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Abstract
The organization of the developing male rodent brain is profoundly influenced by endogenous
steroids, most notably estrogen. This process may be disrupted by estrogenic endocrine disrupting
compounds (EDCs) resulting in altered sex behavior and the capacity to attract a mate in
adulthood. To better understand the relative role each estrogen receptor (ER) subtype (ERα and
ERβ) plays in mediating these effects, we exposed male Long Evans rats to estradiol benzoate
(EB, 10 μg), vehicle, or agonists specific for ERβ (DPN, 1 mg/kg) or ERα (PPT, 1 mg/kg) daily
for the first four days of life, and then assessed adult male reproductive behavior and attractiveness
via a partner preference paradigm. DPN had a greater adverse impact than PPT on reproductive
behavior, suggesting a functional role for ERβ in the organization of these male-specific
behaviors. Therefore the impact of neonatal ERβ agonism was further investigated by repeating
the experiment using vehicle, EB and additional DPN doses (0.5 mg/kg, 1 mg/kg, and 2 mg/kg
bw). Exposure to DPN suppressed male reproductive behavior and attractiveness in a dose
dependent manner. Finally, males were exposed to EB or an environmentally relevant dose of
genistein (GEN, 10 mg/kg), a naturally occurring xenoestrogen, which has a higher relative
binding affinity for ERβ than ERα. Sexual performance was impaired by GEN but not
attractiveness. In addition to suppressing reproductive behavior and attractiveness, EB exposure
significantly lowered the testis to body weight ratio, and circulating testosterone levels. DPN and
GEN exposure only impaired behavior, suggesting that disrupted androgen secretion does not
underlie the impairment.
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Introduction
To display sex-specific reproductive behavior in adulthood, male mammals must undergo
both defeminization and masculinization during critical windows of development that span
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the pre- and postnatal periods. Masculinization is the emergence of male-specific behaviors
and the underlying circuitry responsible for those behaviors, while defeminization is the loss
of female-specific behaviors and the underlying circuitry necessary for those behaviors.
Steroid hormones are required for both the organization and activation of male-specific traits
(Baum, 1979; Beach et al., 1969; McEwen, 1983; Morris et al., 2004; Phoenix et al., 1959)
and defeminization (Kudwa and Rissman, 2003). In the present study, we explored the
hypothesis that exposure to estrogen receptor (ER) agonists, selective for one of the two
nuclear estrogen receptor (ER) isoforms (ERα and ERβ), or the endocrine disrupting
compound (EDC) genistein (Meyers et al., 2001), during the neonatal critical period could
disrupt this organizational process, resulting in impaired reproductive behavior and reduced
attractiveness to a potential mate.

Classically, in male rodents, estrogens, aromatized from testicular androgens, bind to the
two nuclear ER subtypes, ERα and ERβ within the brain to induce male-specific
neuroendocrine development (Kuiper et al., 1996; Merchenthaler et al., 2004; White et al.,
1987). The specific mechanistic roles these two receptors play in the masculinization and
defeminization process, however, remain largely unclear. Based primarily on data obtained
from knockout (KO) mice, null for either ERα or ERβ, it has been hypothesized that ERα is
primarily responsible for masculinization while ERβ is more important for defeminization
(Kudwa et al., 2006). Accordingly, ERαKO mice of both sexes exhibit malformed gonads,
infertility, and disrupted reproductive behavior (Lubahn et al., 1993; Rissman et al., 1997),
while ERβKO mice develop subfunctional gonads (Krege et al., 1998), but are able to
reproduce and display sex-typical reproductive behavior (Kudwa et al., 2005; Ogawa et al.,
1999; Temple et al., 2003). Male ERβKO mice, however, display higher levels of lordosis
than wild type conspecifics under certain experimental conditions, suggesting that ERβ is
important for defeminization (Kudwa et al., 2005). To test this hypothesis, Kudwa and
colleagues (Kudwa et al., 2006) injected female mice on postnatal days (PNDs) 1–3 with
either a selective ERα agonist, 4,4',4'-(4-propyl-[1H]-pyrazole-1,3,5-triyl) tris-phenol (PPT)
or an ERβ selective agonist diarylproprionitrile (DPN) and found that neonatal
administration of DPN (but not PPT) significantly reduced lordosis behavior in females, a
result which supports a defeminizing role for ERβ during neonatal life. By contrast, to date,
few studies have explored how neonatal exposure to ER selective agonists during critical
windows of development affect male reproductive behavior or neuroendocrine development.
Thus, the present study sought to fill this data gap.

Both ER subtypes have been shown to be present in areas of the brain important for male
reproductive behavior, such as the medial preoptic area (mPOA), throughout perinatal life
and into adulthood (DonCarlos, 1996; Karolczak and Beyer, 1998; Merchenthaler et al.,
2004; Shughrue et al., 1998) suggesting that either could be important for crucial aspects of
masculinization and defeminization. Notably, ER expression in many hypothalamic regions
is sexually dimorphic throughout development (Cao and Patisaul, 2011; Lemmen et al.,
1999; Perez et al., 2003). In mice, sex differences in the number of ERβ immunoreactive
cells within the mPOA, for example, have been shown to be present both at birth and in
adulthood, with males having a greater number than females (Kudwa et al., 2004; Wolfe et
al., 2005). This pattern has also been seen in adult rats (Zhang et al., 2002). We
hypothesized that agonism of ERβ could disrupt male rat reproductive behavior, and the
ability to attract a mate thereby demonstrating that it may play a role in masculinization, as
well as defeminization.

To test this hypothesis, we first performed a pilot study, during which we neonatally
exposed male rats to vehicle, estradiol benzoate (EB), or agonists selective for ERα (PPT),
or ERβ (DPN) to determine which agonist had a more profound impact on the emergence of
male sexual behavior and attractiveness. Results from this pilot study suggested that
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agonism of ERβ could reduce male sexual vigor. Thus, we conducted a subsequent
experiment using additional doses of DPN, followed by a third study using the naturally
occurring ERβ selective agonist, GEN to determine if the emergence of male sexual
behavior is vulnerable to endocrine disruption. GEN is an isoflavone phytoestrogen
produced by legumes, such as soy, and commonly found in soy-based food products and
beverages, including soy-based infant formula (Dixon and Ferreira, 2002). Developmental
GEN exposure has been linked to detrimental changes in female reproductive health
(Jefferson et al., 2009; Jefferson et al., 2006, 2007; Kouki et al., 2003; Patisaul et al., 2006)
and possibly male reproductive health and sexual differentiation (Atanassova et al., 2000;
Bu and Lephart, 2007; Cederroth et al.; Naciff et al., 2005; Scallet et al., 2004) in rodents.
GEN has a nine fold higher relative binding affinity for ERβ than ERα (Barkhem et al.,
1998; Kuiper et al., 1998) suggesting it has the potential to interfere with ERβ dependent
brain organization.

This series of experiments served to: 1) help elucidate the ER-dependent mechanisms
underlying the masculinization of male sex behavior, 2) determine if neonatal exposure to an
ERβ selective EDC would have an impact on male sexual behavior and, through partner
preference testing, 3) examine how this would impact attractiveness.

Materials and Methods
Animals

Long Evans rats were maintained on a soy-free diet (5K96, Purina Test Diets, Richmond,
IN) and a reversed (12:12) light cycle at 23°C and 50% relative humidity for the duration of
the experiments. The light cycle for the male animals in Experiment 1 was changed to 13:11
prior to the last round of testing to increase sexual motivation. The animals used in
Experiments 1, 2 and 4 were bred in-house, and the dams for Experiment 3 were ordered
timed-pregnant from Charles River Laboratories. All pups were weaned on post natal day
(PND) 21 into same sex littermate pairs until two months of age, at which time they were
singly housed. Animal care and testing procedures followed the relevant guidelines stated in
the Animal Welfare Act and U.S. Department of Health and Human Service “Guide for the
Care and Use of Laboratory Animals.” The protocol was approved by the North Carolina
State University Animal Care and use Committee and supervised by animal care personnel
and veterinary staff. All animals were tested as young adults, with onset of testing occurring
the week of PND 70, but the specific age range varied somewhat between experiments. This
was not considered to be a potential confound because male rat reproductive behavior
remains relatively consistent until approximately 10 months of age, at which point it begins
to decline (Clark, 1995).

Experiment 1 (Pilot). Impact of ERα agonist PPT and ERβ agonist DPN on reproductive
behavior, physiology, and attractiveness

On the day of birth, all animals were cross-fostered, as we have done previously (Adewale et
al., 2009; Patisaul et al., 2006), to minimize litter effects (as described in (Raubertas et al.,
1999) (n = 9 dams). Each litter contained a mixture of animals (n = 12 maximum), only two
of which were related to each other. All pups (the females were ultimately used for other
projects) were subcutaneously (sc) injected with either a sesame oil based vehicle (OIL), 10
μg EB (Sigma St. Louis IL), 1 mg/kg bw DPN (Tocris Cookson, Ellisville, MO), 1 mg/kg
bw PPT (Tocris Biosciences), or a mixture of PPT and DPN (1 mg/kg bw PPT + 1 mg/kg
bw DPN (PPT/DPN)) from the day of birth (defined as PND 0) through PND 3. This
exposure window was selected because it is well established that this is a critical period of
sexual differentiation in the male rat brain (Gore, 2008; McCarthy, 2008; Simerly, 2002).
All compounds were first dissolved in 100% ethanol and then sesame oil (Sigma, St. Louis,
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MO) at a ratio of 10% as we have done previously (Patisaul et al., 2007; Patisaul et al.,
2009b). These concentrations of DPN and PPT reflect those successfully used in prior
experiments (Donner and Handa, 2009; Handa et al., 2008; Lund et al., 2006; Patisaul et al.,
2009a). Male sexual performance was evaluated within PNDs 78 – 142 with hormone
replaced ovariectomized (OVX) females. These males (n = 10 OIL; 4 EB; 10 DPN; 8 PPT;
10 PPT/DPN) were then used as mate choices in a partner preference paradigm during PNDs
155–168 for intact, sexually naïve females (n = 10; age PND 108–123). All males were
weighed on PND 182, castrated under isoflurane anesthesia, and returned to the colony for
future work beyond the scope of this project. At the time of surgery, the testes were weighed
upon removal and blood was collected via tail clip then spun at 4°C at 13,000 rpm for 10
minutes to separate the plasma fraction. The plasma was extracted using a transfer pipet and
stored at −80°C until analysis. Plasma testosterone levels were subsequently measured by
radioimmunoassay using Siemens Coat-A-Count total testosterone kit with an analytical
sensitivity of 4 ng/dl as described previously (Patisaul et al., 2009a).

Experiment 2. Dose dependent impact of DPN on reproductive behavior and attractiveness
Males were administered DPN at three different doses (0.5, 1, or 2 mg/kg bw) to establish a
dose response on male reproductive behavior and attractiveness. On the day of birth males
were cross-fostered as in Experiment 1 (n = 8 dams). All pups were then administered
vehicle (OIL, n = 9), EB (10 μg, n = 4), 0.5 mg/kg bw DPN (n = 12), 1 mg/kg bw DPN (n =
7), or 2 mg/kg bw DPN (n = 12) prepared as in Experiment 1, from PND 0 through 3 by sc
injection. This dose range is narrow but was selected because these three concentrations of
DPN bracket the range of doses successfully used in prior experiments (Donner and Handa,
2009; Handa et al., 2008; Lund et al., 2006; Patisaul and Bateman, 2008; Weiser et al.,
2009) and that used in Experiment 1. DPN has a 70-fold higher binding affinity for ERβ
than ERα, and the highest dose used was not found to activate ERα dependent gene
expression (data not shown). Males were sex tested within PNDs 73 – 113 with hormone
replaced OVX females and then used as mate choices in partner preference over PNDs 113 –
123 for intact, sexually naïve females age PND 179 –187 (n = 12). The males exposed to the
low dose (0.5 mg/kg bw DPN) were not tested for attractiveness because they showed
intromission latencies and counts equivalent to those of the controls.

Experiment 3. Impact of GEN and EB on reproductive behavior, physiology, and
attractiveness

On the day of birth, male animals were again cross-fostered to minimize litter effects (n = 15
dams). All pups were sc injected with either a sesame oil based vehicle (OIL), EB (10 μg,
Sigma St. Louis, MO), or GEN (10 mg/kg bw, Indofine Chemical Company Hillsborough
NJ) from PND 0 through 3. The dose of GEN used for this experiment is approximately
equivalent to the total amount of isoflavone phytoestrogens consumed daily by infants
reared exclusively on soy infant formula (Setchell et al., 1998). EB was used as a positive
control (Levine and Mullins, 1964). Males (n = 15 GEN; 12 EB; 16 OIL) were sex tested
between PNDs 71 – 85 with age-matched, hormone replaced OVX females and then used as
mate choices for age-matched, gonadally intact, sexually naïve females (n = 11) during
PNDs 92 – 156 to assess partner preference. Partner preference testing was performed twice.
All animals were novel to one another in both rounds. All males were then weighed on PND
155, and sacrificed by CO2 asphyxiation followed by rapid decapitation on PND 170 and
171 to collect trunk blood and testes for evaluation. Plasma was extracted and analyzed for
circulating testosterone levels as described for Experiment 1, and the testes were weighed
upon removal using an electronic balance.
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Experiment 4. Replicate of Experiment 3, with no cross-fostering
A second group of animals was used for Experiment 4, which was designed to replicate
Experiment 3, but in this case the animals were bred in-house and the pups were not cross-
fostered because they were not all born on the same day (n = 10 dams) and a recent study
reported that cross-fostering may confound EDC effects (Cox et al., 2010). Thus it became
important to determine if the behavioral changes observed after GEN exposure were also
evident in animals that had not been cross-fostered. All compounds were prepared and
administered as described in Experiment 3. Males (n = 11 GEN; 11 EB; 11 OIL) were sex
tested within PND 69–95 with OVX females. These males were then used as mate choices
in partner preference during PND 127–173 for age matched, intact, sexually naïve females
(n = 12). Partner preference testing was performed twice. All animals were novel to one
another in both rounds.

Assessment of reproductive behavior
After the onset of puberty, males in each experiment were tested for reproductive behavior
once each week for a total of three (Experiment 3), four (Experiment 2 and 4), or five
(Experiment 1) sessions dependent upon vehicle exposed (OIL) male performance. Because
inexperienced males often perform poorly at the onset of testing, sexual performance was
not statistically compared between exposure groups until ≥ 25% of vehicle exposed males
had intromissions within the session. A fourth round was added to Experiments 2 and 4,
while a fifth round was added to Experiment 1 because the vehicle exposed males did not
meet this performance criteria in the first four rounds.

In each session, males were placed in a clean, novel cage and introduced to a sexually
receptive, hormone replaced, OVX female, a procedure similar to what we and others have
done previously (Becker et al., 2005; Hardy and DeBold, 1971; Patisaul et al., 2002).
Testing duration was 15 minutes for each round in Experiments 1, 2, 3, and the first two
rounds of 4. Duration was increased to 30 minutes for the final rounds of Experiment 4 to
extend the observation period and better characterize sexual performance. All testing began
within two hours of dark onset, under red-light illumination. All stimulus females were
deemed receptive via a lordosis response to male contact. Behavior was recorded using a
Sony camcorder set on night vision and then hand-scored by an investigator blind to the
treatment groups using the behavioral analysis software package Stopwatch (courtesy of
David A. Brown, Center for Behavioral Neuroscience, Emory University). Measures
included latency to first intromission and total number of intromissions made during the trial
because they were robustly displayed in all groups and most reliably captured the sexual
motivation of the male subjects. Other measures, most notably number of mounts, and
latency to first mount, were not included because they were not consistently performed by
all males, particularly after they were sexual experienced.

Assessment of partner preference
After all rounds of sex testing were completed, the same test males were used as choices for
intact, sexually naïve, proestrus (determined by vaginal cytology as described in (Becker et
al., 2005)) females in a series of partner preference tests. All animals were habituated to the
arena prior to testing. The plexiglass testing arena was a total length of 198.12 cm, 30.48 cm
deep and 30.48 cm wide and divided into three chambers roughly equal in size with small
compartments (17.78 × 30.48 × 30.48 cm) on either side. Each small compartment contained
a single male enclosed behind a wire mesh composed of ¾ inch hardware cloth. A control
male was placed on one side and an exposed male on the other. Positions were randomized
to control for side preference. Females could spend time alone in the central chamber, or
interact with one of the males in either of the end chambers though the mesh. Testing began
within 2 hours of dark onset, under red-light illumination, with each session lasting 20 min.
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Preference was determined by quantifying the amount of time spent in each chamber next to
the stimulus male. In Experiments 3 and 4, the males were presented as mate choices to the
females for a first round (3a, 4a) and then again for a second round (3b, 4b) to demonstrate
reproducibility. In all cases, all males were novel to the selecting female. Behavior was
video recorded and scored by an observer blind to the exposure groups as described above.

Statistical analysis
For the sex behavior tests, differences in number of intromissions and intromission latency
were compared by two-way ANOVA with round and exposure as factors. Significant effects
were then followed up by one-way ANOVA, first with exposure as a factor for each week,
then with week as a factor within each exposure group. Significant effects in the one-way
ANOVAs were followed up with Fisher's Least Significant Differences post hoc tests. For
all measures, analyses were two tailed and the level of significance was set at P ≤ 0.05.

For the partner preference data, preference was established by comparing the total time
spent in the chamber containing the unexposed control (OIL) male to the time spent with the
exposed male using a Fisher's Studentized t-test with the level of significance set at P ≤
0.05. Because some of the males did not intromit during the sex testing, when analyzing the
partner preference results, all data were first analyzed to determine if there was an effect of
sexual experience, and no effect was found in any of the experiments (t-test; data not
shown). The data were also analyzed (t-test) for a side preference. A side preference was
identified in the second round of Experiment 3, thus that experiment was ultimately repeated
(Experiment 4). The SYSTAT software package was used to perform all statistical analyses,
and graphs were generated in SigmaPlot.

Results
Experiment 1 (Pilot): Impact of ERα agonist PPT and ERβ agonist DPN on reproductive
behavior, physiology, and attractiveness

Reproductive behavior—Only round 5 met the behavioral threshold for analysis and
although a pattern did arise, there was no main effect of exposure group on either
intromission number (F(4,36) = 1.125, P = 0.360) or intromission latency (F(4, 36) = 0.817,
P = 0.523; Fig. 1A–B). Analysis of performance among only the intromitting males also
failed to reveal a main effect of exposure group for either intromission number (F(4,10) =
0.508, P = 0.731) or intromission latency (F(4, 10) = 0.335, P = 0.849). In both analyses,
However, a behavioral pattern emerged with the EB and DPN exposed males performing
poorly, but not to a significant degree, compared to the other groups. These results
constituted the rationale for the subsequent studies.

Partner Preference—Females selected against EB exposed males compared to vehicle
exposed control males (P ≤ 0.008; Fig. 1C). In contrast, females showed no clear preference
between DPN and vehicle (P = 0.679), PPT and vehicle (P = 0.772), or PPT/DPN and
vehicle (P = 0.160) exposed males (Fig. 1C).

Testosterone and Testis/Body Weight—There was a main effect of exposure group
on plasma testosterone levels (F(4, 38) = 3.212, P ≤ 0.03). EB exposed males had
significantly lower testosterone levels compared to that of the vehicle exposed control (OIL)
group (P = 0.02), however, none of the other exposure groups had testosterone levels that
were significantly different from the controls (Table 1).

Of the four EB exposed males, two had retained testes. This was not seen in any of the other
exposure groups. EB exposed males were the lightest and the DPN males were the heaviest
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(Table 1), but there was only a weak trend for a main effect of exposure on body weight (P =
0.103). The testis to body weight ratio, however, was significantly affected by exposure
(F(4, 41) = 8.857, P ≤ 0.001; Table 1). The ratio of the EB exposed males was significantly
smaller than that of the vehicle exposed (OIL) males (P ≤ 0.001), but the other groups did
not differ from the controls.

Collectively the results from this pilot study indicated that neonatal exposure to EB results
in significantly lower adult testosterone levels, improper testis development, significantly
lower attractiveness, and, potentially, impaired male reproductive behavior. None of these
were recapitulated in the group receiving both DPN and PPT. The ERβ agonist, DPN,
appeared more effective than PPT in compromising both male sexual behavior and
attractiveness. Therefore we chose to further explore the impact of ERβ selective agonism
by testing additional doses of DPN.

Experiment 2: Dose dependent impact of DPN on reproductive behavior and attractiveness
Reproductive behavior—Only rounds 3 and 4 met the behavioral threshold for analysis
and two-way ANOVA revealed a significant effect of testing round (F(1,72) = 19.319, P ≤
0.001) as well as exposure (F(3,72) = 2.874, P ≤ 0.05) on the number of intromissions but
no significant interaction (Fig. 2A). The vehicle exposed control males (OIL) made
significantly more intromissions in round 4 than round 3 (F(1,16) = 4.630, P ≤ 0.05). The
0.5 mg DPN exposed males (F(1,22) = 4.590, P ≤ 0.05) and the 2 mg DPN exposed males
(F(1,22) = 14.288, P ≤ 0.001) also significantly improved over time, however the 1 mg DPN
exposed males did not (F(1,12) = 2.548, P = 0.136).

Intromission latency was similarly affected (Fig. 2B). Two-way ANOVA revealed a
significant effect of testing round (F(1,72) = 22.942, P ≤ 0.001) as well as exposure (F(3,72)
= 5.772, P ≤ 0.002). Latency to intromit decreased in the vehicle exposed males between
rounds 3 and 4 (F(1,16) = 9.634, P ≤ 0.008). A similar decrease was observed in the 0.5 mg
DPN (F(1,22) = 4.053, P ≤ 0.05) and 2 mg DPN (F(1,22) = 16.012, P ≤ 0.001) exposed
groups, whereas the 1 mg DPN exposed (F(1,12) = 3.243, P = 0.136) males failed to
improve (Fig. 2B). Within round 4, a significant difference in intromission latency between
exposure groups emerged (F(3,36) = 4.847, P ≤ 0.006). The 1 mg DPN exposed males had a
significantly longer latency than the vehicle (P ≤ 0.02), the 0.5 mg (P ≤ 0.03), and 2 mg
DPN exposed males (P ≤ 0.001).

Partner preference—The males exposed to the low dose (0.5 mg/kg bw DPN) were not
tested for attractiveness because they showed intromission latencies and counts equivalent to
those of the vehicle exposed males. Females significantly preferred the vehicle exposed
males over the 2 mg DPN exposed males (P ≤ 0.02; Fig. 2C) while showing no preference
between the 1 mg DPN exposed and the vehicle exposed males (P = 0.452; Fig. 2C).

Experiment 3. Impact of GEN and EB on reproductive behavior, physiology, and
attractiveness

Reproductive behavior—Behavior in the control group did not meet the threshold for
statistical analysis until round 2. Therefore, only rounds 2 and 3 were statistically analyzed
(Fig. 3A–B). Two-way ANOVA revealed a significant effect of testing round, but not
exposure group, on the number of intromissions (F(1,88) = 4.683, P ≤ 0.03) with the number
of intromissions increasing over time. Only within the vehicle exposed group did the
number of intromissions significantly increase from round 2 to round 3 (F(1,30) = 8.168, P
≤ 0.008).
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Intromission latency was similarly affected (Fig. 3B). Two way ANOVA revealed a
significant effect of testing round (F(1,88) = 5.558, P ≤ 0.02) as well as a significant
interaction between round and exposure (F(1,88) =3.990, P ≤ 0.02) but no main effect of
exposure (P = 0.19). Intromission latency was roughly equivalent within each exposure
group in round 2, but significant differences emerged in round 3 (F(2,43) = 4.356, P ≤ 0.02).
Intromission latency was significantly shorter in the vehicle exposed males compared to the
EB (P ≤ 0.01) and GEN (P ≤ 0.02) exposed males (Fig. 3B). Significantly decreased
intromission latency between rounds 2 and 3 was only observed in the vehicle exposed
males (F(1,30) = 17.466, P ≤ 0.001).

Partner preference—Partner preference was performed twice (2 rounds) with all animals
being novel to one another in both rounds. In the first round of testing, females spent
significantly more time in the chamber containing the vehicle exposed (OIL) male than the
EB exposed male (P ≤ 0.006; Fig. 3C). In contrast, females did not show a preference for
vehicle exposed males compared to the GEN exposed males (P = 0.67). Results from the
second round of testing were confounded by a distinct left side preference and were
therefore not analyzed further (data not shown). Instead, the experiment was repeated with a
new group of animals to validate the initial findings (Experiment 4).

Testosterone and Testis/Body Weight—Exposure significantly affected plasma
testosterone levels (F(2, 39) = 17.320, P ≤ 0.001; Table 2). Testosterone levels were
significantly lower in the EB exposed males compared to that of the vehicle (OIL) and GEN
exposed males (P ≤ 0.001). In contrast, the plasma testosterone levels in the vehicle exposed
males and the GEN exposed males did not significantly differ from each other (P = 0.578;
Table 2).

During testes collection, it was discovered that 82% (9 out of 11) of the EB exposed males
had retained testes. In all cases, both testes were retained. This was not seen in the other
exposure groups. Body weight did not significantly differ (P = 0.392) between groups.
Testis to body weight ratio, however, was significantly affected by exposure (F(2, 39) =
127.984, P ≤ 0.001) with the EB exposed males having a smaller ratio than either the vehicle
(P ≤ 0.001) or GEN exposed (P ≤ 0.001) males (Table 2). There was no significant
difference between the ratios of the vehicle and the GEN exposed males (P = 0.584).

Experiment 4. Replicate of Experiment 3, with no crossfostering
Reproductive behavior—Rounds 3 and 4 met the behavioral threshold for analysis and
two-way ANOVA revealed a significant effect of exposure group, but not testing round or
an interaction between the two factors, on intromission number (F(2,60) = 5.312, P ≤ 0.008).
Significant differences in the number of intromissions made between the groups emerged in
round 3 (F(2,30) = 3.414, P ≤ 0.05), with the vehicle exposed males intromitting
significantly more than the EB (P ≤ 0.02) or the GEN exposed males (P ≤ 0.05). Within
round 4, a similar performance pattern was observed, but was not found to be statistically
significant (P = 0.09; Fig. 4A).

Intromission latency was similarly affected (Fig. 4B). Two-way ANOVA only revealed a
significant effect of exposure (F(2,60) = 5.161, P ≤ 0.01). A significant difference in
intromission latency between groups arose in round 3 (F(2,30) = 4.231, P ≤ 0.02) with the
vehicle exposed males having a significantly shorter latency than the EB (P ≤ 0.007)
exposed males. The vehicle exposed males also had a shorter latency than the GEN exposed
males (Fig. 4B), however it did not reach statistical significance (P = 0.08). There were no
significant differences between groups in round 4 (P = 0.25).
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Partner preference—Partner preference was performed twice (two rounds) with all
animals being novel to one another in both rounds. The females significantly preferred the
vehicle (control) males over the EB exposed males in both the first (Fig. 4C; P ≤ 0.01) and
second rounds (Fig. 4D; P ≤ 0.01). In contrast, the females preferred GEN exposed males
over vehicle exposed males in the first round (Expt. 4a) (P ≤ 0.001), but in the second round
(Expt. 4b) they again showed no preference (P = 0.276; Fig. 4C–D).

Discussion
Here we clearly showed that neonatal exposure to EB negatively impacted male
reproductive performance and the ability to attract a mate in adulthood, observations which
are consistent with prior studies (Diamond et al., 1973; Zadina et al., 1979). Moreover, we
also found that selective agonists for ERβ (DPN and GEN) had an emasculating effect on
these behaviors, suggesting that ERβ activation during the neonatal critical period can
potentially interfere with the sex specific organization of the neuroendocrine pathways
which mediate male reproductive behavior. Reduced testis weight and significantly lower
circulating testosterone levels were only observed in the EB exposed group, indicating that
the disruption of male reproductive behavior caused by the ERβ agonists was not the result
of abnormal testicular development or circulating androgen levels during adulthood. Instead,
these observations signify that disruption occurred elsewhere in the neuroendocrine system.
Collectively, the partner preference results reveal that compromised reproductive behavior is
not always accompanied by a loss of attractiveness, indicating that females may not always
be capable of detecting the subtle loss of virility.

Despite the narrow dose range, the effect of DPN on male reproductive behavior was dose
specific, but not linear. This non-monotonic effect may not be uncommon for some
neuroendocrine endpoints (Kendig et al., 2010), including male reproductive behavior
(Jones et al., 2010). This phenomenon has recently emerged as an area of intense interest
within the endocrine disruption field because some weakly estrogenic compounds, such as
Bisphenol A (BPA), have produced non-linear effects at low doses in a variety of model
systems (Vandenberg et al., 2009). Unfortunately, the molecular and biochemical
mechanisms associated with this type of dose response curve are poorly understood, but the
prevailing hypothesis is that it likely reflects the intersection of multiple mechanisms. For
the present study, one possibility is that ERα and ERβ are modulating each other's activity
and that this relationship differs at high and low doses of estrogen (or ER-selective
agonists). It is now widely recognized that the relationship between ERα and ERβ is
dynamic and complex. For example, ERβ activation can antagonize ERα-dependent
transcription (Matthews and Gustafsson, 2003; Matthews et al., 2006; Rissman, 2008) but
the two ER subtypes can also have synergistic or sequential effects (Rissman, 2008). It is
possible that, at the 1 mg/kg dose, agonism of ERβ by DPN dampened the activity of ERα,
thereby resulting in reduced virility but that other activities occurred at the 0.5 and 2 mg/kg
doses. Further studies using additional doses of DPN and PPT, as well as antagonists for
ERα and ERβ would be required to further elucidate these interactions. Moreover, prior
work has established that although postnatal administration of testosterone to neonatal
castrates can rescue male sexual behavior, exogenous administration to gonadally intact
neonates results in compromised male sexual performance (Henley et al., 2010; Pollak and
Sachs, 1975; Zadina et al., 1979). Thus there appears to be an “optimal range” in which
steroid hormones induce masculinization, and doses above or below that range can result in
partial demasculinization. This phenomenon is intrinsically non-monotonic.

The significantly lower circulating testosterone levels observed in the EB exposed animals is
likely a substantive contributing factor for compromised reproductive performance and
attractiveness in this group (Baum, 2009), but not for the 1 mg/kg DPN group or the GEN
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groups, as androgen levels in those groups did not significantly differ from controls.
Unfortunately, plasma concentrations were not measured in the 2 mg/kg DPN exposed
animals but presumably their levels were within the normal range because virility was not
found to be compromised. The emasculating effects of EB observed here are consistent with
prior studies examining the impact of postnatal estrogen exposure on male reproductive
physiology and behavior (Diamond et al., 1973; Zadina et al., 1979) but also a recent study
employing the postnatal administration of an aromatizable androgen (Henley et al., 2010).
Male sexual performance was significantly compromised and circulating testosterone levels
were reduced compared to unexposed control males. Moreover, partner preference was
altered such that exposed males spent more time with another male conspecific, when given
a choice between a male and an estrous female, than control males. This result was
interpreted to indicate partial demasculinization and the development of a bi-sexual social
preference, an effect which could reduce reproductive fitness because the hyper-
androgenized male would presumably be just as likely to approach a male or a female.

The results from the present study suggest that postnatal agonism of ERβ also induces a
partial demasculization. A role for ERβ in the masculinization process is further supported
by the discovery that androgen metabolites, most notably 5α-androstane-3β, 17β-diol (3β-
Adiol), interact with ERβ in the brain and other organs (Handa et al., 2009; Kuiper et al.,
1998; Lund et al., 2006; Weiser et al., 2009). During development, 3β-Adiol is secreted
from immature testes and can also be synthesized de novo in cells that express 5α-reductase
and 17β-hydroxysteroid dehydrogenase type 7 (Weihua et al., 2002). It has previously been
shown that 3β-Adiol activates estrogen response element (ERE) dependent ERβ-induced
transcription equivalent to that of 17β-estradiol in neural tissue (Pak et al., 2005). Thus it has
been proposed that 3β-Adiol is the native ligand for ERβ in perinatal life (Fan et al., 2010).
Moreover, expression of ERβ within the mPOA, a region long recognized to be important
for both appetitive and consummatory aspects of male sexual behavior (Balthazart et al.,
1998; Hull and Dominguez, 2007; McCarthy et al., 2009; Phillips-Farfan and Fernandez-
Guasti, 2009), is robust within the neonatal period (Cao and Patisaul, 2011) suggesting that
emerging sexual dimorphisms within this region may be particularly sensitive to ERβ
agonists during this time. For example, synaptic spine density in the mPOA is positively
correlated with male mounting behavior (McCarthy et al., 2009) and the density of dendritic
spines in the mPOA is higher in males than females as early as PND 0 (Amateau and
McCarthy, 2002). Neonatal agonism of ERβ may have altered the masculinization of this
pathway, leading to fewer mPOA dendritic spines and therefore compromised male sexual
performance.

Paradoxically, females selected against the males neonatally exposed to the high dose (2 mg/
kg) of DPN in the partner preference test even though the reproductive behavior of these
males did not appear to be compromised. Conversely, females failed to select against the
males exposed to the intermediate (1 mg/kg) dose of DPN or GEN, even though both of
these groups had lower virility. In one round of Experiment 4, females actually displayed a
preference for the GEN exposed males so collectively the data indicate that, if anything,
neonatal GEN exposure could slightly enhance attractiveness, rather than reduce it, despite
compromised sexual vigor. In all cases, females consistently favored the control males over
the EB exposed males, thus it is certain that the females were being selective. It is not clear
upon what pheromonal or other cues the females based their preference, but it is possible
that females need to physically interact with the males to make a more accurate assessment
of virility.

The results observed following neonatal GEN exposure on male reproductive physiology
and behaviors are consistent with prior studies. For example, a recent study also failed to
find any impact of perinatal GEN exposure, across a wide dose range, on testis weight or

Sullivan et al. Page 10

Horm Behav. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



blood androgen levels in a variety of species (Cederroth et al., 2010a). Effects on male
reproductive parameters may be more subtle, however. A recent study characterized the
impact of lifetime (gestation to adulthood) exposure to a soy-rich diet containing GEN on a
range of reproductive parameters in male mice and found a 25% decrease in epididymal
sperm count as well as a 20% reduction in litter size. Moreover, expression of numerous
germ cell specific genes involved in sperm glycolysis and mobility were also significantly
lower in the soy-exposed males (Cederroth et al., 2010b). This is important to note in light
of the partner preference results because if males exposed to GEN are reproductively
impaired, but females continue to select them as a mate, then fitness could be decreased and
this may ultimately negatively affect a population.

Only two other published studies have examined the effects of exposure to an
environmentally relevant dose of endocrine disrupting chemicals on partner preference
(Crews et al., 2007; Markman et al., 2008). Collectively, the results from these two prior
studies indicate that EDC exposure might induce multigenerational effects, and a transglobal
population decline in a given species. Crews and colleagues (2007) found that exposure to
vinclozolin, an anti-androgenic fungicide, decreased male attractiveness, and that this effect
persisted across generations such that females with no exposure history and females three
generations removed from the exposure, selected against males with an exposure history. By
contrast, males failed to select against exposed females. Further assessment revealed a
transgenerational impairment in male fertility (Anway et al., 2005) suggesting that
vinclozolin exposure induces epigenetic changes within the male germ line that impact both
fertility and attractiveness in subsequent generations of males (Anway and Skinner, 2008).
Markman and colleagues (2008) exposed juvenile male song birds to different combinations
of estrogenic EDCs, all present in the natural feeding areas of the study population, in a
manner consistent with the natural exposure route. A mixture of estradiol, dioctylphthalate,
BPA and dibutylphthalate, appeared to act synergistically, producing a hypermasculinized
song system, and hence a more attractive male, based on female selection of song quality.
Exposure to these EDCs, however, also led to these males being immunocompromised.
Therefore, song quality was no longer a reliable indicator of overall fitness which, over time,
could contribute to population decline.

Finally, no significant effect of PPT was observed in Experiment 1. It should be noted that,
overall, male reproductive performance was poor in Experiments 1 and 4 which contributed
to the high degree of variability. This project began and ended during the winter months and,
although the environment in our vivarium is tightly controlled, it is possible that there was
an effect of season on reproductive performance. To compensate, the experimental paradigm
was amended in several ways as the studies progressed. For example, additional rounds of
testing were included, the light cycle was extended, and the observational period was
lengthened. It is also possible that the dose of PPT was insufficient to induce a response.
Because male mounting behavior is compromised by perinatal androgen (Henley et al.,
2010) or estrogen (Zadina et al., 1979) administration, it was hypothesized that PPT
administration could impair virility. Further work will be needed to adequately test this
possibility.

It is important to note that maternal behavior is well recognized to influence the subsequent
male reproductive behavior of their offspring, thus EDCs or experimental manipulations that
impact maternal care can be potential confounds (Cox et al.; Del Cerro et al., 2010; Rhees et
al., 2001). The dams in this study were not dosed directly, as we targeted the developmental
window of PNDs 0–3. Therefore if dams were exposed, it would only be minimally via
ingestion during the licking and grooming of pups. Prior studies have established that
dietary genistein does not significantly impact licking and grooming or nest building in rats
(Ball et al., 2010) and either fails to alter (Flynn et al., 2000), or enhances nursing behavior
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(Ball et al., 2010). Handling stress is a concern when cross-fostering (Caldji et al., 2003;
Cox et al., 2010). Thus, to account for that, the GEN exposure was conducted twice, once
with cross-fostering and once without. The results were similar in both cases, suggesting that
cross-fostering was not a confound and did not significantly modify the effects of GEN.

Collectively, the data indicate that ERβ is involved in the masculinization of neuroendocrine
pathways that regulate sex specific behavior, and imply that environmental exposures during
critical stages of neuroendocrine development can evoke long term effects on complex
behaviors. Our results show that neonatal agonism of ERβ, either with a synthetic agonist or
a naturally occurring EDC, can impair reproductive behavior in male rats. This effect,
however, does not always accompany decreased capacity to attract a mate. Furthermore,
DPN produced a non-monotonic effect on male virility. Because GEN and other EDCs are
increasingly ubiquitous components of our environment, a critical next step would be to
explore the dose-specific effects of more ERβ agonists like GEN and determine if these
effects persist in subsequent generations, potentially through epigenetic mechanisms.
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Fig. 1.
Experiment 1 sexual behavior and partner preference results. (A – C) Only behavior from
the fifth round of testing was analyzed and no significant differences between groups
emerged for any endpoint, but the outcome suggested an emasculating effect of neonatal EB
or DPN exposure. (A) EB and DPN exposed males had fewer intromissions compared to
vehicle exposed (OIL) males. (B) EB and DPN exposed males had longer intromission
latencies compared to vehicle exposed males. (C) Females selected against the EB exposed
males by spending significantly more time in the chamber containing the vehicle exposed
(control) males. Partner preference was unaffected in the other groups (Mean ± SEM; * P ≤
0.05)
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Fig. 2.
Experiment 2 sexual behavior and partner preference results. (A) The number of
intromissions did not differ between groups in either round but the 1 mg/kg DPN exposed
group was the only group that did not display increased numbers of intromissions in Round
4 compared to Round 3. (B) Intromission latency did not initially differ between groups, but
significantly dropped over time in all groups except the 1 mg/kg DPN exposed group
resulting in significantly longer latencies within this group compared to the vehicle (OIL)
exposed controls. (C) Females significantly preferred vehicle exposed (Control) males over
2 mg/kg DPN exposed males but showed no preference between 1 mg/kg DPN exposed
males and control males. (Mean ± SEM; * P ≤ 0.05; a = significant difference between
rounds, b = significant difference from OIL controls)
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Fig. 3.
Experiment 3 sexual behavior and partner preference results. (A) The number of
intromissions did not significantly differ between groups in either round. The vehicle
exposed group was the only group that had significantly more intromissions over time. (B)
Intromission latency was similar across exposure groups in Round 2 but by Round 3, the EB
and GEN exposed males had significantly longer latencies compared to controls, with only
the controls having shorter latencies in Round 3 compared to Round 2. (C) Females
significantly preferred vehicle exposed (Control) males over EB exposed males but showed
no preference between GEN exposed and control males. (Mean ± SEM; * P ≤ 0.05; a =
significant difference between rounds, b = significant difference from OIL controls)
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Fig. 4.
Experiment 4 sexual behavior and partner preference results. (A) Number of intromissions
was significantly lower in the EB and GEN exposed groups compared to the OIL control
males in both rounds of testing. Numbers did not significantly increase over time in any
group. (B) Latency to intromit was significantly longer in the EB exposed groups compared
to the OIL group in Round 3 but this difference was lost in Round 4. (C, D) Partner
preference results differed between rounds. In both cases, females significantly preferred
control males over EB exposed males. However, females displayed a significant preference
for GEN exposed males compared to OIL control males in the first round of partner
preference testing (Experiment 4a) but not the second (Experiment 4b). (Mean ± SEM; * P
≤ 0.05; b = significant difference from OIL controls)
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Table 1

Experiment 1. Plasma testosterone levels and testes to body weight ratios were significantly lower in the EB
exposed males compared to the vehicle exposed (OIL) males. Adult body weight did not significantly differ
between groups.

Experiment 1 n Body Wt (kg) Testes/body Wt Ratio (kg/g) Total Testosterone (ng/dl)

OIL 10 730.5 ± 17.87 2.61 ± 0.09 16.76 ± 3.35

EB 4 710.5 ± 35.84 1.3 ± 0.41* 2.21 ± 0.72*

DPN 10 785.9 ± 15.48 2.33 ± 0.13 10.16 ± 1.35

PPT 8 737.5 ± 14.2 2.54 ± 0.1 21.64 ± 5.12

PPT/DPN 9 743.78 ± 19.11 2.48 ± 0.1 17.71 ± 4.22

*
P ≤ 0.001
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Table 2

Experiment 3. Plasma testosterone levels and testes to body weight ratios were significantly lower in the EB
exposed males compared to the vehicle exposed (OIL) males. Adult body weight did not significantly differ
between groups.

Experiment 3 n Body Wt(kg) Testes/body Wt Ratio (kg/g) Total Testosterone (ng/dl)

OIL 15 647.13 ± 12.59 2.99 ± 0.09 89.09 ± 7.98

EB 11 649.82 ± 14.99 1.12 ± 0.10* 8.88 ± 5.33*

GEN 13 623.92 ± 15.89 3.06 ± 0.10 81.27 ± 14.34

*
P ≤ 0.001
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