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Abstract

Evidence is emerging of the role of membrane progestin receptors (referred to as mPRs herein:
members of Progestin and AdipoQ Receptor (Pagr) family) as a novel brain target in mammals,
such as rats. In the present study, the role of mPRs in mice was assessed to further elucidate the
conservation of this mechanism across species. The brain target investigated was the midbrain
ventral tegmental area (VTA) given its described role for rapid actions of progestins for
reproduction. Studies tested the hypothesis that if mPRs are required for progestin-facilitated
lordosis through actions in the VTA, then knockdown of mPRs in the VTA will attenuate lordosis.
Ovariectomized (OVX) mice were subcutaneously injected with estradiol (E,) and progesterone
(P4), and infused with antisense oligodeoxynucleotides (AS-ODNSs) to mPRas (Paqgr7) and/or
mPRp (Paqr8) or vehicle to the lateral ventricle or VTA. Mice were assessed for reproductive
behavior (lordosis and aggression/rejection quotients) in a standard mating task. Results supported
our hypothesis. E, + P4-facilitated lordosis was significantly reduced, and aggression/rejection
increased, with infusions of mMPRa, mPRp, or mPRaf3 AS-ODNSs to the lateral ventricle, compared
to vehicle. E, + P4-facilitated lordosis was significantly decreased, and aggression/rejection
increased, with mPR or mPRafl AS-ODNSs to the VTA of C57/BL6 mice. Both mPRa and mPRf
AS-ODNSs reduced lordosis, and increased aggression/rejection, of wildtype (C57/BL6x129) mice,
but not nuclear PR knockout mice. Thus, mPRs may be a novel target of progestins for
reproductive behavior of mice.
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1. Introduction

One approach to further understand the mechanisms and brain targets of ovarian hormones
for their functional effects is to use a model that includes a behavioral output that is
dependent upon these hormones, and manipulate actions of hormones in brain regions of
interest. One such well-characterized model utilized to investigate these questions for
ovarian steroids is reproductive behavior of female mice. Reproductive behaviors of female
rodents depend on ovarian hormones, such as 17f3-estradiol (E,) and progesterone (P4) and
environmental stimuli. Cyclic increases in E,, followed by P4, are associated with sexual
receptivity of mice. Ovariectomy attenuates cyclic increases in these hormones and sexual
receptivity of mice [1]. Administration of hormone regimen that produce circulating
concentrations, akin to that observed during behavioral estrus, reliably reinstate sexual
receptivity commensurate to that which can be observed over the estrous cycle [2-5]. Thus,
this model of reproductive behavior in mice is utilized to address questions about the
mechanisms and brain targets of ovarian hormones; a focus, in the present study, is the
actions and brain targets of progestins, such as Pg.

One mechanism of progestins to consider “genomic” signaling involving classical progestin
receptors (PRs), which were traditionally considered to be located in the nucleus (and will
thus be referred to as nPRs herein), and have actions as transcriptional factors, regulating
gene transcription and translation. There is also “non-genomic” signaling of progestins,
which can include classical, or nPRs, that are tethered to the membrane and have actions in
this location of the cell, and other transmembrane steroid and neurotransmitter targets;
reproductive behavior has been one model utilized to understand these different, and
potentially complementary, mechanisms of progestins. Among Ep-primed rodents, P4 has
both genomic and non-genomic effects in the ventral medial hypothalamus (VMH) and
midbrain ventral tegmental area (VTA) to mediate mating. As an example of the genomic
actions of progestins, in the VMH, P4’s classical actions involving nPRs and induction of
gene transcription are important for modulation of reproductive responses [6]. P4’s actions
in the VTA, an area of the brain with few non-E, induced nPRs, influences the intensity and
duration of sexual receptivity of rodents exclusively through non-genomic, rapid actions at
neuronal membranes, such as via neurotransmitter targets, including GABA and dopamine
[7-9]. Another potential target of interest is the membrane progestin receptor, which is a
member of the Progestin and AdipoQ Receptor (Pagr) family, identified by Zhu and
colleagues [10,11]. These receptors (referred to as mPRs herein) alter progestin binding and
rapid non-genomic signaling in various in vitro expression systems, such as Escherichia
coli, yeast, and mammalian cell lines. Actions involving mPRs for functional effects, such as
those effects for reproduction, have received much less attention to date compared to these
invitro models.
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The hypothesis tested in the present series of experiments was that mPRa (Pagr7) and mPRf
(Paqr8), two of the most common variants of mMPRs, are targets of progestins for
reproductive behavior of mice. A preliminary probe assessed expression of mPRa and
mPRp in peripheral tissues (spleen, heart, lungs, kidney, liver, intestines) and different brain
regions (prefrontal cortex, hippocampus, amygdala, hypothalamus, and midbrain) of
naturally sexually-receptive mice. Experiments were conducted to assess reproductive
responses of OV X, hormone-primed mice following manipulations of mPRa and mPRj
with infusions of AS-ODN:s to the lateral ventricle or to the VTA. These comparisons were
done to begin to address site specificity of these effects. Moreover, if the AS-ODN treatment
was producing other side effects, the notion was that these would be particularly apparent
with lateral ventricle infusions. We also examined these effects across different strains of
mice. Mice were replete in nPRs (C57/BL6 in Experiments 1 and 2, or PRKO wildtypes on
a C57/BL6x129/SvEv background in Experiment 3) or lacking functional nPRs (PRKO
mice in Experiment 4) to begin to ascertain if there may be interactions with classical
nuclear PRs. We predicted that if mPRs are involved in P4’s non-genomic actions in the
VTA for reproduction, knocking down mPRs in the midbrain VTA will selectively reduce
lordosis responses of OV X, E,- and P4-primed mice.

2. Experimental

2.1. Experimental overview

A pilot experiment assessed mPR expression in peripheral and central tissues of proestrous
C57/BL6 mice (n = 2). For Experiment 1, OVX C57/BL6 mice were administered E, and P4
and infused with control (n = 15), mPRa (n = 13), mPRP (n = 13) or mPRap (n = 15) AS-
ODN:s to the lateral ventricle. For Experiment 2, OV X C57/BL6 mice were administered E,
and P4 and infused with control (n = 9), mPRa (n = 9), mPRp (n = 10) or mPRaf (n = 14)
AS-ODNs to the VTA. For Experiment 3, OV X PRKO wildtypes on a C57/BL6x129
background were administered E, and P4 and infused with control (n = 11), mPRa (n = 15),
mMPRp (n = 13) or mPRap (n = 16) AS-ODNs to the VTA. For experiment 4, PRKO mice
were administered E, and P4 and infused with control (n = 13), mPRa (n = 12), mPRp (n =
11) or mPRaf (n = 13) AS-ODNSs to the VTA. For Experiments 1-4, mice were
behaviorally tested and tissues were collected from a subset of animals to verify effects of
AS-ODN infusions. A control experiment assessed specificity of effects by determining
extent of behavioral responses following mPR manipulations in OV X, C57/BL6 mice
administered E, only and infused with control (n = 12), mPRa anti-sense deoxynucleotides
(AS-ODN; n = 4), mPRB AS-ODN (n = 5) or mPRaf AS-ODN (n = 5) to the lateral
ventricle. These methods utilizing live animals (surgery, drug manipulations, behavioral
testing, euthanasia) were approved by the Institutional Animal Care and Use Committee at
The University at Albany-SUNY and were conducted in accordance with ethical guidelines
defined by the National Institutes of Health (NIH Publication No. 85-23).

2.2. Housing of animal subjects

Subjects were 8-10 week old, female mice that were C57/BL6, PRKO, or their wildtype
counterparts on a C57/BL6x129 background (n = 272). Mice were group-housed (4/5 per
cage) in polycarbonate cages (26 x 16 x 12 cm) in a temperature-controlled room (21 + 1
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°C) in the Laboratory Animal Care Facility. Mice were maintained on a 12/12-h reversed
light cycle (lights off at 8:00 am) with continuous access to Purina Mice Chow and tap water
in their home cages.

2.3. Mouse strain and genotyping

2.4. Estrous

C57/BL6 mice, bred in our colony, were used for Experiments 1 and 2. For Experiments 3
and 4, wildtype (+/+) or homozygous (-/-) PRKO knockout mice were derived from
heterozygous (+/-) breeder pairs from a colony that maintained our animal facility.
Genotyping was determined by genomic DNA isolated from tails and analyzed by
polymerase chain reaction (PCR) modified from Jackson Laboratory protocol and per
previous methods to determine the genotype of mice [4,12-15]. PCR was performed by
denaturing the DNA at 95 °C for 5 min, followed by 30 cycles of amplification: 94 °C for 1
min, 60 °C for 1 min, 72 °C for 1 min and a final primer extension step at 72 °C for 10 min.
The following PR specific primers were used: P1 (5-TAGACAGTGTCTTAGA
CTCGTTGTTG-3), P2 (5"-GATGGGCACATGGATGAAATC-3), and a neo gene-
specific primer, N2 (5’-GCATGCTCCAGACTGCCTTGG GAAA-3/). Bands of
approximately 565 and 500 base pairs were amplified for wild-type and PRKO, respectively.

cycle determination

For the expression study, mice were cycled daily. To determine what stage of the estrous
cycle each mouse was in, vaginal epithelium of experimental mice was obtained by lavage
and examined under a light microscope daily between 0700 and 0900. After two weeks of
regular, 4-5 day cycles, tissues were collected of mice when in proestrus or behavioral
estrus. Mice were considered in proestrus when their vaginal epithelium had characteristic
nucleated cells, 4-5 days following the previous lavage of this type.

2.5. mPR expression

Mice were left intact and cycled and had tissues collected when they were sexually-receptive
(in proestrus), associated with high E, and P4 levels. Whole brains and peripheral tissues
were collected at University of Albany. Expression of mPRa and mPRp were determined at
East Carolina State University with reverse transcriptase PCR (RT-PCR) (from tissues from
University of Albany) which were frozen immediately following collection and dissection,
and shipped on dry ice overnight. Expression of mPRa and mPRf was determined by RT-
PCR for brain, spleen, heart, lungs, kidney, liver, and intestines. In brain, expression was
examined in prefrontal cortex, hippocampus, amygdala, hypothalamus, and midbrain. Total
RNA was extracted from snap-frozen tissue samples with TRIzol reagent (Invitrogen),
homogenized using a sonicator (Sonic Dismembrator Model 100; Fisher Scientific), and
purified following the manufacturer’s instructions. Total RNA (1 pg) of each sample was
reverse transcribed into cDNA in a 10-pl reaction using Superscript 111 (Invitrogen). As a
negative control to confirm that extracted RNA is free of genomic DNA, samples were also
prepared for all tissues using same procedure except without Superscript 11 (RT minus).
The PCR was conducted on the cDNA template for 25 or 30 cycles, respectively, with an
annealing temperature of 55 °C, using mPRa- or mPRp-specific primer pairs (mPRa
forward: 5-ACGCAGCAGACAGCTCCTA-3' located in exon 1; mPRa reverse: 5’
CACTGCCAAACTGGTACACG-3 located in exon 2; mPRp forward: 5’-
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CTACCTCCCTGCTTGTTTGC-3, located in exon 2 mPR reverse: 5/-
GTGGATGTACGGCTCCCTAA-3, located in exon 3). These mPR PCR primers were
specifically designed across intron in two different exons to discriminate any possible
amplification of genomic DNA, which would produce large PCR products. The PCR
products were run on a 2% agarose gel and imaged using a Fluor Chem 8900 imaging
station (Alpha Innotech, Santa Clara, CA).

2.6. Surgical protocol

Adult mice were administered sodium pentobarbital anesthesia (80 mg/kg, IP or to effect)
for stereotaxic surgery and ovariectomy. For Experiment 1, and the control experiment to
assess effects of priming with E, only, mice had placement of bilateral guide cannulae
aimed at the lateral ventricle (from bregma: AP —0.5, DV -0.5, ML + 0.5). For experiments
2-4, mice had guide cannulae aimed at the VTA (from bregma: AP = -3.5, DV = -4.5, ML
=0.8), per [16]. Cannulae consisted of 26-gauge stainless steel hypodermic tubing, cut to 4.5
mm, and fitted with 5 mm 33 gauge removable inserts. Cannulae were secured to the skull
with dental cement and the surrounding skin was closed with sutures and/or adhesive.
Immediately after stereotaxic surgery mice were ovariectomized. Following surgery, mice
were neurologically evaluated daily for their ability to right themselves, cage-climb, have
proper muscle tone and reflexive responses to their hind limbs being gently extended by an
experimenter. Mice were also evaluated for weight gain after surgery. Only mice that passed
neurological evaluations and gained weight following surgery were continued in the
experiment. Sixteen mice were discontinued in the study because of not passing these post-
surgical assessments. Mice were administered post-operative analgesic (liquid ibuprofen
dissolved in drinking water to a concentration of 2 mg/ml) in drinking water for 5 days
following surgery.

2.7. Hormone and infusion condition

OVX mice were administered E, (10 g, 44-48 h before testing) and P4 (4 mg/kg SC,
Steraloids, Newport, RI, 6 h before testing, Experiments 1-4) and infused with control,
mPRa AS-ODN, mPRB AS-ODN, or mPRaf3 AS-ODN to the lateral ventricle and/or the
VTA 0 (immediately), 24, and 44 h before behavioral testing (mPRa AS-ODN: 5/-
CGCTCTTCTGGAAGCCGTACA TCTATG-3’; mPRB AS-ODN: 5-GACTGGAAAG
TAAGTAGGTGGCTGGCTGGTCCTC-3). Infusion volumes were the same for each
condition (1 pl in each cannula). The timing of these infusions was done to correspond to
hormone-priming of mice and to ensure constant knockdown of mPRs during this time and
behavioral testing, given instability of AS-ODNSs. Full phosphorothioate HPLC-purified AS-
ODNs were synthesized, such that S-oligonucleotides were capped and remaining links were
unmodified, and desalted by Invitrogen Life Technologies (Carlsbad, CA). A control
experiment assessed the responses to these mPR manipulations ICV in mice that were E,-
primed only (10 ug, 44-48 h before testing).

2.8. Behavioral tasks

In order to ascertain specific changes in behaviors associated with differences in mating,
rather than exploration, anxiety, and social behavior [17] mice were tested sequentially in
the following tasks. For behavioral testing, assessments were made by experienced
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experimenters and the Any-Maze video-tracking system (Stoelting, Wood Dale, IL). Mice
were first assessed in control tasks (open field, elevated plus maze, social interaction) and
then in a standard mating task.

2.9. Reproductive behaviors

Behavioral testing was conducted per previously described methods [4] in a round glass
container that is 20.5 cm in diameter and 21.5 in depth. Sexual behavior was assessed by
pairing experimental, hormone-primed, female mice with proven stimulus male mice for 10
min or 10 mounts. The percentage of mounts that elicited a lordosis response by a female
(lordosis quotient) was scored. Sexual contacts that elicited aggression/rejection of male
mounting (kicking, boxing, vocalizing, tail rattling) was calculated, and reported as an
aggression quotient.

2.10. Open field

Mice were placed in an open field with an exterior activity monitor (Digiscan Optical
Animal Activity Monitor; 39 x 39 x 30 cm; Accuscan Instruments, Columbus, OH, USA).
The number of interruptions in the horizontal beams, a measure of spontaneous activity, was
mechanically recorded for 5 min [12,18]. The activity monitor has a grid on the floor with
16 total squares of which 12 were considered peripheral. During the 5 min test, the number
of entries to peripheral and central squares was observed. The total number of squares
entered is another index of spontaneous activity [12,18]. There were no differences in these
measures in groups assessed.

2.11. Elevated plus maze

Mice were placed at the juncture of the two open (5 x 40 cm) and two closed arms (5 x 40 x
20 cm) of the elevated plus maze (Columbus Instruments). The number of open arm entries
and time spent in the open or closed arms was recorded by an observer for 5 min. The total
time spent on the open arms is a measure of antianxiety behavior [12,18-20]. There were no
differences in the time spent on the open arms of mice.

2.12. Social interaction

Experimental and conspecific mice are placed in opposite corners of the open field. Time
spent by the experimental mouse engaging in social interaction (crawling over and under
partner, sniffing of partner, following with contact, anogenital investigation, tumbling,
boxing and grooming) with the conspecific is recorded for 5 min [21]. There were no
differences in time spent interacting with a conspecific.

2.13. Tissue collection and validation

Immediately after testing, mice were rapidly decapitated. Trunk blood and whole brain were
collected to measure hormone levels and examine the expression of mPRa and mPR§,
respectively. Plasma levels of E, and P4 were determined with radioimmunoassay using
previously described methods [22] to validate that physiological levels were achieved with
the systemic dosing of E; and P4 that were utilized. We found that there were proestrous-
like levels of E in plasma of OV X mice in the experiment, which were all administered E,
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(13.6 £ 2.1 pg/ml). As expected, levels of P4 were higher in plasma of mice administered
systemic P4 (34.3 £ 3.1 ng/ml) and reached proestrous-like levels, compared to mice that
were administered E, alone in the control experiment (5.6 £ 0.5 ng/ml).

2.14. Infusions placements and site-specificity

Immediately after testing, mice were euthanized by cervical subluxation. Brains were
extracted and then frozen on dry ice and stored at —80 until dissection. Brains that were keep
frozen on dry ice, were sliced at the level of the midbrain, and cut in 100-p slices. These
slices were inspected visually using a dissecting microscope as previously described. All
mice with ICV infusions were found to have infusions to the ventricle. Eighteen of the mice
with intended infusions to the VTA had infusions to other sites. The data from these mice
that had infusions to sites other than the VTA were excluded from the overall analyses. To
determine efficacy of AS-ODNs mPRa and mPRp expression was examined in micro-
punches from the VTA, which were taken from the slices. Tissues were placed in RNAlater
(Qiagen) until homogenization and extraction to prevent degradation, and were used for
determining mPRa and mPR expression with gPCR.

2.15. Quantitative real-time PCR (qPCR)

Standard gPCR methods were utilized [10]. For extractions, total RNA was isolated from
tissue using the Qiagen RNeasy Micro Kit (Valencia, CA) according to the manufacturer’s
protocol. Reverse transcription was carried out using Oligo(dT)»g and the Superscript 111
First-Strand Synthesis System for RT-PCR from Invitrogen (Carlsbad, CA). gPCR was
performed using Bio-Rad SYBR Green Supermix (Hercules, CA) and the following gene-
specific primers: p-actin forward (5-GCTCGTCGTCGACAACGGCT-3'), -actin reverse
(5-CAAACATGATCTGGGTCATCTTCTC-3'), mPRa forward (5'-
GCTCTGCTCTGACCACAGTTTTCC-3' and reverse 5’
CAGCCTCGTTGTGCCGCTGA-3" and mPRp forward (5
TACCAGGGACGCCATGAGAT-3 and reverse (5'-
CCTCAGCCCGTAATACATATTAA-3'). Reactions were run on an Applied Biosystems
7900HT and analyzed using the comparative cycle time (DeltaDeltaCT) method (Applied
Biosystems, Foster City, CA). The fold change in comparison to vehicle controls of the delta
CT values of mPR versus actin are depicted for the differences in the number of cycles for
expression as observed from subjects in each condition [23,24].

2.16. Statistical analyses

One-way analyses of variances (ANOVASs) were used to examine effects of infusion
condition (control, mPRa, B, ap AS-ODN groups) on behavior. When the a level for
statistical significance was reached (p < 0.05), Fisher’s Least Significant Difference post hoc
tests were used to examine group differences.

3. Results

3.1. mPRa and mPRp are expressed in the midbrain VTA of proestrous mice

The first set of results in this study demonstrated that mPRs were expressed in midbrain.
Analyses of samples from proestrous mice demonstrated that mPR[ was expressed highly in
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the brain, but was undetectable in the peripheral tissues (spleen, heart, lung, kidney, liver,
intestines) with limited number of PCR cycles (30 cycles, Fig. 1). Further analyses of
expression of mPRs in the different parts of brain tissues (prefrontal cortex, hippocampus,
amygdala, hypothalamus, midbrain) was also analyzed using RT-PCR. Expression of mPRa
and mPRp were high in the midbrain (Fig. 1). As a negative control, samples were also
prepared for these tissues using the same procedure except without Superscript I11 (RT-) to
demonstrate that extracted DNA was free of genomic DNA. There was no evidence of
genomic DNA in samples. Thus, mPRs are expressed in brain regions of interest.

3.2. Experiment 1: among C57/BL6 mice, mPR knockdown via ICV infusions reduced
lordosis and increased aggression

Lateral ventricle infusions of AS-ODNs were utilized in this experiment to assess more
widespread knockdown of mPRs, particularly in the hypothalamus. Infusions of ODNs ICV
had significant effects on reproductive behaviors. There was a main effect of infusion
condition for lordosis quotients (F3 52 = 7.237, p < 0.01) and aggression quotients (F3 5 =
2.858, p < 0.05). Post hoc tests revealed that infusions of mPRa, mPR, and mPRaf AS-
ODN:s significantly reduced incidence of lordosis (Fig. 2, Panel A) and increased incidence
of aggressive responses (Table 1), compared to control infusions. Differences between
knockdown of mPRa or mPRf were not noted with lateral ventricle infusions. Thus, mPR
knockdown reduced lordosis and increased aggression towards males during mating task.

3.3. Experiment 2: among C57/BL6 mice, knocking down mPRp, more so than mPRa, in the
VTA attenuated lordosis and increased aggression

To directly assess effects of mPR knockdown in the midbrain, infusions of AS-ODNSs were
directed at the midbrain of C57/BL6 mice. There was a significant effect of VTA infusions
on lordosis quotients (F3 35 = 11.283, p < 0.01) and aggression quotients (F3 35 = 5.252, p <
0.01). Post hoc tests revealed that mice infused with mPRp or mPRaf3 AS-ODNs had
significantly lower lordosis quotients, compared to the control infusion condition (Fig. 2,
Panel B). All AS-ODN infusions to the VTA increased aggression quotients compared to
vehicle control (Table 1). Thus, knocking down mPRf, more so than mPRa, attenuated
lordosis.

3.4. Experiment 3: among wildtype (C57/BL6x129) mice, knocking down mPRs in the VTA
attenuates lordosis

Cross-strain comparisons were completed to begin to address the notion that this is a basic
mechanism of progestin action. There was a significant effect of VTA infusions on lordosis
quotients (F3 51 = 2.707, p < 0.05). Mice infused with mPRa, mPRp or mPRaf had
significantly lower lordosis quotients compared to the control infusion condition (Fig. 2,
Panel C), but no differences were observed for aggression (Table 1). Thus, these data
suggest some differences in sexual receptivity and aggression towards males in this task
between these two C57/BL6 strains, as well as sensitivity to mPR knockdown.
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3.5. Experiment 4: among PRKO mice, mPR knockdown in the VTA did not attenuate

lordosis

A question is the potential role of nuclear PRs. There were no significant effects of VTA
infusions of AS-ODNSs on reproductive measures, such as lordosis quotients or aggression
quotients, among PRKO mice (Fig. 2 Panel D, Table 1). As expected, PRKO mice had
attenuated reproductive responding; this was not further reduced by manipulations of mPRs.

3.6. Control conditions, tasks and validation measures — effects via mPRs may be specific
to progestins, not E,, for reproductive responding

To assess whether effects of mPR manipulations were specific to Py, this experiment
assessed effects of AS-ODNs in mice primed with E5 alone. Among mice that were E,-
primed alone, lordosis quotients or aggression quotients were not altered by ICV infusions
of mPRa (lordosis 32 £ 2%; aggression 80 + 9%), mPRp (lordosis 22 + 7%; aggression 80 +
21%), mPRaf (lordosis 15 + 10%; aggression 80 + 17%) AS-ODNs, compared to control
vehicle (lordosis 30 *+ 3%; aggression 90 * 5%). As for non-reproductive, control tasks
assessed, there were no differences in open field, elevated plus maze, or social interaction
tasks between groups following infusions ICV or to the VTA (data not shown). gPCR results
supported knock down of mPRs in midbrain, particularly with infusions to the VTA
(compared to ICV infusions; Table 2). Thus, effects via mPRs may be specific to progestins,
not Ey, for reproductive responding.

4. Discussion

The hypothesis that mPRs are involved in P,’s actions in the VTA, relevant for reproductive
behavior of E,-primed mice, was supported. mPRa and mPRp were expressed in the
midbrain VTA of proestrous mice. AS-ODN infusions of mMPRp AS-ODNs to the lateral
ventricle or VTA of C57/BL6 or wildtype (C57/BL6x129) mice reduced lordosis quotients
and increased aggression quotients. PRKO mice had reduced reproductive responding than
did wildtypes, and did not demonstrate significant decrements in reproductive behavior with
mPR AS-ODN infusions. These effects were hormone and strain-specific. Infusions to E,-
primed mice were less effective than that of E»- and P4-primed mice suggesting progestin-
specificity for these effects of mPR manipulations. Strain sensitivity is seen by differences
in pattern of response with C57/BL6 and C57/BL6x129 mice for mPRa, but not mPR§,
manipulations. Interestingly, the failure to see effects in PRKO versus PRKO wildtype mice
suggests that some actions of mPRs may require nPRs, as well as other targets. Together,
these findings suggest that mPRs may be one novel target in VTA for P4-facilitated lordosis
of mice.

The present data confirm and extend the literature on the role of non-genomic effects of
progestins in the VTA for lordosis. Until now, the studies of mPRs have almost exclusively
focused the functions and signaling of mPRa. The unique functions of other mPR isoform,
particular mPRf have not been clearly demonstrated. Our results are first evidence showing
that mPR is a plausible mediator for progestin-facilitated lordosis in mice. We have
previously reported that traditional signaling via nPRs in this region is not required for P4’s
actions to facilitate lordosis. There are very few nPRs in the VTA of adult rodents and those
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that are localized to the VTA are not E, induced [7,8]. Notably, mPR knockdown in the
VTA attenuated lordosis of E; and/or P4 facilitated lordosis among C57/BL6 and PRKO
wildtype, but not PRKO, mice. These findings suggest that actions at mPRs in the VTA do
not mediate the expression of lordosis that can be seen among these mice with E; and/or P4
priming. Progesterone enhances lordosis when applied to the VTA of mutant mice lacking
PRs, or of rats that have nPRs knocked down with AS-ODNSs [4,5,25]. Thus, actions at
mPRs may be influenced by E, and/or P4 and/or nPR expression. A question of interest is to
what extent the other targets in the midbrain, such as GABA, oxytocin, and dopamine, play
a role for lordosis and if progestins may be having synergistic effects through these multiple
non-genomic targets [7-9,26,27].

The present data provide additional information about expression and functional effects of
mPRs among mice. It is important to note these cross-species effects regarding the mPRs.
The mPRs were first characterized in amphibian and fish. These results, and others, have
shown expression and functional effects in rodents, such as rats [28-31]. For example,
expression of MPRp, as measured by in situ hybridization and histochemistry, was greater
than mPRa in the hippocampus, lateral and medial septum, thalamus, and regions of the
midbrain of Eo-primed rats [29-31]. Moreover, among proestrous rats with high circulating
E, and/or P4, mPRa and mPRJ expression are increased during proestrus, compared to
diestrus, of rats in the mediobasal hypothalamus [30], and we have noted high levels in the
midbrain of proestrous rats [28]. In the present study, similar reproductive effects were
observed among mice as we have recently reported in rats [28]. Expression of mPRa and
mPRp was observed in brain areas including hypothalamus and midbrain of proestrous mice.
Among C57/BL6 mice, E, and Py4-facilitated lordosis was significantly reduced with
administration of AS-ODNSs for mPRa, mPRp, or mPRap to the lateral ventricle, compared
to vehicle, reductions in lordosis when AS-ODNs were administered to the VTA of this
strain were not observed with mPRa AS-ODNS. Interestingly, there was evidence that
another control strain, the C57/BL6x129 wildtypes of PRKO mice, had reduced lordosis
with mPRa and/or mPRp. Moreover, a goal was to begin to ascertain potential interactions
between nuclear PRs and mPRs, by using PRKO mice. However, PRKO mice showed such
an attenuated response to hormone-priming for reproductive behaviors, we were not able to
elucidate this question. These cross-species similarities (rats and mice) provide some
evidence of conservation of this target and functional relevance; yet, strain differences noted
here also suggest epigenetic and/or other factors to consider beyond the scope of the present
study.

Differences in behavioral phenotypes have been noted for other steroid receptor subtypes,
such as estrogen receptors [32,33] and, even more recently, thyroid hormone receptors a and
j3 [34], for reproductive and non-reproductive behaviors. A consideration for future
investigations is divergence in downstream effectors of mPR isoforms for steroids’
functional effects. For instance, one notion is that knockdown of thyroid hormone receptor a
alters GABA signaling [35]. A question is the role of non-genomic effects of E,, as has been
described for other complex, socially-relevant mouse behaviors (e.g. learning) [36]. To
begin to ascertain this, mice were primed with E, alone. Eo-facilitated lordosis was not
significantly reduced with administration of mPR AS-ODNSs, but there was a pattern of
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reduction with infusions mPRp or co-administration of mPRa and mPR3 AS-ODNSs,
compared to vehicle. Studies focused on further understanding rapid estrogen receptor
signaling suggest that altering membrane targets (e.g. GPR30), down-regulated expression
of variant of ERa (ERa36) breast cancer SK-BR-3 cells [37]. Interactions between
membrane ERs, intracellular ERs, and other membrane targets for complex neural functions
have also been described (e.g. in the case of feeding regulation and reproductive behaviors)
[38-42]. As such, an important question, given the present results, is that there may be
divergent downstream effectors of mPRs to consider further.

Limitations of the present study are as follows. First, our experiment focused on actions of
mPRs in the midbrain VTA. In addition to the midbrain VTA, the hypothalamus is an
important brain region in mediating progestin-facilitated lordosis. The hypothalamus has
high expression of classic targets of progestins, nPRs, which are involved in reproductive
behaviors of female rodents. A question not addressed in the present study was the role of
mPRs as a membrane target for progestins’ actions for lordosis in the hypothalamus or other
regions. Perhaps hormone-primed rats had reduced lordosis responding following lateral
ventricle infusions of mPRa and/or mPRB AS-ODNSs coincident with reduction in mPRs in
the hypothalamus. The selective expression of mPRS in the brain, but not in the body,
implies it may be possible in the future to target these receptors without the liability of
trophic effects in peripheral reproductive tissues. As such, future studies manipulating mPRs
in other regions, are of considerable interest. Second, in these experiments, we effectively
tried to verify our knock down of mPR following lateral ventricle and midbrain VTA
infusions of AS-ODNS in experimental mice with qPCR. However, the approach that we
utilized for taking tissue punches (which were 3-5 mg of tissue) of these regions and
extracting RNA for RT-PCR precluded examination of mPR proteins in these samples.
Additionally, tissues were run using a gPCR technique to ascertain the extent of mPR
knockdown from using AS-ODNSs. Effects using these techniques were likely not as robust
as if we were able to determine effects on protein levels of mMPRs. AS-ODNs are considered
to be effective in reducing RNA or protein expression by about 40%. Given that
information, and that we saw a modest decrease in RNA expression with AS-ODNSs, our
results that mPR AS-ODNs can significantly impair lordosis is notable. We hope to address
the short-comings of these approaches in our future work.

Despite these limitations, the results of the present research informs us about two putative
non-genomic mechanisms underlying progestin-facilitated lordosis. First, nuclear steroid
receptors, which are activated by binding to a hormone, are able to interact with other
transcription factors without direct binding to DNA. There is evidence for nPRs, despite
having well-defined transcriptional activity [43], acting through separate non-genomic
signaling function [44] in breast cancer signaling and Xenopus ooctye maturation [45-47].
Non-genomic actions of steroids cause rapid introduction of second messenger signal
transduction cascades, including the rapid increase in intracellular calcium concentrations,
which has been implicated in neuroprotective effects of progestins [48]. As well, there is
rapid activation of protein kinase, a protein kinase C and MAPK, which we have shown are
involved in progestin-facilitated lordosis in the midbrain VTA [49]. However, the precise
mechanisms of the classical nPR at the membrane remains to be understood. The failure of
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significant, albeit apparent, reductions in lordosis among PRKO mice with mPR AS-ODNs
infusions and the level of expression imply that PRKO mice do not over-express mPR
proteins, and may rely on these actions for progestin-facilitated signaling in the VTA. What
we do not know is whether this pattern of effects could be related to the classical PR being
targeted to the membrane to mediate these effects. Second, mPRs seem to be targets for
progestins’ actions in the VTA to facilitate lordosis. mPRs are included in the PAQR family,
which contains 4 adiponectin receptor like (class | receptors), 5 uniqgue mPR members
(mPRa, mPRpB, mPRy, mPRS, and mPRe; class Il receptors), and 2 hemolysin-like receptors
[50-52]. The mPR family of proteins has seven integral transmembrane domains and
mediates rapid progestin signaling in various model systems, including fish, amphibians,
and mammals [28-31,53-66]. The mPRa and mPRp are the most well-studied of the mPRs;
albeit, effects for reproductive behavior of mammals are just beginning to be understood and
there are many factors to consider in progestin signaling at the membrane [67]. For example,
data from a series of studies has demonstrated differential regulation of mPRs for induction
of oocyte maturation in goldfish [68—70]. The expression/localization and the functional
effects of mPRy, mPRS, and mPRe are still relatively unknown. Here, a role for mPRp in the
VTA mediating progestin-facilitated lordosis among C57/BL6 mice was supported, a
finding which is similar to effects we have observed in Long-Evans rats [28]. These findings
extend what has previously been reported in the literature regarding mPR functions, and
suggest a functional role of mPRp for a hard-wired behavior in a brain region (the midbrain)
that is conserved across species. Of continued interest are the relative roles of nPRs and
mPRs for their involvement in rapid functional effects of progestins.
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Fig. 1.

E)?pression of membrane progestin receptor a (mPRa, Paqr7) and mPRp (Paqr8) transcripts
in proestrus C57/BL6 mouse peripheral tissues and brain regions, as analyzed by RT-PCR.
P: prefrontal cortex; Hi; hippocampus; A: amygdala; Hy: hypothalamus; M: midbrain; B:
brain; B S: spleen; H: heart; Lg: lungs; K: kidney; Lv: liver; and In: intestines. Samples were
prepared for all tissues samples using same procedure with (+, indicated in Panel B) or
without Superscript Il (-, indicated in Panel B). Forward and reverse PCR primers were
specifically designed to be located in two different exons. Specific PCR products amplified
from the transcripts with expected size were observed (525 bp for mPRa, and 328 bp for
mPRp). There was no evidence of genomic DNA contamination.
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Fig. 2.

Mgean (xSEM) lordosis quotients (LQs) of mice administered vehicle (control), mPRa AS-
ODNs, mPRf AS-ODNSs, or both mPRa/ AS-ODNs. Panel A: E, + P4-primed C57/BL6
(“C57”) mice that were administered AS-ODNs intracerebroventicularly (ICV). Panel B: E;
+ P4-primed C57/BL6 mice that were administered AS-ODNSs to the ventral tegmental area
(VTA). Panel C: E, + P4-primed C57/BL6x129 (“wildtype”) mice that were administered
AS-ODNSs to the VTA. Panel D: E, + P4-primed progestin receptor knockout (PRKQO) mice
that were administered AS-ODNs to the VTA. *indicates significant difference from vehicle
control group p < 0.05.
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Table 1

Effects on aggression/rejection behavior of female mice during mating task (mean = sem).
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Condition Brain infusion condition

Veh mPRa ASSODN  mPRBAS-ODN mPRaf AS-ODN
Experiment 1: effects of AS-ODNs to the lateral ventricle of ovx, E, + P4-primed C57/BL6 mice
Aggression Quotient 577 80" +9 98" +2 87" +7
Experiment 2: effects of AS-ODNs to the VTA of ovx, E, + P4-primed C57/BL6 mice
Aggression Quotient 577 80" +9 98 +2 87 +7
Experiment 3: effects of AS-ODNSs to the VTA of ovx, E, + P4-primed C57/BL6X129 mice
Aggression Quotient 72+7 79+8 94+4 89+6
Experiment 4: effects of AS-ODNSs to the VTA of ovx, E, + P4-primed PRKO mice
Aggression Quotient 87 89+5 92+4 78+8

*
indicates significant effect of AS-ODN to alter behavior compared to vehicle control (p < 0.05).
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Table 2
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Effects on mPR expression from experiments (mean + sem). Minus (=) indicates average fold decrease

compared to the control.

Condition Brain infusion condition

Veh mPRa AS-ODN mPRB AS-ODN mPRaB AS-ODN
Experiment 1: effects of AS-ODNs to the lateral ventricle on ovx, E, and P4-primed C57/BL6 mice
n 6 4 3 2
MPRa fold change in midbrain 04+0.1 -0.2+0.6 0.3+0.1
MPR{ fold change in midbrain -14+07 -0.8+0.6 05+0.1
Experiment 2: effects of AS-ODNSs to the VTA on ovx, E, and P4-primed C57/BL6 mice
n 6 4 3 6
MPRa fold change in midbrain -1.1+02 -0.1+05 -52+46
MPR fold change in midbrain -07+£0.7 -19+14 1.0+0.6
Experiment 3: effects of AS-ODNSs to the VTA on ovx, E, and P4-primed C57/BL6X129 mice
n 5 4 3 6
MPRa fold change in midbrain 01+0.1 08+0.1 -03+05
MPRS fold change in midbrain -1.0+£12 -15+06 -23+05
Experiment 4: effects of AS-ODNSs to the VTA on ovx, E; and P4-primed PRKO mice
n 6 4 3 2
MPRa fold change in midbrain 04+0.1 -0.2+06 0.3+0.1
MPR fold change in midbrain -1.4+07 -0.8+0.6 05+0.1
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