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Abstract
The progesterone (P4) metabolite and neurosteroid, 5α-pregnan-3α-ol-20-one (3α,5α-THP) acts in
the midbrain ventral tegmental area (VTA) to modulate lordosis of female rats. 3α,5α-THP also
mediates exploratory, affective, and social behaviors; whether actions of 3α,5α-THP in the VTA
mediate these behaviors is of interest. To elucidate the role of the VTA in mediating exploratory,
affective, and social behaviors, the present study examined effects of inhibiting 3α,5α-THP formation
in the VTA. Rats received intra-VTA infusions of either PK11195 (400 ng/μl, which inhibits de
novo 3α,5α-THP production), indomethacin (10 μg/μl, which blocks metabolism of P4 to 3α,5α-
THP), PK11195 and indomethacin together, or β-cyclodextrin vehicle and tested on a battery of
anxiety (open field and elevated plus maze), social (partner preference and social interaction), and
sexual (paced mating) tasks. Compared to rats infused with vehicle to the VTA, rats infused with
inhibitor(s) demonstrated significant reductions in central entries in the open field, time on open arms
of an elevated plus maze, time spent interacting with a conspecific, initiation and intensity of lordosis,
sexual solicitations, and midbrain 3α,5α-THP levels. These findings suggest that actions of 3α,5α-
THP in the VTA are important for mediating aspects of exploration, anxiety, and social behavior
related to mating.

*Corresponding author at: Department of Psychology, The University at Albany-SUNY, Life Sciences Research Building B007a, 1400
Washington Avenue, Albany, NY 12222, USA. Tel.: +1 518 591 8823; fax: +1 518 591 8848.
1Tel.: +1 518 591 8823; fax: +1 518 591 8848.
2Tel.: +1 410 848 7000.
Publisher's Disclaimer: This article appeared in a journal published by Elsevier. The attached copy is furnished to the author for internal
non-commercial research and education use, including for instruction at the authors institution and sharing with colleagues. Other uses,
including reproduction and distribution, or selling or licensing copies, or posting to personal, institutional or third party websites are
prohibited. In most cases authors are permitted to post their version of the article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information regarding Elsevier's archiving and manuscript policies are encouraged to
visit: http://www.elsevier.com/copyright

NIH Public Access
Author Manuscript
Behav Brain Res. Author manuscript; available in PMC 2009 November 21.

Published in final edited form as:
Behav Brain Res. 2008 November 21; 193(2): 269–276. doi:10.1016/j.bbr.2008.06.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.elsevier.com/copyright


Keywords
Neurosteroid; Biosynthesis; Non-genomic ; GABAA receptors; Homeostasis

1. Introduction
The ovarian hormones 17β-estradiol (E2) and progesterone (P4) have diverse functional effects
via classic actions at cognate steroid receptors and/or other non-traditional mechanisms to
modulate female sexual behavior. E2 and P4 initiate sexual behavior of female rodents through
actions at intracellular progestin receptors in the ventromedial hypothalamus (VMH). In the
midbrain ventral tegmental area (VTA), progestins have actions to mediate the intensity and
duration of lordosis (the stereotypic behavior female rodents engage in when sexually
receptive) that occur independent of the few cognate intracellular progestin receptors in the
VTA [37]. The primary actions of P4 in the VTA to mediate the intensity and duration of sexual
responsiveness of rodents involve formation of 5α-pregnan-3α-ol-20-one (3α,5α-THP), a P4
metabolite and neurosteroid, and its subsequent actions at GABAA, NMDA, and/or dopamine-
like type 1 receptors, and their downstream signal transduction processes [32,33,39,41,76].
These data support a diverse role of E2 and P4 in the VMH and VTA to modulate sexual
behavior via actions at intracellular and membrane receptors, respectively. However, there are
other factors that influence sexual behavior.

Female sexual behavior requires receiving and integrating a number of sensory stimuli. In order
for successful mating to occur, aggressive and non-social behaviors normally exhibited by
female rodents must be dampened. 3α,5α-THP has been shown to mediate these behaviors.
Rats in behavioral estrus, which have elevated 3α,5α-THP concentrations, demonstrate more
exploration, anti-anxiety, and pro-social behaviors compared to rats in diestrous, with lower
3α,5α-THP levels [34,52,82]. Removal of the ovaries, the primary source of E2 and progestins,
decreases exploration, anti-anxiety, and pro-social behaviors of female rats and administration
of 3α,5α-THP re-instates these behaviors akin to that of rats in behavioral estrus [36]. Thus,
3α,5α-THP plays a role in modulating responses to a suite of incoming sensory cues important
for mating but the mechanisms by which these actions occur are still being elucidated.

Evidence suggests that activation of the mesolimbic dopamine system appears to play a
particularly important role in mating. First, the midbrain VTA is characterized by the presence
of dopamine cell bodies that project to regions important for reward and 3α,5α-THP infusion
to the VTA, but not surrounding regions, facilitates consummatory (lordosis) and appetitive
(exploratory, anti-anxiety, and social) aspects of sexual behavior among E2-primed
ovariectomized rats [36,37,45,77]. Second, lesions caused by ablation, electrical stimulation,
or 6-hydroxydopamine (which selectively kills dopaminergic and noradrenergic neurons) to
the midbrain VTA of rats or hamsters, disrupts mating and/or maternal behavior [5,12,13,50,
58,71,72,80]. Third, physiological dosing of P4 with E2 to ovariectomized rats enhances central
dopamine levels [8,54]. Fourth, engaging in sexual behavior or exposure to mating-relevant
cues produces increases in dopaminergic activity in the nucleus accumbens and the ventral
striatum of male and female rodents [3,56]. Fifth, increasing dopaminergic activity with D-
amphetamine or amfonelic acid enhances mating behavior of male rats [2]. Lastly, blocking
actions at D1/D2 receptors with flupenthixol reduces sexual behavior of male rats and rabbits
[1,2]. Together, these data suggest that the mesolimbic dopamine system is sensitive to, and
influences, sexual behavior.

We have previously observed that inhibiting 3α,5α-THP’s actions at GABAA or dopamine-
like type 1 receptors attenuates lordosis [37,39], but the role of 3α,5α-THP in the midbrain
VTA for other reproductively relevant behaviors is not well-understood. The present
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experiments were designed to elucidate the role of 3α,5α-THP in the VTA in mediating
behavioral responses to sensory stimuli associated with reproductively relevant processes. We
hypothesized that if actions of 3α,5α-THP in the VTA are necessary for appropriate behavioral
responses associated with mating (exploratory, anti-anxiety, and pro-social behaviors), then
blocking formation of 3α,5α-THP in the VTA should attenuate these behaviors in a manner
similar to that seen with sexual behaviors.

2. Methods
These methods were pre-approved by the Institutional Animal Care and Use Committee at The
University at Albany-SUNY.

2.1. Animals and housing
Adult, intact female Long–Evans rats (N = 41) were obtained from the breeding colony of the
Life Sciences Research Laboratory Animal Care Facility at The University at Albany-SUNY
(original stock Charles River, Raleigh, NC). Rats were group-housed in a temperature- and
humidity-controlled room on a reverse light cycle (lights off at 8:00 a.m.) with ad libitium
access to water and rat chow in their cages.

2.2. Surgery
Rats were stereotaxically implanted with bilateral guide cannulae aimed at the medial aspect
of the VTA (from bregma: AP = −5.3, ML = ± 0.4, DV = −7.0) [61] under xylazine (12 mg/
kg) and ketamine (60 mg/kg) anesthesia. Guide cannulae consisted of modified 23-gauge, thin-
wall stainless steel needles with 30-gauge, removable inserts. Following surgery, rats were
monitored for loss of weight, righting response, flank stimulation response, and/or muscle tone
[53]. Eight rats that failed these assessments were killed immediately and were excluded from
analyses.

2.3. Determination of sexual receptivity
Daily (between 10:00 and 11:00 a.m.), females were vaginally masked and paired briefly with
a stimulus male (that was conditioned to show consistent, high levels of sexual contact). Sexual
receptivity was determined by the response of experimental females to stimulus male
investigation. Rats that demonstrated receptive (lordosis) and proceptive behaviors (hopping,
darting, and ear wiggling) were considered to be in behavioral estrus, while those that exhibited
aggressive behaviors (vocalizing, defensive posturing, boxing, and avoidance) were considered
not in behavioral estrus. Vaginal cytology was not used to determine estrous cycle phase
because vaginal–cervical stimulation that occurs during sample collection could have altered
subsequent behavioral responses.

2.4. Central manipulations
Immediately following determination of sexual-receptivity rats received randomly assigned
central infusions. Formation of 3α,5α-THP was inhibited with infusions of either PK11195
(400 ng/μl, Alexis Biomedicals Inc., San Diego, CA), a peripheral-type benzodiazepine
receptor partial agonist, which attenuates 3α,5α-THP biosynthesis, or indomethacin (10 μg/
μl, Sigma Chemical Co., St. Louis, MO), a 3α-hydroxysteroid dehydrogenase inhibitor, which
blocks P4’s metabolism to 3α,5α-THP. Each of these inhibitor regimen have been shown
previously to attenuate lordosis and/or anti-anxiety behavior, and decrease midbrain 3α,5α-
THP levels [7,40,70].

Rats were randomly assigned to one of four conditions and tested throughout the behavioral
battery described below. One group of rats (n = 9) was infused with PK11195 followed 20 min
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later by vehicle infusions (β-cyclodextrin), and then tested 10 min following the last infusion.
A second group of rats (n = 8) was infused with vehicle, followed 20 min later by indomethacin
infusions, and tested 10 min following these infusions. A third group of rats (n = 8) was infused
with PK11195, followed 20 min later by infusions of indomethacin, and tested 10 min later.
A fourth group of rats (n = 8) was infused with vehicle, followed 20 min later by a second
vehicle infusion, and tested 10 min later (see Fig. 1).

2.5. Behavioral testing
Following infusions, rats in behavioral estrus were tested in the battery of tasks described
below. We have utilized these behavioral measures in the past as individual tasks [31], small
batteries of anxiety, social, or sexual measures only [31], or as a single battery of testing [35].
We find that behavioral and neuroendocrine status is not significantly affected by exposure to
any task other than mating [31]. Because the present study was designed to examine effects of
progestins on exposure to novel stimuli, rats were not habituated to behavioral apparatus prior
to testing. All testing apparatus were brightly lit from above.

All behavioral data were collected with the ANY-Maze data collection program (Stoelting Co.,
Wheat Dale, IL) by one of two observers. There was at least a 95% concordance rating between
data that was collected by ANY-Maze and that collected by observers.

2.5.1. Open field—Behavior in the open field is an index of exploration, anxiety, and motor
behavior [9,34]. The open field (76 cm × 57 cm × 35 cm) has a 48-square grid floor (6 × 8
squares, 9.5 cm per side): there is an overhead light illuminating the central squares (all but
the 24 perimeter squares were considered central). Per previous methods, rats were placed in
the open field and the path of their exploration was recorded for 5 min. The number of central,
peripheral, and total entries was then calculated from these data as indices of anxiolysis and
motor behavior, respectively.

2.5.2. Elevated plus maze—Behavior in the elevated plus maze is also utilized to assess
exploration, anxiety, and motor behavior [21,34]. The plus maze was elevated 50 cm off the
ground and consisted of four arms (49 cm long and 10 cm wide). Two arms were enclosed by
walls 30 cm high and the other two arms were exposed. As per previous methods, rats were
placed at the juncture of the open and closed arms and the number of entries into, and the
amount of time spent on, the open and closed arms were recorded during a 5-min test. Time
spent on the open arms is an index of anxiety and the total number of arm entries is measure
of motor activity.

2.5.3. Partner preference—A modified version of the previously established partner
preference task was utilized to assess preference for an intact male or a conspecific [4,34].
Experimental rats were placed in the center of an open field (76 cm × 57 cm × 35 cm) that
contained an ovariectomized stimulus female and an intact stimulus male in opposite corners.
While, physical contact was prohibited by containing the stimulus rats in Plexiglass
compartments, sensory contact was made possible via small, center-facing holes (1 cm
diameter) drilled in the bottom portion of the enclosures that allowed the experimental rat to
make visual and olfactory contact with the stimulus rats. The amount of time that experimental
rats spent within a body’s length of stimulus animals was recorded in a 5-min test. Increased
time spent in close proximity to one stimulus rat versus another is an indication of a preference
for that animal.

2.5.4. Social interaction—The social interaction task assessed exploratory and anxiety
behavior associated with interacting with a novel conspecific [22,34]. Each member of a pair
of rats (one experimental, one stimulus) was placed in opposite corners of an open field (76
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cm × 57 cm × 35 cm). The total duration of time that experimental rats engaged an
ovariectomized stimulus rat in crawling over and under, sniffing, following with contact,
genital investigation, tumbling, boxing, and grooming was recorded during a 5-min test [34].
An ovariectomized rat was utilized as the stimulus animal in order to avoid the possibility of
vaginocervical stimulation of experimental rats, which might occur if a male had been used as
the stimulus animal. Duration of time spent interacting with a conspecific is an index of anxiety
behavior.

2.5.5. Paced mating—Paced mating was utilized over standard mating because of its greater
ethological relevance and procedures were carried out as previously reported [16,28,42,55].
Paced mating tests were conducted in a chamber (37.5 cm × 75 cm × 30 cm), which was equally
divided by a partition that had a small (5 cm in diameter) hole in the bottom center, to allow a
female free access to both sides of the chamber, but which prevented the larger stimulus male
from moving between sides. Females were placed in the side of the chamber opposite the
stimulus male. Rats were behaviorally tested for an entire ejaculatory series. Behaviors
recorded were the frequency of mounts and intromissions that preceded an ejaculation. As well,
the frequency (lordosis quotient = incidence of lordosis/number of mounts) and intensity
(lordosis rating) of lordosis, quantified by rating of dorsiflexion on a scale of 0–3 [47], was
recorded. The percentage of proceptive (i.e. hopping, darting, ear wiggling; proceptivity
quotient) and aggressive (i.e. vocalizations, defensive postures; aggression quotient) behaviors
prior to contacts was also recorded. Pacing measures included the percentage of times the
female left the compartment containing the male after receiving a particular copulatory stimuli
(% exits after mounts, intromissions, and ejaculations) and latencies in seconds to return to the
male compartment after these stimuli. The normal pattern of pacing behaviors for percent exits
and return latencies to be longer after more intensive stimulation (ejaculations > intromissions
> mounts) was observed in the present study.

2.6. Tissue collection
Immediately following testing, rats were rapidly decapitated, trunk blood was collected by
inverting bodies over a chilled funnel and culture tube, and whole brains were removed and
stored for later measurement of corticosterone, E2, P4, DHP, and 3α,5α-THP. Trunk blood was
centrifuged at 3000 × g for 10 min and serum was stored at −80 °C. Brains were rapidly frozen
on dry ice and stored at −80 °C for approximately 3 months prior to radioimmunoassay.

2.7. Tissue preparation
Serum was thawed on ice and steroids were extracted as described below. Brains were thawed
on ice and midbrain, hippocampus, diencephalon, cortex, and interbrain were dissected as
previously described [35,36]. Because endocrine measurements precluded histological
analyses, all brains were visually inspected during dissection to ascertain the site of infusion.
All animals that were behaviorally tested had infusions to the VTA. We have previously shown
that the effects of 3α,5α-THP are very specific to the VTA, and do not occur with manipulations
to the substantia nigra or central grey [35,36]. Following dissection, steroids were extracted
from brain tissue as described below.

2.8. Radioimmunoassay for steroid hormones
Corticosterone, E2, P4, DHP, and 3α,5α-THP concentrations were measured as described
below, using previously reported methods [11,25,38].

2.8.1. Radioactive probes—[3H] corticosterone (NET-182: specific activity = 48.2 Ci/
mmol), E2 (NET-317: specific activity = 51.3 Ci/mmol), P4 (NET-208: specific activity = 47.5
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Ci/mmol), and 3α,5α-THP (used for DHP and 3α,5α-THP, NET-1047: specific activity = 65.0
Ci/mmol), were purchased from PerkinElmer (Boston, MA).

2.8.2. Extraction of steroids from serum—Corticosterone was extracted from serum by
heating at 60 °C for 30 min [11]. E2, P4, DHP, and 3α,5α-THP were extracted from serum with
ether following incubation with water and 800 cpm of [3H] steroid [25]. After snap-freezing
twice, test tubes containing steroid and ether were evaporated to dryness in a Savant speed
drier. Dried down tubes were reconstituted with phosphate assay buffer to the original serum
volume.

2.8.3. Extraction of steroids from brain tissues—E2, P4, DHP, and 3α,5α-THP were
extracted from brain tissues following homogenization with a glass/glass homogenizer in 50%
MeOH, 1% acetic acid. Tissues were centrifuged at 3000 × g and the supernatant was
chromatographed on Sepak-cartridges equilibrated with 50% MeOH:1% acetic acid. Steroids
were eluted with increasing concentrations of MeOH (50% MeOH followed by 100% MeOH).
Solvents were removed using a speed drier. Samples were reconstituted in 300 μl assay buffer.

2.8.4. Antibodies—The corticosterone antibody (#B3-163, Endocrine Sciences), which
typically binds 40–60% of [3H] corticosterone was used in a 1:20,000 dilution and bound 45%
in the present study. The E2 antibody (E#244, Dr. G.D. Niswender, Colorado State University,
Fort Collins, CO), which generally binds between 40% and 60% of [3H] E2, was used in a
1:40,000 dilution and bound 54% in the present study. The P4 antibody (P#337 from Dr. G.D.
Niswender, Colorado State University) used in a 1:30,000 dilution typically binds between
30% and 50% of [3H] P4, and bound 48% in the present study. The DHP (X-947) and 3α,5α-
THP antibodies (#921412-5, purchased from Dr. Robert Purdy, Veterans Medical Affairs, La
Jolla, CA) used in a 1:5000 dilution binds between 40% and 60% of [3H] 3α,5α-THP and bound
47% in the present study.

2.8.5. Set-up and incubation of radioimmunoassays—The range of the standard
curves was 0–4 ng for corticosterone, 0–1000 pg for E2, and 0–8000 pg for P4, DHP, and 3α,
5α-THP. Standards were added to assay buffer followed by addition of the appropriate antibody
(described above) and 3H steroid. Total assay volumes were 900 μl for corticosterone, 800 μl
for E2 and P4, 950 μl for DHP, and 1250 μl for 3α,5α-THP. All assays were incubated overnight
at 4 °C, except for corticosterone which incubated at room temperature for 60 min.

2.8.6. Termination of binding—Separation of bound and free steroid was accomplished
by the rapid addition of dextran-coated charcoal. Following incubation with charcoal, samples
were centrifuged at 3000 × g and the supernatant was pipetted into a glass scintillation vial
with 5 ml scintillation cocktail. Sample tube concentrations were calculated using the logit-
log method of Rodbard and Hutt [69], interpolation of the standards, and correction for recovery
with Assay Zap. The inter- and intra-assay reliability coefficients were as follows:
corticosterone 0.05 and 0.06, E2 0.07 and 0.05, P4 0.11 and 0.10, DHP 0.11 and 0.09, and 3α,
5α-THP 0.09 and 0.10.

2.9. Statistical analyses—One-way analyses of variance (ANOVAs) were used to examine
effects of progestin synthesis and/or metabolism inhibitors (PK11195, indomethacin,
PK11195/indomethacin, vehicle) on neuroendocrine and behavioral outcomes. ANOVAs were
run on all conditions and Fisher’s protected least significant differences post hoc tests were
performed to ascertain differences between inhibitor and vehicle infusions. p values for post
hoc tests are reported in text with the corresponding inhibitor condition. Alpha level for
statistical significance was p < 0.05. Tendencies towards significance were noted when p <
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0.10. Power analyses were utilized to verify that all inferential statistics reported were valid
with sufficient power.

3. Results
3.1. Endocrine measures

Infusions of PK11195 (p < 0.0001), indomethacin (p = 0.0005), or PK11195 and indomethacin
(p = 0.0001) to the VTA significantly decreased midbrain 3α,5α-THP levels [F(3, 29) = 10.44,
p = < 0.0001] compared to vehicle administration (Fig. 2, top), but did not alter 3α,5α-THP
levels in plasma, hippocampus, diencephalon, or cortex (Table 1).

Rats that received intra-VTA infusions of PK11195 (p = 0.007), indomethacin (p < 0.0001),
or both inhibitors (p = 0.01) had significantly higher serum corticosterone levels than did
vehicle-infused rats [F(3, 29) = 7.17, p = 0.001] (Fig. 2, bottom), but neither E2, P4, nor DHP
levels in plasma, midbrain, hippocampus, diencephalon, cortex, or interbrain were different
(Table 1).

3.2. Behavioral measures
Exploratory, anti-anxiety, social, and sexual behaviors were decreased among rats infused with
PK11195, indomethacin, or PK11195 and indomethacin to the VTA.

3.3. Open field
Central square entries were significantly reduced in rats infused with PK11195 alone (18 + 5,
p = 0.007) or in conjunction with indomethacin (13 ± 4, p = 0.001) and tended to be different
after indomethacin alone (23 ± 4, p = 0.06) compared to rats infused with vehicle (35 ± 4) to
the VTA [F(3, 29) = 4.86, p = 0.007] (Fig. 3, top).

3.4. Elevated plus maze
Time on the open arms of the elevated plus maze was significantly decreased among rats
infused with PK11195 (32 ± 8 s, p = 0.01), indomethacin (36 ± 15 s, p = 0.03), or PK11195
and indomethacin (15 ± 5 s, p = 0.0007) to the VTA compared to vehicle-infused rats (68 ± 7
s) [F(3, 29) = 5.03, p = 0.006] (Fig. 3, bottom).

3.5. Social choice
There was an apparent, albeit non-significant, effect for infusions of PK11195 and
indomethacin to decrease time spent in close proximity to a stimulus male (58 ± 21 s) compared
to vehicle-infused rats (105 ± 22 s). Infusions of PK11195 (88 + 14 s) or indomethacin (85 +
28 s) alone did not alter time in proximity to a stimulus male (Fig. 4, top).

3.6. Social interaction
Time spent in social interaction with an ovariectomized conspecific was significantly less in
rats infused with PK11195 (43 ± 6 s, p = 0.0003), indomethacin (31 ± 10 s, p < 0.0001), or
PK11195 and indomethacin (15 ± 4 s, p = 0.0003) to the VTA compared to vehicle-infused
rats (105 ± 22 s) [F(3, 29) = 15.56, p < 0.0001] (Fig. 4, bottom).

3.7. Lordosis quotients
Lordosis quotients were significantly lower among rats infused with PK11195 (24 ± 14%, p =
0.0005), indomethacin (25 ± 16%, p = 0.0008), or PK11195 and indomethacin (24 ± 12%, p
= 0.0006) to the VTA compared to vehicle-infused rats (93 ± 4%) [F(3, 29) = 7.32, p = 0.0008]
(Fig. 5, top).
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3.8. Lordosis ratings
Rats infused with PK11195 (0.7 ± 0.4, p = 0.006), indomethacin (0.6 ± 0.4, p = 0.004), or
PK11195 and indomethacin (0.5 ± 0.3, p = 0.003) to the VTA had significantly lower lordosis
ratings than did vehicle-infused rats (2.1 ± 0.3) [F(3, 29) = 4.84, p = 0.008] (Fig. 5, middle).

3.9. Proceptivity and aggression quotients
Proceptivity quotients tended to be lower among rats infused with PK11195 (18 ± 12%, p =
0.03), indomethacin (19 ± 13%, p = 0.04), or PK11195 and indomethacin (13 ± 11%, p = 0.02)
to the VTA compared to vehicle-infused rats (57 ± 14%) [F(3, 29) = 2.62, p = 0.07]. Aggression
quotients did not differ significantly among groups (Fig. 5, bottom).

3.10. Percent exits
There was an apparent, albeit non-significant effect, of PK11195 (7 ± 5%), indomethacin (13
± 7%), or PK11195 and indomethacin (4 ± 3%) to decrease the percentage of exits following
mating contacts compared to vehicle-infusions (18 ± 6%).

4. Discussion
These data are consistent with prior reports demonstrating that 3α,5α-THP in the VTA is
necessary for enhanced sexual responsiveness of female rats. Administration of 3α,5α-THP
directly to the VTA produces higher levels of lordosis than does P4 [27,29,39]. Blocking P4’s
metabolism to 3α,5α-THP in the VTA attenuates lordosis of naturally receptive or
ovariectomized, hormone-primed rodents [6,24,26,30,40]. Conversely, enhancing 3α,5α-THP
synthesis facilitates lordosis. In the present study, attenuating either biosynthesis of, or
metabolism to, 3α,5α-THP significantly decreased lordosis responses concomitant with
decreases in midbrain 3α,5α-THP concentrations. These findings confirm that formation of
3α,5α-THP in the VTA is critical for lordosis.

These results also extend these findings to suggest that 3α,5α-THP in the VTA can influence
behavioral and neuroendocrine responses to stressors in normative, physiologically relevant
situations. Previous reports have demonstrated that exposure to extreme stressors (i.e. cold-
water swim, ether, footshock) increases biosynthesis of pregnane and androstane neurosteroids
[14,17,68]. Such levels of stress can enhance dopamine secretion to agonistic levels which may
underlie some reward processes such as those seen in acquisition of cocaine [43,44,48,49].
This response can also enhance 3α,5α-THP in response to elevated stress axis factors.
Administration of P4 or 3α,5α-THP decreases behavioral responses to normally stress-inducing
stimuli, including predator odor, forced swim, and footshock [78,79]. Further, administration
of 3α,5α-THP reduces stress-induced elevations in adrenocorticotropin and corticosterone
[60]. In the present study, rats with lower 3α,5α-THP concentrations in the VTA exhibited
increased anxiety/stress responses in the behavioral tasks examined and had higher serum
corticosterone levels than did vehicle-infused rats with higher 3α,5α-THP levels. Notably,
infusions of either PK11195, which attenuates biosynthesis of 3α,5α-THP, or indomethacin, a
metabolism inhibitor, decreased anti-anxiety behavior and 3α,5α-THP concentrations and
increased corticosterone levels. As such, both biosynthesis of, and metabolism to, 3α,5α-THP
may be involved in 3α,5α-THP’s modulation of stress responses. Together, these data suggest
that 3α,5α-THP in the VTA plays a vital role in maintaining homeostasis in response to stress.

The mesolimbic dopamine system is a considered to be a critical component in mediation of
motivated behaviors [10,15,20,46,51,57,59,62,81]. As such, these data contribute to lines of
research aimed at assessing interactions between natural reward processes, such those
associated with reproduction, and exogenous rewards, such as proclivity towards drugs of
abuse. In the current study, inhibition of 3α,5α-THP increased corticosterone concomitant with
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reducing reproductive behavior. Rats with high stress reactivity are found to more readily self-
administer drugs of abuse than rats with lower stress reactivity [63–65]. As well, glucocorticoid
administration enhances proclivity of rats to self-administer psychostimulants [66,67]. Reports
among people find that women who use cocaine report that it is more pleasurable when their
cyclical 3α,5α-THP levels are low and they report less subjective pleasure from using when
endogenous 3α,5α-THP levels are high [19,73,75]. Oral administration of P4 has also been
reported to have similar effects on men and women [18,73,74]. As well, we have found that
cocaine administration enhances corticosterone in rats, and pre-treatment with P4 can
moderately attenuate this [23]. 3α,5α-THP may have effects to reduce reinforcing effects of
drugs and this may be due, in part, to its ability to dampen stress reactivity.

Although these are exciting data that lend greater support to the idea that 3α,5α-THP is an
important homeostatic modulator, there are a number of questions that remain to be addressed.
First, the present study revealed that actions of 3α,5α-THP in the VTA are necessary for
enhanced exploratory, anti-anxiety, social, and sexual behaviors of female rats. However, the
present study did not investigate the extent to which 3α,5α-THP in other brain areas might also
be involved in mediating these behaviors. Indeed, it is well-known that other areas, such as the
hippocampus, amygdala, cortex, and striatum, are also involved in stress, anxiety, and/or fear
responses. As such, ongoing studies in our laboratory are examining effects of manipulating
3α,5α-THP in these areas for effects on exploratory, anti-anxiety, social, and sexual behaviors.
Second, there is always a concern that deficits in behavior may be due to non-specific effects
of pharmacological inhibitors. Given that there were no differences in gross motor behavior
among rats in the present study, it is unlikely that the effects that we saw on exploratory, anti-
anxiety, social, and sexual behaviors were due to non-specific effects of PK11195 or
indomethacin. Thus, although the present results strongly support a role of 3α,5α-THP in the
VTA for modulating exploratory, anti-anxiety, social, and sexual behavior, further
investigation is needed to fully elucidate the role of 3α,5α-THP in the VTA and other brain
areas for mediation of these behaviors.
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Fig. 1.
Depicts timeline and course of testing for each rat from first infusion to tissue collection.
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Fig. 2.
3α,5α-THP inhibition in VTA via infusion of PK11195 (n = 9), indomethacin (n = 8), or both
(n = 8) significantly reduces midbrain 3α,5α-THP concentrations (top) and significantly
increases serum corticosterone levels (bottom) compared to infusion of vehicle (n = 8).
Significantly different from vehicle (*p < 0.05).
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Fig. 3.
Inhibition of 3α,5α-THP in VTA via infusion of PK11195 (n = 9), alone or in conjunction with
indomethacin (n = 8), significantly decreases central entries in an open field and indomethacin
infusion alone (n = 8) tends to decrease central entries compared to vehicle infusion (n = 8,
top). Time spent on the open arms of an elevated plus maze is significantly reduced with any
inhibitor combination compared to vehicle infusion (bottom). Significantly different from
vehicle (*p < 0.05). Tendency to be different from vehicle (#p < 0.10).

Frye et al. Page 16

Behav Brain Res. Author manuscript; available in PMC 2009 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Infusion of PK11195 (n = 9), indomethacin (n = 8), or both (n = 8) to VTA appears to reduce
time spent in proximity to a male in a social choice task (top) and significantly reduces time
spent interacting with a female conspecific compared to infusion of vehicle (n = 8).
Significantly different from vehicle (*p < 0.05).

Frye et al. Page 17

Behav Brain Res. Author manuscript; available in PMC 2009 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Compared to vehicle, inhibition of 3α,5α-THP in VTA via infusion of PK11195 (n = 9),
indomethacin (n = 8), or both (n = 8) significantly decreases lordosis frequency (lordosis
quotient, top) and intensity (lordosis rating; middle) in response to male mounting and tends
to reduce frequency of proceptive (hopping, darting, ear wiggling) behavior (proceptivity
quotient, bottom). Significantly different from vehicle (*p < 0.05). Tendency to be different
from vehicle (#p < 0.10).
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Table 1
Endocrine data of proestrous rats that received infusions of PK11195, indomethacin, PK11195 and indomethacin, or
vehicle to the VTA

Vehicle PK11195 Indomethacin PK11195 + indomethacin

Midbrain E2 2.2 ± 0.3 2.2 ± 0.3 2.0 ± 0.3 2.1 ± 0.3
Hippocampus E2 2.7 ± 0.5 2.3 ± 0.4 2.1 ± ± 0.5 2.3 ± 0.5
Diencephalon E2 1.5 ± 0.2 1.9 ± 0.4 1.4 ± 0.2 1.3 ± 0.2
Cortex E2 1.8 ± 0.2 1.4 ± 0.3 1.7 ± 0.1 1.6 ± 0.2
Interbrain E2 1.5 ± 0.2 1.9 ± 0.4 1.7 ± 0.2 1.7 ± 0.3
Midbrain P4 2.0 ± 0.2 1.9 ± 0.3 1.8 ± 0.2 2.0 ± 0.2
Hippocampus P4 2.1 ± 0.4 2.8 ± 0.5 2.3 ± 0.2 2.0 ± 0.4
Diencephalon P4 1.9 ± 0.4 2.2 ± 0.5 2.1 ± 0.7 2.5 ± 0.4
Cortex P4 2.4 ± 0.3 2.8 ± 0.7 3.9 ± 1.0 3.1 ± 0.6
Interbrain P4 5.1 ± 1.6 4.5 ± 0.8 4.9 ± 1.1 5.1 ± 1.2
Midbrain DHP 15.8 ± 0.8 16.6 ± 1.0 14.7 ± 1.1 15.0 ± 0.9
Hippocampus DHP 18.7 ± 1.6 18.0 ± 2.4 16.7 ± 1.1 17.4 ± 1.1
diencephalon DHP 15.4 ± 0.9 14.5 ± 0.9 15.3 ± 0.8 15.6 ± 1.4
Cortex DHP 34.0 ± 7.2 20.5 ± 6.0 43.1 ± 16.7 26.3 ± 7.2
Interbrain DHP 6.0 ± 3.4 2.9 ± 2.1 6.4 ± 3.7 6.6 ± 2.4
Hippocampus 3α,5α-THP 28.1 ± 3.9 25.3 ± 2.7 23.4 ± 3.8 31.3 ± 2.9
Diencephalon 3α,5α-THP 13.2 ± 1.6 10.7 ± 1.2 12.0 ± 2.0 10.1 ± 1.7
Cortex 3α,5α-THP 20.7 ± 2.4 15.7 ± 1.9 13.1 ± 1.3 17.7 ± 3.6
Interbrain 3α,5α-THP 13.2 ± 0.9 13.8 ± 1.2 12.3 ± 1.4 13.0 ± 1.1

Significantly different from vehicle (*p < 0.05).
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