathsinghji, 1986). However, b-endorphin also activates
d-opioid receptors that have been implicated in facilitating lordo-
sis (Pfaus and Pfaff, 1992). The present studies implicate a MOR-
selective endogenous opioid peptide, ENDO-1, that selectively
activates MOR unlike b-endorphin. Thus, in the context of an
hypothesis of dual opioid control of lordosis, inhibition is prob-
ably mediated by ENDO-1.

In summary, the present experiments demonstrated cellular
events associated with the steroid regulation of lordosis. Estrogen
activation of MOR circuits prevented lordosis. Progestin, via
reversal of estrogen-induced internalization of MOR, facilitated
lordosis. Our results are consistent with the idea that progester-
one antagonizes estrogen actions, at the level of the MOR. We
hypothesize that estrogen induced the release of and subsequent
progestin treatment blocked the release of endogenous MOR
ligand(s). Significantly, this study suggested that ENDO-1 is the
endogenous opioid peptide that can specifically activate MOR in
a time frame consistent with ENDO-1 inhibition of lordosis. The
pattern of internalization with ENDO-1 in the MPN parallels
that induced by estrogen (Eckersell et al., 1998). Thus, the
present study shows a convergence of estrogen and progestin
signals onto MPN–MOR circuits and reveals a neurochemical
signature of estrogen 1 progestin activation of the CNS.
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