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Abstract

The ventral pallidum (VP) is a critical node of the mesocorticolimbic reward circuit and is known
to modulate social behaviors in rodents. Arginine vasopressin (AVP) signaling via the V1A
receptor (V1AR) within the VP is necessary for the expression of socially motivated affiliative
behaviors in monogamous voles. However, whether the VP-AVP system regulates socially
motivated behaviors in non-monogamous species remains unknown. Here, we determined the
extent of AVP fiber innervation in the VP as well as the involvement of the VP-AVP system in
sociosexual motivation in adult male and female rats. We found that males have nearly twice the
density of AVP-immunoreactive (AVP-ir) fibers in the VP compared to females, suggesting the
possibility that males experience enhanced AVP signaling in the VVP. We further found that this sex
difference in VP-AVP-ir fiber density likely arises from an observed sex difference (males >
females) in the percentage of VVP-projecting AVP-ir cell bodies located in the bed nucleus of the
stria terminalis and medial amygdala. To determine the behavioral implications of this sex
difference, we next blocked AVP signaling in the VP by antagonizing VP-V1ARs in male and
female rats and tested their preference to investigate an unfamiliar male rat or unfamiliar estrus
female rat confined to corrals located on opposite ends of a three-chamber apparatus. Under
vehicle conditions, males showed a significantly greater innate preference to investigate an
opposite sex over same sex conspecific than estrus females. Interestingly, VP-V1AR antagonism
significantly reduced males’ opposite sex preference, while enhancing estrus females’ opposite sex
preference. Importantly, all subjects reliably discriminated between male and female stimulus rats
regardless of drug treatment, demonstrating a change in motivational state rather than a perceptual
impairment induced by VP-V1AR blockade. These results provide a novel functional link between
a sex difference in ventral pallidal AVP fiber density and the sex-specific regulation of a sexually
motivated behavior necessary for reproductive success.
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1. Introduction

The ventral pallidum (VP) has been implicated in the display of numerous reinforcing
behaviors and is a critical component of the mesocorticolimbic reward pathway—a
dopaminergic pathway in the brain known to regulate motivation, reinforcement, and reward
(for review, see Smith et al., 2009; Cromwell and Berridge, 1993; Berridge, 1996). In this
pathway, the VP receives and processes converging inputs from several cortical and limbic
structures, including prefrontal, orbitofrontal, and infralimbic cortices, as well as from the
nucleus accumbens, ventral tegmental area, extended amygdala, and lateral hypothalamus
(Heimer and Wilson, 1975; Reep et al., 1982; Yim and Mogenson, 1983; Grove, 1988;
Klitenick et al., 1992; Zaborszky et al., 1997; Mitrovic and Napier 1998; Maurice et al.,
1997; Usuda et al., 1998; Fudge et al., 2002). More recently, the VP has been described as a
component of the social decision-making network— a collection of brain nuclei that
integrates the mesocorticolimbic dopamine system with forebrain and midbrain nuclei
known to be important for the display of social behaviors (O’Connell and Hofmann, 2011).
Indeed, the VP is a major output source of other nuclei within the social decision-making
network, such as the bed nucleus of the stria terminals (BNST) and medial amygdala (MeA).
The VP in turn projects to motor centers, making it well positioned to process hedonic/
reinforcing aspects of social stimuli, driving the appropriate motivated behavioral response
to salient social information (O’Connell and Hofmann, 2011; Otero-Gracia et al., 2013).

Arginine vasopressin (AVP) is a nine amino acid neuropeptide synthesized primarily by
neurons in the paraventricular (PVVN) and supraoptic nuclei (SON) of the hypothalamus. In
addition, AVP-immunoreactive (ir) neurons have also been found in the MeA and BNST
(Buijs, 1978, 1980; Sofroniew 1983; van Leeuwen and Café, 1983; Hou-Yu et al., 1986;
Rood et al., 2013). AVP signaling in the brain has been shown to be necessary for the
display of many species-typical social behaviors including social recognition, aggression,
social play, pair bonding and parental care (Winslow et al., 1993; Bamshad et al., 1994;
Ferris et al., 1997; Albers et al., 2006; Veenema et al., 2010; Veenema et al., 2012; Veenema
et al., 2013). Importantly, AVP-ir fibers and AVP V1A receptors (V1AR) have been found in
the VP of several rodent species (De Vries and Buijs, 1983; Wang et al., 1996; Rood and De
Vries, 2011; Otero-Garcia et al., 2013; Insel et al., 1991; Berry et al., 2008; Bales et al,
2007a; Young et al., 1999; Lim et al., 2004; Smith et al., 2017).

Much of what is known about AVP signaling in the VP and its effects on social behavior
stem from studies in the monogamous prairie vole, Microtus ochrogaster. Previous work in
male prairie voles has shown that pharmacological blockade of the V1AR in the VP impairs
mating-induced partner preference formation (Lim and Young, 2004), suggesting that V1AR
signaling in the VP is necessary for pair bond formation. Furthermore, mating increased Fos
expression (a surrogate marker of neural activity) in the VP of male prairie voles in a V1AR-
dependent manner (Lim and Young, 2004). In addition, viral vector-induced overexpression
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of the V1AR in the VP induced partner preference formation in non-monogamous male
meadow voles (Lim et al., 2004), and increased the frequency of non-sexual affiliative
behaviors toward ovariectomized females (i.e., olfactory investigation, grooming) in male
mice (Young et al., 1999). Thus, over the past few decades the focus of AVP signaling in the
VP has been placed on studying affiliative/attachment behaviors (e.g. pair bonding) in males
and mostly in monogamous species. Therefore, the role of VP-AVP signaling in sexually
motivated behaviors in female rodents and in non-monogamous species remains unknown.

Here, we sought to determine the role of the VP-AVP system in opposite sex preference in
male and female rats. First, we compared AVP-ir fiber density in the VP of male rats with
that of female rats. Next, we used retrograde tract tracing combined with AVP
immunohistochemistry to identify the sites of origin of AVP-ir fibers in the VP in both
sexes. Lastly, by administering a specific V1AR antagonist into the VP, we determined the
role of AVP signaling in the VP on the innate preference to investigate opposite sex over
same sex conspecifics (“sociosexual motivation”) in male and female rats. Our findings
demonstrate the involvement of AVP signaling in the VP in sociosexual motivation in a non-
monogamous species and reveal an intriguing sex difference in which the VP-AVP system
facilitates sociosexual motivation in males, while reducing it in females.

2. Materials and Methods

2.1 Animals

Adult male and female Wistar rats (70-day-old) were obtained from Charles River
Laboratories and housed under standard laboratory conditions (12-h light/dark cycle, lights
on at 7:00 am, food and water available ad libitum, 22°C, 60% humidity) in standard rat
cages (26.7 x 48.3 x 20.3 cm) on woodchip bedding for a minimum of two weeks before
experiments began. All subject rats were gonad-intact and sexually-naive/non-maternal and
co-housed in same-sex groups of two to three unless otherwise specified. For Experiment 3,
sexually-naive testes-intact adult male and sexually-naive ovariectomized, estradiol and
progesterone-primed adult female rats were used as stimulus animals. All experiments were
conducted in accordance with the guidelines of the NIH Guide for the Care and Use of
Laboratory Animals, and approved by Boston College Institutional Animal Care and Use
Committee (IACUC).

2.2 Experimental Procedures

2.3 Experiment 1: Sex Differences in Ventral Pallidal AVP Fiber Density

2.3.1 Tissue Collection and Immunohistochemistry—In order to determine
whether there are sex differences in AVP-ir within the VP, adult male (n=7) and female rats
(n=7) were deeply anesthetized under continuous 3% isoflurane vapor and received
transcardiac perfusions with 4% paraformaldehyde dissolved in 0.1M borate buffer (pH 9.5).
Brains were removed and post-fixed in 4% paraformaldehyde in 0.1M borate buffer (pH 9.5)
for 24 h and then cryoprotected in 30% sucrose (dissolved in 0.9% NaCl) for 48 h. Next,
brains were flash-frozen in cold 2-methylbutane and stored at —45°C. Coronal (30 pm)
sections were collected using a cryostat and stored free-floating in anti-freeze cryoprotectant
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(0.25 mM polyvinylpyrolidone, 30% sucrose, 30% ethylene glycol in TBS) at —20°C. Tissue
sections from each subject were subsequently immunolabeled for AVP.

AVP-ir was visualized using methods identical to DiBenedictis et al., (2017). Briefly, tissue
sections were first washed in tris buffered saline (TBS; pH 7.4) for 3-4 hours to remove
residual anti-freeze solution. Next, sections were subjected to an antigen retrieval step
(0.05M sodium citrate in TBS), blocked in blocking solution (20% normal goat serum
[NGS], 0.3% Triton-X, 1% H,0, in TBS), and incubated overnight at 4°C in mouse anti-
AVP (PS41, Dr. Harold Gainer, NINDS; 1:100, 2% NGS, 0.3% Triton-X). Sections were
rinsed in TBS and incubated in biotinylated secondary antibody solution (goat anti-mouse
[1:500; Vector, Burlingame, CA], 2% NGS, 0.3% Triton-X in TBS) for 1 h. Tissue sections
were then incubated in avidin-biotin complex (ABC Elite Kit; Vector) for 1 h and visualized
using 3,3’-diaminobenzadine (DAB peroxidase substrate kit; Vector). Tissue sections were
then mounted on gelatin-coated slides, rinsed in 50% ethanol, air-dried, and coverslipped
using Permount (Fisher Scientific, Pittsburgh, PA). Images were acquired with a 20X
objective on an Olympus BX43 microscope with a DP72 digital color camera (Olympus
America Inc, Center Valley, PA), and were in all cases analyzed by an experimenter blind to
treatment groups.

2.3.2 Quantitative Fiber Density Analysis—AVP fiber density analysis was
conducted by manually thresholding gray-scale images of AVP-ir fibers in the VP using
ImageJ (NIH; imagej.nih.gov/ij; see DiBenedictis et al., 2017). Brain images were acquired
under a 20X objective, cropped to 500 X 500 um?, and pixel density was averaged from
three non-overlapping sections in an evenly spaced series (90um apart) within the VP (Fig.
1A-B). This analysis resulted in an estimate of the fractional area occupied by AVP
immunolabeled elements. Background staining levels were sufficient to discern tissue
features, and thus ventral pallidal images were acquired based on anatomical landmarks
specific to the VP, such as the size, relative location, and morphology of the anterior
commissure, horizontal diagonal band of Broca, and lateral ventricles using the Rat Brain
Atlas (Paxinos and Watson 2007) as a guide (Fig. 2B). In some cases, sections were
compared against reference thionin-stained tissues from rats of the same sex to ensure that
regional sampling was comparable across subjects. Fiber density data are reported in number
of pixels, with a greater number of pixels indicating a larger proportion of the area occupied
by AVP-ir fibers.

2.4 Experiment 2: Source of Origin of AVP Fibers in the Ventral Pallidum

To determine the source of the sex difference in AVP innervation of the VP, male and female
rats received an injection of a retrograde tracer [cholera toxin-p subunit (CTB)] into the VP
and immunohistochemistry was performed to determine co-labeling of AVP with the
retrograde tracer in AVP synthesizing brain nuclei.

2.4.1 Retrograde tracer injections—Adult male (n=5) and female (n=5) rats were
anesthetized with isoflurane (2-3%; Henry Schein, Dublin, OH) and mounted on a
stereotaxic frame with the incisor bar set to —4.5mm, and a heating pad was used to maintain
body temperature throughout the surgery. Next, a 1pl, 7000 series Hamilton syringe
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(Hamilton, Reno, NV) was attached to a motorized stereotaxic injector system (Stoelting,
Wood Dale, IL) and a 0.20ul unilateral injection of CTB conjugated to a fluorescent
fluorophore (Alexa Fluor 594, Molecular Probes, dissolved in 0.1M PBS, resulting in a 1%
CTB solution) was directed at the VP at a rate of 0.10pl/min using the following
coordinates: 0.6mm (males) or 0.9mm (females) anterior to Bregma, £2.6mm lateral to the
midline, and 8.5mm ventral to the surface of the skull. Coordinates were chosen to target the
center of the VP where we observed the highest concentration of AVP-ir fibers (Fig 1A-B’),
corresponding with Bregma 0.6mm of the Rat Brain Atlas (Paxinos and Watson, 2007).
Injections were made at a 10° from the midsagittal plane to avoid damage to the sagittal
sinus. The needle was left in place for 10 min following the injection to allow time for tissue
uptake of the tracer. After allowing seven days for the tracer to be taken up by axon
terminals and transported back to the cell bodies of origin, rats were sacrificed, perfused,
and brain tissue was immunolabeled for AVP.

2.4.2 Tissue Collection and Immunohistochemistry—AVP-ir fibers and cell
bodies were visualized using the same procedure as described in Experiment 1, with the
exception that a fluorescent-conjugated secondary antibody (goat anti-mouse Alexa 488,
1:500; Invitrogen, Carlsbad, CA) was used along with fluorescent microscopy. This allowed
for simultaneous visualization of AVP-ir (green) and back-labeled CTB™ fibers and cell
bodies (red). Tissue sections were then mounted on gelatin-coated slides, rinsed in 50%
ethanol, air-dried, and coverslipped with Vectashield HardSet Mounting Medium with 4”,6-
diamidino-2-phenylindole (DAPI) (H-1500; Vector Labs, Burlingame, CA, USA).

2.4.3 Quantitative analysis of CTB/AVP cells—The number of CTB*, AVP-ir, and
CTB/AVP co-labeled neurons were counted using ImageJ (NIH; imagej.nih.gov/ij). Images
were acquired using an Axiolmager fluorescence microscope with ApoTome attachment
(Carl Zeiss Microscopy GmbH, Jena, Germany), Orca-R2 camera (Hamamatsu,
Bridgewater, NJ, USA) and Zen software (Carl Zeiss Microscopy GmbH, Jena, Germany).
Tiled confocal fluorescent images (2 x 2mm; 20um Z-plane) encompassing the posterior bed
nucleus of the stria terminalis () BNST) and posterodorsal medial amygdala (MePD) were Z-
stacked, and separated into red, green, and yellow channels using the ImageJ split channel
function. CTB™* neurons were counted using the cell counter function in ImageJ from the red
channel, AVP-ir neurons were counted from the green channel, and colabeled neurons were
quantified from the yellow channel. The total number of colabeled cells in each image was
then averaged across three non-overlapping sections in an evenly spaced series (90pm apart)
for both the pBNST and MePD. Many AVP-ir cells were observed in the paraventricular
(PVN) and supraoptic (SON) nuclei of the hypothalamus, however in no cases were any
back-labeled CTB* cell bodies co-expressing AVP observed in these regions. Thus, these
regions were not further analyzed.

2.5 Experiment 3: Effects of Ventral Pallidal V1IAR Antagonism on Opposite Sex

Preference

To determine the role of AVP signaling in the VP in sociosexual motivation, sexually naive
testes-intact adult male and ovary-intact estrus female rats were tested for the effects of
V1AR blockade in the VP on the preference to investigate an opposite sex conspecific over a
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same sex conspecific. Conspecific stimulus animals consisted of sexually naive testes-intact
adult male rats and ovariectomized, estradiol and progesterone-primed adult female rats
(Fig. 3A-C).

2.5.1 Cannulations—After 5 days of daily handling, subject adult male (n=9) and
female (n=16) rats were anesthetized with isoflurane (2-3%; Henry Schein, Dublin, OH),
and mounted on a stereotaxic frame as described above (see section 2.4.1). Guide cannulae
(9mm, 22 gauge, Plastics One, Roanoke, VA) were bilaterally implanted 2mm dorsal to the
VP using the following coordinates: 0.6mm (males) or 0.9mm (females) anterior to Bregma,
+2.6mm lateral to the midline, and 6.4mm ventral to the surface of the skull, at an angle of
10° in order to avoid damage to the sagittal sinus. Coordinates were chosen in order to target
the posteromedial region of the VP since we observed the highest density of AVP-ir fibers in
adult male and female rats in this region (Fig 1A-B), corresponding with Bregma 0.60mm
of the Rat Brain Atlas (Paxinos and Watson, 2007). Guide cannulae were fixed to the skull
with three stainless steel screws and dental acrylic adhesive, and were closed with dummy
cannulae (28 gauge; Plastics One). Following surgery, subject rats were individually housed
in standard rat cages (26.7 x 48.3 x 20.3 cm), and given daily Rimadyl injections for 3 days.
Subjects were handled daily following surgery (including removing and replacing dummy
cannulae to habituate subjects to injection procedures), and were tested for opposite sex
preference starting four days after surgery.

2.5.2 Bilateral ovariectomy and estrus induction of stimulus female rats—
Manipulation of stimulus female rats’ estrous cycle was necessary to ensure that stimulus
females were in behavioral estrus during opposite sex preference testing, such that they were
thus maximally attractive to subject male rats. Female stimulus rats were anesthetized using
continuous 3% isoflurane (Butler Schein Animal Health, Dublin, OH), and 3 cm bilateral
incisions were made just ventral to the base of the ribcage through which the ovaries were
extracted and removed. Following excision, muscle and skin were sutured closed using
absorbable collagen sutures (CP Medical, Norcross, GA) and subcutaneous injections of
Rimadyl were administered once daily for four days following surgery. Stimulus females
were individually housed for one week following surgery, and later pair housed with another
ovariectomized female for four weeks prior to use in behavioral testing. Behavioral estrus
was induced in ovariectomized stimulus females prior to testing. This was accomplished by
first administering a 0.05ml subcutaneous injection of Estradiol benzoate (EB; 10 ug in
0.05ml peanut oil) 48 hours before testing followed by a 0.05ml subcutaneous injection of
Progesterone (P; 500ug in 0.05ml peanut oil) 3-4 hours prior to testing. Vaginal smears were
performed on all stimulus females prior to behavioral testing to confirm estrus induction
resulting from the above hormone regimen based on vaginal cell characteristics according to
Goldman et al., 2007.

2.5.3 Opposite sex preference test—One day prior to testing, all subject and
stimulus rats were moved to the behavioral testing room for 3-4 h, and subsequently placed
in the testing apparatus wherein rats were free to explore the testing arena for 10 min in
order to acclimate to the behavioral apparatus. An opposite sex preference test was
conducted on the first and second days of behavioral testing, following a 3-4hr habituation to
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the behavioral testing room. Briefly, opposite sex preference tests were conducted in a
behavioral apparatus consisting of three Plexiglas chambers (40 x 27 x 40 cm) that were
separated by Plexiglas partitions with rectangular openings (10 x 10.2 cm) to allow passage
between chambers (Fig. 3C). A testes-intact male and an ovariectomized, estradiol and
progesterone-primed female stimulus rat were each placed in their respective lateral
chambers, confined to Plexiglas corrals (18 x 10 x 21 cm) with translucent Plexiglas bars
(0.6 cm wide, spaced 1.75 cm apart). This restricted movement of the stimulus rats, while
still allowing for social investigation by the subject rat. Locations of the stimulus animals
within the testing arena were switched between tests to account for possible bias towards a
particular chamber by each subject, and all stimulus rats were novel to subject rats across all
tests. Twenty minutes following microinjection of either vehicle or V1AR antagonist
(counterbalanced, within-subjects), the subject rat was placed in the center chamber and had
free movement throughout the three chambers wherein the subject was allowed to
investigate the testes-intact male and ovariectomized, estradiol and progesterone-primed
female stimulus rats for 10 min. Behavior was recorded with a webcam positioned above the
three chamber apparatus (Logitech HD Pro Webcam C910), and later scored by an
experimenter blind to experimental treatment using JWatcher software (http://
www.jwatcher.ucla.edu). Upon completion of behavioral testing each day, free-cycling
subject female rats received vaginal swabs to determine estrous cycle stage (estrous or
anestrous, as determined by vaginal cytology; see Goldman et al., 2007). Female subject rats
were subsequently grouped according to estrous cycle stage for statistical analysis. The total
amount of time male and female subject rats spent investigating each stimulus rat in the
presence or absence of the V1AR antagonist was measured and averaged for each group. An
opposite sex preference was defined as the subject rat spending significantly more time
investigating the opposite sex stimulus animal vs. the same sex stimulus animal. In addition,
a difference score (time spent investigating opposite sex conspecific minus time spent
investigating same sex conspecific) was calculated in order to directly compare the effect of
drug treatment (V1AR antagonist vs. vehicle) on opposite sex preference. A difference score
was also calculated for number of chamber entries in order to directly assess the effect of
drug treatment on locomotor behavior. Locomotor activity was measured by counting the
number of times the subject rat entered each of the lateral arms of the three chamber
apparatus (i.e. stimulus animal chambers) and was compared across drug treatment
conditions.

2.5.4 Sex discrimination (habituation/dishabituation) test—The sex
discrimination (habituation/dishabituation) test was conducted on the third and fourth days
of behavioral testing, following a 3-4 h habituation each day to the behavioral testing room.
The purpose of this test was to determine whether VP-V1AR antagonism had an effect on
subjects’ ability to perceive the difference between male and ovariectomized, estradiol and
progesterone-primed female stimulus rats. Twenty minutes following microinjection of
either vehicle or V1AR antagonist (counterbalanced, within-subjects), subject rats were
placed within a single Plexiglas chamber (40 x 27 x 40 cm), and were subsequently exposed
for 2 min to stimuli (with a one minute inter-trial interval) in the following order: two
consecutive exposures to the same empty Plexiglas corral, followed by three consecutive
exposures to the same ovariectomized, estradiol and progesterone-primed female confined to
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a Plexiglas corral, followed by three exposures to the same testes-intact male confined to a
Plexiglas corral, totaling eight 2-min trials (Fig. 4A). Sex discrimination was defined by the
occurrence of a significant dishabituation response (indexed by increased investigation time)
to the first presentation of a novel animal as compared to the third presentation of a familiar
animal or second presentation of an empty corral. Because this was a test of perceptual
(rather than motivational) ability, subject females were free cycling and were tested at
random stages of their estrous cycle; they were not grouped according to estrous cycle stage
for subsequent statistical analysis. The total amount of time subject male and female rats
spent investigating each stimulus rat in the presence or absence of the V1AR antagonist was
measured and averaged for each group.

2.5.5 Microinjections—Injection systems consisted of polyethylene tubing connected to
an injector cannula and a 10pul Hamilton syringe. The injector cannula (28 gauge, Plastics
One) extended 2mm beyond the guide cannula. Subjects received bilateral microinjections
of either a VAR antagonist (d(CH,)s[Tyr(Me)2]AVP; 8ng/0.5ul; Manning et al., 2008) or
vehicle (aCSF; 0.5 pl) 20 minutes prior to the start of behavioral testing. The injector system
was kept in place for approximately 30 seconds after the injection to ensure tissue uptake of
the infusion, and dummy cannulae were then replaced. Drug treatments were given in a
counter-balanced order, such that each subject received V1AR antagonist treatment on the
first day of behavioral testing followed by vehicle treatment on the second day of behavioral
testing or vice-versa. This experimental design was used for both the opposite sex preference
test (testing days 1 and 2) and the sex discrimination test (testing days 3 and 4), with the
same subject rats used in both tests, totaling four days of behavioral testing for each subject
rat, and order of drug treatment was randomized for each of the two behavioral tests.
Following behavioral testing, subject rats were euthanized with CO,, and charcoal was
injected through the guide cannula to confirm proper cannula placement on thionin-stained
coronal brain sections (Fig 3B).

2.6 Statistics

Statistical analyses were conducted using PASW/SPSS Statistics software (Mersion 22; IBM,
Armonk, NY). In Experiment 1, male and female AVP fiber densities in the VP were
calculated and compared using two-tailed independent sample t-tests. In Experiment 2, a
two-tailed independent sample t-test was used to compare the percentage of co-labeled
neurons within the pBNST between males and females (% CTB* cells coexpressing CTB
and % AVP* cells coexpressing CTB). A separate two-tailed independent sample t-test was
used to compare the percentage of co-labeled neurons within the MePD between males and
females (% CTB* cells coexpressing CTB and % AVP* cells coexpressing CTB). No co-
localization was observed in the PVN or SON, thus no statistical analyses were performed in
these brain regions. In Experiment 3, the amount of time (in seconds) subject rats spent
investigating stimulus rats, as well as the number of entries into each lateral chamber was
recorded, and vehicle and V1AR antagonist treatments were compared using paired t-tests
for males and two-tailed independent sample t-tests for females (because female rats were
free cycling for opposite sex preference testing and grouped according to estrous cycle
stage). Difference scores in social investigation (defined by time spent investigating opposite
sex stimulus rat minus time spent investigating same sex stimulus rat) and difference scores
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in chamber entries were analyzed using a two-way ANOVA (sex X V1AR antagonist
treatment) followed by two tailed independent sample t-tests when a significant interaction
effect was found. For the sex discrimination (habituation/dishabituation) test, paired t-tests
were used to compare investigation times (in seconds) for each group (Vehicle and V1AR
antagonist): the second presentation of the empty corral versus the first presentation of the
ovariectomized, estradiol and progesterone-primed female stimulus, and the third
presentation of the ovariectomized, estradiol and progesterone-primed female stimulus
versus the first presentation of the testes-intact male stimulus. Statistical significance was set
atp <0.05.

3. Results

3.1 Experiment 1: Sex Differences in Ventral Pallidal AVP Fiber Density

A sex difference in AVP-ir fiber density was found in the VP such that adult males displayed
a significantly higher density of AVP-ir fibers in the VP compared to adult females (1) =
-4.22; p < 0.005; Fig. 1A-C). Of note was the presence of what appeared to be en passant
synaptic puncta sprouting off of AVP-ir axons coursing through the VP, suggesting the
possibility of synaptic connections between AVP-ir axonal fibers and neurons in this region.

3.2 Experiment 2: Source of Origin of AVP Fibers in the Ventral Pallidum

Co-localization of CTB and AVP were observed in the pBNST and MePD following CTB
injections in the VP (Fig. 2A-L), indicating that AVP-ir cell bodies in the BNST and MePD
send monosynaptic projections to the VP. Males showed a significantly greater percentage of
AVP™ cells co-expressing CTB compared to females in the pBNST (t(g) = 2.33; p < 0.05),
and showed a trend toward a significant difference in the MePD (t(g) = 1.97; p = 0.08; Fig.
2M). However, we observed no sex differences in the percentage of CTB* cells co-
expressing AVP in either the pBNST or MePD (pBNST: t(g) = 1.86; p = 0.10; MePD: t(g) =
1.90; p = 0.09; Fig. 2N). While there was a high density of AVP* cells in the PVN and SON,
in no instances did we observe AVP* cells co-expressing CTB in these two regions (data not
shown).

3.3 Experiment 3: Effects of Ventral Pallidal V1IAR Antagonism on Sociosexual Motivation

3.3.1 Opposite Sex Preference Test—Males administered with a V1AR antagonist
into the VP spent significantly less time investigating ovariectomized, estradiol and
progesterone-primed female stimulus rats compared to vehicle treatment (tg) = =3.70; p <
0.01), but spent a similar amount of time investigating male stimulus rats regardless of
treatment (t(g) = 1.38; p = 0.21; Fig. 3D). In contrast, estrus females given a V1AR
antagonist into the VP spent significantly more time investigating male stimulus rats
compared to vehicle treated estrus females (t(11) = —3.78; p < 0.005), but spent a similar
amount of time investigating ovariectomized, estradiol and progesterone-primed female
stimulus rats regardless of treatment (t(11) = 0.34; p = 0.74; Fig. 3E). These opposing effects
of V1aR antagonist treatment on opposite sex preference in males vs. females were also seen
when calculating a difference score based on time spent investigating the opposite sex minus
time spent investigating the same sex (Sex X V1AR antagonist treatment interaction: Fy 57
=9.12; p < 0.005; Fig 3F). Specifically, V1AR antagonist treated males displayed a reduced
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preference for the opposite sex (ovariectomized, estradiol and progesterone-primed female)
as indexed by a significant reduction in the difference in investigation times of the opposite
sex vs. same sex (t(g) = —3.23; p < 0.01), while V1AR antagonist treated estrus females
showed an increased preference for the opposite sex (testes-intact male; t(17) = =3.24; p <
0.01). Interestingly, this difference score also revealed that vehicle treated males displayed a
greater preference for the opposite sex than vehicle treated estrus females (t(15) = 3.80; p <
0.005) and that V1AR antagonist treatment eliminated this sex difference (V1AR antagonist
treated males vs. V1aR antagonist treated estrus females: t(;) = —0.85; p = 0.41; Fig. 3F).

In contrast to estrus females, anestrus females did not spend significantly more time
investigating male vs. ovariectomized, estradiol and progesterone-primed female stimulus
rats under vehicle conditions (male investigation: 91.4+12.6s; ovariectomized, estradiol and
progesterone-primed female investigation: 99.1+12.8s; t;7) = 0.38; p = 0.72). However,
similar to estrus females, anestrus females given a V1AR antagonist into the VP spent
significantly more time investigating male vs. ovariectomized, estradiol and progesterone-
primed female stimulus rats (male investigation: 97.5+8.7s; ovariectomized, estradiol and
progesterone-primed female investigation: 67.7+8.6s; t(17) = —=3.08; p < 0.05).

In a subset of males with inadvertent off target cannula placements (unilateral hits only, n=4;
or bilateral misses in most cases centered caudal to the VP in a region including the lateral
preoptic area; n=2), V1AR antagonist treatment resulted in significantly more time
investigating the ovariectomized, estradiol and progesterone-primed female stimulus rats
than the male stimulus rats (ovariectomized, estradiol and progesterone-primed female
investigation, 160+12.2s; male investigation, 66.1+10.5s; t(s) = =5.82; p < 0.0001). This
suggests that the effect of the V1AR antagonist treatment observed in male rats was specific
to the VP.

There was no significant effect of V1AR antagonist treatment on locomotor activity as
reflected by the number of male and ovariectomized, estradiol and progesterone-primed
female chamber entries in subject males and estrus females (for males: male chamber
entries, t(g) = —0.37; p = 0.36; ovariectomized, estradiol and progesterone-primed female
chamber entries, tg) = —1.04; p = 0.33; for females: male chamber entries, 11y = -0.78; p =
0.45; estrus female chamber entries, t(11) = =0.27; p = 0.80; Fig. 3G-H). Furthermore, there
were no main effects on the difference in the number of male chamber entries minus
ovariectomized, estradiol and progesterone-primed female chamber entries (Sex effect:
F.27y = 0.00; p = 0.97; V1AR antagonist effect: F(1 »7) = 1.00; p = 0.33; Sex x V1AR
antagonist effect: F(; 27) = 1.80; p = 0.19; Fig 3I).

3.3.2 Sex Discrimination (Habituation/Dishabituation) Test—VP-V1AR
antagonist treatment did not have an effect on the ability to discriminate between the sexes
in either male (Fig. 4B) or female (Fig. 4C) subject animals. In detail, both vehicle and
V1AR antagonist treated males spent more time investigating an ovariectomized, estradiol
and progesterone-primed female than the empty corral (second “No Stimulus” versus first
“Stimulus Female”; vehicle: tg) = 10.7; p < 0.001; V1AR antagonist: tg) = 17.2; p < 0.001),
and spent more time investigating a testes-intact male upon first exposure compared to an
ovariectomized, estradiol and progesterone-primed female upon third exposure (vehicle: tg)
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=2.73; p < 0.05; V1AR antagonist: t(g) = 3.40; p < 0.01; Fig 4B). Similarly, both vehicle and
V1AR antagonist treated females spent more time investigating an ovariectomized, estradiol
and progesterone-primed female than the empty corral (second “No Stimulus” versus first
“Stimulus Female”; vehicle: t(;5) = 14.2; p < 0.001; V1AR antagonist: t(15)=15.8; p <
0.001), and spent more time investigating a testes-intact male upon first exposure compared
to an ovariectomized, estradiol and progesterone-primed female upon third exposure
(vehicle: t15) = 4.75; p < 0.001; V1AR antagonist: t(15) = 6.15; p < 0.001; Fig. 4C).

4. Discussion

We report that adult male rats had nearly twice the density of AVP-ir fibers in the VP than
adult female rats. This sex difference in VP-AVP-ir fiber density likely arises from cell
bodies located in the BNST and MeA. Specifically, we found that male rats had a
significantly greater percentage of VVP- projecting AVP-ir cells in the BNST and a similar,
but non-significant trend was observed in the MeA. We further showed that pharmacological
V1AR blockade in the VP resulted in a reduced preference for the opposite sex in males, and
an increased preference for the opposite sex in estrus females. Importantly, all subjects were
still able to perceive the difference between male and female stimulus rats and showed
normal levels of locomotor activity regardless of drug treatment. These results point to an
important role for VP-AVP signaling in sociosexual motivation in a non-monogamous
rodent species.

4.1 A sexually dimorphic BNST/MeA—VP AVP circuit

We demonstrated that adult male rats possessed on average nearly twice as many AVP-ir
fibers in the VP compared to adult female rats. To the best of our knowledge, we are the first
to report this sex difference in VP-AVP fiber density in a non-monogamous rodent, though a
similar sex difference in VP-AVP-ir fiber density was reported in monogamous prairie voles
(Lim et al., 2004). Sex differences (males > females) in AVP-ir fiber density have been
previously reported in the lateral septum (LS) and lateral habenular nucleus in many rodent
species including rats, mice, and prairie voles (De Vries et al., 1981; Miller et al., 1992; Szot
& Dorsa, 1993; Bamshad, Novak, & De Vries, 1993; Rood et al., 2013; DiBenedictis et al.,
2017). This sex difference in AVP-ir fiber density likely originates from sex differences in
the number of AVP-ir cells in the BNST and MeA (De Vries et al., 1981; Miller et al., 1992;
Szot & Dorsa, 1993). In support, BNST lesions resulted in a dramatic decrease in AVP-ir
fiber density in the LS, as did horizontal cuts made under the LS (De Vries and Buijs, 1983),
suggesting that the LS is a major termination point of BNST AVP-ir fibers. We now
demonstrate that AVP-ir cell bodies in both the BNST and MeA also send direct projections
to the VP. In no instances did we observe VVP-projecting AVP-ir neurons in other brain
regions known to contain AVP-ir populations, such as the PVN and SON. We further found
that males had a significantly greater percentage of VVP-projecting AVP-ir cells in the BNST,
with a similar, but non-significant trend observed in the MeA. Thus, the sex difference in
VP-AVP-ir fibers reported here likely reflects a sex difference in the percentage of AVP-ir
neurons in the BNST and MeA that send projections to the VP. Furthermore, we observed
the presence of what we believe are possible en passant synaptic puncta on AVP-ir fibers
coursing through the VP. If the presence of synaptic puncta were to be definitively
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demonstrated, this would strengthen the suggestion that these fibers are making synaptic
contacts and potentially releasing AVP in the VVP. Based on these findings, we speculate that
AVP-ir fibers originating from cell bodies in the BNST and MeA likely traverse the VP and
adjacent diagonal band of Broca before terminating in the LS (De Vries and Buijs, 1983).
Further research is required to test this hypothesis. Taken together, the higher percentage of
AVP-ir neurons in the BNST/MeA combined with a greater density of AVP-ir fibers in the
VP in males versus females suggest the possibility of greater AVP release in the male VP,
which may have relevance for the sex-specific regulation of social behavior. Alternatively,
however, we cannot rule out the possibility that a greater density of VP-AVP-ir fibers present
in males may reflect excess storage and lower AVP release (or in females, that a lower
density of VP-AVP-ir fibers may reflect high secretory activity and therefore greater AVP
release). All of these interpretations have been previously suggested (Wang et al., 1994;
Landgraf & Neumann, 2004; Koolhaas et al., 2010). Future studies should investigate
dynamic changes in VP-AVP release using microdialysis or similar techniques to answer this
question.

Our neuroanatomical findings raise the question of the mechanism underlying the observed
increase in AVP-ir neurons and fibers in the BNST/MeA — VP pathway in males compared
to females. Gonadal steroid hormones are critical for the maintenance of the BNST/MeA —
LS circuit in males. Castration of male rats drastically decreased AVP-ir in the BNST/MeA
— LS circuit; an effect that was reversed by treating castrates with testosterone (De Vries et
al., 1984; De Vries et al., 1986; Miller et al., 1989). This AVP circuit is masculinized
perinatally and maintained by male gonadal steroid hormones in adulthood (De Vries et al.,
1983). Of note, however, both ovariectomy of adult female rats and castration of adult male
rats resulted in a similar overall reduction in AVP-ir fiber density in the LS (De Vries et al.,
1984). In support, we recently found that adult female rats possessed a greater density of
AVP-ir fibers in the LS and a greater number of AVP-ir cells in the BNST and MeA
compared to juvenile female rats (DiBenedictis et al., 2017). These findings suggest that
circulating gonadal steroid hormones are also important for the maintenance of AVP-ir
expression in adult females. Future work should explore the precise mechanisms through
which gonadal steroid hormones maintain AVP-ir fiber/cell body populations in the
BNST/MeA — VP pathway in both sexes to determine whether the hormonal mechanisms
are similar to those that support sex differences in the BNST/MeA — LS pathway.

4.2 Sex-specific role of the VP-AVP system in sociosexual motivation

Vehicle treated males showed a stronger opposite sex preference than vehicle treated
females. This sex difference in opposite sex preference was eliminated by VP-V1AR
antagonist treatment. In detail, we showed that acute pharmacological blockade of the V1AR
in the VP reduced the innate preference for the opposite sex in adult male rats, while
increasing opposite sex preference in adult female rats. Critically, this effect occurred
independently of any changes in time spent investigating the same sex or changes in
locomotor behavior, the latter indexed by the total number of chamber entries in vehicle
versus V1AR antagonist-treated groups. This suggests that the observed V1AR antagonist-
induced change in opposite sex preference (decrease in males, increase in females) resulted
primarily from a change in the amount of time subject rats spent investigating opposite sex
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conspecifics and was not due to a generalized lack of motivation to approach and investigate
stimulus animals. These results raise the possibility that endogenous AVP signaling in the
VP positively regulates sociosexual motivation in male rats and negatively regulates
sociosexual motivation in females.

Our results are in line with previous studies that have investigated brain-wide central effects
of AVP on sociosexual behavior. For example, intracerebroventricular (ICV) infusion of
AVP reduced female, but not male, sexual behavior in rats (Sodersten et al., 1983).
Furthermore, ICV infusion of AVP antiserum blocked the AVP-induced decrement in sexual
behavior (i.e., lordosis) in estradiol-primed female rats (Sodersten et al., 1983). Likewise,
ICV infusion of AVP significantly decreased, while ICV infusion of a V1AR antagonist
increased, lordosis behavior as well as hop-dart proceptive sociosexual behavior in estradiol
and progesterone-primed female rats (Pendersen and Boccia, 2006). From a functional
perspective, Fos expression in AVP-ir neurons in the MeA was augmented in male mice that
were allowed to investigate an inaccessible estrus female (Hari Dass and Vyas, 2014), and
mating augmented Fos expression in the monogamous male prairie vole VP (Lim and
Young, 2004). Based on these and our findings, we predict that sociosexual behavior is
associated with an increased activation of the BNST/MeA — VP AVP pathway in males,
while in estrus females, this pathway may be inactivated or inhibited. The opposing role of
the AVP system in the regulation of male and female rodent sociosexual behavior may also
extend to humans. Indeed, it has been shown that AVP is secreted in the sexual arousal phase
and is linked to sex drive in men (Murphy et al., 1987), suggesting that AVP may play an
evolutionarily conserved role in male sociosexual motivation. However, parallel studies in
women are currently lacking. Taken together, these data suggest that AVP signaling via the
V1AR is an important regulator of sociosexual behavior in rodents of both sexes, and our
study is the first to identify the sociosexual effects of the AVP system to the VP in the non-
monogamous rat.

Our results relate to previous studies conducted in monogamous male prairie voles showing
that V1AR blockade in the VP impairs mating-induced partner preference formation (Lim
and Young, 2004), while viral vector-mediated overexpression of the V1AR in the VP
induced partner preference formation in non-monogamous male meadow voles (Lim et al.,
2004). Partner preference in prairie voles and opposite sex preference in rats both rely on the
ability to discriminate between individuals/sexes. The VP integrates both sensory and
motivation-related signals from upstream nuclei in the mesocorticolimbic pathway (e.g., the
nucleus accumbens) in order to drive the appropriate behavioral response (Richard et al.,
2016). Given this role of the VP in integrating sensory information, it is possible that the
effects of VP-V1AR blockade on opposite sex preference in the present study resulted from
sensory deficits, such as an inability to discriminate between same sex and opposite sex
individuals, rather than from VP-V1AR antagonist-induced changes in the animal’s
motivational state. However, both male and female rats were able to perceive the difference
between same sex and opposite sex individuals even when treated with a V1AR antagonist.
This was indexed by a robust increase in investigation time (dishabituation response) toward
the first presentation of a male stimulus rat, as well as a dishabituation response toward the
first presentation of an ovariectomized, estradiol and progesterone-primed female stimulus
rat. This demonstrates that the observed VP-V1AR antagonist-induced decrease in opposite
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sex preference in males and increase in opposite sex preference in estrus females most likely
reflect changes in motivational state, rather than changes in sensory perception.

A particularly intriguing finding in our study was that V1AR blockade in the VP had
opposite effects on sociosexual motivation in male versus female rats. Why would AVP
signaling drive sociosexual motivation in males, while reducing it in females? One potential
clue may be found in the non-maternal status of the female rats in the current study. Previous
work has shown that the brain AVP system becomes upregulated around parturition and
lactation in rats (Caldwell et al., 1987; Landgraf et al., 1991; Walker et al., 2001; Bosch and
Neumann, 2008; 2010). Moreover, several studies have pointed to a critical role for AVP in
facilitating the onset and maintenance of maternal behavior. Specifically, ICV infusion of
AVP accelerated, while ICV infusion of AVP antiserum delayed the onset of maternal
behavior in ovariectomized, estradiol-primed virgin female rats (Pedersen et al., 1982;
Pedersen et al., 1985). Likewise, in lactating rats, ICV infusion of AVP increased the
frequency of maternal behavior displays, while ICV infusion of a V1AR antagonist reduced
the frequency of ongoing maternal behavior displayed towards pups (Bosch and Neumann,
2008). Moreover, ICV infusion of a V1AR antagonist reduced maternal aggression and the
overall amount of maternal care (indexed by nursing posture, pup retrieval and pup contact)
displayed by lactating rats (Bosch and Neumann, 2008; Bosch and Neumann, 2010). One
brain region wherein the AVP system has effects on maternal behavior is the medial preoptic
area (MPOA). For example, antisense-induced downregulation of the V1AR in the MPOA
decreased, while viral vector-induced upregulation of the V1AR in the MPOA increased the
frequency of arched back nursing in lactating rats (Bosch and Neumann, 2008). Based on
these and our findings, we hypothesize that while an upregulated brain AVP system ensures
that females tend to their offspring, it may also ensure that females are not simultaneously
sexually receptive. Accordingly, low AVP levels may facilitate female sociosexual
motivation while high AVP levels may facilitate maternal behavior—two behaviors that are
generally considered to be mutually exclusive (Alfonso et al., 2007; Numan, 2006). Future
work should test the role of the VP-AVP system in the expression of maternal behavior.

5. Conclusion

We showed for the first time that there is a sex difference (males > females) in AVP fiber
density in the VP of a non-monogamous species, and that this sex difference arises from a
sexually dimorphic population of VP-projecting AVP cells in the BNST and MeA. We
further showed that this sex difference has important functional consequences in that
pharmacological blockade of AVP signaling (by antagonizing V1ARs) in the VP reduced
sociosexual motivation in adult male rats, while enhancing this behavior in estrus females.
Thus, here we provide a functional link between a sex difference in VP-AVP fiber density
and the sex-specific regulation of a sexually motivated behavior necessary for reproduction.
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Highlights

. AVP fibers in the ventral pallidum (VP) are denser in adult male than female
rats

. AVP cells in the BNST and MeA project to the VP in both males and females

. Males have a greater percentage of \VP-projecting AVP cells in the BNST and
MeA

. Blocking VP-AVP signaling reduced male, but increased female sociosexual
motivation
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Figure 1. Sex difference in vasopressin immunoreactive (AVP-ir) fiber density in the ventral

pallidum (VP).

(A-B) Low (A, B; 10X; scale bar = 600um) and high magnification (A’, B’; 20X; scale bar =
200 um) photomicrographs depict a high density of AVP-ir fibers present in the VP
[+0.60mm from Bregma according to Paxinos and Watson (2007)] of adult male rats (A-A’),
compared to adult female rats (B-B”). (C) Quantification of AVP-ir fiber density in the VP
(averaged over three 30-um sections per rat) shows higher AVP-ir fiber density in adult male
rats (n=7) compared to adult female rats (n=7). Data are represented as the mean + SEM,
two-tailed t-test; ***p<0.005. ac = anterior commissure; OT = olfactory tubercle; HDB =

horizontal diagonal band of Broca.
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Figure 2. Vasopressin (AVP) fibers innervating the ventral pallidum (VP) originate from cell
bodies in the posterior bed nucleus of the stria terminalis (0BNST) and posterodorsal medial
amygdala (MePD) in adult male and female rats.

(A) Representative epifluorescent photomicrograph depicting the location of the retrograde
tracer (CTB) injection site (red) in the VP, immunolabeled for AVP (green fibers in the VP)
in an adult male. (B) Coronal diagram showing the location of the VVP used for CTB
targeting, adapted from Paxinos and Watson (2007). (C) Overlapping back-labeled CTB*
(red) and AVP-immunoreactive (AVP-ir; green) cell bodies in the pBNST. (D-F) Example of
a pBNST cell from the white boxed region in C, positive for AVP (D; green), CTB (E; red),
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and DAPI (F; blue). (G) Example of a triple-labeled (merged) cell from D-F. (H)
Overlapping back-labeled CTB+ (red) and AVP-ir (green) cell bodies in the MePD. (1-K)
Example of a MePD cell from the white boxed region in H, positive for AVP (I; green),
CTB (J; red), and DAPI (K; blue). (L) Example of a triple-labeled (merged) cell from I-K.
(M) Percentage of AVP cells coexpressing CTB in males (n=5) and females (n=5). (N)
Percentage of CTB-labeled (VVP-projecting) cells co-expressing AVP in males (n=5) and
females (n=5). Data are represented as the mean + SEM, two-tailed t-test; *p<0.05. ac =
anterior commissure; f = fornix; HDB = horizontal diagonal band of Broca; IC = internal
capsule; IVF = interventricular foramen; opt = optic tract; VP = ventral pallidum.
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Figure 3. Sex differences in ventral pallidum (VP) V1A receptor antagonism (V1ARa) on

opposite sex preference in adult rats.

(A) Coronal diagram showing the location of the VP, adapted from Paxinos and Watson
(2007). (B) Representative photomicrograph of a thionin-stained coronal section showing
the bilateral location of injection cannulae (using charcoal as marker) targeting the VP. (C)
Illustration of the three chamber opposite sex preference paradigm. All stimulus rats were
novel to subject rats. (D-E) Amount of time (D) males (n=9) or (E) estrus females (Estrus
Female + \Vehicle, n=8; Estrus Female + V1ARa, n=5) spent investigating either a testes-

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

DiBenedictis et al.

Page 24

intact male stimulus rat (“Stimulus Male™) or an ovariectomized, estradiol and progesterone-
primed female rat (“Stimulus Female™). (F) Social investigation difference score, calculated
by the amount of time males and estrus females spent investigating the opposite sex minus
the time spent investigating the same sex. (G-H) Number of entries of males (G) and estrus
females (H) into the testes-intact male stimulus chamber (“Stimulus Male Chamber’) and
the ovariectomized, ovariectomized, estradiol and progesterone-primed female stimulus
chamber (“Stimulus Female Chamber”). (I) Chamber entry difference score, calculated by
the number of entries of males and estrus females into the opposite sex chamber minus the
number of entries into the same sex chamber. Data are represented as the mean = SEM, t-
test; **p<0.01. VP = ventral pallidum.
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Figure 4. Ventral pallidum (VP) V1A receptor antagonism (V1ARa) did not alter the ability to
discriminate between same sex and opposite sex rats.

(A) Ilustration of the habituation-dishabituation behavioral paradigm used to determine
whether male and female rats could discriminate between same sex and opposite sex rats
after V1ARa treatment in the VVP. Following two presentations of an empty corral, stimulus
rats (ovariectomized, estradiol and progesterone-primed female followed by testes-intact
male) were presented three consecutive times for two minutes, with a one-minute inter-trial
interval. All stimulus rats were novel to subject rats. (B-C) V1ARa treatment did not have an
effect on the ability of males (n=9) (B) or females (n=16) (C) to discriminate between testes-
intact male (“Stimulus Male™) and ovariectomized, estradiol and progesterone-primed
female stimulus rats (“Stimulus Female”). Data are represented as the mean + SEM, paired
t-tests comparing the second presentation of the empty corral (trial 2) with the first
presentation of the ovariectomized, estradiol and progesterone-primed female stimulus rat
(trial 3), and the first presentation of the intact male stimulus rat (trial 6) with the third
presentation of the ovariectomized, estradiol and progesterone-primed female rat (trial 5);
*p<0.001: trial 3 vs. 2 in vehicle and VV1Ra treated male and female rats, trial 6 vs. 5 in
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vehicle and VV1aRa treated females; +p<0.01: trial 6 vs. 5 in vehicle treated males; #p<0.05:
trial 6 vs. 5 in V1ARa treated males.
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