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Behavioral Effects of Progesterone Associated with
Rapid Modulation of Oxytocin Receptors

MICHAEL SCHUMACHER,* HECTOR COIRINI, DONALD W. PFAFF,

BRrUCE S. MCEWEN

The ventromedial nuclei of the hypothalamus (VMN) are important for the control of
feminine mating behavior, and hormone action within these nuclei has been causally
related to behavior. Estradiol induces receptors for oxytocin in the VMN and in the
area lateral to these nuclei over the course of 1 to 2 days, and progesterone causes,
within 30 minutes of its application, a further increase in receptor binding and an
expansion of the area covered by these receptors lateral to the VMN. The rapid
progesterone effect appears to be a direct and specific effect of this steroid on the
receptor or membrane, because it was produced in vitro as well as in vivo and was not
mimicked by a variety of other steroids. The effect of progesterone occurred in the
posterior part of the VMN, where oxytocin infusion facilitated feminine mating
behavior; it did not take place in the anterior part of the VMN, where oxytocin

infusion had no effect on mating behavior.

T 1S GENERALLY ACCEPTED THAT STER-
oid hormones can regulate cellular func-
tions in the brain and certain behaviors
by modulating gene expression after binding
to intracellular receptors (1, 2). Steroid hor-
mones also rapidly affect the excitability of
brain cells in vitro or when applied electro-
phoretically by changing ion conductances,
the release of neurotransmitters, or the char-
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acteristics of neurotransmitter receptors (3).
These rapid hormone effects can be ob-
served in brain regions such as the cerebel-
lum and the cortex that contain no measur-
able intracellular steroid receptors (4). The
physiological significance of these observa-
tions remains uncertain (5) because no rapid
membrane effects of steroids have been caus-
ally related to the activation of a behavioral
response. We now show the modulation of
estrogen (E)-induced oxytocin receptors by
progesterone (P), a rapid steroid effect that
appears to be involved in the facilitation of a
complex behavior, feminine mating (lordo-
sis) behavior in the rat (6).

Progesterone induces an expansion of the
area covered by oxytocin receptors in the

ventromedial hypothalamus of female rats
primed with E (7). This spread of oxytocin
binding occupies the area lateral to the
VMN, which contains oxytocin-immunore-
active fibers and the long dendrites and
axons of VMN neurons (7, 8). Oxytocin
infused into the area lateral to the VMN
facilitates lordosis behavior only in female
rats primed sequentially with E and P and
not in females treated with E alone (7). This
behavioral effect can be blocked by a specific
antagonist of oxytocin (9). We have exam-
ined this modulation of oxytocin receptor
binding by P and its relation to lordosis
behavior.

Oxytocin receptor binding to brain sec-
tions was quantified by in vitro receptor
autoradiography (10). Iodinated [d(CH-)>,
Tyr(Me)?, Thr*, Tyr-NH,’] ornithine vaso-
tocin analog (['*IJOVTA) was used as a
ligand for the central oxytocin receptor be-
cause of its high specificity, affinity (Kp, 50
pM), and specific activity (2200 Ci/mmol)
(11). Initially, we examined the regional
distribution of oxytocin receptor binding
within the ventromedial hypothalamus and
changes in this binding induced by P in
ovariectomized (OVX) and adrenalecto-
mized (ADX) female rats primed with estra-
diol benzoate (EB). Brains of EB-primed
females were sampled for oxytocin receptor
autoradiography at different times after the
injection of vehicle (EB only) or P (EB + P)
(12). In the anterior part of the ventromedial
hypothalamus, oxytocin receptor binding
was limited to the cell body region of the
VMN and was not affected by P treatment
(Figs. 1 and 2). In the posterior ventromedi-
al hypothalamus of EB-primed females, oxy-
tocin receptor binding occurred in the ven-
trolateral parts of the VMN but also extend-
ed into the area lateral to the nuclei (Fig. 1).
In the posterior VMN, P treatment only
slightly increased the oxytocin receptor
binding in the cell body region (5 to 8%),
but it increased oxytocin receptor binding
by more than 25% in the surrounding neur-
opil (Figs. 1 and 2). This increase in binding
density was accompanied by an expansion of
the area covered by oxytocin receptors. This
effect of P could be observed within 30 min
and it lasted for at least 8 hours (Fig. 2).

Because P increases the synthesis of new
proteins in the VMN (2, 13), we determined
whether the increase in oxytocin receptor
binding produced by P involves the rapid
synthesis of new receptors (14). We tried to
block the effects of P with the protein
synthesis inhibitor anisomycin. Fifteen min-
utes before injecting 0.5 mg of P or vehicle,
EB-primed females were injected with saline
or with 100 mg of anisomycin per kilogram
of body weight in saline (15). This amount
of anisomycin inhibits cerebral protein syn-
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thesis for 4 to 6 hours and is sufficient to
block the induction of proteins by E, such as
hypothalamic intracellular P receptors (16).
Brains were sampled for receptor autoradi-
ography 4 hours after P treatment. Aniso-
mycin did not reduce the effects of P on the
density and distribution of oxytocin recep-
tors in the area lateral to the caudal VMN.
[Binding: EB (n = 7),9.9 + 1.5; EB + P (n
=6),12.2 = 1.4%; EB + anisomycin + P (n
= 4), 12.0 = 0.41* fmol of protein per
milligram. Area: EB, 1.99 + 0.13; EB + P,
2.54 + 0.38*; EB + anisomycin + D, 2.64
+ 0.52* mm? mean * SD, *P = 0.05
when compared to EB by Duncan multiple-
range tests.] Thus, the effects that P exerts
on hypothalamic oxytocin receptor binding
do not appear to involve protein synthesis
and may be due to a direct effect of the
hormone on the receptor or on the cell
membrane.

This hypothesis was explored by incubat-
ing nonfixed but previously dried and frozen

Fig. 1. Representative auto-
radiograms of oxytocin re-
ceptor binding in the anteri-
or (top) and posterior (bot-
tom) ventromedial hypo-
thalamus. The outlines of
the VMN were determined
by apposing stained sections
to the autoradiograms. The
anterior and the posterior
planes of the ventromedial
hypothalamus corresponded
to coronal plates 27 to 28
and 30 to 31, respectively,
of the stereotactic atlas of
Paxinos and Watson (31).
Female rats were treated
with EB alone (EB) or with
EB followed 48 hours later
by P (EB + P). Brains were

brain sections from EB-primed females (17),
corresponding to the caudal VMN, for 1
hour in the presence of ['*I]JOVTA and low
concentrations of P, 5a-dihydroprogester-
one (5a-DHP), 3a-hydroxy-5a-pregnane-
20-one (3a-ol DHP), cholesterol, or estra-
diol. Progesterone, but none of the other
steroids, increased the area covered by oxy-
tocin receptor binding in vitro (Fig. 3). As
after its in vivo administration, P also in-
creased the density of oxytocin binding in
the area lateral to the VMN (EB, 11.70 =
0.57; EB + in vitro P, 14.90 = 0.56 fmol of
protein per milligram; mean = SD, #(9) =
3.19, P = 0.001 by paired two-tailed ¢ test).
Thus, P directly affects the oxytocin receptor
or the cell membrane, because protein syn-
thesis is not possible in dried and frozen
brain sections. Whereas E induction of oxy-
tocin receptors in the VMN is most likely
due to a synthesis of new receptors (18), the
rapid modulation by P is likely to be a
membrane effect. Moreover, we found that
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Fig. 3. Effect of P, 5a-DHP, 3a-ol, estradiol-178
(E), or cholesterol (chol) on the oxytocin receptor
field in the caudal ventromedial hypothalamus
when applied in vitro to previously dried brain
sections of E-primed females. Adjacent brain sec-
tions from ten females were dried under a fan for
30 min and then incubated in the absence (open
columns) or in the presence of hormone (closed
columns) (duplicates for each rat). The incuba-
tion conditions were similar to those described in
(10). All steroids were added to the incubation
medium in ethanol (final concentration, 0.5%).
Control sections were incubated in the presence
of 0.5% ethanol without steroid. The final con-
centrations of steroids were 1077 M for the
progestagens and cholesterol and 10™° M for E
(32) (mean * SD, ***P < 0.001 when compared
to the corresponding controls by paired two-
tailed 1 test).

the amplitude of the P effect is dependent on
the amount of E priming. The expansion of
oxytocin receptor binding in response to P
was greater in females primed with a high
dose of EB (50 pg) than in females primed
with a low dose of EB (10 pg) (19).

In parallel studies, we localized the site of
action of oxytocin in the facilitation of lor-
dosis behavior. The behavioral effects of
oxytocin were observed after the bilateral
infusion of the peptide into the areas lateral
to the VMN (20). One hour after the infu-
sion, females were tested for the occurence
of lordosis behavior (21). Oxytocin facilitat-
ed lordosis behavior in females primed with
both EB and P only when it was infused
bilaterally into the area lateral to the caudal
VMN (lordosis scores: saline (n = 12), 0.54
*+ 0.14; oxytocin (n = 15), 2.15 = 0.16;
mean * SEM, P = 0.001 by Mann-Whitney
test). By contrast, oxytocin did not facilitate
lordosis behavior when infused into the
anterior part of the ventromedial hypothala-
mus, where the E-induced oxytocin recep-
tors are not modulated by P treatment [lor-
dosis scores: saline (n = 12), 0.41 = 0.07;
oxvtocin (n = 17), 0.46 = 0.08; mean =
SEM, P > 0.7 by Mann-Whitney test]. The
sites where oxytocin increased female recep-
tivity corresponded to the area where P
rapidly modulated oxytocin receptor bind-
ing (Fig. 4). We have also reexamined
stained sections for the neuroanatomical lo-
calization of oxytocin infusion sites from a
previous study (7). Animals that showed
facilitation of lordosis behavior in response
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Fig. 4. Effect of oxytocin on lordosis responding
1 hour after infusion lateral to the posterior VMN
(top, dotted nuclei), where P modulates oxytocin
receptor binding, and into the anterior ventrome-
dial hypothalamus (20). Fifty-six females primed
with EB + P were infused bilaterally with oxyto-
cin (100 ng dissolved in 0.5 ! of saline per site)
(filled circles, solid line corresponding to a tenth
order polynomial regression) or with saline alone
(open circles, dotted line corresponding to a third
order polynomial regression). C, cannula; DM,
dorsomedial hypothalamic nuclei; DMC, area
compacta of the DM; ME, median eminence; 3V,
third ventricle. Scale bars, 1 mm.

to oxytocin had infusion sites located in the
posterior ventromedial hypothalamus.

Our behavioral observations indicate that
the rapid modulation of oxytocin receptor
binding by P may be involved in the facilita-
tion of female mating behavior. First, oxyto-
cin facilitated lordosis behavior only in fe-
males primed with both E and P (7). Sec-
ond, P increased both oxytocin receptor
binding and lordosis responding within 30
min. Finally, oxytocin facilitated lordosis
behavior only when it was infused into the
caudal part of the ventromedial hypothala-
mus, where the E-induced oxytocin recep-
tors are modulated by P. These data suggest
that P activates oxytocin receptors located in
the neuropil surrounding the caudal VMN.

There are two possible mechanisms for
these effects of P. P could change the confor-
mation of oxytocin receptors on the den-
drites, perhaps from an inactive low-affinity
state to an active high-affinity state. This
shift would explain both the increase in
receptor binding and extension of the oxyto-
cin receptor field. A similar mechanism has
been proposed for the central y-aminobu-
tyric acid A (GABA,) receptor (22), and
different interconvertible affinity states have
been described for the oxytocin receptor
(23). Progesterone could produce these ef-
fects by binding directly to the receptor (24)
or by modifying its lipid environment by
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intercalating into the lipid bilayers (25, 26).

Alternatively, P could increase the mobil-
ity of oxytocin receptors within the mem-
brane of dendrites of laterally projecting
VMN neurons by causing changes in mem-
brane fluidity. A fluidization of the neuronal
membrane by P may also expose a reserve of
oxytocin binding sites that were previously
inaccessible (28). Changes in the mobility of
receptors might also involve transport with-
in neuronal processes (29). The extent to
which receptor mobility can occur under the
conditions of our in vitro assay is not
known. Regardless of the mechanism, the
effect of P is limited to a zone lateral to the
caudal VMN, which is part of the neuronal
network involved in the regulation of female
mating behavior.

These results show a specific and rapid
steroid effect on the neuronal membrane
that is involved in the activation of a behav-
ioral response. However, rapid membrane
effects of P are unlikely to be sufficient for
the facilitation of lordosis behavior. Al-
though the rapid effects of P on oxytocin
receptor binding in the posterior ventrome-
dial hypothalamus appear to be a key step in
the facilitation of lordosis, the regulation of
gene expression by P bound to intracellular
receptors is also necessary for the facilitation
of female mating behavior (2, 16, 30).
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