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Summary

Male risk taking and decision making are affected by sex-related cues, with men making poorer 

and riskier decisions in the presence of females and, or their cues. In non-human species, female 

cues can also increase male risk taking, reducing their responses to predator threat. As estrogen 

receptors α and β (ERα and ERβ) are involved in the mediation of social and sexual responses, we 

investigated their roles in determining the effects of female-associated cues on male risk taking. 

We examined the effects of brief pre-exposure to the odors of either a novel or familiar estrous 

female on the avoidance of, and aversive responses to, predator threat (cat odor) in ERα and ERβ 

wild type (αERWT, βERWT) and gene-deleted (knockout, αERKO, βERKO) male mice. 

Exposure of αERWT and βERWT males to the odors of a novel, but not a familiar, estrous female 

mouse resulted in enhanced risk taking with the males displaying reduced avoidance of, and 

analgesic responses to, cat odor. In contrast, αERKO male mice failed to show any changes in risk 

taking, while βERKO males, although displaying greater risk taking, did not distinguish between 

novel and familiar females, displaying similarly reduced avoidance responses to cat odor after 

exposure to either a novel or familiar female odor. These findings indicate that the gene for ERα is 

associated with the sexual mechanisms (response to estrous female) and the genes for ERβ and 

ERα with the social (recognition of novel female) mechanisms underlying the effects of female 

cues on male risk taking.
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1. Introduction

Sex-related cues have a significant impact on male behavior. Men are reported to make 

“poorer” and riskier decisions when female-related cues are present (Roney et al., 2003, 

2007; Wilson and Daly, 2004; Ariely and Lowenstein, 2006; Van den Bergh and Dewitte, 

2006). In non-humans, predation threat provides an ethologically relevant risk for examining 

male decision taking (Lima and Dill, 1990; Kavaliers and Choleris, 2001). For example, the 

presence of a female leads to a greater risk taking and boldness by male guppies towards a 

predator (Godin and Dugatkin, 1996).

Animals generally respond to the threat of predation risk with a number of defensive 

behaviors including either immobilization or fleeing, an increase in corticosterone levels, as 

well as a decrease in nociceptive sensitivity and the induction of analgesia (Blanchard et al., 

1990, 1998; Kavaliers and Colwell, 1991; Kavaliers and Choleris, 2001). In rodents, where 

chemical signals play a key role in social behavior and communication (e.g. Hurst and 

Benyon, 2004; Hurst et al., 2001; Beynon and Hurst, 2003), male mice that are exposed to 

female odor show reduced fear responses and greater risk taking. Brief exposure to the 

urinary odors of a novel, though not a familiar, estrous female, enhances the risk taking and 

boldness displayed by male mice reducing their avoidance of predator odor as well as the 

predator-induced rises in corticosterone and analgesic responses (Kavaliers et al., 2001).

This risk-enhancing phenomenon is, thus, composed of two aspects. One is a sexual 

component involving a response to a sexually receptive female and her cues, while the other 

consists of a social response involving the distinction between a novel and familiar 

individual. Only a novel estrous female will induce this enhanced risk taking by a male. 

These sexual and social components allow males to selectively respond to sexually receptive 

and potentially accessible novel females, thereby, potentially increasing their reproductive 

fitness.

The neurobiological mechanisms that underlie social and sexual behaviors and responses 

(e.g. Choleris et al., 2003, 2004; Insel and Fernald, 2004; Keverne and Curley, 2004) as well 

as those that affect risk taking and boldness (e.g. Montague and Berns, 2002; Trepel et al., 

2005; Ditto et al., 2006) are coming under increased scrutiny. There is mounting evidence 

that estrogens and estrogen receptors (ERs) have an important role in determining various 

aspects of social and sexual behavior in males as well as in females. Mice in which the 

genes encoding either estrogen receptor α (ERα) or estrogen receptor β (ERβ) had been 

disrupted (ER-knockout mice (ERKO, αERKO, βERKO)) were impaired in their olfactory-

mediated social recognition (Imwalle et al., 2002; Choleris et al., 2003, 2006; Kavaliers et 

al., 2004). In addition, ERα has been associated with the mediation of male aggression and 

sexual behavior. ERα wild-type (αERWT) male mice displayed normal sexual behavior and 

mating with estrous females while αERKO males failed to do so. αERKO males were, 
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however, reported to show normal responses to, and interests in, the odors of estrous females 

(Ogawa et al., 1998, 2000, 2002; see, however, Rissman et al., 1999; Wersinger and 

Rissman, 2000). In contrast to ERα, the lack of a functional ERβ, while affecting social 

recognition (Choleris et al., 2003), did not impair normal expression of adult sexual 

behavior or preferences for females by male mice. Both the wild-type (βERWT) and βERKO 

male mice expressed an interest in, and responses to, female olfactory cues and exhibited 

normal sexual behavior, with the βERKO mice also displaying enhanced inter-male 

aggression (Ogawa et al., 1999, 2000; Nomura et al., 2002). Thus, ERα seems to be 

involved in the mediation of both social responses and sexual behaviors, while ERβ seems to 

be involved with social responses but not sexual behaviors. These findings raise the 

possibility that the genes for ERα and ERβ may also be differentially involved in mediating 

the sexual and social components of the impact of female cues on male risk-related 

behaviors. Here we examined the effects of brief exposure to the odors of either a novel or a 

familiar female on the subsequent avoidance and aversive responses of αERWT, βERWT, 

αERKO and βERKO male mice to predator odor.

2. Methods

2.1. Animals

Gonadally intact male αERKO and βERKO mice and their wild-type (WT) littermates 

(αERWT and βERWT); 25–30 g; 7–12 months of age) were used. They were obtained from 

the breeding colony maintained at The Rockefeller University (New York, NY, USA) by 

mating heterozygous male and female mice. The genotype of each mouse was determined 

by PCR amplification of tail DNA. Both colonies of mice were developed in a mixed 

129/SvJ and C57BL/6J background and back-crossed into C57BL/6J. The original breeding 

pairs were obtained from the National Institute of Environmental Health Sciences (Lubhan 

et al., 1993; Krege et al., 1998). Female Swiss Webster mice ((Charles River NY) 20–30 g, 

2–3 months of age) were housed in a separate room. Prior to testing, all of the mice were 

individually housed for 2–3 weeks in Plexiglas cages under a 12 h:12 h light–dark cycle 

(lights off at 10:00 h) at 22±1 °C with food and water available ad libitum. All procedures 

were conducted in accordance with the Institutional Animal Care and Use Committee of The 

Rockefeller University.

2.2. Experiment 1. Effects of pre-exposure to a female odor on the avoidance responses of 
males to predator odor

2.2.1. Apparatus—Odor (predator, non-predator) responses of individual male mice 

(αERWT, βERWT, αERKO, and βERKO) were tested during the mid-dark period in a 

translucent Plexiglas Y-maze apparatus (5 cm diameter) with 30 cm arms. The stimulus 

compartments at the end of the two arms of the Y-maze in which odor cues were placed, and 

the start box in which a male mouse was placed, were each 14 cm long. A solid Plexiglas 

barrier restricted the mouse to the start box, while perforated Plexiglas barriers at the ends of 

the two stimulus arms prevented contact with the odor sources while allowing detection of 

the odor. Removable solid Plexiglas barriers, present at ‘seams’ 8 cm into each of the 

stimulus arms, prevented exposure of the mice to the odor cues until the designated test 

times.
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2.2.2. Procedures—To minimize novelty responses, male mice (n = 10, per group) were 

placed in the apparatus and allowed to explore the various arms (after being held in the start 

box for 5 min) for 30 min on 2 consecutive days prior to testing. On the test day, a male 

mouse was placed in the start box of the apparatus for 15 min after which the solid barrier 

was removed, allowing the mouse access to the two arms of the Y-maze. Two minutes later, 

the Plexiglas barriers in the arms were removed exposing the mouse to the stimulus odors in 

each arm. During the subsequent 5 min, the duration of the time spent by a mouse in each 

arm within 8 cm of an odor source was recorded. ‘Preference’ as used hereafter is defined as 

the duration of time the mouse spent in the one stimulus arm of interest divided by the total 

time spent in the two stimulus arms. Preference here implies actively going to and 

inspecting/approaching the potentially threatening stimulus (cat odor) and as such providing 

a measure of risk taking and boldness. Although “increased preference” can be interpreted 

as a reduced “avoidance response”, preference rather than avoidance ratios (corrected for 

total time actively responding to both odors) are considered as the appropriate measure to be 

used for statistical analyses (Hardy and Field, 1998; Wagner, 1998; Kavaliers et al., 2003, 

2006).

The stimulus odor choice conditions were of a predator (cat) odor vs non-predator (control 

novel odor) odor. Cat odor was provided by a 2 cm2 strip of cloth collar worn by a cat for 2 

weeks, while novel odor was provided by a 2 cm2 strip of clean collar treated with dilute 

(10%) natural almond extract. Results of prior studies showed that the almond odor had no 

evident aversive effects on male mice (Kavaliers et al., 2004).

Testing of male mice in the Y-maze was carried out after a 1 min exposure to the odors of 

either an estrous or non-estrous female. During the odor exposures, male mice (n = 10, in 

each case) were individually placed in a Plexiglas partitioned area (12.5 × 15 × 10 cm3) that 

was provided with a vented Plexiglas tube, 10 cm in length, 3 cm in diameter and sealed at 

each end with fine plastic mesh across which a mouse could neither traverse nor reach. The 

tube contained the urine and associated odorous secretions of either a familiar or a novel 

estrous or non-estrous female to which the male could come into close olfactory contact. 

When a male needed to be familiarized with female odor for experimental purposes, he was 

exposed for 24 h to the soiled bedding of a female collected over 24 h. This included a 1 h 

exposure to the actual female across a wire mesh through which direct olfactory contact was 

possible, further ensuring that a male was exposed to non-volatile odor cues that are 

considered to be important for individual recognition (Cheetham et al., 2007). Testing of 

males occurred on the following day after the 24 h exposure.

Freshly deposited urine and associated odors were obtained from single females that were 

placed for 1 h in a clean cage lined with blank filter paper (Whatman No. 4, England). 

Examination under an ultraviolet light confirmed that the filter papers were marked by the 

females, who generally urinated within 5 min of arriving into the cage. The filter paper that 

lined a single cage was cut into strips and inserted into to the exposure tubes. Additional 

urine-marked filter paper that was collected over several days and frozen was added to the 

tube to ensure that estrous female odor was present. Each male was presented with the odor 

of a single female. Isolated females were primed with substrate from the cages of Swiss 

Webster males to stimulate estrous cycling (Marsden and Bronson, 1965). Non-primed 
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females were used to obtain non-estrous odors. Wet mount vaginal smears were used to 

determine the estrous state of the females.

2.2.3. Data analyses—All of the preference ratios were transformed to natural log (ln) 

values prior to analysis by analysis of variance (ANOVA) with Tukey’s post hoc tests with a 

0.05 significance level.

2.3. Experiment 2. Effects of pre-exposure to female odor on predator-induced analgesia in 
males

2.3.1. Procedures—Nociceptive responses of the individual WT and KO mice were 

carried out for a minimum of 4 days after the choice tests. During the mid-to-late light 

period in a room separate from their holding rooms, male mice (αERWT, βERWT, αERKO, 

and βERKO) that had been exposed for 24 h to the odors of a familiar estrous female (as 

described for Experiment 1) were individually placed in clean cages (25 × 15 × 20 cm3) and 

exposed for 1 min to the urinary odors of either a familiar (female odor that a male was 

exposed to for 24 h) or novel estrous or non-estrous female using the vented tube described 

in Experiment 1. The familiar and novel female odors were different from those used in 

Experiment 1. After the female odor source was removed the males were exposed to a 

second vented Plexiglas tube (10 cm long, 3 cm diameter and sealed at each end with plastic 

mesh) containing the cat odor.

Prior to any odor exposure, immediately after exposure to the odor of a female, and after 

exposure to the predator odor for 1 min, the nociceptive responses of individual mice were 

determined using the ‘hot-plate’ test. Animals were placed individually on a warmed surface 

(analgesiometer, AccuScan Instruments, Columbus, OH, USA) maintained at 50±0.5 °C and 

the latency of the first foot lift or lick, whichever came first, was recorded. After this 

response was displayed, or after 60 s, the mouse was quickly removed from the surface and 

returned to his cage. Pilot and previous investigations showed that repeated handling 

procedures, including assessments of nociceptive responses, had no significant effects on 

nociceptive sensitivity (Kavaliers et al., 2001).

2.3.2. Data analyses—Data were analyzed with a mixed-design repeated measures 

ANOVA with Tukey’s post hoc tests. All analyses were performed using SPPS with 0.05 

level of significance.

3. Results

3.1. Experiment 1. Predator odor avoidance

All of the male mice displayed a similar marked overall preference for non-predator odor 

and avoidance of the predator odor when presented with the predator (cat odor) and non-

predator (control odor) stimulus odor combination, with only 15–22% of their time being 

spent in the arm holding the predator odor (Figure 1A, B). This relative preference for non-

predator odor and avoidance of predator odor was affected by pre-exposure to estrous 

female odor with a significant main effect of female odor condition (F (2,108) 50.25, 

p<0.001), genotype (F (3, 108) = 18.08, p<0.001) and a significant interaction of male 

genotype and female pre-exposure (F (6,108) = 7.157, p<0.001).
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The responses of the WT males were significantly affected by the female odor condition 

(αERWT, F (2, 27) = 15.93, p<0.01); βERWT, F (2, 27) = 40.14, p<0.001). Brief (1 min) 

pre-exposure to the odors of a novel estrous female significantly decreased the avoidance 

and increased the inspection of and preference for the predator odor by the αERWT and 

βERWT male mice (all p’s<0.001) who now spent 28–35% of their time active in the 

predator arm. Exposure to the odors of the familiar female had no significant effects on the 

avoidance of the predator odor.

The responses of the αERKO males were not affected (F (2, 27) = 1.963, p = 0.180) by the 

female odor exposure condition. Neither the familiar nor novel estrous female odor exposure 

had any significant effect on their responses to, and avoidance of, the predator odor (Figure 

1A). In contrast, the βERKO males displayed a significantly reduced avoidance of and 

greater interest in the predator odor (F (2, 27) = 71.25, p<0.001) after pre-exposure to 

estrous female odor. However, the βERKO males displayed equivalent, significantly 

reduced avoidance responses to the cat odor after exposure to either the familiar (p<0.001) 

or novel (p<0.001) female odor (Figure 1B). In both cases the responses were not 

significantly different from those of the βERWT males that received a brief exposure to the 

odor of a novel female.

Brief (1 min) pre-exposure to the odors of either a familiar or novel non-estrous female or an 

empty tube had no significant effects on the avoidance of the predator odor displayed by any 

of the WT or KO male mice (not shown). Their avoidance responses were not significantly 

different from those displayed by the WT and KO males that received no prior exposure to 

female odor (Figure 1A, B).

3.2. Experiment 2. Predator and female-odor-induced analgesia

3.2.1. Effects of exposure to cat odor—All of the WT and KO mice that were exposed 

to the odor of a predator (cat) for 1 min in the absence of female odor showed increased 

thermal response latencies (F (1,27)> 4.04; p<0.03), indicative of the induction of analgesia 

(Figure 2A–D). There were no significant differences in the levels of cat-odor-induced 

analgesia displayed by the four genotypes. Exposure to the novel almond odor (not shown) 

had no significant effects on nociceptive sensitivity. There were also no significant 

differences in basal nociceptive sensitivity between the WTs and KOs, consistent with the 

results of prior investigations (Spooner et al., 2007).

3.2.2. Effects of exposure to female odor—Both the WT and KO males that were 

exposed to estrous female odors displayed analgesic responses with the magnitude of these 

responses being dependent on prior familiarity with the female odor (all Fs (1,18)>8.77, 

p’s<0.03). The odors of novel females elicited significant analgesic responses in all of the 

genotypes (p<0.03) with the levels of analgesia being markedly lower (all p’s<0.001) than 

those elicited by predator odor (Figure 2A–D). Exposure to the odors of a familiar female 

elicited significant analgesic responses in only the αERKO males (p<0.01). Exposure to the 

odors of non-estrous females had no significant effects on the thermal response latencies of 

any of the WT or KO males (data not shown). Their response latencies were equivalent to 

the pre-exposure response latencies shown in Figure 2.
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3.2.3. Effects of pre-exposure to female odor on the responses to predator 
odor—The analgesic responses of the WTs to the predator odor were significantly affected 

by female odor condition (αERWT, F (2, 36) = 48.542, p<0.001; βERWT, F (2, 36 = 44.85, 

p<0.001). Pre-exposure of the WT males to the odors of a familiar estrous female had no 

significant effect on the level of cat-odor-induced analgesia. However, βERWT and αERWT 

males that were pre-exposed for 1 min to the odor of a novel estrous female and then 

exposed for 1 min to the odor of a predator displayed significantly (all p’s<0.001) reduced 

analgesic responses. Their response latencies were significantly (all p’s<0.02) lower than 

those of the males with either no female odor pre-exposure, or that had been pre-exposed to 

the odors of a familiar female (αERWT, βERWT, p<0.001) before being presented the 

predator odor (Figure 2A–C).

The analgesic responses of the αERKO males were not significantly affected by estrous 

female odor pre-exposure (F (2, 36) = 30.1, p = 0.09). Pre-exposure to the odors of either a 

novel, or a familiar estrous female, had no significant effects on the level of cat-odor-

induced analgesia displayed by the αERKO males. Their predator-odor-induced increased 

response latencies were not significantly different from those seen in the absence of a 

female. In contrast, the level of cat-odor-induced analgesia displayed by βERKO males was 

significantly reduced by female odor pre-exposure (F (2, 36) = 40.53, p = 0.03). However, 

the attenuated responses of the βERKO males were not affected by prior familiarity with the 

female. The levels of analgesia displayed by βERKO males pre-exposed to either familiar or 

novel female odors were equivalent and not significantly different from those displayed by 

βERWT males that were pre-exposed to the odors of a novel female. Pre-exposure to the 

odors of an unfamiliar non-estrous female had no significant effects on the levels of cat-

odor-induced analgesia displayed by any of the males, with the levels of analgesia elicited 

being equivalent to that seen in the various KOs and WTs following just predator odor 

exposure (no female, Figure 2).

4. Discussion

Here we show that the genes for ERα and ERβ are differentially involved in mediating the 

facilitatory effects of female cues on risk taking by males. Male mice are “emboldened” in 

their responses to a predator after brief exposure to the odors of a novel female with the gene 

for ERα associated with the sexual mechanisms (response to estrous female) and the genes 

for ERβ, and likely ERα, with the social (recognition of a novel female) mechanisms of this 

effect. As “sex-related cues” have a parallel impact on decision making and risk taking in 

human males (Blanton and Gerrard, 1997; Wilson and Daly, 2004; Ariely and Lowenstein, 

2006; Van den Bergh and Dewitte, 2006) our findings suggest that the genes for ERα and 

ERβ may also have a modulating role on sexually motivated risk taking and decision making 

in men.

Both WT and KO male mice displayed marked fear, anxiety and stress responses to cat odor. 

This was assessed in two ways. (i) In an odor choice test where test male mice displayed an 

intense aversion to, and avoidance of, cat odor (Figure 1). This predator-odor avoidance 

involves a heightened anxiety that is sensitive to anxiolytic agents (e.g. Blanchard et al., 

1993; Dielenberg et al., 1999). (ii) By the assessment of nociceptive sensitivity. Brief 
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exposure of the WT and KO mice to cat-odor-elicited decreases in nociceptive sensitivity 

(Figure 2), indicative of the induction of analgesia. This analgesia is not simply a reflection 

of increased fearfulness and “freezing”. Rather, it is associated with stress-induced 

activation of opioid and non-opioid neurochemical mechanism (Kavaliers and Colwell, 

1991; Kavaliers and Choleris, 2001). This stress-induced analgesia reflects a motivational 

shift that facilitates the expression of various active and passive defensive behavioral 

responses (Fields, 2004), thereby reducing the risk of predation.

Our results show that it is not just the presence of the odors of a female per se that elicits 

reduced aversive responses to predator odor and a greater risk taking by the WT males. The 

female has to be both novel and in estrous. Exposure to the odors of a novel non-estrous 

female had no significant effects on male responses. This supports the presence of both 

sexual (sexually receptive estrous female) and social (novel estrous female) components in 

the adaptive expression of this risk facilitatory, emboldening, response. Brief exposure to a 

novel estrous female may signal the likelihood of an immediate, though temporally limited, 

availability of a sexually responsive female. The presence of this sexual incentive could 

facilitate a rapid motivational shift in the males from defensive responses to a search for a 

sexually receptive female. Human decisions that are made under risk have also been found 

to be malleable (Fong and McCabe, 1999). In men, sexual cues can affect decision making, 

facilitating the expression of sexually motivated behaviors (Roney, 2003; Wilson and Daly, 

2004; Ariely and Lowenstein, 2006).

Brief exposure to the odors of estrous females also reduced the predator-induced avoidance 

and analgesic responses of the βERKO males who, however, seemed to be unable to 

distinguish between the odors of familiar and novel estrous females. Although displaying 

riskier behaviors, their responses were no longer linked to novel sexually receptive females 

and increased reproductive chances. In contrast, the αERKO males failed to show any 

reduction in their aversive responses to predator odor after exposure to either novel or 

familiar female odors. This indicates that the sexual components of emboldening involve 

only the gene for ERα while the social (recognition) components involve the gene for ERβ 

and possibly ERα.

The present findings are in agreement with other studies with ERKO mice showing a 

differential involvement of the two ERs in sexual and social behavior. ERα and ERβ often 

have antagonistic actions and transcription effects leading to potentially different behavioral 

effects (Vasudevan et al., 2001; Lindberg et al., 2003). Loss of ERα is reported to result in a 

decrease of both male and female sexual behaviors with no evident effects of ERβ deletion 

(Ogawa et al., 1997, 1999, 2000; Wersinger and Rissman, 2000; Kudwa et al., 2006; 

Nomura et al., 2006). Although, in both cases the KOs could still distinguish between males 

and females of various sexual conditions, there are some suggestions that αERKOs may 

show a decrease in sexual incentive motivation (Wersinger and Rissman, 2000). Regarding 

the social recognition, female αERKO and βERKO mice have also been shown to differ in 

the extent of their attenuation of social memory (Choleris et al., 2006). In addition, αERKO 

males displayed reduced aggressive behavior towards other males while βERKO males 

displayed enhanced inter-male aggressiveness relative to their WTs (Ogawa et al., 1998, 

2000, 2002; Imwalle et al., 2002; Nomura et al., 2002; Rissman et al., 1999; Scordalakes 
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and Rissman, 2003; Dominguez-Salazar et al., 2004). In this regard, it has been suggested 

that ERβ activation may exert an attenuating effect on male aggression induced by estrogen 

through ERα-mediated mechanisms (Nomura et al., 2006).

These findings support sexual motivation as a possible underlying factor driving the male 

behavior in our choice test. The enhanced risk taking elicited by brief exposure to female 

odors may facilitate mate search and aggressive interactions with other male competitors. 

The greater risk taking or male boldness may be a “side-effect” of the lower fear and stress 

responses and greater sexual motivation and “searching” for the briefly available novel 

female. Augmented sexual motivation is similarly speculated to contribute to the greater risk 

taking seen in men exposed to sex-related cues of women (Ariely and Lowenstein, 2006; 

Van den Bergh and Dewitte, 2006).

The responses of the male mice may be elicited by either relatively short-lived highly 

volatile and/or non-volatile female odor cues that are detected upon close inspection of the 

urinary cue (Hurst et al., 2001; Hurst and Beynon, 2004; Cheetham et al., 2007). Volatile 

and non-volatile odors associated with the major histocompatibility complex and the major 

urinary proteins provide information about the condition and individual identity of the scent 

owner (Hurst et al., 2001; Beynon and Hurst, 2003; Hurst and Beynon, 2004). Together 

these signals provide information about the condition and identity of the female.

Brief pre-exposure to these odor components of a novel female significantly reduced the 

predator-odor-induced fear and stress responses in the WT males (Figure 1). This reduction 

is unlikely to be due to changes in male testosterone levels in that in previous studies it was 

shown that exposure to the odors of a novel female blunted predator-odor-induced rises in 

corticosterone levels, but was not associated with an immediate increase in testosterone 

levels (Kavaliers et al., 2001). The impairments of the KO mice also cannot be attributed to 

differences in basal testosterone levels in that the various WTs and KOs examined here are 

reported to display similar basal testosterone levels (Ogawa et al., 1998, 2002; Nomura et 

al., 2002, 2006). Furthermore, increases in testosterone levels in male mice generally occur 

15–30 min after exposure to females or their odors (Coquelin and Desjardins, 1982; Smith et 

al., 1996; Kavaliers et al., 2001) suggesting that the emboldening responses seen 1 min after 

exposure to female odor are not directly associated with changes in testosterone. The 

testosterone responses of men to brief interaction with women or their cues are suggested to 

follow similar temporal patterns (Roney et al., 2003, 2007). Thus, in men, like in male mice, 

short-term increases in risk taking induced by female cue may occur independent of any rise 

in testosterone.

While unlikely to be due to changes in testosterone levels, the “emboldening” effects of 

female odor may involve alterations in the metabolism of testosterone. Increased aromatase 

activity with subsequent alterations in testosterone metabolism, shifts in central estrogen 

levels, and possibly ER function, have been proposed to be associated with augmented male 

sexual interest (Bakker et al., 2002; Balthazar et al., 2005; Taziaux et al., 2007). This is 

further supported by the findings that non-copulating rats, while having similar testosterone 

levels as copulating rats, display reduced neuronal aromatase activity and levels of ERα 

(Portillo et al., 2006, 2007).
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These findings are consistent with a proposed “micronet” involving genes for ERα, ERβ, 

oxytocin (OT), and the OT receptor (OTR) as the regulatory basis for olfactory-mediated 

social recognition (Choleris et al., 2003, 2004). Oxytocin has been shown to augment “trust” 

and the use of information provided by others in mice and humans (Kosfeld et al., 2005; 

Kavaliers et al., 2006). Both of these actions could influence sexually motivated decision 

making and risk taking. Olfactory signals from the main and accessory olfactory pathways 

converge at the medial amygdala where the identity of the odor source is most likely 

determined. In the medial amygdala ERα is needed for the induction of OT receptors and, 

thus, for the normal action of OT at this level. OT production in the hypothalamus is also 

under estrogen control, through ERβ. Disruptions at the level of either OT, ER-α, or ER-β 

genes and their products could lead to impaired processing and/or integration of odor 

information at the level of the medial amygdale. This could result in impaired discrimination 

between familiar and unfamiliar female odor, thus, modifying sexual motivation. This is 

supported by the findings that exposure to the signals of an estrous female results in the 

activation of brain OT at the level of the paraventricular nucleus of the hypothalamus 

(Waldherr and Neumann, 2007). Moreover, this OT activation was associated with an 

anxiolytic response and reduced emotional response to anxiogenic stimuli that is consistent 

with an enhanced risk taking and boldness.

The use of selective KOs has allowed us to distinguish the sexual and social components of 

male risk taking from a neurobiological perspective. We have shown that the effects of cues 

from sexually receptive females on male boldness and risk taking, and likely decision 

making, involves at the sexual level the gene for ERα and at the social level the gene for 

ERβ and likely ERα. This raises the possibility that ERα and ERβ may similarly be part of 

the mechanism(s) whereby sex-related cues impact decision making and risk taking by 

human males.
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Figure 1. 
(A–B) Effects of a 1 min pre-exposure to the odors of either a familiar or novel (unfamiliar) 

estrous female on the subsequent responses of (A) αERWT, αERKO and (B) βERWT, 

βERKO male mice in a Y-maze odor choice apparatus to a predator (cat odor) and non-

predator (novel odor, almond), odor combinations. The responses of mice receiving no prior 

odor exposures (no female) are also shown. Responses are given as preference ratios (e.g. 

time spent in the vicinity of the predator odor/time spent in the vicinity of the predator odor

+time spent in the vicinity of the non-predator odor). Increased preference indicates an 

augmented interest in, and approach to, the predator odor and is indicative of a reduced 

avoidance of the predator odor. Preferences were determined over a 5 min period. N = 10 in 

all cases. Vertical lines denote a standard error of the mean.
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Figure 2. 
(A–D) Nociceptive responses of: (A) αERWT; (B) βERWT; (C) αERKO; and (D) βERKO 

male mice that were exposed for either 1 min to the odors of either a familiar or unfamiliar 

(novel) estrous female and then exposed for 1 min to predator (cat) odor. Responses of mice 

(control) receiving no female odor exposure are also shown. Nociceptive sensitivity, as 

measured by the latency of response to a 50 °C thermal surface was determined before any 

odor exposures (baseline), after exposure a female (post-female) and after exposure to the 

predator odor (post-predator). N = 10, in all cases. Vertical lines denote a standard error of 

the mean.
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