Pharmacology Biochemistry and Behavior, Vol. 46, pp. 1-8, 1993
Printed 1n the U.S.A. All nghts reserved.

0091-3057/93 $6.00 + .00
Copyright © 1993 Pergamon Press Ltd.

Bicuculline Infused Into the Hamster Ventral
Tegmentum Inhibits, While Sodium Valproate

Facilitates, Sexual Receptivity

C. A. FRYE, P. G. MERMELSTEIN AND J. F. DEBOLD'

Psychology Department, Tufts University, Medford, MA 02155

Received 7 August 1992

FRYE, C. A., P. G. MERMELSTEIN AND J. F. DEBOLD. Bicucuiline infused into the hamster ventral tegmentum
inhibits, while sodium valproate facilitates, sexual receptivity. PHARMACOL BIOCHEM BEHAV d46(1) 1-8, 1993. —Pro-
gesterone’s (P) actions on both the ventral medial nucleus of the hypothalamus (VMH) and the ventral tegmental area (VTA)
are essential for sexual receptivity in female hamsters. Evidence suggests that progesterone’s actions in the hamster VMH may
be genomic while those in the VTA may be mediated nongenomically, via GABA,. Ovariectomized female hamsters were
bilaterally implanted with cannulae aimed toward the VTA. One week after surgery, animals were SC injected with 10 ug
estradiol benzoate (EB) and 40 h later with 200 or 500 ug P. At hour 43.5, 50 ng bicuculline, a GABA, antagonist, was
infused into each available cannula. Control animals received 0.5 ul sterile saline vehicle, or no infusion. At hour 44, animals
were tested for sexual receptivity in an observation arena with a sexually experienced male. Histology revealed that only
animals with bicuculline infused into the VTA had reduced lordosis durations compared to controls. Other animals, primed
with EB and 200 ug progesterone, showed a facilitation of sexual receptivity after infusion into the VTA of 50 ug sodium
valproate, a GABA, transaminase inhibitor. These results suggest that GABA, plays a necessary role in the mechanism of
progesterone’s actions on sexual receptivity in hamster VTA.
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PROGESTOGENIC stimulation of both the ventromedial hy-
pothalamus (VMH) and the ventral tegmental area (VTA) is
critical for normal sexual receptivity in estrogen-primed fe-
male hamsters (16,38). While there is a large population of
estrogen-induced progesterone receptors in the VMH (5), few
such receptors have been localized to the midbrain of hamsters
(35), rats (47,48), or guinea pigs (45). Other evidence also
indicates that progestins do not have actions in the VTA
through an intracellular receptor, as in the VMH. Instead,
progestins appear to act on neuronal membranes within the
VTA. For example, progesterone 3-CMO: BSA (P-3-BSA),
which binds well to neuronal membranes and does not enter
cells (22), has actions in the VTA that are sufficient to rapidly
facilitate receptivity if progesterone has been applied to the
VMH 2 h earlier (15).

A possible mechanism for these actions of progestins in
the midbrain may involve GABA , receptors. This is suggested
by a number of findings. GABA , receptors are known to exist
on cell membranes in behaviorally relevant sites such as the
VMH (36) and the VTA (2,7). Recently, progestins have been
shown to modulate GABA-gated neurotransmission by allo-
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steric action on the GABA, receptor complex (4,19,
25,29,34,40). Moreover, there appears to be a steroid recogni-
tion site on the GABA , receptor complex with structural spec-
ificity (17,18,46).

Behavioral evidence supporting the importance of the in-
teractions of progestins and GABA for sexual receptivity is
not as clear cut as the biochemical evidence. For example, in
rats GABA infused into the VMH is reported to facilitate
(10), inhibit (32), or have no effect (11) on sexual receptivity.
Muscimol infusions have similarly been reported to facilitate
(33) or have no effect (11) on sexual receptivity. However, in
hamsters muscimol facilitates sexual receptivity when infused
into the VTA (14). This effect is site specific and only occurs
in estrogen-primed hamsters treated with at least a low dose
of progesterone. These data suggest that progesterone’s modu-
lation of the GABA, receptor complex may be part of the
steroid’s mechanism of action in the hamster midbrain. How-
ever, the results of muscimol infusions do not clarify whether
activation of the GABA , receptor complex is a necessary part
of progestin’s action. If bicuculline, a GABA, antagonist, can
block progesterone’s action, this would indicate that acti-



vation of the GABA, receptor is essential. Thus, the present
experiment attempts to further define whether GABAergic ac-
tions within the midbrain are integral for normal sexual recep-
tivity in hamsters.

EXPERIMENT 1
METHOD

Subjects

Animals were sexually inexperienced, adult, female golden
hamsters (Mesocricetus auratus, LVG: Lak outbred strain),
obtained from Charles River Breeding Laboratories (Wilming-
ton, MA). Hamsters were singly housed in 26 x 20 x 15-cm
polycarbonate cages with sawdust bedding in a temperature-
(72 £ 2°F) and humidity (30-40%)-controlled room. The
light cycle was reversed (14 L : 10 D), with lights on at 2100
h. Rodent chow and water were freely available in animals’
cages.

Procedure

Surgical procedures were conducted with subjects anesthe-
tized with sodium pentobarbital (75 mg/kg, IP). Steroids were
dissolved in sesame oil and administered SC in a volume of
0.05 cc.

Female hamsters were ovariectomized at $5 days of age, 1
week after arrival in the laboratory. Prior to stereotaxic sur-
gery, all animals were evaluated with a brief neurological eval-
uation, based upon the methods of Marshall and Teitlebaum
(31). This procedure assessed orientation to a tactile flank
stimulus, righting response, response to hindlimb extension,
and the subject’s ability to climb on a vertically oriented cage
top. One week later, female hamsters were stereotactically
implanted with a pair of cannulae, aimed bilaterally just above
the VTA (coordinates from bregma: AP = —2.8, ML =
+0.3, DV = —17.8). The coordinates for these cannulae were
based upon a stereotaxic atlas of the hamster forebrain (30)
and upon experiments showing the most effective sites for
facilitating (9,37) and inhibiting (12,20,26,39) progestin-
facilitated lordosis in hamsters. The cannula assembly con-
sisted of a pair of 23-ga thin-walled stainless steel guide tubes
with 30-ga removable inserts. The cannulae were attached to
the skull with dental cement and a stainless steel screw. The
guide tubes were implanted such that their tips were 4 mm
dorsal to the targeted site to minimize damage to the site.
The day after surgery, 30-ga stylets were placed in the guide
cannulae so that their tips extended to just above the intended
site. The inserts were removed and cleaned daily in ethanol in
an attempt to prevent occlusion of the guide tubes.

One week after stereotaxic surgery, females were injected
SC with 10 ug estradiol benzoate (EB) at hour 0. At hour 40,
animals were injected with 200 or 500 pug progesterone. At
hour 43.5, each animal had 50 ng bicuculline, dissolved in 0.5
ul sterile saline, infused into each available cannula with a
Hamilton microsyringe (Hamilton Co., Reno, NV) attached
by intramedic tubing to a 30-ga insert. Bicuculline or vehicle
was infused at a rate of 0.1 ul/10 s, while animals were under
minimal, hand-held restraint. Just after infusion, animals
were retested for neurological deficits. (Note: All animals had
gained weight since the original surgery and their postopera-
tive neurological evaluations were not different from their
earlier evaluations.) After infusion and neurological evalua-
tion, animals were observed for sexual receptivity at hour 44
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by an investigator blind to the experimental treatments. This
observation was conducted after placing the experimental fe-
male into a 25 X 50 X 39-cm glass arena with a sexually ex-
perienced, gonadally intact male. During the 10-min observa-
tion, the onset and offset of lordosis were recorded with an
event recorder. From these records, latency to first lordosis,
the total time spent in lordosis (TLD), and mean lordotic bout
duration (MLD) were derived. The following week, animals
received similar testing except the alternate dose of progester-
one was given. Whether the animal initially received 200 or
500 pg progesterone was randomly decided and counterbal-
anced.

Following the second week’s testing, animals were killed
with an overdose of sodium pentobarbital and perfused intra-
cardially with 0.9% saline followed by 10% formalin. The
frozen fixed brains were sliced in 40-um coronal sections,
stained with cresyl violet, and then examined under low-power
light microscopy to identify infusion locations.

Two factors were taken into account when assigning ani-
mals to groups for statistical analysis: histological localization
of infusion sites and whether animals received bilateral, uni-
lateral, or no infusions. Although all animals received bilat-
eral cannulae, some cannulae became blocked and were un-
available for infusions. Thus, based upon histology and
infusion records animals were assigned as having infusions of
bicuculline or vehicle to one of six sites: the VTA, interpedun-
cular nucleus (IPN), substantia nigra (SN), red nucleus (RN),
central grey/central tegmentum (CG), or medial lemniscus
(ML). In addition, implanted animals that received no infu-
sion were added to the control group. Multiple analysis of
variance (ANOVA) with repeated measures (SAS, SAS Insti-
tute, Cary, NC) was used to determine whether behavior var-
ied as a function of what was infused intracranially (vehicle
vs. bicuculline), bicuculline dose (50 or 100 ng), progesterone
dose (200 or 500 pg), and infusion site. The general linear
model ANOVA was followed by Newman-Keuls tests for dif-
ferences among the means of various groups.

TABLE 1

MEANS + SEM FOR MEASURES OF LATENCY AND
MLD AFTER INTRACRANIAL INFUSION OF BICUCULLINE

Site (n) Dose P (ug) Lordosis Latency MLD
500 313.9 + 48.5 75.1 £+ 26.6
vTA 200 4854 + 33.6 7.7+ 43
cG 500 1839 + 49.1 97.4 + 16.7
200 29094 + 498 76.8 + 264
RN 500 28.6 + 10.1 72.6 + 29.7
200 457.7 + 142.0 350 + 35.0
ML 500 88.5 + 78.7 321.5 + 263.8
200 20+ 20 175.0 + 175.7
IPN 500 111.8 + 50.9 90.6 + 23.1
200 3294 + 1256 43.8 + 343
SN 500 74.0 + 74.0 155.0 + 155.0
200 130.0 + 130.0 22.0 + 220
Control* 500 4184 + 36.2 356 + 10.2
ontro 200 5573 + 254 107 + 1.1

*Because the control values were not different across infusion
sites, they have been pooled.
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FIG. 1. Total lordosis duration in seconds, + SE, by estrogen-primed female hamsters treated with either 200 or
500 ug progesterone after bicuculline infusion or vehicle. *Significantly reduced compared to other groups at the

same dose of progesterone, p < 0.05.

RESULTS

The overall statistical analyses revealed that there was a
significant effect of bicuculline on TLD, F(3, 181) = 11.14,
p < 0.01, MLD, F(3, 181) = 5.62, p < 0.01, and latency to
first lordosis, F(3, 181) = 9.03, p < 0.01. Posthoc compari-
sons indicated that bicuculline infusions significantly inhibited
receptivity. As the purpose of this study was to assess whether
bicuculline might inhibit suprathreshold progesterone-
facilitated receptivity when infused specifically within the
VTA, infusion records and histology were also considered.
Animals were subcategorized based upon whether they re-
ceived unilateral or bilateral bicuculline in addition to proges-
terone dose.

There were 27 control animals and 64 experimental animals
each tested after EB plus 200 ug progesterone and EB plus
500 pg progesterone. Six control animals had no infusion, 5
had sterile saline infused unilaterally, and 16 had sterile saline
infused bilaterally. There were no statistical differences
among these control groups; therefore, they were combined.
Thirty-six of the experimental animals had bicuculline infused
unilaterally while 28 had bicuculline infused bilaterally. Anal-
yses revealed that there were hormone and drug dose differ-
ences that affected TLD, F(9, 181) = 4.71, p < 0.01, MLD,
F(9, 181) = 4.49, p < 0.01, and latency to first lordosis, F(9,
181) = 3.56, p < 0.01. Posthoc tests revealed that animals
were more receptive after 500 pug progesterone than 200 ug
progesterone: Animals with control infusions had TLDs of
347 + 42 and 176 + 42 s, respectively. Unilateral (mean =
35 + 32 s) and bilateral (mean = 9 + § s) bicuculline infu-
sions attenuated receptivity almost completely in 200 ug pro-
gesterone-treated animals. With 500 ug progesterone, only
those animals with bilateral (mean = 169 + 40 s) infusions
of bicuculline had significantly reduced receptivity compared
to controls (mean = 347 + 42 s5). At this progesterone dose,

there was an apparent, but nonsignificant, decrease in recep-
tivity in those animals with unilateral infusions (mean = 241
+ 455s).

All animals had either control infusions or infusions of
bicuculline into the VTA (n = 28), CG (n = 25), RN (n =
3), ML (n = 2), IPN (n = 5), or SN (n = 1). Because few
animals had bicuculline infusions into the RN, ML, IPN, or
SN and because these infusions were uniformly ineffective (see
Table 1), these sites were combined to comprise an “other”
ventral midbrain group (oMes). When all animals treated with
500 ug progesterone were assigned to either the control infu-
sion, VTA infusion, CG infusion, or other ventral midbrain
group, significant differences existed for both the TLD, F(3,
90) = 3.23, p < 0.02, and the lordosis latency, F(3, 90) =
3.98, p < 0.01. Posthoc tests indicated that with 500 ug pro-
gesterone the TLD was reduced and the latency increased only
when bicuculline was infused into the VTA. Infusion into the
CG and other ventral midbrain sites were no more effective
than control infusions.

Animals injected with 200 ug progesterone and with bicu-
culline infused into the VTA also showed reductions in TLD,
along with increases in latency (see Table 1 and Fig. 1). Group
differences (control, VTA, CG, or other ventral midbrain site)
in TLD, F(3, 90) = 5.44, p < 0.01, and latency, F(3, 90) =
3.31, p < 0.02, were noted after 200 ug progesterone. The
location and behavioral efficacy of all infusion sites after 200
and 500 ug progesterone doses are schematically illustrated in
Figures 2 and 3.

DISCUSSION

The present findings show that bicuculline, when infused
into the ventral tegmental area, can inhibit lordosis in ham-
sters primed with EB and 200 or 500 ug progesterone. Infu-



FIG. 2. Coronal sections depiciang yhe Yocanion of vicucodine infu-
sion sites in unilaterally and bilaterally infused estrogen-primed fe-
male hamsters with 200 ug progesterone. (@), infusion sites associated
with total lordosis duration (TLD) over 250 s; (D), sites with TLD
> Obut < 250s; (O), sites in animals that showed no lordosis.

sions of bicuculline into other ventral midbrain sites did not
significantly alter recepiivity. A comparison of the effects of
unilateral vs. bilateral bicuculline infusions into the VTA sug-
gests that more bicuculline is necessary to reduce the effect of
greater amounts of progesteraae. These cesults fucther suggest
that GABA , receptors in the VTA play a necessary role in the
behavioral effects of progesterone in female hamsters.

EXPERIMENT 2: VALPROIC ACID

Because the GABAergic antagonist bicucnlline was effec-
tive at inhibiting lordosis duranon, 3 s O Inieres: 1d assess
the effects of another GABAergic manipulation. The purpose
of the following experiment is to determine whether sodium
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valproate, a GABA-transaminase inhibitor, will facilitate lor-
dosis when infused into the VTA. Valproate is an indirect
agonist (8,27) that increases endogenous GABA concentra-
tions within the synaptic cleft by blocking GABA metabolism.
It is expected that if progestins work via the GABAergic sys-
tem valproic acid should facilitate low-dose progesterone re-
ceptivity.

METHOD

The same method as in the previous experiment was fol-
lowed with the following modifications. One week after uni-
lateral cannula implantation (AP = —2.8, ML = 0.3, DV

FIG. 3. Coronal sections depicting the location of infusion sites in
eTclateaty wnd aen iy Y acdiing Bl el ynygropninied fmalk
Danasters with SPD g progesterone. | B), infusion sites 255002560 witk
total lordosis duration (TLD) over 250 s; (®), sites with TLD > 0
but < 250s; (O), sites in animals that showed no lordosis.
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= —17.8), animals were injected with 10 ug EB and then, 44 h
later, with 200 ug progesterone. Subjects were neurologically
examined before progesterone injection as in Experiment 1.
Four hours after progesterone, the insert was removed and
0.5 ul 0.9% saline infused into the cannula at 0.1 ul/10 s
through an injection needle the same length and thickness as
the insert. The test for sexual receptivity began 10 min after
infusion. The following week, this protocol was repeated, ex-
cept that 50 ug/0.5 ul valproate was infused into the cannula.
The order of saline and valproate infusions was not counter-
balanced because valproate can have long-lasting effects.

After the second week of testing, animals were perfused
intracardially with 0.9% saline solution followed by 10% for-
malin. A multiple ANOVA model, taking into account re-
peated measures, was used to analyze TLD, latency, and
MLD. Significant differences between subjects were further
evaluated with Duncan’s multiple-range tests (SAS). Within-
subjects ¢-tests on infusion site determined quantitative differ-
ences between administration of saline and valproate. Qualita-
tive trends were determined using the sign test (42),

RESULTS

Subjects were separated into one of six groups following
verification of cannula placement (see Fig. 4). These groups
consisted of animals with infusions into the VTA (n = 14),
SN (n = 11), RN (n = 7), pontine nuclei (PN) (n = 21), cen-
tral gray/central tegmentum (n = 6), or other mesencephalic
sites (n = 16). The last group represents the aggregation of
the sites with four or fewer animals and levels of behavior
that were not significantly different. Although there was no
main effect of valproate on TLD, F(1, 69) = 2.63, n.s., or
main effect of site, F(5, 69) = 1.94, n.s., there was a signifi-
cant interaction between valproate and site of administration
on TLD, F(5, 69) = 2.72, p < 0.05. Posthoc tests revealed
between site differences: Animals with valproate infused into
the VTA, PN, and CG all had significantly longer TLDs than
those with infusions into the RN (p < 0.05). VTA subjects
also had significantly longer TLDs compared with subjects
with cannulae in the SN. CG subjects exhibited significantly
higher TLDs than SN and other mesencephalic (oMes) sub-
jects. There were no site-dependent differences after saline
infusion. There were also no significant effects of valproate
on lordosis latency or MLD. Means and standard errors for
these measures, separated by site, are listed in Table 2.

t-Tests examining the difference between saline and val-
proate effects on TLD within subjects indicated valproate in
the CG significantly enhanced receptivity (t = 2.63, p <
0.05). Valproate also increased sexual receptivity when infused
into the VTA (¢t = 2.07, p < 0.06) and PN (¢t = 2.02, p <
0.06). No differences were recorded for the SN (¢ = 0.04,
n.s.), RN (r = 1.78, ns), oroMes (¢t = 1.17, n.s.).

Using nonparametric statistics to examine the direction of
effects, valproate within the VTA significantly lengthened
TLD (sign test, p < 0.02). This is due to valproate increasing
TLDs in 12 of 14 VTA animals. The effect of infusions of val-
proate into any other site were not significantly different from
vehicle infusions using this criteria (sign test, n.s.) (see Fig. 5).

Nineteen animals that received infusions of saline but had
guide cannulae that had become blocked by the second week
served as controls for differences between testing sessions.
Within-subjects #-test found no evidence for differences in
these animals’ behavior between test sessions (¢ = 0.32, n.s.).
In addition, all animals that were tested for receptivity had
normal performance on their neurological evaluations.

FIG. 4. Analyses of cannula placement using coronal sections of
hamster brain. (O), injection sites where sodium valproate lowered
the total lordosis duration (TLD) by more than 25 s; (J), change in
TLD of 25 s or less between saline and sodium valproate infusions;
(@), injection sites where sodium valproate infusions raised TLDs by
more than 25 s.

GENERAL DISCUSSION

Infusion of sodium valproate varied in its ability to modify
measures of sexual receptivity, dependent upon site. Results
of the two experiments were congruent in that bicuculline in-
fusions into the VTA inhibited lordosis and valproate infu-
sions into the VTA increased receptivity. Valproate’s action
to increase endogenous GABA activity within the VTA, result-
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TABLE 2

MEANS + SEM FOR MEASURES OF TOTAL LORDOSIS DURATION (TLD),
LORDOSIS LATENCY, AND MEAN LORDOSIS DURATION (MLD)
AFTER INTRACRANIAL INFUSION OF SALINE AND SODIUM VALPROATE

Infusion Site  Drug TLD Lordosis Latency MLD
VTA Saline 3109 £ 67.0 211.0 + 69.2 111.3 + 38.8
Valproate 399.6 + 55.2 82.4 + 35.8 143.4 + 43.6
PN Saline 2019 £ 469 266.9 + 59.4 74.7 £ 29.9
Valproate 3114 £+ 55.5 187.3 + 52.4 134.3 + 38.2
SN Saline 187.0 + 71.5 326.9 + 85.3 111.8 + 66.0
Valproate 183.2 + 755 299.3 + 80.2 81.8 + 50.4
RN Saline 280.5 + 98.0 115.0 + 82.0 50.3 + 16.6
Valproate 87.5 + 67.8 368.6 + 91.1 14.7 + 8.7
CG Saline 267.3 + 102.2 163.8 + 90.6 84.2 + 38.8
Valproate 512.1 + 424 33.0 + 139 231.7 + 84.1
oMes Saline 181.0 + 55.7 310.4 + 64.5 71.3 £ 37.0
Valproate 227.8 + 55.3 183.7 + 49.8 85.2 + 35.8

ing in longer TLDs, is also consistent with muscimol’s ability
within the VTA to facilitate sexual receptivity (14). Moreover,
these data together suggest that changes in GABA in the ham-
ster ventral midbrain may be an integral part of the mecha-
nism of progesterone’s actions for facilitating receptivity.

The effect of valproate on sexual receptivity was not as
robust as the effects seen in the muscimol and bicuculline
studies. For example, valproate infusions into the VT A caused
a smaller increase in TLD than did muscimol infusions (14).
There are several possible explanations for this outcome.
First, 50 pug valproate may not be the ideal dose to maximize
endogenous GABA levels when infused into hamster VTA.

The choice of this dose was based upon effective intracranial
infusion doses of valproate in rats (23,24). Because hamsters
are known to differ from rats in their response to, and metab-
olism of, many drugs (6,21), it is possible that 50 ug was not a
sufficient dose to increase GABA activity fully in the hamster
VTA. In addition, this experiment did not assess the diffusion
of either bicuculline or valproate from the infusion site, nor
did it assess whether these two drugs, at two different doses,
diffused differentially. Second, the doses of progesterone used
in this experiment were higher than those used with muscimol.
Muscimol infused into the hamster VTA facilitated sexual re-
ceptivity when given with threshold doses of progesterone (25
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FIG. 5. Enhancement of total lordosis duration (TLD) by intracranial infusion of sodium val-
proate (50 ug) into specific hamster brain regions. Ammals with sodium valproate infused into the
VTA more consistently showed an increase in TLD over their saline values than animals with
valproate administration to other sites (p < 0.02).
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and 100 pg) (14). In the present study, 200 ug progesterone
was used to be comparable to a dose used for inhibition of
receptivity by bicuculline. This 200-ug dose of progesterone
facilitated receptivity in the saline condition such that it may
have been difficult to achieve a large increase in sexual be-
havior.

The facilitation of sexual receptivity when valproate was
infused into brainstem areas other than the VTA (CG and
PN) was unexpected. Infusions of muscimol and bicuculline
into the central grey region had no effect on sexual behavior
in the hamster (14). However, unlike these GABA ,-specific
drugs, valproate increases GABA concentrations that can then
act at both GABA, and GABA receptors. These two classes
of receptor may be, in some cases, associated with different
circuitry (44). In addition, GABA,- and GABA;-specific
drugs have different effects on sexual behavior (1,28). The
effect of valproate in the hamster CG and PN may reflect
increased GABAy activity or the result of simultaneous stimu-
lation of GABA, and GABAg.

The present study is part of a series of experiments attempt-
ing to ascertain whether progestins have behaviorally relevant
effects on GABA-sensitive neurons. More specifically, is inter-
action of progestins with the GABA, receptor complex in the

hamster VTA essential for female sexual behavior? Consistent
with our hypothesis, hamsters require at least threshold pro-
gestogenic stimulation in the ventral midbrain for GABA
facilitation of sexual receptivity (14); GABAergic drugs are
not progesterone mimetic. Further, progestins active at the
GABA ,-benzodiazepine complex, which do not bind to the
intracellular progestin receptor, such as 3a-OH-DHP and 5a-
THDOC (3,4,41,43), have facilitatory effects on hamster sex-
ual behavior when implanted into the VTA (13), whereas pro-
gestins not potent at the GBR, like 58-THDOC, are ineffective
at facilitating sexual behavior.

In sum, infusions of the GABA, antagonist bicuculline
into the VTA inhibit suprathreshold progesterone-induced re-
ceptivity, while endogenous increases in GABA with valproate
facilitate sexual receptivity. These findings are consistent with
the GABAergic neurotransmitter system being an important
component of progestin action in the hamster midbrain. The
precise manner in which progesterone and GABA interact in
the hamster VTA to promote sexual receptivity is currently
being investigated.

ACKNOWLEDGEMENTS
This work was supported by NSF Grant BNS 91-12777 to J.F.D.

REFERENCES

1. Agmo, A.; Fernandez, H. Dopamine and sexual behavior in the
male rat: A reevaluation. J. Neural Trans. 77:21-37; 1989.

2. Bayer, V. E.; Pickel, V. M. GABA-Labeled terminals form pro-
portionally more synapses with dopaminergic neurons containing
low densities of tyrosine hydroxylase-immunoreactivity in rat ven-
tral tegmental area. Brain Res. 559:44-55; 1991,

3. Belelli, D.; Gee, K. W. 5a-Pregnan-3a,20a-diol behaves like a
partial agonist in the modulation of GABA-stimulated chloride
uptake by synaptoneurosomes. Eur. J. Pharmacol. 167:173-176;
1989.

4. Belelli, D.; Lan, N. C.; Gee, K. W. Anticonvulsant steroids and
the GABA-benzodiazepine receptor-chloride ionophore com-
plex. Neurosci. Biobehav. Rev. 14:315-322; 1990.

5. Blaustein, J. D.; Olster, D. O. Gonadal steroid hormones, recep-
tors and social behavior. In: Balthazart, J., ed. Advances in com-
parative and environmental physiology. vol. 3. Berlin: Springer-
Verlag; 1989:75-90.

6. Brodie, B. B. Difficulties in extrapolating data on metabolism of
drugs from animal to man. Clin. Pharmacol. Ther. 3:374-380;
1962.

7. Churchill, L.; Dilts, R. P.; Kalivas, P. W. Autoradiographic lo-
calization of gamma-aminobutyric acid a receptors within the
ventral tegmental area. Neurochem. Res. 17:101-106; 1992.

8. Cotariu, D.; Zaidman, J. L.; Evans, S. Neurophysiological and
biochemical changes evoked by valproic acid in the central ner-
vous system. Prog. Neurobiol. 34:343-354; 1990.

9. DeBold, J. F.; Malsbury, C. W. Facilitation of sexual receptivity
by hypothalamic and midbrain implants of progesterone in fe-
male hamsters. Physiol. Behav. 46:655-660; 1989.

10. Donoso, A. O.; Zarate, M. B. Enhancement of lordotic behavior
by 1njection of GABA into the ventromedial nucleus of the hypo-
thalamus. IRCS J. Med. Sci. 9:1039; 1981.

11. Fernandez-Guasti, A.; Larsson, K.; Beyer, C. Lordosis behavior
and GABAergic neurotransmission. Pharmacol. Biochem. Be-
hav. 24:673-676; 1986.

12. Frye, C. A.; DeBold, J. F. Ibotenic acid or 6-OHDA lesions of
the VTA inhibit receptivity in hamsters. Soc. Neurosci. Abstr.
15:1100; 1989.

13. Frye, C. A.; DeBold, J. F. 3a-OH-DHP and 5«-THDOC 1m-
plants to the VTA facilitate sexual receptivity in hamsters after
progesterone priming to the the VMH. Brain Res. (in press).

14. Frye, C. A.; DeBold, J. F. Muscimol facilitates sexual receptivity

in hamsters when infused into the ventral tegmentum. Pharmacol.
Biochem. Behav. 42:879-887; 1992.

15. Frye, C. A.; DeBold, J. F. P-3-BSA, but not P-11-BSA, implants
in the VTA rapidly facilitate receptivity in hamsters after proges-
terone priming to the VMH. Behav. Brain Res. 53:167-175; 1993.

16. Frye, C. A.; Mermelstein, P. G.; DeBold, J. F. Evidence for a
nongenomic action of progestins on sexual receptivity in hamster
ventral tegmental area but not hypothalamus. Brain Res. 578:87-
93; 1992,

17. Gee, K. W.; Bolger, M. B.; Brinton, R. E.; Coirini, H.; McEwen,
B. S. Steroid modulation of the chloride ionophore in rat brain:
Structure-activity requirements, regional difference and mecha-
nism of action. J. Pharmacol. Exp. Ther. 246:803-812; 1988.

18. Harrison, N. L.; Majewska, M. D.; Harrington, J. W.; Barker,
J. L. Structure-activity relationships for steroid interaction with
the gamma-aminobutyric acid A receptor complex. J. Pharmacol.
Exp. Ther. 241:346-353; 1987.

19. Harrison, N. L.; Simmonds, M. A. Modulation of the GABA
receptor complex by a steroid anaesthetic. Brain Res. 323:287-
292; 1984.

20. Havens, M. D.; Rose, J. D. Impaired lordosis response in golden
hamsters with lesions in the ventromedial midbrain. Exp. Neurol.
86:583-589; 1984,

21. Hoffman, R. A.; Robinson, P. F.; Magalhaes, H. The golden
hamster. Ames, IA: Iowa State University Press; 1968,

22. Ke, F.-C.; Ramirez, V. D. Binding of progesterone to nerve cell
membranes of rat brain using progesterone conjugated to '*I-
bovine serum albumin as a ligand. J. Neurochem. 54:467-472;
1990.

23. Kuruvilla, A.; Uretsky, N. J. Effect of sodium valproate on mo-
tor function regulated by the activation of GABA receptors. Psy-
chopharmacology (Berl.) 72:167-172; 1981.

24. Kuruvilla, A.; Uretsky, N. J. Effect of intrastriatal administra-
tion of cholinergic and GABAergic agonists on apomorphine-
induced circling. Psychopharmacology (Berl.) 84:42-47; 1984.

25. Lambert, J. J.; Peters, J. A.; Cottrell, G. A. Actions of synthetic
and endogenous steroids on the GABA, receptor. Trends Phar-
macol. 8:224-227; 1987.

26. Lisciotto, C. A.; DeBold, J. F. Ventral tegmental lesions impair
sexual receptivity in female hamsters. Brain Res. Bull. 26:877-
883; 1992.

27. Loscher, W. Effects of inhibitors of GABA transaminase on the



28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

synthesis, binding, uptake, and metabolism of GABA. J. Neuro-
chem. 34:1603-1608; 1980.

Luine, V.; Cowell, J.; Frankfurt, M. GABAergic-serotoner-
gic interactions in regulating lordosis. Brain Res. 556:171-174;
1991.

Majewska, M. D.; Harrison, N. L.; Schwartz, R. D.; Barker, J.
L.; Paul, S. M. Steroid hormone metabolites are barbiturate-
like modulators of the GABA receptor. Science 232:1004-1007;
1986.

Malsbury, C. W. A schematic stereotaxic atlas of the golden ham-
ster brain. Cat. Sel. Doc. Psychol. 7:67; 1977.

Marshall, J. F.; Teitelbaum, P. Further analysis of sensory inat-
tention following lateral hypothalamic damage in rats. J. Comp.
Physiol. Psychol. 86:375-395; 1974.

Masco, D.; Weiger, R.; Carrer, H. F. Gamma aminobutyric acid
mediates ventromedial hypothalamic mechanisms controlling the
execution of lordotic responses in the female rat. Behav. Brain
Res. 19:153-162; 1986.

McCarthy, M. M.; Malik, K.; Feder, H. H. Increased GABAergic
transmission in medial hypothalamus facilitates lordosis but has
the opposite effect in the preoptic area. Brain Res. 507:40-44;
1990.

Mienville, J.-M.; Vicim, S. Pregnenolone sulfate antagonizes
GABA-A receptor-mediated currents via a reduction of channel
opening frequency. Brain Res. 489:190-194; 1989.

Munn, A. R.; Sar, M.; Stumpf, W. E. Topographic distribution
of progestin target cells in hamster brain and pituitary after injec-
tion of PH}R5020. Brain Res. 274:1-10; 1983.

Ogawa, S.; Kow, L. M.; Pfaff, D. W. Effects of GABA and
related agents on the electrical activity of hypothalamic ventrome-
dial nucleus neurons in vitro. Exp. Brain Res. 85:85-92; 1991.
Pleim, E. T.; Baumann, J.; Barfield, R. J. A contributory role
for midbrain progesterone in the facilitation of female sexual
behavior in rats. Horm. Behav. 25:19-28; 1991.

Pleim, E. T.; Cailliau, P. J.; Weinstein, M. A.; Etgen, A. M,;
Barfield, R. J. Facilitation of receptive behavior in estrogen-

39.

41.

42.

43.

45.

46.

47.

48.

FRYE, MERMELSTEIN AND DeEBOLD

primed female rats by the antiprogestin, Ru-486. Horm. Behav.
24:301-310; 1990.

Pleim, E. T.; DeBold, J. F. Site-specific inhibition of receptivity
by intracranial anisomycin in hamsters. Brain Res. Bull. 21:581-
585; 1988.

. Puia, G.; Santi, M. R.; Vicini, S.; Pritchett, D. B.; Purdy, R.

H.; Paul, S. M.; Seeburg, P. H.; Costa, E. Neurosteroids act
on recombinant human GABA, receptors. Neuron 4:759-765;
1990.

Raynaud, J.-P.; Ojasoo, T.; Pottier, J.; Salmon, J. Chemical
substitution of steroid hormones: Effect of receptor binding and
pharmacokinetics. In: Litwack, G., ed. Biochemical actions of
hormones. vol. [X. New York: Academic Press; 1982:305-342.
Siegel, S. Nonparametric statistics for the behavioral sciences.
New York: McGraw-Hill; 1956.

Smith, H. E.; Smith, R. G.; Toft, D. O.; Neegard, J. R.; Bur-
rows, E. P.; O’'Malley, B. W. Binding of steroids to progesterone
receptor proteins in chick oviduct and human uterus. J. Biol.
Chem. 249:5924-5932; 1974.

. Sugita, S.; Johnson, S. W.; North, R. A. Synaptic inputs to

GABA(A) and GABA(B) receptors originate from discrete affer-
ent neurons. Neurosci. Lett. 134:207-211; 1992,

Turcotte, J. C.; Nielsen, K. H.; Blaustein, J. D. Ventrolateral
hypothalamus projections to the estrogen receptor-immunoreac-
tive sites in the female guinea pig brain. Soc. Neurosci. Abstr.
16:923; 1991.

Turner, D. M.; Ransom, R. W.; Yang, J.; Olsen, R. W. Steroid
anesthetics and naturally occurring analogs modulate the GABA
receptor complex at a site distinct from barbiturates. J. Pharma-
col. Exp. Ther. 248:960-966; 1989.

Warembourg, M. Radiographic study of the brain and pituitary
after *H progesterone injection into estrogen primed ovariecto-
mized guinea pigs. Neurosci. Lett. 7:1-5; 1978.

Warembourg, M. Uptake of *H labelled synthetic progestin by
rat brain and pituitary. A radioautography study. Neurosci. Lett.
9:329-332; 1978.



