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Abstract

Mu-opioid receptor (MOR) and opioid receptor-like receptor (ORL-1) circuits in the limbic
hypothalamic system are important for the regulation of sexual receptivity in the female rat. Sex-
ual receptivity is tightly regulated by the sequential release of estrogen and progesterone from the
ovary suggesting ovarian steroids regulate the activity of these neuropeptide systems. Both MOR
and ORL-1 distributions overlap with the distribution of estrogen and progesterone receptors in
the hypothalamus and limbic system providing a morphological substrate for interaction between
steroids and the opioid circuits in the brain. Both MOR and ORL-1 are receptors that respond to
activation by endogenous ligands with internalization into early endosomes. This internalization
is part of the mechanism of receptor desensitization or down regulation. Although receptor acti-
vation and internalization are separate events, internalization can be used as a temporal measure
of circuit activation by endogenous ligands. This review focuses on the estrogen and progesterone
regulation of MOR and ORL-1 circuits in the medial preoptic nucleus and ventromedial nucleus of
the hypothalamus that are central to modulating sexual receptivity.

Index Entries: Sexual receptivity; p-opioid receptor; orphanin FQ; nociceptin; OFQ; ORL-1; opi-
oid receptor-like orphan receptor; lordosis; estrogen; progesterone; G protein-coupled receptors;
B-endorphin; neuropeptide Y; NPY; endomorphin.

Introduction

Mu-opioid receptor (MOR) and opioid
receptor-like receptor-1 (ORL-1) neuropeptide
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systems overlap with steroid responsive
neural circuits. These circuits are part of a
series of interconnected nuclei that are the
central nervous system (CNS) substrates for
integrative control of neuroendocrine regula-
tion of reproduction and reproductive behav-
ior in females. An important aspect of
successful reproduction is coordination of
behavioral and physiological events. The most
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important of these are coupling of copulations
with ovulation to maximize the possibility of
fertilization. One of the challenges of studying
steroid regulation of neural circuits controlling
reproduction is determining when circuits are
activated or inhibited.

MOR and ORL-1 belong to the superfamily
of seven pass, transmembrane, G protein-cou-
pled receptors (GPCR) (1-8). Ligand activation
of GPCR is transduced through G proteins
which regulate cellular activity by activating or
inhibiting intracellular signaling cascades
often through modulation of cAMP or Ca?
levels. Another property of GPCR, including
MOR and ORL-1, is that in response to agonist
activation, these receptors are internalized into
early endosomes and either recycled back to
the plasma membrane or transported to lyso-
somes to be degraded. Although receptor acti-
vation and internalization are separate events
(9,10), it is becoming increasingly clear that
receptor internalization is required for certain
types of signaling (11-14). For example, the
mutation of Lys* to Ala in dynamin, a protein
involved in endocytosis, disrupts both the ago-
nist-induced internalization of the &-opioid
receptor and stimulation of the extracellular
signal-regulated protein kinase (ERK) signal
transduction pathway (14). In either case, inter-
nalization can be used as a temporal and spatial
measure of circuit activation by endogenous
ligands (15-17). Antibodies against GPCR
have been used to study neural circuit activa-
tion in a number of different GPCR and neural
systems (18-20). This review primarily focuses
on the estrogen and progesterone regulation
of MOR and ORL-1 circuits in the medial pre-
optic nucleus (MPN) and ventral medial
nucleus of the hypothalamus (VMH), respec-
tively, which are important for regulating sex-
ual receptivity.

Few neuropeptides in the CNS are as
involved in so many aspects of regulatory repro-
duction as are the endogenous opioid peptides.
As part of the hypothalamo-pituitary-gonadal
axis, gonadal hormones and endogenous opioid
peptides circuits interact to regulate the release
of luteinizing hormone releasing hormone
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(LHRH) modulating luteinizing hormone (LH)
release and ovulation; and as part of the lordosis
regulating neural circuitry, they regulate repro-
ductive behavior. Our hypothesis is that the
gonadal steroids, estrogen and progesterone,
orchestrate a temporal pattern of endogenous
opioid peptide expression and release that acti-
vate cognate receptors within the limbic-hypo-
thalamic circuit preventing, then facilitating,
lordosis behavior.

Estrogen is known to act via several mecha-
nisms to modulate circuits in the CNS:

1) Estrogen may act directly within a neuron to reg-
ulate the transcriptional activity of genes via a
classic steroid receptor mechanism in which
estrogen enters a target cell and binds with high
affinity to estrogen receptor-a or -f3. This steroid-
receptor complex dimerizes and binds to estro-
gen-responsive elements, and in association
with other transcription elements modulates the
transcriptional activity of a specific gene (21; for
review see ref. 22). This type of regulation has
been proposed for reproductively relevant neu-
ropeptides such as enkephalin (ENK) and sub-
stance P (23-25).

2) Estrogen receptors may stabilize the fos-jun
dimer at the AP-1 site (26).

3) Estrogen may act indirectly through transsynap-
tic mechanisms where steroids alter synaptic
communication in one cell to regulate gene
expression in a second cell through activation of
signal transduction cascades as has been sug-
gested for LHRH and cholecystokinin (27-29;
but see refs. 30,31).

4) Estrogen may not increase transcriptional
activity but may stabilize mRNA levels within
a cell (32).

5) Estrogen may also bind to and activate a puta-
tive receptor associated with the cell membrane
which mediates signal-transduction pathways
(33-35). Data suggesting cross-talk between
these cell surface receptor-mediated signal-
transduction pathways and classic steroid-
induced genomic responses are just beginning
to emerge (33,36, reviewed in ref. 37). These
plasma membrane-associated receptors can
either modulate gene transcription through sec-
ond messenger systems such as cAMP, or regu-
late nongenomic actions of estrogen which are
too rapid to be compatible with the involvement
of changes in transcription and translation
(34,38,39; reviewed in ref. 40,41).
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6) Estrogen has been shown to bind to voltage-
independent, poorly-selective cation channels
that mediate the movement of cations across the
membrane and therefore regulate changes in
plasma-membrane polarity and the activation of
calcium-dependent second messenger systems
(38). Nongenomic, rapid effects of estrogen (in
vivo and in vitro) have been suggested to
account for the release of endogenous opioid
peptide within the hypothalamus (16,17). The
cellular actions of estrogen have been consoli-
dated and described as a trinity of estrogen
effects: membrane, cytosolic, and nuclear (42).

Steroid Regulation of Lordosis

Sexual receptivity is tightly regulated by the
sequential release of estrogen and proges-
terone from the ovary. In ovariectomized rats,
sexual receptivity can be induced by either
estrogen alone or the sequential treatment with
estrogen and progesterone. Although both
steroid treatments induce sexual receptivity,
several characteristics of the resulting behavior
suggest that the mechanisms are different.

1) The dose of estrogen-only needed to induce sex-
ual receptivity is higher than that needed when
estrogen is supplemented with progesterone
(reviewed in ref. 43).

The repetitive estrogen treatment needed for
maximal sexual receptivity results in a ramping
of increasing sexual receptivity as measured by
lordosis quotient (the number of lordosis
divided by the number of mounts by the male
multiplied by 100), whereas, estrogen + proges-
terone treatment produces a constant level of
lordosis (44).

Progesterone receptors are not required for estro-
gen-only facilitation of lordosis (45) as evidenced
by the fact that progesterone-receptor antago-
nists do not disrupt estrogen-only induced sex-
ual receptivity (46, Fig. 1). 4) Estrogen-only
induced lordosis has a later onset and longer
window of sexual receptivity compared with
estrogen + progesterone (47; reviewed in ref. 43).

2
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~

Following estrogen treatment, sexual recep-
tivity cannot be facilitated for a period of
almost 24 h. Progesterone starts to facilitate
lordosis approx 20 h after estrogen treatment,
and this estrogen + progesterone-induced sex-
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Fig. 1. Estrogen-induced sexual receptivity is

not blocked by the progesterone receptor blocker
RU486. Ovariectomized rats were treated with
17B-estradiol benzoate (5 pg) every 4 d and tested
for sexual receptivity 48 h after each estradiol treat-
ment (Test 1 and 2). This estrogen-priming regimen
facilitates maximal sexual receptivity by the third
cycle (44). Starting the morning of the third treat-
ment of estradiol, animals were treated with either
1 mg cholesterol or 1 mg of RU486 for 3 d and
tested for sexual receptivity (Test 3). * = Test 1 less
than all other tests p < 0.05, Dunn’s test (Kruskal-
Wallis one way ANOVA on ranks H = 40.247, df = 3,
p < 0.001).

ual receptivity becomes maximal approx 24 h
after estrogen (17). In estrogen-only animals, a
large dose of estrogen in a single bolus injec-
tion is used to facilitate sexual receptivity;
however, the onset is delayed approx 48 h after
initial treatment, and the dose of estrogen
required is higher than when receptivity is
facilitated with subsequent progesterone (48).

MOR Regulation of Lordosis

MOR activation in the MPN inhibits lordo-
sis (17,49,50). Other brain regions are impli-
cated in MOR regulation of sexual receptivity,
however, this review will focus on the MPN
(51-53). Site-specific injection of MOR ago-
nists, for example [-endorphin (B-END),
endomorphin-1 (ENDO-1), or H-Tyr-D-Ala-
Gly-N-Met-Phe-glycinol-enkephalin
(DAMGO) into the MPN inhibits lordosis in
female rats that have been made sexually
receptive with estrogen + progesterone treat-
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ment (17,49,564). Interestingly, antagonizing
MOR activity in the MPN concurrently and
immediately following estrogen treatment
attenuates the subsequent progesterone facil-
itation of lordosis 48 h later, suggesting that
an initial activation of MOR circuits inhibitory
to sexual receptivity is an important process
for the expression of maximal sexual receptiv-

ity (55-57).

ORL-1 Regulation of Lordosis

In contrast to the MPN, there is little or no
MOR in the VMH (58,59). The VMH is one of
the main nuclei driving sexual receptivity in
the female rat (60). Recently, in attempting to
find other opioid receptors, another GPCR
that is closely related to the opioid receptors
was discovered—the ORL-1 (6-8,61). This
receptor system has high structural homology
to the classical opioid receptors, especially the
K-opioid receptor (reviewed in refs. 62). Its
endogenous ligand is an opioid-like peptide,
orphanin FQ (OFQ; also known as nociceptin;
63,64). In the VMH, OFQ regulates lordosis.
The facilitation of lordosis by site-specific
injection of OFQ into the VMH is dose depen-
dent, rapid, and long lasting; observed both 10
and 60 min after injection (65). Further, OFQ
facilitation of lordosis is insensitive to VMH
infusion of naloxone, a classical opioid-recep-
tor antagonist (65). Since naloxone did not
alter OFQ induced lordosis, the OFQ facilita-
tion of lordosis in the VMH is not mediated
through the downstream activation of MOR or
other classical opioid receptors in the VMH.
Although ORL-1 is not antagonized by nalox-
one, a sine qua non of classical opioid receptors,
the ORL-1, will be considered a member of an
expanded opioid-receptor family on the basis
of structural similarity and cellular action (66).
At this time, the only brain region that has
been studied for OFQ regulation of reproduc-
tion is the VMH, although other lordosis-regu-
lating brain regions have receptors for OFQ
(reviewed below), and thus, the potential to
regulate sexual behavior (67).
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Estrogen Modulation of MOR Active
and ORL-1 Active Peptides

There are at least four endogenous peptides
that have affinity for and activate MOR: (-
END, methionine-ENK (met-ENK), ENDO-1
and endomorphin-2 (ENDO-2). Both B-END
and met-ENK are promiscuous, a result of the
classical opioid peptides amino acid terminal
(YGGFM/L) which allows for binding to both
MOR and d-opioid receptors. Although B-END
binds to MOR and &-opioid receptors with
similar affinity, it has been considered the pri-
mary endogenous ligand for MOR (68-71). In a
similar manner, met-ENK is considered the
endogenous ligand for d-opioid receptors, but
also binds and activates MOR. The endomor-
phins have been proposed as the selective
endogenous MOR ligands (72,73).

B-Endorphin

B-END is one of the cleavage products of
proopiomelanocortin (POMC). The origin of -
END in the hypothalamus and limbic system is
from cell bodies in the arcuate nucleus of the
hypothalamus (74). B-END immunoreactive
fibers are distributed throughout the hypothal-
amus, preoptic area (including the MPN),
diagonal band of Broca, medial amygdala pos-
terodorsal, (MeApd), bed nucleus of the stria
terminalis (BST), which are areas involved in
the regulation of reproduction and maternal
behavior (reviewed in ref. 75). The B-END cir-
cuit is extremely sensitive to estrogen control.
Estrogen appears to have a biphasic effect on
POMC expression, the steroid regulation of
POMC expression is generally negative, but
there is a complicated pattern. Estrogen tran-
siently induces expression (76) and then
expression is attenuated (77). Progesterone
treatment on the second day after estrogen fur-
ther suppresses POMC expression coinciding
with the period of sexual receptivity and the
initiation of the LH surge. At the peak of the
LH surge, estrogen and progesterone augment
POMC expression (78,79).
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In terms of reproductive behavior, the (-
END story is also complex. Most of the POMC
mRNA expressing neurons that project to the
medial portion of the MPN are located in the
rostral portion of the arcuate nucleus (80). In
the medial preoptic area, B-END immunoreac-
tive fibers are distributed in a medial to lateral
gradient. The periventricular preoptic nucleus
along the third ventricle has the greatest den-
sity of immunoreactivity and the density
decreases laterally such that the lateral preop-
tic area has very few fibers (reviewed in ref.
75). Estrogen treatment of ovariectomized rats
does not alter the relative density of B-END
immunoreactivity, however, a 27 h exposure
to estrogen + progesterone increases the den-
sity of B-END immunoreactive fibers. In
cycling females, B-END immunoreactivity
increases on the day of estrus and is lower on
all the other days of the cycle (8§1). One mech-
anism that would account for these results is
that estrogen induces B-END release which
decreases tissue levels and immunoreactivity
in the MPN. Subsequent treatment with prog-
esterone inhibits further release and stimu-
lates the expression of the POMC mRNA (78).
This interpretation of the results is consistent
with receptor internalization that is depen-
dent on release of endogenous MOR-active
opioid peptides such as B-END in the MPN
(16,17,82).

Interestingly, the expression of B-END
mRNA is regulated by estrogen, but only
4-10% of B-END neurons in the arcuate
nucleus express estrogen receptor-a (83-85). A
similar low number of B-END neurons have
estrogen receptor-B (86,87). Thus, estrogen
may be regulating POMC expression via
genomic and/or nongenomic mechanisms.
Moreover, like the initial upregulation of pre-
proenkephalin (88), the initial expression of
POMC mRNA expression may be due to stress
(89-91). In both cases, the initial rise of expres-
sion is not blocked by the selective estrogen-
receptor antagonist tamoxifen (76,89). In the
case of preproenkephalin, its initial expression
is eliminated by adrenalectomy (89).
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Endomorphins

The recently characterized endomorphins,
ENDO-1 and ENDO-2, have high affinity and
selectivity for MOR (72). The hypothalamus
contains some of the highest concentrations of
these MOR-selective endogenous opioid pep-
tides in the CNS (72). ENDO-1 and -2
immunoreactive fibers are distributed through-
out the nuclei of the lordosis regulating lim-
bic-hypothalamic circuit (92-94). Although
distribution studies have not been done in
female rats, in the male rat, the distribution of
endomorphins suggests ENDO-1 may be more
involved in reproduction than ENDO-2. ENDO-
1 immunoreactive fibers are distributed in the
MPN and periaqueductal gray with sparse
staining in the MeApd (92). ENDO-2 fibers are
sparsely distributed in the MPN but absent in
the MeApd. ENDO-1 and ENDO-2 immunore-
active cell bodies are found in the dorsal region
of the arcuate nucleus, dorsomedial nucleus of
the hypothalamus, and in a cluster of cells cap-
ping the medial dorsal VMH ventral to the dor-
somedial nucleus of the hypothalamus (92-95).
Very little is known about the regulation of the
endomorphins, since the gene or gene product
from which these peptides originate is not
known. Since the distributions of ENDO-1 and
ENDO-2 immunoreactive perikarya and estro-
gen or progesterone receptor positive neurons
overlap minimally, it is unlikely that endomor-
phins are regulated directly via classical estro-
gen- and progesterone-receptor mechanisms
(87,96). However, the localization of ENDO-1
immunoreactive fibers in the MPN and MeApd
suggests that ENDO-1 may be regulated by
these steroids through indirect or nonclassical
mechanisms. Whether this indirect estrogen
response is through estrogen receptor-a or -3 or
via a different mechanism (discussed below)
remains to be evaluated.

Enkephalins (ENK)

ENK have been proposed as positive modu-
lators of lordosis (50). Preproenkephalin mRNA
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Fig. 2. Activation of DOR in the VMH-facilitated
lordosis in ovariectomized female rats treated with
17B-estradiol benzoate (2 pg) every 4 d for three
“cycles.” In response to a stimulus male, these rats
had very low levels of lordosis after microinjection of
artificial cerebrospinal fluid (aCSF) into the VMH
(vol: 0.5 pL). Microinjections of 5 nM DPDPE, a
DOR agonist, into the VMH-increased sexual recep-
tivity. Significant facilitation of lordosis was mea-
sured at the 50 min time point suggesting that there is
a delay in the DPDPE facilitation of lordosis. Results
are means = SEM of 6 trials, one-way repeated mea-
sures ANOVA df = 5.23, F = 3.255; p = 0.05. * Indi-
cates significantly greater than aCSF at the p < 0.05
level (Student-Newman-Keuls).

message levels significantly increase 48 h after
estrogen treatment in the VMH (25,97), MPN
(98), and MeApd (89,99). In the VMH, a signif-
icant proportion of ENK immunoreactive cells
are estrogen receptive (100) indicating a direct
activation of preproenkephalin transcription
through estrogen-activated estrogen recep-
tors. Although it has been suggested as a
modulator of lordosis, the time course of pre-
proenkephalin mRNA expression in the VMH
and MPN may be too slow to affect behavior.
The peak level of message expression and lor-
dosis are well correlated, but in order to be
active, the preproenkephalin mRNA must be
translated into the biologically active ENK
peptides and released. It should be noted,
however, that specific activation of d-opioid
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receptor in VMH does result in increased lor-
dosis (Fig. 2).

Orphanin FQ/Nociceptin

A cDNA-encoding OFQ has been character-
ized and encodes a hectadecapeptide similar in
structure to dynorphin A (63,64,101), but OFQ
lacks the NH> terminal tyrosine necessary for
activation of the MOR, K-opioid receptor, or &
opioid receptor (63,64,101). OFQ specifically
binds to ORL-1 with much higher affinity than
the other endogenous opioid peptides or opi-
oid agonists (102-107). In situ hybridization,
immunohistochemical and OFQ-binding stud-
ies demonstrate that the distributions of OFQ
and its receptor ORL-1 overlap with steroid-
responsive regions throughout the hypo-
thalamus and limbic system that regulate
reproduction (8,61,65,67,108-112). These regions
include the medial amygdala, BST, MPN, and
arcuate nucleus. Despite this distribution, there
are a paucity of studies examining the steroid
regulation of the OFQ/ORL-1 circuits and their
role in reproduction. OFQ mRNA expression is
conspicuously absent in the VMH but does
facilitate lordosis when injected into the VMH
which expresses ORL-1 mRNA as discussed
below (65). In brain slices containing the
mediobasal hypothalamus, bath application of
OFQ hyperpolarizes 81% of the neurons
recorded from in the VMH (113). Additionally,
75% of these neurons were also hyperpolarized
by met-ENK (113). Consistent with the notion
that ORL-1 is insensitive to naloxone, naloxone
blocked only the hyperpolarization induced by
met-ENK, but not by OFQ. Our studies also
demonstrated that naloxone does not affect
OFQ facilitation of lordosis in the VMH.
Together these intriguing data imply that acti-
vation of either ORL-1 or d-opioid receptors in
the VMH facilitates lordosis, suggesting that
these systems may converge on specific VMH
neurons to regulate sexual receptivity. Prelimi-
nary studies indicate that estrogen positively
modulates OFQ and ORL-1 expression in lim-
bic-hypothalamic circuits that are important for
regulating lordosis (65,67).
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MOR in the Hypothalamus
Distribution of MOR

Despite several studies, the sex-steroid regu-
lation of opioid receptors and their function is
murky. For example, no consensus has
emerged about how sex steroids regulate MOR
binding. In the medial preoptic area, sex
steroids have been reported to decrease,
increase, or not change opioid-receptor binding
(114-119). Two possible reasons for these differ-
ing results are the use of different opioid lig-
ands and different steroid treatments (both
duration and amount). Apparently low levels
of estrogen increase MOR binding, and high
levels decrease the number of MOR (120). In
homogenates of rat hypothalamus, maximal
binding and affinity of MOR fluctuate and are
differentially regulated across the estrous cycle
(121). MOR Bumax is elevated on diestrus d 2 and
peaks on the morning of proestrus and then
dramatically decreases during the afternoon
and evening of proestrus. Following the LH
surge on estrus, MOR binding appears to vacil-
late between moderate to low levels. On
diestrus d 1 the number of MOR is lowest.
Interestingly, on proestrus when binding is low,
MOR affinity is also decreased, whereas on
diestrus d 1 when binding is lowest, MOR
affinity is the highest (121). However, estrogen
replacement (50 pg or 2 pg) given to ovariec-
tomized rats results in no change in MOR bind-
ing in MPN for 30 h after treatment (16,122).

Activation of MOR

Previous studies have concentrated on
steroid modulation of opioid-receptor ligand
mRNAs, MOR message and number of bind-
ing sites. However, these methods do not
reveal when the circuit is activated. MOR inter-
nalization following agonist activation, and the
subcellular distribution of the receptor can be
used as a marker of receptor activation in
response to a stimulus (16,123-132).

There are two distinguishable processes of
ligand-initiated GPCR regulation that do not
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tion of G protein-coupled receptors. Unbound recep-
tors are present on the plasma membrane. Agonist
binding to the membrane-bound receptor induces a
series of events culminating in the sequestration of
the receptor in early endosomes. In these highly
acidic compartments, the ligand is dissociated from
the receptor. The receptor is either recycled to the
membrane, ready to be activated again or degraded.
The degradation of receptors is referred to as down-
regulation of the receptor.

involve expression: desensitization and down-
regulation (133-137). For the opioid receptors,
both processes are stimulated by peptide and
certain alkaloid agonists but are distinguish-
able in terms of their time course and change
in receptor number (132,138-140). Desensitiza-
tion does not alter receptor number, whereas
downregulation reduces receptor number.
Desensitization is associated with the rapid
internalization (translocation) of receptors fol-
lowing agonist binding while downregulation
is a slower process (132,138-140). Upon agonist
binding, the agonist-receptor complex is phos-
phorylated and rapidly internalized into early
endosomes. In this intracellular compartment,
the receptor is dissociated from its agonist and
either returned to the plasma membrane or
degraded (Fig. 3). The internalization and recy-
cling to the membrane occurs without loss of
receptor number. Thus, internalization of GPCR,
visualized by immunocytochemistry, can be
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used as a marker of receptor activation
(123,128-132,141). Once internalized, the recep-
tor can also be degraded. This receptor down-
modulation is relatively slow and is associated
with a loss of binding sites (133,134,136,137,142).

Antibodies directed against a synthetic pep-
tide (LENLEAETAPLP) corresponding to
amino acids 387-398 of the intracellular car-
boxyl terminal of MOR (108,143) revealed
MOR immunoreactive fibers throughout the
medial MPN, BSTp, MeApd, the paraventricu-
lar nucleus, dorsomedial nucleus, periventric-
ular zone, and median eminence (16,82,141).
Similarly, antibodies against MOR epitopes
have been used to map MOR subcellular distri-
bution (143-145). When MOR circuits are less
active or inhibited by antagonists, MOR
immunostaining is generally located on the
plasma membrane of cell bodies and dendrites
(16,82,131,144,146-149). MOR immunoreactiv-
ity is internalized when activated by B-END
and endomorphins (10,17,139,150,151).

Although receptor internalization is a marker
for ligand activation of GPCR, the ability of a
ligand to induce GPCR internalization does
not necessarily correlate with the ability of a
ligand to stimulate receptor-mediated second-
messenger signaling, G protein-coupling effi-
ciency, or activation (10,139). For example, a
comparison of the ability of three alkaloid ago-
nists to internalize MOR showed that etor-
phine induces maximal MOR internalization,
fentanyl induces 66% and morphine only 17%
of maximal MOR internalization (139). Yet,
morphine and fentanyl have equivalent
potency and efficiency in producing maximal
inhibition of adenylate cyclase, and activation
of G protein-binding (10). For endogenous
opioid peptides, the ability to internalize
MOR are well correlated with activation of
MOR (15,17,139,150,152).

Sex Steroid Regulation of MOR
Activation/Internalization

Agonist-induced GPCR internalization was
used to investigate spatial and temporal para-
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meters of ovarian-steroid activation of MOR
circuits important for sexual receptivity in the
female rat (16,17,82). Estrogen, like MOR lig-
ands (e.g., etorphine or ENDO-1), rapidly
induces internalization (activation) of MOR ,
however, the estrogen-induced time course of
MOR internalization is more prolonged (16,17).
Estrogen-induced MOR internalization is
restricted to estrogen-responsive cell groups
suggesting that estrogen receptors may medi-
ate this internalization. Translocation of MOR
immunoreactivity is first observed in the MPN
and MeApd 15 min after estrogen treatment
(16). The pattern of MOR internalization lasted
for at least 30 h (17). Confocal microscopy con-
firmed that estrogen-induced MOR transloca-
tion from the plasma membrane to intracellular
sites thought to be early endosomes (Fig. 4).
The internalization of MOR immunoreactivity
and concentration of the immunoreactivity in
neural processes causes the reduction in diam-
eter due to the massive internalization of mem-
brane (130) making them more visible and
showing up as an increased number of filled
processes after etorphine or estrogen treat-
ment, which was quantified as an increase in
MOR immunoreactive fiber density (Fig. 5; 16).
The microscopic level, at the light the distinct
and diffuse immunocytochemical staining pat-
terns of another GPCR, and the somatostatin
sst2A receptor were correlated at ultrastruc-
tural level with the receptors being either
internalized (distinct) or associated with the
membrane respectively (diffuse; 153).
Statistically, estrogen treatment increased
MOR-fiber density within 30 min (Fig. 5). The
increase in MOR-fiber density/internalization
peaked at 4 h and was maintained for at least
30 h (16,17). MOR-fiber density returned to
basal levels indicating that MOR was no longer
internalized at the 48 h postestrogen treatment
time point (Fig. 5). In estrogen-only treated
rats, lordosis is not exhibited until approx 48 h
after treatment, a time point at which the
MOR-mediated inhibition has been relieved.
Progesterone treatment of estrogen primed rats
accelerated the onset of lordosis, facilitating
lordosis 30 h after estrogen treatment (17). Sim-
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Fig. 4. Confocal projections of MOR immunoreactive processes in the medial part of the medial preoptic
nucleus from ovariectomized rats treated with either oil (OIL), 17B-estradiol benzoate (EB) + oil or EB + proges-
terone (EB + P) and killed 30 h after initial oil or EB treatment. The second oil or progesterone treatment was
given 26 h after initial treatment. MOR immunoreactivity was associated with the plasma membrane in the oil
treated rats (arrow heads). In the EB-treated, the MOR immunoreactivity was translocated into early endosomes
in the interior of the cell (arrows) indicating that MOR activation by the endogenous release of MOR ligand.
MOR immunoreactivity returned to the plasma membrane (arrow heads) in EB + P treated rats indicating that
subsequent progesterone treatment that facilitates sexual receptivity inhibits the release of MOR ligand and
MOR internalization/activation (from refs. 716,17).
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Fig. 5. Graphic representation of the density of MOR immunoreactive processes in the medial part of the
medial preoptic nucleus (MPN, solid line) and the posterodorsal medial amygdaloid nucleus (MeApd, dashed
line) following 17B-estradiol benzoate (EB; 50 pg) treatment. The moment of EB injections is time 0. The density
of distinct MOR immunoreactive processes is significantly elevated by 30 min and peaks at 4-6 h. The density
of MOR immunoreactive processes is basal by 48 h. The bars at the 4 h time point illustrate the density of MOR
immunoreactive processes in the MPN (solid bar) and MeApd (open bar) in EB treated ovariectomized rats pre-
treated with naltrexone 24 and 4 h prior to perfusion. The density of MOR immunoreactive processes in the nal-
trexone treated rats is significantly lower than in ovariectomized rats in the MPN and MeApd indicating a basal
level of MOR activation is normally present. Each point is the mean + SEM (n = 4/time point; ref. 16).
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ilarly, subsequent progesterone treatment, 26 h
after estrogen reversed the estrogen-induced
MOR internalization. This blockade of inter-
nalization is correlated with a progesterone
facilitation of lordosis (17). These data suggest
that progesterone antagonizes the action(s) of
estrogen that activate MOR in the MPN.

Does estrogen act on MOR to induce inter-
nalization? Based on binding data (122), nalox-
one blockade (16), and the effects of estrogen
and progesterone (17), we hypothesize that
estrogen induces a rapid and prolonged release
of endogenous MOR ligand(s), and subsequent
progesterone stimulation inhibits the release of
endogenous MOR ligand(s), relieving MOR-
inhibitory tone, facilitating lordosis. This idea
is further supported by the congruence of
MOR activation by estrogen, with the period of
absolute refractoriness of sexual receptivity
and progesterone-induced receptivity (MOR
inactivation). Further, the reduction in MOR
activation by 48 h of a high dose of estrogen
correlates with the onset of sexual receptivity
produced by estrogen-only treatment, suggest-
ing that relief of MOR inhibition in the MPN is
an important step in achieving sexual receptiv-
ity. Although there may be alternative explana-
tions for the estrogen-induced translocation of
MOR, the most plausible is that estrogen and
progesterone regulate the release of endoge-
nous peptide, since naloxone prevents estro-
gen-induced internalization (76).

To determine if activation of MOR in the
MPN is correlated with inhibition of lordosis by
opioids, estrogen and progesterone primed rats
were infused intracerebroventricularly with
either the MOR agonist, DAMGO, or ENDO-1.
Both MOR-specific opioids inhibited lordosis
within 10 min and induced MOR internaliza-
tion with a similar time course to estrogen.
Additionally, infusion of DAMGO or ENDO-1
in the MPN of estrogen + progesterone primed
rats inhibits lordosis, demonstrating that MOR
are available and able to be activated by MOR
ligands, indicating that progesterone blocks
release of endogenous MOR ligand(s) into the
MPN (17). During the period of estrogen-
induced MOR internalization, MOR binding
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is not affected as measured by an autoradi-
ographic-binding assay that measures the total
number of receptors in tissue (16,122). How-
ever, after prolonged estrogen exposure (= 48
h), the number of opioid-binding sites in the
MPN is reduced (115,117,154,155). Thus, the
decrease in MOR-binding levels indicates that
internalization is followed by downmodula-
tion (128,156) and may be part of the mecha-
nism involved in sexual receptivity induced by
estrogen-only treatment.

MOR Internalization During
the Estrous Cycle

An important question is whether this type
of internalization takes place under physiologi-
cal conditions that are associated with repro-
duction. In the cycling female rat, levels of
MOR internalization in the MPN fluctuate
throughout the estrous cycle (Fig. 6). MOR
internalization/activation is coincident with
periods of lower sexual receptivity. As estrogen
levels rise, MOR are internalized on diestrus d
1 and 2, when the female is not receptive.
Potentially, this MOR activation prior to ovula-
tion may be required for complete sexual recep-
tivity (56,57) and maximal fertility. The lowest
levels of internalization (lowest MOR activa-
tion) are on the afternoon and evening of
proestrus, when rats are sexually receptive.
Finally, MOR internalization is increased again
on estrus suggesting that MOR activation may
be important for terminating sexual receptivity.

Site of Estrogen Action to Stimulate
Release of MOR Endogenous Ligand(s)

Are estrogen actions on MOR directly on
neurons that release B-END or endomor-
phins? In terms of the endomorphins, as
reviewed above, distributions of endomor-
phin immunoreactive-cell bodies and estro-
gen-receptor neurons overlap minimally
(92,94,157,158). Currently, no data exist con-
cerning the colocalization of estrogen recep-
tors and endomorphins nor the distribution of
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Fig. 6. Histogram of MOR immunoreactive fiber
density in the medial part of the MPN during the
estrous cycle. In this study (n = 3), animals were killed
at 10:00 am on each day of the estrous cycle (D1 =
diestrus, d 1; D2 = diestrus, d 2; P = proestrus; E =
estrus) and at 8:00 pm and 10:00 pm on proestrus.
MOR immunoreactive fiber density is a measure of
MOR internalization and MOR activation. During
times when sexual receptivity is low (D1, D2, and E),
the density of MOR immunoreactive processes is
high. On proestrus there was a decrease in MOR
immunoreactive processes density indicating fewer
internalized MOR. This decrease coincides with ele-
vated lordosis. Thus, MOR activation is inversely cor-
related with lordosis in a cycling rat (200).

endomorphins in the female rat to determine
whether estrogen directly acts on the endo-
morphins. A relatively low level of estrogen
receptor and B-END colocalization suggests
that estrogen acts through an interneuron to
activate MOR in the MPN. A possible candi-
date for the interneurons that estrogen regu-
lates, are the neuropeptide Y (NPY)-expressing
cells in the arcuate nucleus. According to this
hypothesis, estrogen would release NPY in
the arcuate nucleus to activate B-END neu-
rons that project to the MPN. The NPY-Y1
receptor is colocalized in a population of
arcuate nucleus B-END neurons (159,160).
Like MOR-active endogenous opioid pep-
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tides, activation of NPY receptors inhibits lor-
dosis (159). Infusion of NPY into the third
ventricle of ovariectomized rats, induces
internalization of NPY-Y1 receptor in the
arcuate nucleus and inhibits lordosis (160).
Like MOR in the MPN, estrogen rapidly
induces internalization of the NPY-Y1 recep-
tors in the arcuate nucleus, and subsequent
progesterone treatment reverses the NPY-Y1
estrogen-induced  internalization. = These
results indicate that one pathway through
which estrogen activates MOR in the MPN to
regulate lordosis is through stimulating
release of NPY in the arcuate nucleus which
activates NPY-Y1 on B-END neurons that pro-
ject to and release B-END in the MPN.

Estrogen Receptor-a is Necessary for the
Estrogen-Induced Internalization of MOR

Estrogen induces both rapid and prolonged
activation of MOR. Tamoxifen decreases
estrogen-induced MOR internalization as
measured by MOR immunoreactive fiber den-
sity (12.9 + 0.3 immunoreactive fibers per 100
Mm) compared estrogen-treated animals (16.7
+ 1.3 immunoreactive fibers per 100 pm).
Classically, tamoxifen blockade of estrogen
actions suggests activation of an intracellular
receptor (26,161; but see refs. 39,162). Which
estrogen receptor is activated and whether
estrogen is acting via nongenomic and/or
genomic mechanism(s) to regulate MOR acti-
vation are intriguing questions (163-170).
Estrogen appears to be acting via estrogen
receptor-o to induced MOR internalization,
since in the estrogen receptor-a “knock out”
mouse (ERaKO; 163,164) estrogen does not
induce MOR internalization in the MPN or
MeApd, whereas MOR are internalized in
both wildtype or estrogen receptor-B dis-
rupted mice (171). However, intracerebroven-
tricular infusion of ENDO-1 induced
equivalent MOR internalization in ERaKO
and wildtype mice. These results indicate that
MOR expression does not require estrogen
receptor-a during development and MOR are
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functional. Moreover, these results suggest
that estrogen receptor- is not involved in the
estrogen activation of the MOR-circuit in the
MPN (171).

The prolonged MOR activation induced by
estrogen acting via estrogen receptor-0 is sug-
gestive that estrogen is altering cellular activity
through genomic mechanisms. However, the
rapid estrogen-induced MOR internalization
(within 15 min), suggests that the initial actions
of estrogen action are via a rapid nongenomic
mechanism(s) which may also be responsible for
the prolonged effects of estrogen. Although
estrogen receptor-0 and -f are classically de-
scribed as transcription factors, they also have
the ability to be biologically active when associ-
ated with the plasma membrane. A recent study
demonstrates that estrogen receptor-a may be
targeted to the plasma membrane and activate
adenylate cyclase and IP3-mediated intracellular
signaling pathways (34). These authors reported
that Chinese hamster ovary (CHO) cells, trans-
fected with either estrogen receptor-a or
estrogen receptor-B have both intracellular
and membrane-associated estrogen receptors.
In terms of estrogen-induced internalization
of MOR, an estrogen receptor-a associated with
the membrane that initiates intracellular cas-
cades which release MOR endogenous opioid
peptides would explain our results. An alterna-
tive explanation for the prolonged activation of
MOR by estrogen is that estradiol benzoate
remains in the animal for a prolonged period
and continues to stimulate MOR-active peptide
release, internalizing MOR.

Estrogen Alters GPCR G Protein
Functional Coupling

Agonist binding of MOR activates pertussis
toxin insensitive Gi/Go type G proteins
(172-174) that stimulate intracellular-signaling
cascades inhibiting adenylate cyclase (175-177),
increasing potassium-channel conductance
(178,179) and reducing calcium-channel con-
ductance (180-182). Estrogen regulates signal
transduction via G proteins either directly or
indirectly (reviewed in refs. 183,184), indicating
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that estrogen regulation of signal-transduction
mechanisms is mediated by rapid nongenomic
mechanisms, where estrogen receptors are
located in the cytoplasm or associated with the
plasma membrane (33-35,185-188; reviewed in
refs. 41,42,183).

The [3°S]GTPYS-binding assay has been used
to identify receptor-activated G proteins by
MOR (189-194). This assay is based on the fact
that in the inactive state, the a subunit of the G
protein has a relatively high affinity for GDP
over GTP. Activation of receptors by an agonist
shifts the o subunit to a higher affinity state for
GTP compared with GDP. The assay uses
excess GDP to shift the G proteins to receptor-
uncoupled state and lower basal activity. Addi-
tion of [3S]JGTPYS and an agonist shifts the
affinity of the G protein from GDP to GTP and
the activated G protein binds the nonhydrolyz-
able [3°S]GTPyS.

We used this assay to demonstrate that estro-
gen can alter the functional coupling of MOR to
its G protein. Ovariectomized rats were treated
with estradiol benzoate (50 pg) or oil systemi-
cally for 4 h and then the medial preoptic area
(containing the MPN) and the mediobasal
hypothalamus (containing the arcuate nucleus
and VMH) were processed for [3°S]GTPYS bind-
ing using 1 WM morphine as a MOR agonist.
The level of [3°SJGTPYS binding to mediobasal
hypothalamic membranes was higher in oil
and EB-treated rats compared with binding to
the medial preoptic area membranes. Estrogen
significantly increased morphine-induced
[3°S]JGTPyS binding in the medial preoptic area
but not in the mediobasal hypothalamus (Fig.
10). This lack of estrogen effect on GTPYS bind-
ing in the mediobasal hypothalamus was previ-
ously reported (195). Our results suggest that
estrogen alters the functional coupling of MOR
in the medial preoptic area, but not in the
mediobasal hypothalamus. These results indi-
cate that estrogen may increase the efficacy of
MOR such that when estrogen is elevated,
MOR-active endogenous peptides are released
and couple more efficiently to the inhibitory
second-messenger cascades within MOR neu-
rons to inhibit activity of MOR cells. In the
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Fig. 7. (A) Darkfield photomicrographs of the effects of estrogen and progesterone on ORL-1 mRNA expres-
sion in the three subnuclei of the VMH (vl = ventrolateral; dm = dorsomedial; ¢ = central) in ovariectomized rats
treated with either 17B-estradiol benzoate (2 pg) and oil vehicle (EB + oil), 2 pg EB and 500 pg of progesterone
(EB + P) or twice with oil vehicle (oil). The subsequent progesterone or oil treatments were given 26 h after the
initial treatment, and tissue was collected 30 h after the initial EB or oil treatment and processed for in situ
hybridization. Scale bar = 100 pum. (B) ORL-1 mRNA labeling ratio (mean +/- SEM) in the three subnuclei of the
VMH. * = Significantly less than other treatments within subnuclei (Bonferroni t-test, p < 0.001).

absence of estrogen, both ligand activation of
the receptor and its coupling to second messen-
gers is attenuated. These data explain the estro-
gen-induced inhibition of medial preoptic area
neurons (196,197), and places the MOR-medi-
ated inhibition in a functional context for regu-
lating reproduction.

Opioid Receptor-Like Receptor
in the Hypothalamus

Distribution of Opioid Receptor-Like
Receptor

ORL-1 immunoreactivity and mRNA
expression are distributed throughout, but not
limited to, the limbic-hypothalamic lordosis
circuit (61,108,112,198,199). In the limbic hypo-
thalamic system of the rat, ORL-1 mRNA
expression and OFQ binding are present in the
anteroventral periventricular nucleus, MPN,
BST, paraventricular nucleus, suprachiasmatic
nucleus, supraoptic nucleus, MeApd, and VMH
(6,7,61,67,110,112,199). ORL-1 mRNA expres-
sion and immunoreactivity are located through-
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out the rostral-caudal extent of the VMH, how-
ever, ORL-1 mRNA and peptides are more con-
centrated in the dorsal medial part of the
nucleus (Fig. 7). In the female rat, a 2 pg dose of
estrogen that does not induce lordosis (65)
increased both the expression of ORL-1 mRNA
(Fig. 7; 67) and area of ORL-1 immunoreactivity
in the VMH 30h after treatment (Fig. 8; 65). Sub-
sequent progesterone treatment that facilitates
lordosis affected neither ORL-1 expression nor
the area of ORL-1 immunoreactivity in the
VMH (67,198), suggesting that only estrogen
regulates ORL-1 expression in the VMH.

Steroid Activation/Internalization
of ORL-1 in the VMH

Using antibodies generated against the
unique amino terminus of ORL-1 (MESLF-
PAPFWEVLYGSHEF), the subcellular distribu-
tion of ORL-1 immunoreactivity in the VMH of
ovariectomized rats treated with estrogen or
estrogen + progesterone was examined (65,198).
The majority of staining was restricted to
cellular processes confirming earlier reports
(108,111). A low dose of estrogen increases
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Fig. 8. Total area of distribution of ORL-1 immunoreactivity in the VMH of ovariectomized animals
treated with oil, 17B-estradiol benzoate + oil (EB) (2 pg once every 4 d for 3 cycles) or EB + P (500 pg P 26 h
after EB treatment). Animals were perfused 30 h after the last EB or oil injection. The VMH was sampled at
three rostrocaudal sections at the level of the VMH ventrolateral, and the average area of specific ORL-1
staining was determined by computer-assisted morphometry (as described in refs. 65,2017). Data are mean *
SEM of four to six animals per group. * = p < 0.05 vs oil. No differences were noted between EB and EB + P
groups (refs. 65,67).

Fig. 9. Confocal projections of ORL-1 immunoreactive fibers in the VMH in ovariectomized animals
treated with 17B-estradiol benzoate (2 pg) and 26 h later oil (EB + oil; a,a’), or 17B-estradiol benzoate (2 pg)
and 26 h later progesterone (EB + P; b,b’). Brains were collected 30 h after the initial treatment. Bottom pho-
tomicrographs (a,b) illustrate the axis of optical Z-sectioning (line, arrowheads). The Z-section produced a
cross-section of the fibers along the location of the lines in a” and b’. The image is rotated 90 degrees and pro-
jected in the top panel (a’,b"). In EB + oil-treated ovariectomized animals the OFQ immunoreactivity is asso-
ciated with the membrane (arrows in a’). In EB + P treated animals the ORL-1 immunoreactivity is
internalized (arrow in b’; 798).
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Fig. 10. Effect 17B-estradiol benzoate (EB) on morphine, a preferential MOR agonist, [3>S]GTPyS-binding in
rat medial preoptic area (MPO) and mediobasal hypothalamus (MBH). EB increased G-protein functional cou-
pling in the MPO, but not MBH. Membranes were incubated in 1 uM morphine for 60 min at 30°C in the pres-
ence of 20 pM GDP and 0.05 nM [3>S]GTPYS. Nonspecific binding was determined in the presence of 10 pM
unlabeled GTPyS. EB treatment of ovariectomized rats increased [3>S]GTPYS in the MPO which contains the
MPN, but did not alter the binding in the MBH which contains the VMH. Results are means = SEM of 6 animals.

* = Greater than Oil treated within MPO region p < 0.05.

ORL-1 expression, but does not induce activa-
tion of ORL-1 as measured by internalization
or sexual receptivity (65,67,198). As described
previously, progesterone treatment that induces
sexual receptivity does not increase the area of
ORL-1 immunoreactivity but does induce
internalization of ORL-1 immunoreactivity
(Fig. 9). Progesterone treatment and microin-
jection of OFQ produced similar facilitation of
lordosis in estrogen-primed rats, suggesting
that endogenous OFQ may be released by
progesterone in the VMH to facilitate lordosis.
Thus, it appears that estrogen upregulates
ORL-1 expression, but does not induce release
of OFQ, whereas subsequent progesterone
induces the release of OFQ activating and
internalizing ORL-1 leading to a facilitation of
lordosis (198).

Summary
Endogenous opioid peptides positively and

negatively modulate sexual receptivity. These
effects are receptor-specific and site-specific:
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MOR inhibit lordosis in the MPN and &-opioid
receptors and ORL-1 facilitate lordosis in the
VMH. The activation of specific inhibitory
(MOR) circuits and facilitatory circuits (8-opi-
oid receptors and ORL-1) circuits is deter-
mined by the sex steroid hormone milieu.
Estrogen activates the MOR by increasing the
release of endogenous opioid peptides such as
B-END and ENDO-1, and increasing the post-
synaptic coupling of the MOR to G proteins. In
the VMH, estrogen increases the expression of
ORL-1. When progesterone stimulates the
CNS, it turns off the MOR circuit (MOR inacti-
vation) and releases OFQ), facilitating lordosis
(Fig. 11). Estrogen and subsequent proges-
terone treatment regulate a balance of MPN vs
VMH activation that determines whether the
animal is sexually receptive.
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Fig. 11.  Schematic of model illustrating the putative interactions of estrogen and progesterone with medial
preoptic nucleus (MPN) MOR and ventromedial nucleus of the hypothalamus (VMH) ORL-1 circuits regulating
reproductive behavior lordosis. Estrogen increases the efficacy of G protein (Gprt) functional coupling to MOR
and induces release of endogenous opioid peptide(s) (EOP) which activates MOR and induces MOR internal-
ization in the MPO. This activation of MOR receptor is very rapid indicating initially that estrogen induces an
inhibition of lordosis. Estrogen also initiates the transcription of ORL-1 in the VMH. Subsequent progesterone
treatment blocks the release of MOR active EOP in the MPN, allowing MOR to return to the plasma membrane
and relieving the inhibitory tone produced by MOR in the MPO. Concurrently in the VMH, progesterone
induces the release of OFQ which activates the estrogen induced ORL-1, facilitating lordosis.
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