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Abstract

The progesterone metabolite, 5a-pregnan-3a-ol-20-one (3a,50-THP, allopregnanolone), acts in the
ventral tegmental area (VTA) to facilitate exploratory, anti-anxiety, and socio-sexual behavior
among ovariectomized (OVX), estrogen (E5)-primed rats and gonadally-intact rats with high
(proestrus) or low (diestrus) endogenous E» levels. The extent to which E5 is required for these
effects of 3a,5a-THP is not known. OV X rats were primed with systemic 17p-estradiol (10 ug) or
oil vehicle and were infused 44 h later with 3a,5a-THP (100 ng) or p-cyclodextrin vehicle to the
VTA, substantia nigra (SN), or central grey (CG). Rats were assessed in a battery of exploratory
(open field), anxiety (elevated plus maze), social (partner preference, social interaction), and
sexual (paced mating) tasks. Eo-priming was necessary for 3a,5a-THP infusions to facilitate social
interaction and mating and midbrain 3a,5a-THP levels were higher among Ep-compared to
vehicle-primed rats. Irrespective of E,-priming, rats infused with 3a,50-THP to the VTA, but not
SN or CG, demonstrated increased exploration in an open field, anti-anxiety behavior on an
elevated plus maze, and preference for a male. Thus, actions of 3a,50-THP in the VTA to enhance
social and sexual behaviors were reliant on E, but increases in exploratory and anti-anxiety
behavior were not.
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1. Introduction

Progesterone (P4) has requisite, but divergent, actions in the ventromedial hypothalamus
(VMH) and midbrain ventral tegmental area (VTA) to mediate lordosis of 17p-estradiol
(E)-primed rodents (Feder, 1984). In the VMH, P4 initiates lordosis of E,-primed rats via
actions at intracellular progestin receptors (PRs; Rubin and Barfield, 1980,1983,1984).
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However, in the VTA, P4 modulates the duration and intensity of lordosis independent of the
few PRs localized there (Frye and Gardiner, 1996; Frye et al., 2000a,b; Lonstein and
Blaustein, 2004; Luttge and Hughes, 1976; Pleim and DeBold, 1984; Pleim et al., 1991,
Ross et al., 1971; Yanase and Gorski, 1976). In the VTA, it is through actions of the P4
metabolite and neurosteroid, 5a-pregnan-3a-ol-20-one (30,5a-THP; also known as
allopregnanolone), at GABAA, NMDA, D1 receptors, and subsequent downstream signal
transduction processes that the quality of lordosis can be mediated (Frye, 2001; Frye et al.,
2006, 2004a,b; Frye and Vongher, 1999b; Melcangi and Panzica, 2006). In addition to
lordosis, actions of 3a,5a-THP in the VTA influence a suite of behaviors that may be
important for successful reproduction.

30,5a-THP can also exert modulatory effects on other motivated behaviors and anxiety
behavior, in part, through actions in the hippocampus. Rats in behavioral estrus have levels
of 3a,50-THP in the hippocampus that are sufficient to produce agonist-like actions at
GABA receptors and demonstrate increased anti-anxiety behavior compared to that of
diestrous rats, with lower levels of 3a,5a-THP (Frye et al., 2000a,b; Mora et al., 1996;
Vinogradova, 1999). Removal of the primary source of endogenous hormones, the ovaries,
increases anxiety behavior and replacement with systemic, intra-hippocampal, or intra-
amygdala administration of P4 or 3a,5a-THP reverses this effect (Akwa et al., 1999; Frye et
al., 2004a,b; Galeeva and Tuohimaa, 2001; Laconi et al., 2001). Further, blocking P4's
metabolism to 3a,5a-THP or enhancing 3a,50-THP biosynthesis in the hippocampus,
respectively increases and decreases anxiety behaviors (Bitran et al., 2000; Rhodes and Frye,
2001). Thus, respective actions of 3a,5a-THP in the VTA and hippocampus modulate
lordosis and anxiety behavior (Frye et al., 2006, 2000a,b; Bitran et al., 2000).

These separate lines of research begin to converge with 3a,5a-THP influencing the
expression of behaviors associated with the appetitive and consummatory aspects of mating.
For instance, naturally-receptive female rats have higher endogenous levels of 3a,5a-THP in
brain and circulation (Frye et al., 1998a; Frye and Bayon, 1999) and demonstrate more
appetitive (exploration, anti-anxiety, social behaviors) and consummatory (lordosis
incidence and intensity) behavior than do their non-receptive counterparts (Frye and Rhodes,
2006a). Notably, infusions of 3a,50-THP to the VTA of E,-primed, ovariectomized (OVX)
rats results in facilitation of these appetitive and consummatory behaviors to levels which
are akin to that of naturally-receptive rats (Frye and Rhodes, 2006b). We have recently
demonstrated that 3a,50-THP infusions to the VTA of diestrous rats facilitate appetitive and
consummatory behavior to levels that are commensurate with naturally-receptive or OVX,
E,-primed rats with 3a,5a-THP infusions to the VTA (Frye and Rhodes, 2008). Steroids'
effects can be mediated via peripheral- and/or centrally-derived hormone formation
(Melcangi and Panzica, 2006). As such, whether 3a,5a-THP mediates these behaviors
independent of ovarian E, is an important question, given that E, alone can facilitate
lordosis (Carter et al., 1987; Kow and Pfaff, 2004), has anti-anxiety effects (Walf and Frye,
2006), and can enhance 3a,5a-THP biosynthesis (Cheng and Karavolas, 1973; Pluchino et
al., 2006; Vongher and Frye, 1999). Thus, the extent to which 3a,5a-THP's effects in the
VTA to facilitate these reproductively-relevant behaviors are dependent on ovarian E, is of
interest.

The site-specificity for 3a,5a-THP's effects in the VTA to mediate appetitive and
consummatory aspects of mating is also of interest. Our investigations have focused on the
actions of 3a,50-THP in the midbrain VTA because of this region's importance for
motivational aspects of mating behavior(Yamanouchi and Arai,1982). However, 3a,5a-THP
can also have effects on lordosis and cataplexy when infused into the central grey
(McCarthy et al.,1995). As such, these studies were designed to test the hypothesis that
actions of 3a,50-THP in the VTA, compared to the central grey (CG) and substantia nigra
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(SN), may mediate exploratory, anxiety, social and/or sexual behaviors, independent of E,.
We predicted that if 3a,,50-THP in the VTA modulates appetitive behaviors, independent of
E,, then infusions of 3a,5a-THP to the VTA, but not nearby brain regions, of OV X rats
should enhance exploration, anti-anxiety, and/or social behaviors, irrespective of E,-
priming.

2. Materials and 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

2.2. Surgery

Adult, intact, Long-Evans female rats (n=94) were bred in the Laboratory Animal Care
Facility at The University at Albany. Rats were group-housed (four rats per cage) in
polycarbonate cages (45%24x21 cm) in a temperature-controlled room (21+1 °C). Rats were
maintained on a 12/12 hour reversed light cycle (lights off 08:00 h) with continuous access
to Purina Rat Chow and tap water in their home cages.

Rats were OV X via bilateral flank incisions while under xylazine (12 mg/kg) and ketamine
(80 mg/kg) anesthesia at least one week prior to testing. Simultaneous with OVX, rats were
stereotaxically implanted with bilateral guide cannulae aimed at the VTA (from bregma:
AP=-5.3, ML=%0.4, DV=-7.0), substantia nigra (SN; AP=—5.0, ML=%2.0, DV=-8.0), or
central grey (CG; AP=—6.5, ML=%0.5, DV=-5.5). Guide cannulae were modified 23-gauge
thin-wall stainless steel needles with 30-gauge removable inserts. Rats were monitored post-
surgery and pre-testing for loss of weight, righting response, flank stimulation response, and/
or muscle tone (Marshall and Teitelbaum, 1974). All rats gained weight and demonstrated
appropriate neurological responses.

2.3. Procedure

In Experiment 1, rats (n=48) were administered either subcutaneous (SC) vehicle (sesame
oil, n=24) or 17B-estradiol (10 ug, n=24). The latter is a demonstrated E,-priming regimen
to enhance sexual behavior of OV X rats (Frye et al., 1998a). Forty-four hours later, 12 rats
in each group received bilateral infusions of either vehicle (B-cyclodextrin) or 3a,5a-THP
(100 ng) aimed at the VTA, yielding four experimental groups (SC vehicle+intra-VTA
vehicle; SC E,+intra-VTA vehicle; SC vehicle+intra-VTA 30,5a-THP; SC Ex+intra-VTA
30,5a-THP; n=12/grp). Ten minutes following infusions, rats were behaviorally-tested, as
described below. We have previously demonstrated that this 3o,5a-THP infusion regimen to
the VTA facilitates lordosis among E,-primed rats (Frye and Rhodes, 2006b; Frye et al.,
20044a,b). Immediately following testing, tissues were collected for later steroid
measurement.

Rats in Experiment 2 (n=46) were either E,-primed (n=38) and received infusions of 3a,5a-
THP to the VTA (n=10), SN (n=11), or CG (n=9) or vehicle (B-cyclodextrin, n=2 VTA, n=2
SN, or n=2 CG) or no infusions (n=2) to serve as E,-primed controls (n=8). The remaining
rats (n=8) received neither E,, nor 3a,5a-THP, and served as vehicle controls (but were
administered SC oil vehicle). We have previously infused B-cyclodextrin to VTA, SN, or
CG and found no behavioral differences in the battery of tasks described below or
neuroendocrine differences in brain or plasma (Frye and Rhodes, 2006b, 2008), nor were
behavioral or neuroendocrine differences observed among vehicle-infused rats with
cannulae aimed at VTA, SN, or CG in the present study. Thus, vehicle-infused rats were
combined to form one group yielding a 5-group experiment (SC Ep+intra-VTA 3a,50-THP,
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n=10; SC Ey+intra-SN 3a,5a-THP, n=11; SC E,+intra-CG 3a,5a-THP, n=9; SC Ex+vehicle-
infused control, n=8; SC vehicle non-infused control, n=8). Following testing, tissues were
collected for radio-immunoassay or histological site analyses.

2.4. Behavioral testing

Rats in each experiment were tested through the following battery in the order described
below. Testing apparatus were brightly-lit from above with three fluorescent bulbs. Rats
were tested in a single room, in a sequential manner, with no breaks between tasks (other
than time needed to clean apparatus and move rats from one task to the next). Although prior
test exposure may influence performance in subsequent tasks, previous reports comparing
males tested in a similar battery of anxiety tasks versus individual anxiety tasks did not
reveal differences on behavioral and/or endocrine (5a-reduced androgens) measures
(Edinger and Frye, 2005). Further, we have tested females in a single task, multiple tasks, or
the full battery described below and have found that only paced mating is associated with
neuroendocrine differences which is the last task in the testing sequence (Frye and Rhodes,
2006a; Frye et al., 2007).

Behavioral testing was performed by 1 of 3 observers (98% concordance), who were blind
to experimental conditions. All data were collected using the automated ANY-Maze data
collection program (Stoelting Co., Wheat Dale, IL) and also hand-scoring with stopwatches.
There was a 96% concordance rating between these two methods of data collection. The
automated data were used for final analyses.

2.4.1. Open field—The open field (76x57x35 cm) has a 48-square grid floor (6x8 squares,
9.5 cm/side) with an overhead light illuminating the central squares (all but the 24 perimeter
squares were considered central). The number of peripheral and central squares entered was
recorded during a five-minute test period (Blizard et al., 1975; Frye et al., 2000a,b;
McCarthy et al., 1995). The number of central square entries is an index of exploratory and
anti-anxiety behavior.

2.4.2. Elevated plus maze—The elevated plus maze consisted of four arms, 49 cm long
and 10 cm wide, elevated 50 cm off the ground. Two arms are enclosed by walls 30 cm high
while the others are exposed. The number of entries into, and the amount of time spent on,
the open or closed arms were recorded during a five-minute test (Dunn et al., 1998; File,
1990; Frye et al., 2000a,b). Open arm time is an index of exploratory and anti-anxiety
behavior.

2.4.3. Partner preference—Experimental rats were placed in the center of an open field
which contained an OV X stimulus female and an intact stimulus male in opposite corners.
Stimulus rats were enclosed in corners by Plexiglass compartments that were permeated
with small holes so that experimental rats could exchange visual and olfactory information
with stimulus rats without physical contact. Time spent in proximity (within a body's length)
to stimulus animals was recorded in a five-minute test. Preference for a stimulus male versus
a stimulus female is considered a social choice (Frye et al., 1998a).

2.4.4. Social interaction—An experimental rat and an OV X conspecific were placed in
opposite corners of an open field. The total duration of time that the experimental rat
engaged the stimulus rat by crawling over or under, sniffing, following with contact, genital
investigation, tumbling, boxing or grooming was recorded during a five-minute test. The
duration of social interaction is considered a measure of anti-anxiety behavior (File, 1980;
Frye et al., 2000a,b).
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2.4.5. Paced mating—Paced mating was carried out per previously reported procedures
(Erskine, 1985; Frye and Erskine, 1990). Paced mating tests were conducted in a chamber
(37.5x75%30 cm), which was equally divided by a partition that had a small (5 cm in
diameter) hole in the bottom center, to allow females free access to both sides of the
chamber, but prevented the stimulus male from moving between sides. Females were placed
in the side of the chamber opposite the stimulus male and behaviorally-tested for an entire
ejaculatory series. Frequency of mounts, intromissions, and ejaculations were recorded, as
well as the frequency (lordosis quotient) and intensity of lordosis (lordosis rating),
quantified by rating female dorsiflexion during lordosis on a scale of 0-3 (Hardy and
DeBold, 1973) in response to these contacts. The frequency of proceptive (hopping, darting,
ear-wiggling) and aggressive behaviors (vocalizing, attack) in response to sexual contacts
and the percentage of times the experimental female left the compartment containing the
male (% exits) following sexual contacts were also recorded.

2.5. Tissue collection for radioimmunoassay

Trunk blood and whole brains were collected from most rats for later measurement of
circulating and central E,, P4, dihydroprogesterone (DHP), and 3a,5a-THP. Midbrain,
hippocampus, striatum, and cortex were dissected for Experiment 1, and these sites as well
as remaining subcortical tissue (interbrain) were dissected for Experiment 2. In Experiment
2, some brains were used for histological examination of spread of infusions to the VTA,
SN, or CG.

2.6. Radioimmunoassay for steroid hormones

Levels of E; and progestins were measured using radioimmunoassay per previous methods
(Frye et al., 1996, 1998a,b). Sample tube concentrations were calculated using the logit-log
method of Rodbard and Hutt (1974). The intra-assay and inter-assay coefficients of variance
for each assay were: E; 0.09 and 0.10, P4 0.12 and 0.13, DHP 0.12 and 0.14, and 3a,50-THP
0.13 and 0.15.

2.7. Verification of infusion site

Because of the need to assess hormone levels via radioimmunoassay, all brains could not be
verified by histological analysis. As such, rats from each of the VTA (n=2), SN (n=2), and
CG (n=2) experimental groups in Experiment 2 were infused with a 1% cresyl violet
solution and then had tissues fixed for histological analyses. Briefly, rats were deeply
anesthetized with an overdose of sodium pentobarbital (150 mg/kg or to effect) and then
exsanguinated with 0.9% saline followed by intracardial perfusion with 10% formalin, as
previously described (Frye and Walf, 2002; Rhodes and Frye, 2001). Frozen brains were
sliced on a cryostat to locate infusion site by light microscopy.

2.8. Statistical analyses

In Experiment 1, effects of systemic Ex-priming and intra-VTA 3a,50-THP infusions on
behavioral and endocrine outcomes were analyzed using two-way analyses of variance
(ANOVAS). Correlation analyses were carried out following significant main effects to
determine whether steroid hormone levels in specific brain areas examined contributed to
performance in individual tasks. In Experiment 2, effects of no infusions or 3a,50-THP
infusions to the VTA, SN, or CG on endocrine and behavioral outcomes were analyzed
using one-way ANOVAs. The alpha level for statistical significance was P<0.05. Trends
towards significance were reported when P<0.10. Where appropriate, Fisher's PLSD post
hoc test was used to determine group differences.
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3.1.1. Neuroendocrine endpoints—E,-priming significantly increased E,
concentrations in serum (P<0.05; Table 1, left column), midbrain (P<0.05), hippocampus
(P<0.05), striatum (P<0.05), and cortex (P<0.05), but 3a,5a-THP infusions to the VTA did
not alter E, levels in brain (Fig. 1) or serum (Table 1, left column). Progesterone (Table 2,
top) and DHP (Table 2, bottom) levels were not influenced by E,-priming, or 3a,5a-THP
infusions to the VTA, in midbrain, hippocampus, striatum, cortex, or serum (Table 1, middle
columns).

3a,50-THP infusions to the VTA significantly increased levels of 3a,50-THP in midbrain
(P<0.05), hippocampus (P<0.05), striatum (P<0.05), and cortex (P<0.05; Fig. 2). In the
hippocampus, Eo-priming tended to increase 3a,50-THP concentrations of rats that received
vehicle infusions (P<0.10). In the midbrain, there was also an interaction between E,-
priming and 3a,5a-THP infusions (P<0.05), which was due to 3a,5a-THP infusions
increasing midbrain 3a,50-THP levels more among E,, compared to vehicle-primed, rats.
Neither Eo-priming, nor 3a,5a-THP infusions to the VTA, altered serum levels of 3a,5a-
THP (Table 1, right column).

3.1.2. Open field—3a,5a-THP infusions to the VTA significantly increased the number of
central entries in the open field (P=0.05). There was an apparent, albeit non-significant,
effect of E,-priming alone to increase central entries (Fig. 3, top). Levels of 3a,5a-THP in
the hippocampus [r(48)= 0.43, P<0.05] and striatum [r(48)=0.38, P<0.05] were positively
correlated with central square entries.

3.1.3. Elevated plus maze—3a,5a-THP infusions to the VTA (P<0.05) significantly,
and Ep-priming tended to (P<0.10), increase open arm time in the elevated plus maze (Fig.
3, bottom). 30,5a-THP levels in the hippocampus were positively correlated with time spent
on the open arms of the elevated plus maze [r(48)=0.41, P<0.05].

3.1.4. Partner preference—3a,5a-THP infusions to the VTA (P<0.05), but not Eo-
priming, significantly increased time spent in close proximity to a stimulus male (Fig. 4,

top).

3.1.5. Social interaction—Systemic E,-priming (P<0.05) and 30,5a-THP infusions to
the VTA (P<0.05) significantly increased time spent in social interaction with a conspecific
(Fig. 4, bottom). E, levels in midbrain [r(48)=0.43, P<0.05] and hippocampus [r(48)=0.54,
P<0.05] were positively correlated with social interaction with a conspecific.

3.1.6. Lordosis quotient—E,-priming (P<0.05), 3a,5a-THP infusions to the VTA
(P<0.05), and their interaction (P<0.05; Fig. 5, top) influenced lordosis quotients, such that
infusions of 3a,5a-THP produced higher lordosis quotients in Ep-versus vehicle-primed rats.
E, levels in midbrain [r(48)=0.63, P<0.05], hippocampus [r(48)=0.50, P<0.05], and
striatum [r(48)=0.48, P<0.05] were positively correlated with lordosis quotients. 3a,5a-THP
levels in midbrain [r(48)=0.32, P<0.05] were also positively correlated with lordosis
quotients.

3.1.7. Lordosis rating—3a,5a-THP infusions to the VTA (P<0.05), but not E»-priming,

significantly increased lordosis ratings and interacted such that infusions of 3a,5a-THP
produced higher lordosis ratings in E;-compared to vehicle-primed rats (P<0.05; Table 3,
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left column]. 3a,5a-THP levels in midbrain [r(48)=0.52, P<0.05] were positively correlated
with lordosis ratings.

3.1.8. Proceptivity quotient—E,-priming (P<0.05), 30,5a-THP infusions to the VTA
(P<0.05), and their interaction (P<0.05) increased proceptivity quotients, such that 3a,5a-
THP infusions produced higher proceptivity quotients in E,-versus vehicle-primed rats
(Table 3, middle column). E; and 3a,5a-THP levels in midbrain [E,: r(48)=0.33, P<0.05;
30,5a-THP: r(48)=0.64, P<0.05] and hippocampus [E,: r(48)=0.33, P<0.05; 3a,5a-THP:
r(48)=0.30, P<0.05] were positively associated with proceptivity quotients.

3.1.9. Aggression quotient—3a,50-THP infusions to the VTA (P<0.05, Table 3, right
column), but not E,-priming, decreased aggression quotients. 3a,5a-THP levels in midbrain
[r(48)=0.39, P<0.05], hippocampus [r(48)=0.46, P<0.05], and striatum [r(48)=0.46, P<0.05]
were negatively correlated with aggression quotients.

3.1.10. Percent exits—E,-priming (P<0.05), and 3a,5a-THP infusions to the VTA
(P<0.05), increased the percentage of exits following sexual contacts and had interactive
effects, such that 3a,5a-THP infusions produced greater increases in the percentage of exits
following intromissions in E,- over vehicle-primed rats (Fig. 5, bottom). E; [r(48)=0.57,
P<0.05] and 30,5a-THP [r(48)=0.28, P<0.05] levels in midbrain, and E, in hippocampus
[r(48)=0.49, P<0.05] and striatum [r(48)=0.48, P<0.05] were positively associated with
percent exits.

3.2. Experiment 2—effects of estrogen on 3a,5a-THP infusion to the VTA, SN, or CG

Examination of infusion of site indicated that the protocol utilized in the present experiments
was successful at differentially delivering 3a,5a-THP to the VTA, SN, or CG (as previously
reported; Frye and Rhodes, 2008). Commensurate with this, infusions of 3a,5a-THP to the
SN or CG produced different effects on behavior and endocrine measures than did infusions
of 30,5a-THP to the VTA.

3.2.1. Neuroendocrine endpoints—As in Experiment 1, Table 4 depicts E,, but not
vehicle, administration increased E, concentrations in serum (P<0.05), midbrain (P<0.05),
hippocampus (P<0.05), striatum (P<0.05), and interbrain (P<0.05). Neither P4 nor DHP
levels in midbrain, hippocampus, striatum, cortex, interbrain, or serum were different among
groups (Table 4).

As depicted in Fig. 6, 3a,5a-THP infusions to the VTA, but not the SN or CG, increased
concentrations of 3a,5a-THP in midbrain (P<0.05), hippocampus (P<0.05), striatum
(P<0.05), and cortex (P<0.05). There were no effects of central 3a,5a-THP infusions on
concentrations of 3a,5a-THP in interbrain or serum.

3.2.2. Behavioral endpoints—As depicted in Fig. 7, infusions of 3a,5a-THP to the
VTA, but not the SN or CG, significantly increased the number of central square entries in
the open field (P<0.05), open arm time on the elevated plus maze (P<0.05), time spent in
close proximity to a stimulus male (P<0.05), social interaction with a conspecific (P<0.05),
increased lordosis quotients (P<0.05), lordosis ratings (P<0.05), and percentage of exits
following mating contacts compared to vehicle or Eo-priming alone (P<0.05).

4. Discussion

In the present studies, infusions of 3a,5a-THP to the VTA (but neither CG nor SN) of OVX
rats consistently enhanced appetitive behaviors, such as exploration, anti-anxiety behavior,
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proximity to a male, social interaction, and anti-aggression, irrespective of Ep-priming.
Consummatory aspects of mating, such as initiation and intensity of lordosis, as well as
pacing of sexual contacts, required systemic E,-priming and were most commensurate with
natural-receptivity when both E; and 3a,5a-THP were administered. 3a,5a-THP infusions
aimed at SN or CG did not significantly enhance these aspects of reproduction, although 3a,
50-THP did increase the frequency of lordosis when infused to the CG. As such, these data
suggest that actions of 3a,5a-THP in the VTA mediate appetitive aspects of reproduction
characterized by exploration, anti-anxiety, and social behavior independent of E,.
Alternatively, consummatory behaviors, such as the expression and quality of lordosis, may
be modulated by E, with essential actions of 3a,5a-THP in the VTA required for the
culmination of the full mating repertoire. These data are consistent with prior reports
indicating that 3a,50-THP and/or E, can mediate approach/avoidance behaviors important
for mating and extend these findings in several important ways.

Infusions of 3a,5a-THP to the midbrain VTA enhanced levels of 3a,50-THP in midbrain,
hippocampus, striatum, and cortex but expression of appetitive behaviors correlated more
with 30,5a-THP levels in the hippocampus, than these other regions. Prior reports find that
enhancement of 3a,50-THP in hippocampus increases open arm time on the elevated plus
maze and decreases time spent burying in response to shock (Bitran et al., 1999, 2000).
Further, blocking P4's metabolism to 3a,5a-THP in the hippocampus of proestrous rats
decreases central entries in the open field and open arm time on the elevated plus maze
(Rhodes and Frye, 2001). Indeed, the VTA and the hippocampus have very high levels of
30,5a-THP and greater activity of the metabolism enzymes necessary for 3a,5a-THP
formation than do the other brain areas examined in these studies (Frye and Bayon, 1999; Li
etal., 1997; Palumbo et al., 1995; Roselli and Snipes, 1984). Together, these data suggest
that 30,5a-THP in the VTA may trigger biosynthesis in these other regions (hippocampus,
striatum, cortex), that may help prepare for reproductive experiences by decreasing anxiety
and enhancing approach behaviors and evaluation of socially-relevant stimuli.

3a0,5a-THP's effects to enhance exploratory, anti-anxiety, social, and reproductive behaviors
as well as biosynthesis may be specific to manipulations in the VTA. It should be noted that
we have previously observed that intra-VTA infusions of 3a,50-THP dose-dependently
increase 3a,5a-THP in midbrain, hippocampus, striatum, and cortex and dose-dependently
enhance each of the behaviors examined in the present report (Frye and Rhodes, 2006b).
Further, intra-VTA inhibition of 3a,50-THP attenuates these enhancements (Frye et al.,
2008). In the present study, infusions of 3a,5a-THP to the SN or CG neither enhanced
exploratory, anti-anxiety, social, and reproductive behaviors nor increased 3a,5a-THP
concentrations in midbrain, hippocampus, striatum, or cortex. These behavioral data are
consistent with prior reports that progestins have different patterns of effects in the SN and
CG than in the VTA. Enhancing 3a,5a-THP biosynthesis in the VTA, but not the SN,
facilitates lordosis of Ep-primed rats (Frye and Petralia, 2003). In the VTA, P4 enhances
GABA receptor function of Ep-primed rodents; however, in the SN, GABAA receptor
function is decreased following P4 administration (Frye, 2001; Schindler et al., 2003). As
well, others have found that infusions of 3a,5a-THP to the CG do not increase the ratio of
central to total squares entered in the open field but can enhance lordosis (McCarthy et al.,
1995). Congruent with this report, we also saw non-significant, but apparent, increases in
lordosis quotients following 3a,5a-THP infusions to the CG, although it should be noted that
the earlier study utilized a much higher concentration of 3a,50-THP (250 and 500 ng;
McCarthy et al., 1995) than did the present studies (100 ng). Thus, while the SN and the CG
are clearly progestin-sensitive, 3o,50-THP has very different effects in these areas than it
does in the VTA.
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In addition to 3a,5a-THP, E; is also a neurosteroid when it is synthesized de novo in brain.
Enhancement of E;, biosynthesis and/or bioactivity has been reported in avian and rodent
models, in response to mating-related stimuli or stress (Balthazart et al., 2004; Cohen-
Parsons and Carter, 1987; Cornil et al., 2005; Wood et al., 2001). However, there was no
evidence of E, biosynthesis in the present studies, which suggests that the behavioral effects
observed were due primarily to E, administration and 3a,5a-THP administration and/or
biosynthesis. Notably, E, alone has also been shown to alter exploratory, anti-anxiety, and
reproductive behaviors (Satou and Yamanouchi, 1996; Walf and Frye, 2006). In the present
studies, Ep-priming was observed to enhance 3a,5a-THP biosynthesis in hippocampus,
striatum, and cortex and had a synergistic effect to enhance 3a,5a-THP in midbrain when
administered among 3a,5a-THP-infused rats. E, has been found to increase 3a,50-THP
biosynthesis. Post-menopausal women on E;,-based hormonal replacement therapies have
significant enhancement of circulatory 3a,5a-THP levels (Pluchino et al., 2006). Circulatory
E, enhances progestin biosynthesis both in vivo in astrocytes and in vitro in hypothalamus
and hippocampus (Cheng and Karavolas, 1973; Frye and VVongher, 1999a; Sinchak et al.,
2003; Soma et al., 2005). These effects could be due to enhancement of 3a,5a-THP-
synthesizing enzymes such as 3p-hydroxysteroid dehydrogenase (which converts
pregnenolone to P4; Soma et al., 2005; Micevych et al., 2008) and/or 5a-reductase (which
catalyzes P4's conversion to DHP; Cheng and Karavolas, 1973). Thus, E,'s effects to
enhance exploratory, anxiety, social, and reproductive behaviors may be due, at least in part,
to its actions to increase progestin biosynthesis in the hippocampus, which may play a role
in preparing for reproductive experiences.

There is evidence in early development and adulthood that 30,5a-THP can alter behavior,
which may be due, in part, to its actions as a homeostatic modulator (Engel and Grant,
2001). Indeed, chronic stress can alter expression of enzymes necessary for
neurosteroidogenesis to occur in mice (Agis-Balboa et al., 2007; Dong et al., 2001) and has
been demonstrated to reduce central neuroactive steroid concentrations in rats, including 3o,
5a-THP (Serra et al., 2000). 30,5a-THP can also dampen stress-responsiveness in
adulthood. In support, administration of systemic 3a,5a-THP reduces ACTH levels in
response to intermittent air-puff exposure (Patchev et al., 1996). As well, 30,5a-THP has
similar effects as does corticosterone to block adrenalectomy-induced increases in
corticotrophin releasing hormone mRNA (Patchev et al., 1994). Systemically blocking
formation of 3a,5a-THP increases stress-induced dopamine release in the cortex of rats
(Dazzi et al., 2002). Interestingly, we saw increases in 3a,5a-THP levels in the
hippocampus, striatum, and cortex, sites which are distal to the VTA, that could not be
accounted for by diffusion of 30,5a-THP. These increases in 30,5a-THP in the
hippocampus, striatum, and cortex, brain regions that are important for mediating effects of
stress, may also play a role in mitigating stressors associated with engaging in exploratory,
anti-anxiety, social, and/or reproductive behaviors. Although, we did not assess 3a,5a-THP
concentrations in amygdala, a region that is associated with stress, anxiety, hippocampal,
and cortical function (Pitkanen et al., 1997), this area is of interest for future investigation.
Indeed we have previously seen that E, and/or P4 infusion to this region can reduce anxiety
in rats (Frye and Walf, 2004), whereas, inhibition of 3a,5a-THP formation in this region can
reduce anti-anxiety behavior (Walf et al., 2006). The extent to which these behaviors are
facilitated by E,, independent of 3a,5a-THP biosynthesis is an interesting question.

In summary, the present data supported our hypothesis that 3a,5a-THP in the VTA
influences behaviors other than lordosis. Infusions of 3a,5a-THP to the VTA, but not SN or
CG, enhanced lordosis, exploratory, anti-anxiety, approach, and social behaviors. Infusions
of 3a,50-THP to the VTA, but not the SN or CG, also increased 3a,5a-THP concentrations
in the hippocampus, striatum, and cortex, as well as midbrain. These data are especially
important given that recent reports from clinical and basic research suggest that an
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underlying factor in the pathophysiology and/or treatment of stress-induced affective and
neuropsychiatric disorders may be alterations in production of, or response to, neurosteroids
(Grobin et al., 2006; Guidotti and Costa, 1998; Guidotti et al., 2001; Paul and Purdy, 1992;
Schmidt et al., 1998; Smith et al., 2003). 3a,5a-THP levels are reduced in cerebrospinal
fluid of depressed men, compared to non-depressed men, and are normalized concomitant
with depressive symptom relief following treatment with the selective serotonin reuptake
inhibitor, fluoxetine (Uzunova et al., 1998). Low levels of plasma 3a,5a-THP are also
associated with increased negative symptoms in schizophrenia (Shirayama et al., 2002) and
30,5a-THP is increased by administration of antipsychotics, such as olanzapine and
clozapine (Barbaccia et al., 2001; Frye and Seliga, 2003; Marx et al., 2000). Thus, our
findings demonstrating that 3a,,50-THP in the VTA can enhance anti-anxiety, social
behaviors and biosynthesis of 3a,5a-THP in the hippocampus, striatum, and cortex, suggests
an important role of 3a,5a-THP for mediating approach/avoidance behaviors and social
interactions which are typically disrupted in neuropsychiatric disorders.
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Fig. 1.

Mean (+SEM) levels of E; in midbrain (F1 44=81.89; top left), hippocampus (F1 44=16.97;
top right), striatum (F1 44=31.17; bottom left), and cortex (F1 44=9.02; bottom right) of
ovariectomized vehicle- (gray) or Ep-primed (black) rats infused with B-cyclodextrin vehicle
(striped bars) or 3a,5a-THP (solid bars) to the VTA. * indicates E»-primed rats had
significantly higher levels of E, than did vehicle-primed rats (P<0.05).
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Mean (+SEM) levels of 30,5a-THP in midbrain (F1 44=77.35; top left), hippocampus
(F1,44=20.52; top right), striatum (F1 44=14.42; bottom left), and cortex (F1 44=4.28; bottom
right) of ovariectomized vehicle- (gray) or E,-primed (black) rats infused with -
cyclodextrin vehicle (striped bars) or 3a,5a-THP (solid bars) to the VTA. * indicates 3a,5a-
THP-infused rats had significantly higher levels of 3a,50-THP than did vehicle—vehicle
controls (P<0.05). ** indicates E,-primed rats infused with 3a,5a-THP had significantly
higher 3a,50-THP levels than did vehicle-primed rats infused with 3a,50-THP (F1 44=6.72,
P<0.05). # indicates tendency for Ep-primed rats to have higher levels of 3a,5a-THP than
vehicle-primed rats (F1 44=3.42, P<0.10).
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Fig. 3.

Mean (£SEM) central square entries in the open field (top) and open arm time (bottom) of
ovariectomized vehicle- (gray) or E,-primed (black) rats infused with B-cyclodextrin vehicle
(striped bars) or 3a,50-THP (solid bars) to the VTA. * indicates 3a,5a-THP -infused rats
entered significantly more central squares (F1 44=14.09, P<0.05) and spent more time on
open arms (F1 44=11.35, P<0.05) than did vehicle-vehicle controls. # indicates tendency for
E,-primed rats to spend more time on open arms compared to vehicle-primed rats
(F1’44:1.96, P<0.10).
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Fig. 4.

Mean (£SEM) time spent in close proximity to a stimulus male (top) and in social
interaction with a conspecific (bottom) of ovariectomized vehicle- (gray) or E,-primed
(black) rats infused with B-cyclodextrin vehicle (striped bars) or 3a,5a-THP (solid bars) to
the VTA. * indicates rats infused with 3a,5a-THP spent significantly more time in close
proximity to a male (F1 44=10.99, P<0.05) and in social interaction (F1 44=19.49, P<0.05)
than did vehicle—vehicle controls. @ indicates E,-primed rats spent significantly more time
in social interaction with a conspecific than did vehicle-primed rats (F1 44=6.90, P<0.05).
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Mean (£SEM) lordosis quotients (top) and percentage of exits (bottom) of ovariectomized
vehicle- (gray) or Ex-primed (black) rats infused with B-cyclodextrin vehicle (striped bars)
or 30,5a-THP (solid bars) to the VTA. * indicates 3a,50-THP -infused rats had significantly

higher lordosis quotients (F1 44=5.25,P<0.05; top) and a greater percentage of exits

following sexual contacts (F1 44=8.06, P<0.05; bottom) than did vehicle-vehicle controls. @
indicates Ep-primed rats had significantly higher lordosis quotients (F1 44=69.44, P<0.05;
top) and a significantly greater percentage of exits (F1 44=34.70, P<0.05; bottom) following
contacts than did vehicle-primed rats.
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Fig. 6.

Represents percent of vehicle control for 3a,5a-THP concentrations in midbrain,
hippocampus, striatum, cortex, and interbrain of Ep-primed rats that received no infusions
(white bars), or infusions of 3a,5a-THP to the VTA (black bars), SN (diagonally-striped
bars), or CG (horizontally-striped bars). * indicates that rats infused with 3a,5a-THP to the
VTA had significantly higher levels of 30,5a-THP in midbrain (F4 38=25.00, P<0.05),
hippocampus (F4 3g=71.71, P<0.05), striatum (F4 38=6.27, P<0.05), and cortex
(F4,38=11.01, P<0.05) compared to all other groups.
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Fig. 7.

Represents percent of vehicle control for central entries, open arm time, time in proximity to
male, social interaction, lordosis quotients (LQ) and ratings (LR), and percentage of exits
after contacts, of Ep-primed rats that received no infusions (white bars), or infusions of 3a,
5a-THP to the VTA (black bars), SN (diagonally-striped bars), or CG (horizontally-striped
bars). * indicates that rats infused with 3a,5a-THP to the VTA had significantly more
central entries (F4 38=5.71, P<0.05), open arm time (F4 35=5.42, P<0.05), time with a male
(F4,38=6.37, P<0.05), social interaction (F4 3g=6.44, P<0.05), lordosis quotients
(F4,38=10.68, P<0.05) and ratings (F4 33=6.44, P<0.05), and percent exits (F4 38=5.22,
P<0.05) compared to all other groups. Insets depict spread of 3a,50-THP infusions when
administered to the SN (left) or CG (right).
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Depicts serum E,, P4, DHP, and 3a,5a-THP levels of ovariectomized rats administered subcutaneous (SC)
vehicle+Intra-VTA vehicle, SC vehicle+Intra-VTA 30,5a-THP, SC E>+Intra-VTA vehicle, or SC E>+ Intra-

VTA 30,50-THP

Experimental condition

Circulating concentrations

E, P, DHP  3a,50-THP
(pg/ml)  (ng/ml)  (ng/ml) (ng/ml)
SC vehicle+Intra-VTA vehicle 2.0£0.1 0.8+0.1 1.4#0.1 1.5+0.6
SC vehicle+Intra-VTA 3a,50-THP 3.1+05 14404 1.4+0.8 0.6+0.7
SC E,+Intra-VTA vehicle 29.3+402 1403 16402 1.3+0.9
SC Ep+Intra-VTA 30,50-THP 2424318 0801 19£15  1.3#10

aIndicates E2 enhancement (F1 44=12.14, P<0.05).
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Levels of P4 (top) and DHP (bottom) in the midbrain, hippocampus, striatum, and cortex of ovariectomized

rats administered subcutaneous (SC) vehicle+Intra-VTA vehicle, SC E,+ Intra-VTA vehicle, SC vehicle

+Intra-VTA 30,5a-THP, or SC Ex+Intra-VTA 3a,50-THP

Experimental condition

Central concentrations

Midbrain  Hippocampus Striatum  Cortex
P4 (ng/g)
SC vehicle+Intra-VTA vehicle 2.1+0.2 1.3+0.2 1.6+0.2  1.3%0.2
SC E,+Intra-VTA vehicle 1.7+0.1 1.1+0.2 1.2+0.1  2.0+0.2
SC vehicle+Intra-VTA 30,5a-THP 1.5+0.1 1.2+0.1 1.3+0.1 1.7%0.1
SC E,+Intra-VTA 3a,50-THP 2.2+0.1 1.6+0.1 1.6£0.1  1.9+0.2
DHP (ng/g)
SC vehicle+Intra-VTA vehicle 1.9+0.7 0.6+0.1 0.6£0.2  1.5%0.2
SC E,+Intra-VTA vehicle 2.6+0.9 1.8+0.9 1.8+0.4  0.9#0.1
SC vehicle+Intra-VTA 30,5a-THP 2.3+0.6 0.5+0.1 1.0+0.7  1.4%#05
SC E,+Intra-VTA 3a,5a-THP 1.3+0.3 1.9+0.8 0.8+0.2  1.5%0.9
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Depicts lordosis ratings, proceptivity and aggression quotients of ovariectomized rats administered SC vehicle
+Intra-VTA vehicle, SC Exo+Intra-VTA vehicle, SC vehicle+Intra-VTA 30,50-THP, or SC Ex+Intra-VTA 3a,

5a-THP

Table 3

Experimental condition

Lordosis  Proceptivity — Aggression

SC vehicle+Intra-VTA vehicle
SC E,+Intra-VTA vehicle
SC vehicle+Intra-VTA 3a,5a-THP

SC Ep+Intra-VTA 30,5a-THP

rating quotient quotient
0.3+0.1 716 1845
0.7+0.2 3+3 249
0.240.1 27+12 5i2*
27+0.07° 7145 5+2"

*
Indicates significant reduction in aggression among 3a,50-THP-infused rats compared to vehicle-infused rats (F1,44=7.17, P<0.05).

*k
Indicates significant interaction for 3a,5a-THP to enhance lordosis ratings (F1,44=4.29, P<0.05) and proceptivity (F1,44=9.88, P<0.05) to a

greater degree among E2 primed rats than in vehicle-primed rats.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 April 22.



Page 26

Frye et al.

"(S0°0>d
'Gg'g=8€'774) ureiqiaiul pue (G0'0>d ‘26 ¥=8€ V4] wnewns (50'0>d ‘v5¥=8€ 4 sndwesoddiy ‘(0'0>d ‘vz'£=8€ ¥4) ureigpiw (0°0>d ‘6T ¥T=8E '774) wniss ul Juswadueyua 23 JUeaLubIs sajealpu|
*

7'0¥S'T VOFL'T ¢0¥8'T ¢0F9T TOFLT 7'0¥€'E dH1-0G0¢ 90
€0¥6'T €0¥8'T TOFLT TOFS'T T0F9'T ¢0Fee dH1-0G0¢ NS
€091 7'0+0°¢ T0+9T 7'0+9'T T0+S'T 7'0+L'¢C dH1-0G0¢ V1A
E0+r'T 9'0+T°¢ TO+L'T €0+8'T TO+L'T S0+r'e |013u00 ¢3
€079T  ¥O0FET  TOFGT T0¥S'T T0¥ST  G0¥C€ [043U02 BJOIYBA
(671w/Bu) dHA

€0+6'T 20+6'T S'0+8'T €0+8'T 20+8'1T V'OFr'T dH1-0§0¢ 90
€0+8'T CO0FLT 7'0+0°¢ €0¥8'T S0+8'T €0¥8'T dHL-0G0¢ NS
¢0¥6'T ¢0¥6'T 7'0FLT ¢0FS'T CO0FLT VOF'T dH1-0G0g VIA
Z0¥6T  CTO0¥6T  TOF9T 20%8'T T0¥9T  ¥0¥€'T 104302 23
€076T  £0F6T 90FLT Z0%6'T T07ST 0797 [043U0D BJOIYRA
(B/1w/Bu) *q

JOFEE g1 LCO0FET LE0FEE LS0FLT  EEFT6C gy -ngog 97
JO0FEE oo LE0%GC FOFLE L0790 TTRLIT gy1-ngog NS
LOFEE  cozzp  LEOFTT L70FSEe JOFLT  SEFOLT gy -ngog WIA
JOFE pozer  LCOFIT LS0¥TE LE079T  _8'€¥8'/T |01U09 23
Z0%¢T  ZO0FCT  Z0%0T €079°T T072T  90%87¢ [043U0D BJOIYRA
(BnwyBu) 3

uopuod

uledgiaiu]  x8u0)  wnyels  sndwesoddiH  ureuagpiA winIes lewuswiIadxg

(8=u) 92 10 ‘(0T=U) NS ‘(6=U) VLA 31 01 suoishjul dH1-0G"0g pPaAladal ey} slel pawid-¢3 pue suoisnjul ou PaAIadal
Tey sied (8=u) pawiid-¢3 1o (g=u) -|21ysA JO UlRIQIBIUI PUB ‘X310 ‘wnyelns ‘sndwresoddiy ‘urelgpiw ‘wnJas ul SUOITeIIUddU0d dHQ pue ‘74 ‘¢ s1o1dsg

v alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 April 22.



