
when the molecule was reassembled. This limited 
the number of mutations that could be tested. 
 methods for oocyte harvesting, RNA injection, 
whole cell and single-channel recording have been 
reported [R. H .  Joho et al., above; J. R. Moorman ei 
al., Am. J .  Physiol. 253, H985 (1987)l. Single 
channel current traces were idealized w ~ t h  a program 
written by A. IM. J. Van Dongen and implemented 
by H .  Nguyen. The algorithm uses a dlidt threshold 
for determining transitions benveen open and closed 
states. The idealized traces were used to construct 
frequency histograms of closed times, burst dura- 
tions, and walting times to first opening. The data 
were represented by a single or sum of two exponen- 
tials model where the parameters were estimated 
with a maximum likelihood technique. Cumulative 
distributions of waiting time to first opening were 
corrected for the number of channels in the patch. 

9. J. R.  moorm man, G. E. Kirsch, A. M. Brown, R. H .  
Joho, unpublished observations. 

10. C. ~Methefessel ei al. ,  PJtre~evs Arch 407, 577 
(1986). 

11. J. R. Moorman, G. E. Klrsch, A. M. J. Van Dongen, 
R. H .  Joho, A. IM. Brown, ~Vetjeiivort 4, 243 (1990). 

12. D. Colquhoun and B. S a k m a ~ ,  J. Physiol. (London) 
369, 501 (1985). 

13. R. W, Aidrich, D. P. Corey, C. F. Stevens, 'Vatatlire 
306,436 (1983); R. W. Aldrich and C. F. Stevens, 
J. .Netirosci. 7, 418 (1987). 

14. G. E. Kirsch and A. M. Brown, J .  Gen.  Physiol. 93, 
85 (1989). 

15. D.  L. Kunze, A. E. Lacerda, D.  Wilson, A. M. 
Brown, ibid. 86, 691 (1985); J.  B. Patlak and M. 
Ortiz, ibid. 87, 305 (1986); B. A. Barres, L. L. Y. 
Chun, D. P. Corey, Irjeuron 2, 1375 (1989). 

16. G. E. Kirsch, A. Skattebol, L. D.  Possani, A. M. 
Brown, J Gen .  Physiol. 93, 67  (1989). 

17. L. C. Timpe, Y. N. Jan, L. Y. Jan, ~Veuron 1, 659 
(1988). 

18. W. Stiihmer et al. ,  EIMBOJ. 8, 3235 (1989); A. LM. 
J.  Van Dongen, G. C. Frech, J.  A. Drewe, R. H .  
Joho, A. LM. Brown, A'euron, in press. 

19. In these electrostatic models we assume that the 
charged regions lie within a Debye length of one 
another in the cytoplasm or that they lie within 
hydrophob~c regions of low dielectric constant. A 
nonelectrostatic explanation may also apply in which 
removal of lysines or the arginine changes the 
sensitivity of the mutant channels to endogenous 
proteases, which in nun leads to altered channel 
gating. 

20. We thank H.  Silberberg for preparation of the 
mutant mRNAs, K. Kasper for DNA sequencing, 
and G. Schuster for oocyte injection. Supported by 
research grants KL-01858 (J.R.M.), HL-36930 and 
NS-23877 (A.LM.B.) from the NIH, the Advanced 
Technolog). Program of the State ofTexas (R.H.J.) 
the Kempner Foundation and the Sealy Memorial 
Endowment (J.R.lM.), and the American Heart As- 
sociation, Texas affiliate (R.H. J. and G.E.K. ) .  

12 April 1990; accepted 17 July 1990 

Behavioral Effects of Progesterone Associated with 
Rapid Modulation of Oxytocin Receptors 

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. 

I T IS 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 obsenia- 
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 lo& dendrites and 
axons of VMN neurons (7, 8). Oxytocin 
infused into the area lateral to the VMN 
facilitates lordosis behavior onlv 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 kxam- 
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 [ ~ ( C H Z ) ~ ,  
T y r ( ~ e ) * ,  Thr4, T ~ ~ - N H * ~ ]  ornithine vaso- 
tocin analog ( [ ' 2 5 ~ ] O ~ T A )  was used as a 
ligand for the central oxytocin receptor be- 
cause of its high specificity, affinity (KD,  50 
pM), and specific activity (2200 Cilmmol) 
(11). Initially, we examined the regional 
distribution o f  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- 
a1 hypothalamus of EB-primed females, oxy- 
tocin receptor binding occurred in the ven- 
trolateral parts of the VMN but also extend- 
ed into thk 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. ~ i f tedn min- 
utes before injecting 0.5 mg of P or vehicle, 
EB-primed females were injected with saline 
or with 100 mg of anisornycin 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 k 0.38*; EB + anisomycin + P, 2.64 
* 0.52* mmz; mean * SD, *P 5 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 

brain sections from EB-primed females (17), 
corresponding to the caudal VMN, for 1 
hour in the presence of ['251]OVTA and low 
concentrations of P, 5a-dihydroprogester- 
one (5a-DHP), 3a-hjrdroxy-5a-pregnane- 
20-one (3a-01 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, t(9) = 

3.19, P 5 0.001 by paired two-tailed t 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 

Flg. 1. Representative auto- - -*--ior - . -  
radiograms of oxytocln re- 

'% -p?-- - ceptor b~nding in the anteri- , 4--  . - . a  
&>> ; ' :- or (top) and posterior (bot- ' ' 

tom) ventromedlal hypo- ; @ @ 
thalamus. The outllnes of '3 
the VMN were determined d 4 
by apposing stalned sectlons v - 
to the autoradlograms. The 
anterior and the posterior rlor planes of the ventromedial y. .- ,.. " 3 7  . t t  - 
hypothalamus corresponded - 3 ,. . I 

to coronal plates 27 to 28 
and 30 to 31, respectively, 
of the stereotactlc atlas of 
Paxinos and Watson (31). 
Female rats were treated 
with EB alone (EB) or with B EB followed 48 hours later 
by P (EB + P). Brains were 
sampled 4 hours after P treatment. Magnification, x 15 

Fig. 2. Effect of P on oxyto- 
cin receptor binding at 30 
min in the zone lateral to the 
VMN (B) and on the area 
covered by oxytocin recep- 
tors (D) and effect of P on 
oxytocin binding in the an- 
terior ventromedial hypo- 
thalamus (A and C). Brains 
from E-primed females were 
sampled for receptor autora- 
diography at different times 
after the injection of vehicle 
(EB, open circles) or P (EB 
+ P, filled circles). Each 
data point corresponds to 
the mean 2 SD from eight 
(0, 1, 2, and 4 hours) or 
four (30 min and 8 hours) 
animals (***P I 0.001, **P 
5 0.01, *P I 0.05 when 
compared to the correspond- 
ing EB group by Duncan 
multiple range tests). 

Anterior Posterior 
5 ,  

1'. I . . . . . ~ . . . , . . ]  
0 1 2  4 0 1 2  4 8 

Time after P (hours) 

P 5a-DHP 3a-01 E Chol 

Fig. 3. Effect of P, 5a-DHP, 3a-01, estradiol-l7p 
(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). AU 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 lo-' M for the 
progestagens and cholesterol and M for E 
(32) (mean ? SD, ***P 5 0.001 when compared 
to the corresponding controls by paired two- 
tailed r 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 kg) than in females primed 
with a low dose of EB (10 kg) (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 5 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; 
oxytocin ( t i  = 17), 0.46 5 0.08; mean * 
SEM, P > 0.7 by Mann-Whitney test]. The 
sites where oxytocin increased female recep- 
tivity correspbnded 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 oqrtocin 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 JJLI 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 7-aminobu-
tyric acid A (GABAA) 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 

intercalating into the lipid bilayers (25y 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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