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Abstract 

Research has demonstrated that drugs of abuse lead to changes in both behavior and in neural 

activation. Drugs of abuse activate the same reward pathway in the brain as natural rewards, such 

as sex behavior. In order to better understand drug addiction, it is important to study how 

behavior and the brain change in response to experience with natural rewards. In the model 

organism of the Syrian hamster, sex behavior depends critically on the processing of odors. The 

bed nucleus of the stria terminalis (BNST), the medial amygdala (ME), and the medial preoptic 

area (MPOA) all process conspecific odors that help guide and reward sex behavior. There is 

plasticity in this brain region, and in particular sexual experience has been shown to modify the 

BNST’s involvement in opposite sex odor preference. It is unclear whether the number of 

activated projections is modified by experience. Thus, this research investigated how sex 

experience may change the neural response to a sexual odor in BNST neurons that project to the 

nucleus accumbens (NAc) in male Syrian hamsters.  Hamsters were divided into a group that 

received no sexual experience or into a group that received eight ten-minute sexual experiences 

with a female hamster. Both groups of hamsters were injected with a retrograde tracer, Cholera 

Toxin B (CTB), into the NAc. The groups were given an odor experience and sacrificed. 

Immunohistochemistry was used to visualize CTB as well as c-Fos, a measure of recent neuronal 

activity. However, the neurons were not able to be visualized due to a hypothesized problem 

with over-fixation of the tissue. The research demonstrated that the number of mounts, 

intromissions, ejaculations, and the efficiency rate (mounts/intromissions) did not significantly 

differ over repeated sexual experiences. Future work utilizing correct staining of the tissue will 

help provide an understanding of how experiences that occur as part of an individual's everyday 

life can change the brain's reward system and impact future behavior.   
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The Shaping of Sex Behavior, Odor Perception, and Neural Activation by Sex Experience: 

The Role of the Bed Nucleus of the Stria Terminalis’s Projections to the Nucleus Accumbens 

Drug addiction, a synthetically motivated behavior, is a problem that plagues the United 

States and the globe. This chronic illness causes individuals to compulsively seek and use drugs. 

The illness affects 24.6 million people in the United States (9.6% of the population) and costs the 

nation more than $700 billion in health care, prevention and treatment programs, and 

productivity loss (Substance Abuse and Mental Health Services Administration, 2014; National 

Institute on Drug Abuse, 2014a).  

Drugs of abuse can affect both neural circuity and behavior (National Institute of Drug 

Abuse, 2014b). Those individuals abusing drugs will often modify their behavior in order to 

continue to find and abuse drugs (Vukmir, 2004). Many addictive drugs affect the mesolimbic 

pathway, a pathway known for its association with reward (for review see Baik, 2013). This 

pathway begins in the ventral tegmental area (VTA) and projects to the nucleus accumbens 

(NAc). Synthetic rewards (drugs) cause dopamine, a neurotransmitter associated with reward, to 

be released in the NAc (Wise & Rompre, 1989; Robinson & Berridge, 1993).  

Natural rewards (food, sex, gambling) also activate the mesolimbic pathway and cause 

dopamine to be released in NAc (Wise & Rompre, 1989; Phillips, Pfaus, & Blaha, 1991; 

Robinson & Berridge, 1993). Under the conditions in which the brain evolved, the mesolimbic 

pathway controlled the responses to natural rewards such as food, sex, and nurturing to provide 

the body with an incentive drive (Kelley & Berridge, 2002). However, the mesolimbic pathway 

also responds to stimuli relevant in today’s world: drugs of abuse (Baik, 2013). To discover more 

about how the reward pathway is synthetically activated, it is important to understand how the 

system was evolutionarily constructed to respond to natural stimuli.  
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Naturally Motivated Behavior 

Sex behavior is one of the core drives in all mammals (Swanson, 2005).  Importantly, 

researchers can ethically manipulate an animal’s access to sexual experience as opposed to other 

natural motivators like food or water.  

Similar to how drugs of abuse can alter behavior, repeated sexual experience has been 

shown to modify behavioral responses to rewards. For example, after repeated sexual experience, 

male rats demonstrated facilitation of sexual behavior (Pitchers et al., 2012). Experienced rats 

showed significantly shorter latencies to mount, intromit, and ejaculate compared to control rats. 

This shorter latency was maintained both a week and a month after their last sexual encounter.  

Females that have sex experience can show behavioral changes as well. Studies have shown that 

sexually naïve males that were paired with sexually experienced females had a greater efficiency 

rate (greater percentage of mounts that contained an intromission) than those who were paired 

with naïve females (Bradley, Haas, & Meisel, 2005; Meisel & Mullins, 2006). It is hypothesized 

that this occurred because females play an active role in the intromission process. Female 

hamsters will move their vaginas in the direction of the male’s thrusts in order to facilitate 

intromission (Noble, 1979). Both male and female rodents change their behavior after repeated 

sexual experience, similar to how drug abusers change their behavior to continue to seek abuse 

drugs. Indeed, sex behavior, like drugs, activates the mesolimbic reward pathway (Baik, 2013). 

This similarity allows sex to be an effective behavioral model for drug abuse.   

Sex behavior is particularly well-studied in Syrian hamsters, making them a powerful 

model organism to study the neural control for sex behavior. Sex behavior in hamsters is robust 

in experiments and easily measured. In the wild, Syrian hamsters are solitary and only come 

together for two distinct social behaviors: aggressive behaviors and mating. These behaviors are 
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distinguishable and simple to record (Field & Sibold, 1998).  Furthermore, female Syrian 

hamsters move minimally during sex. Compared to other rodent species, female Syrian hamsters 

do not display a very active set of behaviors during the sex experience (Balthazart, Pröve, & 

Gilles, 2012). For most of the sex experience, the female hamster adopts lordosis, an immobile 

sexually receptive posture (Tiefer, 1970). Researchers can therefore attribute a greater amount of 

cellular and structural changes in the brain to the sexual experience itself rather than to other 

motor behaviors. All in all, sex behavior in the Syrian hamster is able to effectively model 

activation of the reward system by a natural stimulus.  

Nucleus Accumbens (NAc) 

As previously mentioned, the NAc is a part of the reward pathway in the brain. There is a 

vast amount of literature regarding the differential functional roles that these two regions might 

play (for review see Salgado & Kaplitt, 2015). Both the shell and the core have been 

demonstrated to be important for sex and to be affected by sex experience (Bradley, Mullins, 

Meisel, & Watts, 2004; Kohlert & Meisel, 1999; Bradley & Meisel, 2001; Matsumoto et al., 

2012; Pfaus et al., 1990; Lorrain, Riolo, Matuszewich, & Hull, 1999). 

The NAc contains both dopaminergic and glutamatergic receptors (Wise & Rompre, 

1989; Phillips et al., 1991; Robinson & Berridge, 1993; LaLumiere & Kalivas, 2008; You, Chen, 

& Wise, 2001). When the mesolimbic pathway is activated, dopaminergic neurons in the VTA 

increase dopamine levels in the NAc. Specifically in terms of sex behavior, studies using 

microdialysis (Damsma et al., 1992; Pleim, Matochik, Barfield, & Auerbach, 1990; Pfaus et al., 

1990; Wenkstern, Pfaus, & Fibiger, 1993) and in vivo voltammetry (Mas, Gonzalez-Mora, 

Louilot, Solé, & Guadalupe, 1990) have demonstrated that dopamine levels increase significantly 

in the NAc when male rats are exposed to estrous females they cannot access, and then increase 
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further during copulation. Dopamine is also released in the NAc in male rats in anticipation of 

access to a sexually receptive female and after exposure to the odor of receptive female 

(Damsma et al., 1992; Louilot, Gonzalez-Mora, Guadalupe, & Mas, 1991). More recently, 

glutamate levels have been shown to be significant in the control of motivation as well. In fact, 

the balance of glutamate in the core of the NAc is what creates the motivation for behaviors, 

such as sex (Kalivas, 2009). In particular, dopamine from the VTA controls the glutamic 

function in the core of the NAc (McFarland & Kalivas, 2001; McFarland, Lapish, & Kalivas, 

2003; McFarland, Davidge, Lapish, & Kalivas, 2004; Kalivas, 2009), suggesting that dopamine 

and glutamate may interact in the NAc to regulate motivated behaviors.  

Additionally, the NAc has been shown to be specifically involved in sex behaviors. 

Immunohistochemistry studies demonstrate neural activation in the NAc after sex experience, as 

shown by an increase in c-Fos (Bressler & Baum, 1996; Kippin, Cain, & Pfaus, 2003; Robertson 

et al., 1991). Although the NAc does not appear to be necessary for mating per se, it has been 

suggested that the NAc provides the motivation for sex behavior (Everitt, 1990). Lesions studies 

of the NAc in male rats led to significantly fewer intromissions and copulation to ejaculations 

(Kippin, Sotiropoulos, Badih, & Pfaus, 2004; Liu, Salamone, & Sachs, 1997). Lesions of the 

NAc in female rats led to increased withdrawal behavior after being mounted (Guarraci, Megroz, 

& Clark, 2002). While males and females were still able to mate, lesioning the NAc led to 

decreased motivation as shown by the fewer intromissions and ejaculations and greater 

withdrawal behavior.  

The NAc receives projections from the basolateral amygdala (BLA) which further 

implicates its role in sexual motivation. The BLA is also important in sexual motivation as 

shown in lesion studies. Lesion of the BLA cause decreased sexual motivation, as shown by 
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reduced lever pressing for access to female rats, but do not affect copulatory ability (Everitt, 

1990; Everitt & Stacey, 1987). It is hypothesized that the BLA causes dopamine to be released in 

the NAc which drives sexual motivation. For example, when amphetamine is implanted to the 

NAc, then male rats with BLA lesions will bar press for access to female rats (Everitt, 1990; 

Everitt & Stacey, 1987). It is hypothesized the sexual motivation occurs because amphetamine 

causes the release of dopamine in the NAc, bypassing the BLA projections usually required for 

this. Further experiments show that dopamine increases in the NAc not only during sexual 

behavior, but also in anticipation of access to a sexually receptive female (Pfaus, et al., 1990; 

Pleim et al., 1990; Damsma et al., 1992). The NAc is not only active during the rewarding 

behavior, but is active before the rewarding behavior occurs. This evidence suggests it provides 

the motivation for the behavior. 

In addition to providing the motivation for sex behavior, there is evidence that the NAc is 

able to associate odors with sex behavior. In a study conducted by West, Clancy, and Michael 

(1992), male rats were either trained or not trained to associate novel odors with the presence of 

a sexually receptive female, an unreceptive female, or no rat. Responses recorded from single 

units in the NAc indicated that odors that were associated with female responsiveness showed 

greater response in the NAc in males trained for the associations compared to untrained males. 

Therefore, the NAc is not only involved in rewarding behaviors, but is directly involved in 

associations of rewarding behavior.  

Olfactory System 

The olfactory system is essential to mating in hamsters. Murphy and Schneider (1970) 

established this relationship when measuring mating behavior after the researchers removed the 

olfactory bulbs bilaterally in hamsters. Mating behavior was completely extinguished in the 
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hamsters, while blinded, unilaterally bulbectomized, and sham-operated controls did not show 

this effect. This experiment pioneered the implication that the olfactory system is necessary for 

mating in Syrian hamsters. 

Not only is the main olfactory system crucial to mating in hamsters, but researchers have 

demonstrated the importance of a secondary olfactory system, the vomeronasal system 

(accessory olfactory system). Many vertebrates possess two olfactory systems: the main 

olfactory system and the vomeronasal system. While the main olfactory system processes the 

airborne volatile stimuli, the vomeronasal system processes more specialized chemosensory 

information: non-volatile odors. This system is responsible for processing species-specific 

pheromone molecules and the initiation of stereotyped behavioral and endocrine responses (See 

Brennan, 2001 for an overview of the system). Like other rodents, hamsters possess both of these 

systems. To investigate the vomeronasal system’s role in mating behavior, Powers and Winans 

(1975) removed the vomeronasal organs, the chemosensory organs of the vomeronasal system, in 

hamsters.  This classic experiment demonstrated that removal causes severe deficits in sexual 

behavior for male hamsters. To completely abolish sexual behavior however, destruction of both 

olfactory systems is necessary.  

Pankevich, Baum, and Cherry (2004) also removed the vomeronasal organs, but did so in 

male mice. Control male mice showed the stereotypical opposite sex odor preference in which 

they spent more time investigating volatile and nonvolatile odors from females rather than 

investigating the odors of other males. This opposite sex odor preference has been established 

previously as studies have revealed that male rodents are highly attracted to the odors of females 

and spend more time investigating them compared to male odors (Johnston, 1974; Landauer et 

al., 1977). The male mice from which the VNO was surgically removed did not show this 
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preference. However, both groups of males showed similar mating performance and a preference 

to mount an estrous female instead of a male. Further research using mice also showed the 

elimination of same sex odor preference for males with complete or partial accessory olfactory 

bulb lesions, but the lesions did not change their mating performance (Jakupovic, Kang, & 

Baum, 2008). Thus, both olfactory systems are crucial for processing opposite sex odors 

necessary for sex.  

Olfactory System Projections  

The different olfactory systems project to different areas to process chemosensory 

information. In fact, it has been suggested that there is a functional dichotomy in the organization 

of the olfactory system. Researchers were able to show a network extending from the main 

olfactory bulb to cortical nuclei of the amygdala as well as other brain areas including ipsilateral 

olfactory tubercle, pre-pyriform cortex, and the ventrolateral entorhinal area. The other network 

(vomeronasal network) extended from the accessory olfactory bulb to the medial nuclei of the 

amygdala (ME). The projection was conveyed by an accessory olfactory tract which is 

accompanied in part by bed nucleus of the accessory olfactory tract (NOAT) and terminates in 

the bed nucleus of the stria terminalis (BNST) (Scalia & Winans, 1975; Davis, Macrides, 

Youngs, Schneider, & Rosene, 1978). In an experiment conducted by Kevetter and Winans 

(1981), ME’s efferents were traced and the results showed that the efferents project to the 

NAOT, the medial BNST, the medial preoptic area (MPOA) of the hypothalamus, and the 

ventromedial nucleus of the hypothalamus (VMH). These results demonstrated that ME projects 

to not only areas in the vomeronasal network (NAOT and BNST) but to areas outside the 

network as well (MPOA and VMH) that do not receive direct vomeronasal input. This suggests 
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ME serves as an important link between the vomeronasal input system and other areas of the 

brain that do not receive direct input.  

Further research has shown the interconnectedness of the ME, the BNST, and the MPOA 

in processing the chemosensory information received by the BNST and the MPOA (Coolen & 

Wood, 1998; Gomez & Newman, 1992; Scalia & Winans, 1975; Wood & Swann, 2005; Been & 

Petrulis, 2011). Wood (1997) outlines a specific circuit between ME, BNST, and MPOA in 

transducing both hormonal and chemosensory information. One subcircuit contains the posterior 

medial amygdala, the posteromedial BNST, and the medial preoptic nucleus (MPN) while the 

other subcircuit contains the anterior medial amygdala (MeA), postero-intermediate BNST, and 

lateral portions of the MPOA (Wood & Newman, 1993). The chemosensory information from 

the main olfactory system and the vomeronasal system are received by the ME. The information 

is relayed to the BNST and can either terminate there or continue to the MPOA (Coolen & 

Wood, 1998, Gomez & Newman, 1992). The chemosensory information from the vomeronasal 

system received by the BNST directly can also continue to the MPOA (Gomez & Newman, 

1992, Wood & Swann, 2005).  

The BNST, ME, and MPOA not only receive chemosensory information, but they receive 

hormonal information as well. Research utilizing immunocytochemistry revealed that the BNST, 

ME, and MPOA areas all contain receptors for androgen and estrogen, gonadal steroids (Wood 

and Newman, 1995a; Wood, Brabec, Swann, & Newman, 1992). If testosterone is implanted into 

the ME or the BNST/MPOA areas, then male hamsters will show greater interaction, ano-genital 

investigation, mounting, and reduced latency to first mount with a female hamster (Wood & 

Newman, 1995b). These results help demonstrate that the gonadal steroids necessary for 

copulatory behavior act at all three brain regions, not just at one point in the pathway. Together, 
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these three regions interact in receiving and processing both chemosensory and hormonal 

information.  

The Medial Amygdala (ME) 

As discussed above, research has demonstrated the functional neuroanatomy of how the 

ME connects chemosensory information to other parts of the brain.  Specifically, the ME has a 

role in relaying copulatory and odor information to both the MPOA and the BNST (Been & 

Petrulis, 2011). The ME’s role in chemosensory information has been further confirmed in 

immunohistochemistry and lesion research. If male hamsters are exposed to vaginal secretions 

from female hamsters, neural activation occurs in the ME, as indicated by c-Fos production 

(Fiber et al., 1993; Kollack-Walker & Newman, 1997; Bressler & Baum, 1996; Kippin et al., 

2003). Lesions of the ME in males have been shown to eliminate an opposite sex odor preference 

(Maras & Petrulis, 2006). Additionally, it has been established that while lesions of the ME 

eliminate opposite sex odor preference, hamsters can still differentiate between the odors of 

individuals (Petrulis & Johnson, 1999). This research demonstrates that the ME is important for 

investigating opposite sex odors, but is not involved in differentiating between the odors of 

individuals.  

The role of the ME in regulating the sex experience extends beyond odors. If male rats, 

hamsters, or gerbils copulate, neural activation occurs in the ME as indicated by an increase in c-

Fos production (Kollack-Walker & Newman, 1997; Veening & Coolen, 1998; Heeb & Yahr, 

1996; Baum & Everitt, 1992). Additionally, lesions of the ME result in severe deficits of 

copulatory behavior in several species. In rats and gerbils, the severe deficits include decreased 

mounting frequencies, decreased intromission frequency, lack of interest, and delayed 

ejaculation (Kondo, 1992; Kondo, Sachs, & Sakuma, 1997; Heeb & Yahr, 2000). In male 
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hamsters, lesions of the ME were shown to abolish male hamster copulatory behavior and reduce 

chemosensory investigation of females and their male odors (Lehman, Winans, & Powers 1980; 

Lehman & Winans, 1982). The ME’s role in copulatory behavior and odor experience is 

important in the fact that the BNST receives its chemosensory information from the ME (Been & 

Petrulis, 2011). 

The Medial Preoptic Area (MPOA) 

The MPOA is an important regulator of male sexual behavior. As the main output center 

of the BNST, it receives olfactory and copulatory information (Been & Petrulis, 2011). Not only 

does it receive sensory information from the olfactory system, but it receives indirect input from 

all the sensory modalities (Simerly & Swanson, 1986). It has been implicated specifically in odor 

processing in studies that have demonstrated that male hamsters show neural activation if 

exposed to vaginal secretion from female hamsters (Fiber et al., 1993; Kollack-Walker & 

Newman, 1997; Bressler & Baum, 1996; Kippin, Cain, & Pfaus, 2003). After processing in the 

MPOA, the MPOA regulates sex behavior via its projections structures responsible for the 

initiation and patterning of sex behavior (Simerly & Swanson, 1988). 

Immunohistochemistry also implicates the MPOA’s role in sex behavior. Male hamsters, 

gerbils, and rats who have a sexual experience demonstrate neural activation in the MPOA as 

indicated by the c-Fos production (Kollack-Walker & Newman, 1997; Veening & Coolen, 1998; 

Robertson et al., 1991; Baum & Everitt, 1992; Heeb & Yahr, 1996). Lesion studies reveal the 

MPOA’s role in regulation of male sex behavior in particular. As shown in studies in a variety of 

animals (including rats, dogs, hamsters, snakes, and fish), damage to the MPOA will impair male 

sex behavior (for review see Hull, Meisel, & Sachs, 2002). The impairment of the lesion depends 

on the size and location. Large lesions in the MPOA permanently extinguished mating in male 
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rats, while small lesions showed impairment that was not related to location (Heimer & Larsson, 

1967). Further research demonstrates that location is significant as bilateral lesions of the caudal 

MPOA showed greater impairment of copulation compared to lesions of the rostral MPOA (Van 

de Poll & Van Dis, 1979). Electrical stimulation also implicates the MPOA’s role in male sexual 

behavior. After stimulation of the MPOA, male rats showed a reduction in the number of mounts 

and intromissions preceding ejaculation (Malsbury, 1971). 

One way the MPOA may function is by controlling the urethogenital reflex. This spinal 

sexual reflex produces a response resembling the orgasm in humans, which is normally inhibited 

by the nucleus paragigantocellularis. By demonstrating that stimulations of the MPOA lead to 

UG reflex and erections, research suggests that the MPOA may be responsible for overcoming 

the inhibition of the nucleus paragigantocellularis to facilitate the spinal genital reflex leading to 

ejaculation (Marson & McKenna, 1994; Giuliano et al., 1997). While the MPOA is important for 

male sexual stimulation, it has not been shown to be important for motivation. Males with 

MPOA lesions will bar-press for a female, a design used to measure motivation in rodents 

(Everitt, 1990). This result paired with the previous results of MPOA lesions and stimulations 

lead to the conclusion that the MPOA may be important for copulation, and not sexual 

motivation. Instead, Everitt (1990) suggested that the ventral striatum, consisting of the NAc and 

olfactory tubercle, control sexual motivation.  

The MPOA has also been shown to be affected by sexual experience. Increasing amounts 

of sexual experience and relevant odor experience leads to increasing amount of c-Fos 

expression in the MPOA (Baum & Everitt, 1992; Kollack-Walker & Newman, 1997). While 

lesions of the MPOA inhibit sexual behavior by increasing latencies to first mount, 

intromissions, and ejaculation, lesions in sexually-experienced rats do not eliminate or impair 
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sexual behavior in rats (De Jonge et al., 1989; Arendash & Gorski, 1983). Additionally, while 

bilateral lesions of the MPOA eliminate volatile odor preference and copulation in sexually-

naïve males, sex experience prior to the lesion will restore the preference and copulation (Been 

& Petrulis, 2010b).   

The Bed Nucleus of the Stria Terminalis (BNST) 

The bed nucleus of the stria terminalis (BNST) is an important brain region central to the 

processing of odors related to sexual experience (Fiber et al., 1993; Kollack-Walker & Newman, 

1997; Bressler & Baum, 1996; Kippin, Cain, & Pfaus, 2003; Powers, Newman, & Bergondy, 

1987, Been & Petrulis, 2010a). The region is divided into two subdivisions, the anterior and the 

posterior, which themselves have different subnuclei (Wood & Swann, 2005). These 

subdivisions are connected to centromedial amygdala and involve the BNST in a number of 

functions. The different functions may be due to the area having different connections to the 

centromedial amygdala. The anterior lateral BNST has connections with the central nucleus of 

the amygdala (Zahm, Jensen, Williams, & Iiii, 1999) and these structures have been shown to 

influence fluid regulation, stress, and fear (Johnson, Olmos, Pastuskova, Zardetto-Smith, & 

Vivas, 1999; Gray et al., 1993; Davis, 1998). The posterior BNST (pBNST) have been shown to 

have bidirectional connections with ME and have been shown to influence the regulation of 

social behaviors, including sex (Coolen & Wood, 1998; Wood & Swann, 2005; Joppa, Meisel, & 

Garber, 1995; Lehman et al., 1980). Therefore, the pBNST is thought to be the site for 

chemosensory and hormonal regulation of sexual behavior. In addition to the chemosensory 

information that BNST receives and processes, the BNST regulates sex behavior through 

hormones. There are dense populations of steroid receptors in the pBNST that have been 
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demonstrated to be activated by copulation (Li, Blaustein, De Vries, & Wade, 1993; Wood et al., 

1992; Wood & Newman, 1993). 

The pBNST contains two subnuclei that process relevant sex behavior information: the 

posterointermediate BNST (BNSTpi) and the posteromedial BNST (BNSTpm). These two areas 

are strongly linked with reciprocal connections (Wood & Swann, 2005). However, there is 

evidence that the BNSTpi and the BNSTpm process information differently. The BNSTpm 

contains dense populations of androgen and estrogen receptors, while the BNSTpi contains 

significantly fewer of these hormone-sensitive neurons (Doherty & Sheridan, 1981; Wood et al., 

1992; Wood & Swann, 2005). While both the BNSTpm and the BNSTpi receive substantial 

projections from the corticomedial amygdala, the two also receive differing projections (Wood & 

Swann, 2005). The BNSTpm receives chemosensory information directly from the accessory 

olfactory bulbs and indirectly through the ME (Scalia & Winans, 1975; Gomez & Newman, 

1992). The BNSTpi receives odor stimuli only indirectly from the corticomedial amygdala 

(Dong, Petrovich, & Swanson, 2001). BNSTpm receives more hormonal information via 

projections from the posterior medial amygdala, while the BNSTpi receives chemosensory inputs 

via projections from the anterior medial amygdala (Gomez & Newman, 1992). The BNSTpm 

also sends projections to the medial aspects of the preoptic area and has reciprocal connections to 

periventricular hypothalamic regions, while the BNSTpi has reciprocal connections to lateral 

regions of the hypothalamus, including the MPOA (Wood & Swann, 2005). The differential 

connections of the BNSTpi and BNSTpm suggest that they serve different functions, although 

this has yet to be researched.   

Lesion and immunohistochemistry studies implicate the BNST’s role in sex and in 

olfactory processing. If male hamsters or rats are exposed to vaginal secretions from female 
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hamsters, neural activation occurs in BNST as indicated by c-Fos production (Fiber, Adames, & 

Swann, 1993; Kollack-Walker & Newman, 1997; Bressler & Baum, 1996; Kippin, Cain, & 

Pfaus, 2003). Lesions of the BNST also have been shown to reduce chemo-investigatory 

behaviors as well as eliminate volatile opposite-sex odor preference (Powers, Newman, & 

Bergondy, 1987, Been & Petrulis, 2010a). The BNST also plays a role in processing sex 

experiences as research has demonstrated that if male rats or hamsters have a sexual experience 

neural activation occurs in the BNST, as indicated by c-Fos production (Kollack-Walker & 

Newman, 1997; Veening & Coolen, 1998; Robertson et al., 1991; Baum & Everitt, 1992).  

Lesions of the BNST are associated with severe copulatory deficits in hamsters and rats, 

including reduced formation of non-contact erections, longer ejaculation latency, longer intervals 

between intromissions, and longer postejaculatory refractory periods (Powers et al., 1987; Emery 

& Sachs, 1976; Valcourt & Sachs, 1979; Claro, Segovia, Guilamón, & Del Abril, 1995; Liu et 

al., 1997). However, this was not due to penile reflex potential (Valcourt & Sachs, 1979). In a 

study by Valcourt and Sachs (1979) while male rats with large legions of the BNST had longer 

ejaculation latency, longer intervals between intromissions, and longer postejaculatory refractory 

periods compared to control male rats, the rats with the BNST were similar in all tests for penile 

reflexes such as latency to first reflex, number of erections, and number of cups (distal portion of 

the penis is flared to become wider than the proximal portion).  

Several lines of evidence suggest that the BNST may be a critical site for plasticity 

following sex experience. Increasing amounts of sexual experience and odor experience lead to 

increasing amount of c-Fos expression in the BNST (Baum & Everitt, 1992; Kollack-Walker & 

Newman, 1997). Furthermore, while bilateral lesions of the pBNST eliminate opposite sex odor 

preference and delay copulation in sexually-naïve hamsters, sex experience restores the 
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preference and ability (Been & Petrulis, 2010a). Similar to how sex experience affects the 

processing of stimuli in the MPOA and then NAc (Bradley et al., 2004; Kohlert & Meisel, 1999; 

Bradley & Meisel, 2001; Matsumoto et al., 2012; Pfaus et al., 1990; Lorrain et al., 1999 Been & 

Petrulis, 2010b), sex experience changes some aspect of the processing of stimuli in the BNST. 

The mechanism by which the BNST perceives rewarding stimuli is changed by sex experience, 

however, is unknown. In order to determine how the pathway is changed, the following 

experiment was conducted.   

Hypotheses 

 Repeated sexual experience can modify behavior in addition to neural pathways (Pitchers 

et al., 2012; Meisel & Mullins, 2006). Therefore, it was hypothesized that repeated sex 

experience would alter the male hamsters’ behavior across time. If behavior is plastic in response 

to sex experience, is expected that the amount of mounts, intromissions, ejaculations, and 

efficiency will change during the course of repeated sexual experiences. 

Evidence shows that sex experience can affect the pathways related to odor perception 

(Been & Petrulis, 2010b; Westberry & Meredith, 2003; Fewell & Meredith, 2002), particularly 

involving the BNST and the NAc (Been & Petrulis, 2010a; Kollack-Walker & Newman, 1997). 

However, it is not clear how mechanism occurs. Therefore, the following experiment used a 

functional neuroanatomy approach to determine how sex experience may change the neural 

response to a sexual odor in BNST neurons that project to the NAc. It was hypothesized that sex 

experience would change how female odors activate projections from the BNST to the NAc.  

Design 

 In order to evaluate the effects of sex experience on a) future sex behavior and b) the 

perception of odors in BNST neurons that project to the NAc, male hamsters were randomly 
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assigned to one of two groups. The sexually experienced group had weekly sex experiences for 

seven consecutive weeks and two sex experiences during the final week. The control group had 

no sex experience. After seven weeks, all males were given a stereotaxic CTB injection into the 

NAc. CTB is a monosynaptic retrograde tracer and therefore labeled cells that projected to the 

NAc. One week later, all males were given an odor experience in which they were allowed to 

investigate the soiled bedding of a female for ten minutes. Precisely one hour later, the males 

were sacrificed. Their brains were coronally sectioned and immunohistochemistry was used to 

visualize CTB as well as c-Fos, a measure of recent neuronal activity. Neurons labeled with CTB 

only were indicative of cells that projected from the BNST to the NAc. Neurons that were 

labeled with c-Fos only were indicative of cells activated by the odor experience. Finally, the 

neurons that stained for both CTB and c-Fos were considered double-labeled; these neurons 

projected from the BNST to the NAc and were activated by the odor experience.  

Predicted Results 

If sexual experience facilitates subsequent male sex behaviors, it is expected that the 

amount of mounts, intromissions, ejaculations, and efficiency (mounts/intromissions) will 

increase. If sex experience increases the number of projections in the BNST to the NAc during 

perception of female odors, then the amount of double-labeled neurons compared to the amount 

of CTB-labeled-only neurons in BNST of the sexually experienced group will be significantly 

greater than that of the sexually naive group. Specifically, if sex increases the number of 

projections in the posterior BNST to the NAc during perception of female odors, then the amount 

of double-labeled neurons compared to the amount of CTB-labeled-only neurons will be greater 

in the posterior BNST of the sexually experienced group than in the sexually-naïve group. 
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Methods 

Animals 

Syrian hamsters (Mesocricetus auratus) were purchased from Charles River Laboratories 

(Wilmington, Massachusetts).  A total of twenty-four hamsters were used in the study (sixteen 

male and eight female). The hamsters arrived gonadally intact and with no prior sexual 

experience. The hamsters were singly housed in standard plastic cages (10.5x19x8 inches) with 

aspen shavings bedding.  Food and water were available ad libitum. The hamsters were placed 

on a 14/10 reverse light/dark cycle (lights off at 10 AM and on again at 8 PM). The temperature 

in the vivarium was maintained between 68-72 °F. The procedures used in this experiment were 

in accordance with National Institutes of Health Guide for the Care and Use of Laboratory 

Animals (NIH Publications No. 80-23; 8th edition, revised 2011) and IACUC protocol. Every 

effort was made to minimize the number of animals used and to minimize their suffering. 

Ovariectomies and Hormone Priming 

Female hamsters only mate when they are ovulating. In order to control their estrus cycle 

and to prevent them from conceiving, the female hamsters were ovariectomized in a procedure 

similar to the methods used by Been and Petrilus (2010a). Ketoprofen was administered to the 

female hamsters immediately prior to surgery, which ensured that analgesia was in effect prior to 

recovery. Anesthesia was induced using 5% isoflurane vaporized in oxygen and maintained at 

2% isoflurane anesthesia via a nosecone. The area of incision (the flank) of the females was 

shaved and cleaned with three alternating scrubs of ethanol and iodine solutions. The hamsters 

were placed onto a sterile drape, which covered their dorsal and ventral surfaces. There was a 

small window in the drape over the area of incision to provide access for surgery.  A 

recirculating water blanket was placed under the drape to maintain the body temperature during 
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surgery. Females were placed in a lateral or ventral reclining position. Bupivacaine, an additional 

local anesthesia, was injected around the flank in the incision area. A small incision was made 

through the skin and muscle under the rib cage over each ovary. The fat associated with the 

ovary was found and grasped and pulled through the incision to remove the ovary. After it was 

heated in a hot bead sterilizer, a hemostat was placed between the ovary and uterine horn, 

cauterizing the associated vasulature. The ovary was removed by moving a scalpel blade across 

the hemostat. The muscle was closed with one or two interrupted absorbable sutures, while the 

skin was closed with wound clips. The procedure was repeated for the contralateral ovary. The 

wound clips were removed seven to fourteen days post-surgery. All surgical tools were cleaned 

and sterilized between animals with 100% ethanol and a hot bead sterilizer for sequential 

surgeries on multiple hamsters in a day. All surgical tools were autoclaved between surgery days. 

After surgery, the hamsters received subcutaneous injections of antibiotic (Baytril) and analgesic 

(Butorphanol) to prevent infection and manage any post-operative pain. The hamsters were given 

at least a week of recovery time before sex experience.  

         Before each sex experience, stimulus females were hormone primed for sexual 

receptivity with estrogen and progesterone. The overiectomized females were gently restrained 

by hand and were given subcutaneous injections of estradiol benzoate (10 µg in 0.1 ml 

cottonseed oil) forty-eight hours and twenty-four hours before each sex experience and 

progesterone (500 µg in 0.1 mL cottonseed oil) four to six hours before each sex experience.  

Sex experience 

The male hamsters were randomly assigned to one of two groups: eight hamsters in the 

sex-experience group and eight hamsters in the control group. The male hamsters in the sex-

experience group had weekly sex experiences with a female hamster for six consecutive weeks 
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and two sex experience in the last week, while the hamsters in the control group had no sex 

experience. Each male hamster was placed into a cage with a female hamster who had been 

ovariectomized and hormone primed. The hamsters were allowed to interact for ten minutes. 

These interactions were video recorded and later scored for the number of mounts, number of 

intromissions, number of ejaculations for males, and lordosis latency and durations for females. 

Pseudo-randomly selected trials were scored by multiple individuals to ensure inter-rater 

reliability.  

CTB Injection 

After six weeks of either sex experience or no experience, groups of male hamsters were 

injected with Cholera Toxin B (CTB) into the NAc. The CTB is a monosynaptic retrograde 

tracer so it labels the neurons that directly projected to the NAc by being retrogradely transported 

up the axon and filling their cell bodies (Bruce & Grofova, 1992). In this way, CTB can be used 

to visualize neurons from the BNST that project to the NAc.  

Anesthesia was induced using 5% isoflurane vaporized in oxygen and then maintained 

during surgery using 2-3% isoflurane via a nosecone. To prepare animals for surgery, the area of 

the incision (the dorsal scalp) was shaved and was swabbed with three alternating swabs of 

alcohol and iodine solution.  An additional local anesthesia (bupivacaine) was injected into the 

incision site.  The hamsters were mounted in a stereotaxic instrument for stabilization of their 

heads. Without damaging the eardrum, blunt earbars were used to maintain their heads in a 

parallel position to the table and the hamster’s mouth was inserted into a nose/mouth piece. 

Immediately prior to surgery, ketoprofen was administered to ensure analgesia was in effect 

before the hamsters recovered. To prevent contamination of the sterile field by fur or debris, the 

hamsters’ bodies and the stereotaxic apparatus were draped. A 0.5 to 2.0 centimeter longitudinal 
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incision was made on the dorsal scalp. The periosteum was gently teased back from the skull. To 

determine whether the head is level with the stereotaxic apparatus, measurements were taken by 

placing the tip of the injector needle at the lamda and bregma landmarks. This is the juncture at 

which the sutures cross to form the skull at the rostral posterior end of the skull. If adjustments 

were needed, the nose/mouth piece was raised or lowered. Once the skull was level, 

measurements were taken to determine the placement of the injector needle into the skull. The 

measurements were taken from the medial/lateral arm and the anterior/posterior arm of the 

stereotaxic apparatus.  The injector needle was lifted from the skull and calculations were made 

for adjustment of the medial/lateral and anterior/posterior arms. Once the arms were adjusted, 1 

to 2 millimeter bilateral holes were drilled into the skull using a microdrill. Great care was taken 

to not drill into the brain. The injector needle was lowered under stereotaxic control until it 

touched the dura mater to make ventral measurements. Next, a needle punctured the dura mater 

and the injector needle was slowly lowered into the brain to decrease trauma or excessive 

bleeding. CTB was injected unilaterally into the NAc. The incision was closed with sterile 

wound clips. The hamster was removed from the stereotaxic apparatus and placed in the 

recovery area. After surgery, the hamsters received subcutaneous injections of antibiotic 

(Baytril) and analgesic (Butorphanol) to prevent infection and manage any post-operative pain. 

Odor experience 

A week after the CTB injection, both sex-experienced and control males were given an 

odor experience. The male hamsters were placed in a vacated female cage. The male hamsters 

were exposed to the soiled bedding from female cages that had not been changed for two weeks 

and therefore contained vaginal sections from across the estrous cycle. The hamsters were 
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allowed to actively explore the odor stimulus for ten minutes so that they were exposed to both 

volatile and non-volatile odors.  

Intracardial Perfusion 

Sixty minutes after the male hamsters had the odor experience, the animals were 

sacrificed. The hamsters were deeply sedated with an overdose of Beuthanasia-D. The perfusion 

began when the hamster reached surgical plane, as determined by a lack of response to toe pinch. 

A second injection was given if the hamster did not reach surgical plane after the first injection 

of Beuthanasia-D. An incision was made with scissors across the abdomen, through the skin and 

muscle layers with effort made to not damage any organs. The hamster’s heart was exposed by 

cutting through the ribcage with scissors. The hamster’s diaphragm was cut bilaterally and at this 

time the hamster stopped breathing. An 18G needle with a perfusion pump attachment was 

positioned in the left ventricle of the heart. Immediately afterwards, the right atrium was cut to 

create an open circuit so that the blood and perfusion solutions were drained from the animal. 

Next, each hamster was perfused intercardially with phosphate buffered saline followed by 4% 

paraformaldehyde in phosphate buffered saline. The brain was then harvested for tissue 

processing. 

Tissue Processing 

After the brain tissue was harvested, serial coronal 40 μm sections were taken through the 

front of the BNST to the back of the NAc using a cryostat. Immunohistochemistry was used to 

visualize two protein targets: CTB and c-Fos, a marker of recent neuronal activity. This 

functional neuroanatomy technique is similar to one used in a study conducted by Been and 

Petrulis (2011). After rinses in phosphate-buffered saline (PBS), the sections were serially 

incubated in the primary antibodies that were generated against the proteins of interest (CTB and 
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c-Fos).  The primary antibody for c-Fos was a rabbit polyclonal antibody. After incubation in the 

primary antibody, sections were rinsed in PBS and then incubated in the secondary antibody, 

which was anti-rabbit biotinylated secondary antibody. The sections were rinsed in PBS and 

incubated in the avidin-biotin complex (ABC) in order to amplify the signal. The sections were 

then rinsed in PBS and sodium acetate. To visualize the c-Fos the signal in the nucleus, the 

tissues were incubated in diaminobenzidine (DAB) in the presence of hydrogen peroxide in a 

nickel-sulfate solution in a color-metric enzyme reaction. Immediately after the visualization of 

c-Fos, the tissues were incubated in the primary antibody to CTB, a goat polyclonal antibody. 

After incubation in the primary antibody, the sections were rinsed in PBS and then incubated in 

the secondary antibody for CTB, biotinylated secondary anti-goat antibody. The sections were 

rinsed in PBS and incubated in the avidin-biotin complex (ABC) in order to amplify the signal. 

The sections were rinsed in PBS and sodium acetate and then incubated in diaminobenzidine 

(DAB) in the presence of hydrogen peroxide in to visualize the CTB signal in the cytoplasm.  

The stained tissue sections were then mounted on subbed glass slides and allowed to air-dry. 

Finally, the slides were dehydrated in alcohols and coverslipped.  

The slides were viewed under a Nikon eclipse E 200 microscope. Photomicrographic 

images were taken of the slides. Due to problems with the staining, the photomicrographs were 

not quantified (see Results).  

         SPSS was used for all data analyses and significance was determined as p < .05. The 

behavioral data was analyzed using repeated measures ANOVA. If a male had less than five 

intromissions in a particular experience, then his data for that experience was excluded from the 

analysis. A sexual efficiency measure was calculated by dividing the number of intromissions by 

the number of mounts in a single session.  
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It has been demonstrated that females need six weeks to see the behavioral and neural 

changes associated with sexual experience (for review, see Miesel & Mullins, 2006). Therefore, 

females were excluded from the analysis for lordosis latency and duration if they were shown to 

be greater than 1.5 times the interquartile range (IQR) for more than one experience; because 

females had a total of seven sex experiences. If a female only had one experience that was an 

outlier, that female would still have six weeks of experience and would therefore be retained in 

the analysis.  

Results 

Effect of Repeated Sexual Experience on Male Behavior 

The number of mounts for each sexual experience is displayed in Figure 1. Outlying (n = 

5) points were excluded from further analysis. There was one outlier removed from sexual 

experience 1, 2, 3, 5, and 6.  
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Figure 1. Number of mounts for Sexual Experiences 1-8. These box plots display the number of 
mounts for each sexual experience.  Each box represents the IQR which contains the middle 50% 
of the values. The whiskers that extend from the upper and lower edge of the boxes show the 
highest and lowest values that are no greater than 1.5 times the IQR. The medians are 
represented by the thick black bar extending across each box. Outliers greater than 1.5 times the 
IQR are represented by a circle. Extreme outliers more than 3 times the IQR are represented by 
an asterisk.  

 

A one-way repeated measures ANOVA was calculated to test the effect of repeated 

sexual experience on the number of mounts: experience 1 (M = 25.71, SD = 5.55), experience 2 

(M = 30.00, SD = 7.65), experience 3 (M = 28.71, SD = 6.32), experience 4 (M = 29.25, SD = 

2.71), experience 5 (M = 26.00, SD = 7.41), experience 6 (M = 34.14, SD = 5.84), and experience 

7 (M = 31.25, SD = 7.59), and experience 8 (M = 29.25, SD = 7.96). The results of the analyses 

revealed that repeated sexual experience did not significantly influence mounts across time, F (7, 

49) = 1.62, p = .15. This is shown in Figure 2. 
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Figure 2.  Mean Mounts for Sexual Experiences 1-8. This figure shows the mean number of 
means across the repeated weeks of sexual experiences. The error bars extend to one standard 
error above and below the mean. The amount of mounts tend to increase, but this difference is 
not significant. 
 

The number of intromissions for each sexual experience is displayed in Figure 3. One 

sexual experience with less than five mounts was considered an outlier and was excluded from 

further analysis in experiences 1, 2, 3, 5, and 6.  
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Figure 3. Intromissions for Sexual Experiences 1-8. These box plots display the number of 
intromissions for each sexual experience.  Each box represents the IQR which contains the 
middle 50% of the values. The whiskers that extend from the upper and lower edge of the boxes 
show the highest and lowest values that are no greater than 1.5 times the IQR. The medians are 
represented by the thick black bar extending across each box. Outliers greater than 1.5 times the 
IQR are represented by a circle. Extreme outliers more than 3 times the IQR are represented by 
an asterisk.  
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A one-way repeated measures ANOVA was calculated to test the effect of repeated 

sexual experience on the number of intromissions: experience 1 (M = 19.14, SD = 7.68), 

experience 2 (M = 21.00, SD = 6.07), experience 3 (M = 22.71, SD = 5.77), experience 4 (M = 

24.25, SD = 3.73), experience 5 (M = 19.71, SD = 6.58), experience 6 (M = 26.43, SD = 4.59), 

and experience 7 (M = 23.5, SD = 6.85), and experience 8 (M = 24.00, SD = 6.19). The results of 

the analyses revealed that repeated sexual experience did not significantly influence 

intromissions across time, F (7, 49) = 1.59, p = .16. This is shown in Figure 4.  

 

 

Figure 4.  Mean Intromissions for Sexual Experiences 1-8. This figure shows the mean 
intromissions across the repeated weeks of sexual experiences. The error bars extend to one 
standard error above and below the mean. The amount of intromissions tends to increase, but this 
difference is not significant.  
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The amount of ejaculations for each sexual experience is displayed in Figure 5. One 

sexual experience with less than five mounts was considered an outlier and was excluded from 

further analysis in experiences 1, 2, 3, 5, and 6. 

 

 

Figure 5.  Mean Ejaculations for Sexual Experiences 1-8. These box plots display the number of 
ejaculations for each sexual experience.  Each box represents the IQR which contains the middle 
50% of the values. The whiskers that extend from the upper and lower edge of the boxes show 
the highest and lowest values that are no greater than 1.5 times the IQR. The medians are 
represented by the thick black bar extending across each box.  
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A one-way repeated measures ANOVA was calculated to test the effect of repeated 

sexual experience on the number of ejaculations: experience 1 (M = .00, SD = .00), experience 2 

(M = .71, SD = .45), experience 3 (M = 1.00, SD = 1.31), experience 4 (M = .50, SD = .76), 

experience 5 (M = .43, SD = .49), experience 6 (M = .57, SD = .73), and experience 7 (M = .25, 

SD = .46), and experience 8 (M = .63, SD = .74). The results of the analyses revealed that 

repeated sexual experience did not significantly influence ejaculations across time, F (7, 49) = 

1.63, p = .15. This is shown in Figure 6.  

 

 

 
Figure 6.  Mean Ejaculations for Sexual Experiences 1-8. This figure shows the mean number of 
ejaculations across the repeated weeks of sexual experiences. The error bars extend to one 
standard error above and below the mean. The difference between mean ejaculations is not 
significantly different across weeks.  
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A Friedman test was used to compare the impact of repeated sexual experience on male 

efficiency: experience 1 (M = .72, SD = .18), experience 2 (M = .70, SD = .09), experience 3 (M 

= .80, SD = .15), experience 4 (M = .83, SD = .11), experience 5 (M = .76, SD = .20), experience 

6 (M = .79, SD = .16), and experience 7 (M = .74, SD = .14), and experience 8 (M = .83, SD = 

.09). The results of the Friedman test revealed that repeated sexual experience did not 

significantly influence efficiency, X2(7) = 8.99, p =.25. This is shown in Figure 7.  

 

 

Figure 7.  Mean Sexual Efficiency for Sexual Experiences 1-8. This figure shows the mean 
sexual efficiency across the repeated weeks of sexual experiences. The error bars extend to one 
standard error above and below the mean. The difference between mean efficiency is not 
significantly different across weeks.  
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Effect of Repeated Sexual Experience on Female Behavior 

As shown in Figure 8 and Figure 9, no female met the criteria to be excluded from 

further analyses. No female had a lordosis latency be greater than 1.5 times the interquartile 

range (IQR) for more than one experience for the first seven sexual experiences as shown in 

Figure 8.  Figure 9 displays the eighth sex experience, which was with a different group of 

sexually naïve females. No female had a lordosis latency more than 1.5 times the IQR, as shown 

in Figure 9.  

 

Figure 8 Lordosis Latency (s) for Sexual Experiences 1-7. These box plots display the lordosis 
latency for each sexual experience for the first seven experiences. Each box represents the IQR 
which contains the middle 50% of the values. The whiskers that extend from the upper and lower 
edge of the boxes show the highest and lowest values that are no greater than 1.5 times the IQR. 
The medians are represented by the thick black bar extending across each box. Outliers greater 
than 1.5 times the IQR are represented by a circle. Extreme outliers more than 3 times the IQR 
are represented by an asterisk.  
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Figure 9 Lordosis Latency (s) for Sexual Experience 1. This box plot displays the lordosis 
latency for the eighth sex experience for the males and the first for the sexually naïve females. 
The box represents the IQR which contains the middle 50% of the values. The whiskers that 
extend from the upper and lower edge of the box show the highest and lowest values that are no 
greater than 1.5 times the IQR. The median is represented by the thick black bar extending across 
the box.  

 

A one-way repeated measures ANOVA was calculated to test the effect of repeated 

sexual experience on lordosis latency: experience 1 (M = 32.12 s, SD = 14.43 s), experience 2 (M 

= 49.64 s, SD = 60.91 s), experience 3 (M = 55.19 s, SD = 42.17 s), experience 4 (M = 80.96 s, 

SD = 58.05 s), experience 5 (M = 116.87 s, SD = 74.29 s), experience 6 (M = 87.93 s, SD = 67.76 

s), and experience 7 (M = 106.77 s, SD = 119.12 s) The results of the analyses revealed that 

repeated sexual experience did not significantly influence lordosis latency, F (6, 42) = 1.81, p = 

.12. This is shown in Figure 10.  
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Figure 10. Mean Lordosis Latency (s) for Sexual Experiences 1-7. This figure shows the mean 
lordosis latency across the repeated weeks of sexual experiences. The error bars extend to one 
standard error above and below the mean. Lordosis latency tends to increase, but this difference 
is not significant.  
 

As shown in Figure 11 and Figure 12 no female met the criteria to be excluded from 

further analyses; that is, no female had more than one sexual experience in which the lordosis 

duration was greater than 1.5 times the IQR as shown in Figure 11. Figure 12 displays the final 

sex experience which was with a different group of naïve females. No female had a lordosis 

duration greater than 1.5 times the IQR as shown in Figure 12.  
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Figure 11 Lordosis Duration (s) for Sexual Experience. These box plots display the lordosis 
duration for each sexual experience for the first seven experiences. Each box represents the IQR 
which contains the middle 50% of the values. The whiskers that extend from the upper and lower 
edge of the boxes show the highest and lowest values that are no greater than 1.5 times the IQR. 
The medians are represented by the thick black bar extending across each box. Outliers greater 
than 1.5 times the IQR are represented by a circle. Extreme outliers more than 3 times the IQR 
are represented by an asterisk. 
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Figure 12 Lordosis Latency (s) for Sexual Experience 1. The box plot displays the lordosis 
latency for the eighth sex experience for the males and the first for the sexually naïve females. 
The box represents the IQR which contains the middle 50% of the values. The whiskers that 
extend from the upper and lower edge of the boxes show the highest and lowest values that are 
no greater than 1.5 times the IQR. The median is represented by the thick black bar.  

 

A one-way repeated measures ANOVA was calculated to test the effect of repeated 

sexual experience on lordosis duration: experience 1 (M = 505.51 s, SD = 54.22 s), experience 2 

(M = 481.97 s, SD = 159.59 s), experience 3 (M = 485.04 s, SD = 112.83 s), experience 4 (M = 

497.76 s, SD = 64.50 s), experience 5 (M = 389.13 s, SD = 120.46 s), experience 6 (M = 462.53 

s, SD = 70.78 s), and experience 7 (M = 459.01 s, SD = 153.13 s) The results of the analyses 

revealed that time did not influence lordosis duration, F (6, 42) = 1.09, p = .38. This is shown in 

Figure 13.  
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Figure 13 Mean Lordosis Duration (s) for Sexual Experiences 1-7. This figure shows the mean 
lordosis duration across the repeated weeks of sexual experiences. The error bars extend to the 
standard error above and below the mean. Lordosis duration tends to decrease, but this difference 
is not significant. 
 
Effect of Repeated Sexual Experience on Neural Response to Female Odors 

As shown in Image 1, Image 2, and Image 3, there is not clear CTB staining and there 

was no c-Fos staining. Therefore, counting and analysis was not conducted.  
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Image 1 BNST Representative Picture This picture displays a representative photomicrographic 
image of the BNST at 4X magnification. No c-Fos (black nuclear stain) is detected. Weak CTB 
staining (brown cytoplasmic stain) is visible, but not suitable for quantification.  
 
 

 

Image 2. Magnified BNST Representative Picture.  This picture displays a representative 
photomicrographic image of the BNST at 10X magnification. 
 

 
  

Weakly stained CTB cell 
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Image 3.  NAc Representative Picture. This picture displays a photomicrographic image of the 
NAc at 4X magnification. Due to lack of CTB staining, the injection site is not visible.  
 

Discussion 

As the results showed, there were no significant differences in male mounts, 

intromissions, ejaculations, and efficiency across repeated sexual experiences. These findings do 

not support our hypothesis that these measures would increase across repeated sexual 

experiences, but this is not without precedent in the literature. Leuner, Glasper, & Gould (2010) 

did not find a significant difference for mounts, intromissions, and ejaculations while male rats 

were gaining sexual experience. However, research has demonstrated that males show a greater 

efficiency rate with sexually experienced females, which opposes the result here (Meisel & 

Mullins, 2006; Bradley et al., 2005). This difference may be explained by the fact that the 

females in these studies were paired with a sexually naïve male; the males in the present research 

were gaining sexual experience at the same time as the females were. The females did not 

display a significant difference in lordosis latency or duration. If the females take longer to 

achieve lordosis and are not in this sexually-receptive posture for a longer period of time, then it 
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may not be possible for the males to achieve a greater amount of mounts, intromissions, and 

ejaculations. Even though similar activation patterns and brain structural changes are observed in 

naturally motivated behaviors as they are in drug abuse (i.e. Wise & Rompre, 1989; Phillips, 

Pfaus, & Blaha, 1991; Robinson & Berridge, 1993) this research utilizing sex behavior in Syrian 

hamster suggests that repeated experience with sex behavior may not result in drastic behavioral 

changes like repeated experience with drugs of abuse.  

Furthermore, these results highlight the importance of examining dynamics between 

males and females during sexual interactions. Often in sexual behavior research, the 

experimental subjects will be mated with a “stimulus” organism of the opposing sex (i.e. Been & 

Petrulis, 2011; Been & Petrulis, 2010a, Been & Petrulis, 2010b, Bradley & Meisel, 2001; 

Bradley et al., 2004) with the underlying assumption that female stimulus animals do not change 

their behavior. While control is important for research, it may be hard for males to gain more 

mounts, intromissions, and ejaculations if they do not have ample time to do so. Research in the 

future should be conducted on the interplay between male and female sex behavior in order to 

better understand this changing dynamic.  

Due to the nature of the staining, counting and analysis were unable to be conducted on 

the tissue. There are a number of possibilities that could have led to the weak CTB staining and 

lack of c-Fos staining. One hypothesis is the odor experience does not lead to activation of 

relevant neurons.  However, there is evidence that odor experience leads to expression of c-Fos 

in the BNST (Fiber & Swann, 1996; Delville, De Vries, & Ferris, 2000; Swann, Rahamn, Bijak, 

& Fiber, 2001, Been & Petrulis, 2011) as well as in other areas of the brain (Fiber & Swann, 

1996; Delville et al., 2000; Swann et al., 2001, Been & Petrulis, 2011), making this hypothesis 

highly unlikely. This result also does not explain the poor CTB staining. Another hypothesis is 
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that the CTB injection was done incorrectly. While the injection site is not seen, it is unlikely 

that this hypothesis is accurate as none of the slides showed the injection site. Furthermore, this 

is a procedure that has been used to show projections in the past (for review, see Vercelli, Repici, 

Garbossa, & Grimaldi, 2000) and has specifically been able to show projections from the BNST 

to the NAc (Wood & Swann, 2005; Been & Petrulis, 2011). Further evidence against this 

hypothesis is that there was weak CTB staining (as opposed to no CTB staining) and this does 

not explain the lack of c-Fos. While the two above hypotheses could explain both the c-Fos and 

the CTB staining, these hypotheses remain unlikely due to the aforementioned reasons.  

Another potential hypothesis to explain why the tissue did not show c-Fos staining is that 

the methodology did not allow ample time for the expression of this protein. However, the 

survival time was within the time range for peak induction (60-90 minutes; Herdegen & Leah, 

1998). This time range has also been used in previous studies for odor stimulus-induced 

expression of Fos in Syrian hamsters (Fiber & Swann, 1996; Delville et al., 2000; Swann et al., 

2001, Been & Petrulis, 2011). The CTB could also not have had sufficient time for transport. 

However, it has been established that seven days is ample time for transport (Vercelli et al., 

2000). Another potential reason for the staining is that the specificity for the antibodies could 

have been poor. However, the primary antibodies haves been verified for both c-Fos (Kollack-

Walker & Newman, 1997; Lai, Chen, & Johnston, 2004; Been & Petrulis, 2011) and CTB (Been 

& Petrulis, 2011).  

Another possible explanation related to the immunochemistry methods is that a solution 

(i.e. PBS, ABC, or DAB) could have been created incorrectly in a step of the immunohisto-

chemistry to produce this staining. However, immunohistochemistry is a robust procedure 
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(Fritschy, 2008). Therefore, a small change in solution should not broadly affect the outcomes of 

immunohistochemistry.  

Finally, and most likely, there could have been an issue with fixation of the tissue. 

Fixation via intracardial perfusion was used in order to preserve the structure of the tissue during 

the histological procedures. Important parameter determinants for the outcome of 

immunohistochemistry are type of fixative and fixation procedure (Fritschy, 2008). The 

paraformaldehyde fixative has been shown to be effective in the past (for review see 

Suthipintawong, Leong, & Vinyuvat, 1996). One major difference from previous methodology 

was the temperature in the lab. Per previous research, the tissue was post-fixed at room 

temperature overnight. However, room temperature in the lab was greater than normal average 

room temperature.  If temperature is increased, this will speed the rate of fixation (Fox, Johnson, 

Whiting, & 1985). The time that the tissue was fixed was not altered from past research; 

therefore, it is hypothesized that the tissue is over-fixed due to higher ambient temperatures. 

Fixation affects the chemical properties of the brain tissue and changes the structure of the 

protein conformation by cross-linking (Fritschy, 2008). Therefore, it affects the ability of the 

antibodies to correctly stain the tissue.  

This hypothesis is consistent with both the c-Fos and the CTB staining. The c-Fos 

procedures produces a nuclear stain. Intensive cross-linking would make it more difficult for the 

c-Fos antibodies to access the nucleus, explaining the lack of c-Fos staining.  The CTB 

procedure produces a cytoplasmic stain which is easier to access than the nucleus. This rationale 

explains the weak CTB staining. This hypothesis correctly explains both the c-Fos and the CTB 

staining, making it the most likely explanation for the staining. Therefore, it is imperative for the 

results of the project to test this hypothesis and correct the over-fixation.   
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In order to correct over-fixation, antigen retrieval may be conducted on the tissue. 

Antigen retrieval is the process of recovering the ability of tissue sections to bind specifically 

(antigenicity) that had previously been masked by formalin fixation using high-temperature 

heating (for review, see Shi, Coate, & Taylor, 2001). Valli and colleagues (2009) have outlined 

several procedures. The researchers found the most success with immersing the tissue in citrate 

buffer (pH 6.0) at 100° C for 30 seconds. This is followed by a 10 second period in citrate buffer 

(pH 6.0) at 90° C.  

If trouble-shooting is successful and the tissue is stained correctly, the following 

procedure will be utilized. The pictures will be counted by two different researchers to ensure 

reliability of the counting. In order to measure the number of neurons that were recently 

activated in a region, the number of c-Fos neurons will be counted in the BNST. Fos-positive 

(Fos+) cells will be identified as having a black nucleus stain. In order to measure the number of 

neurons that projected from the BNST to the NAc, the number of CTB cells will be counted. The 

number of CTB-positive (CTB +) will be identified as having a brown, cytoplasmic staining that 

filled the shape of the cell. To measure the neurons that were recently activated and projected 

from the BNST to the NAc, the number of double-labeled cells will be counted. If the cell had a 

black nucleus surrounded by brown cytoplasmic staining, the cells will be identified as c-

Fos/CTB+. The total number of single-labeled cells (c-Fos+, CTB+) and double-labeled cells (c-

Fos/CTB +) will be calculated separately and divided by the total area analyzed. This number 

will reflect the density of immunoreactive cells. The sum of the densities double labeled-cells 

will be divided by the sum of single-labeled cells to generate the percentage of single-labeled 

cells that were double-labeled in each section. 
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With the staining done correctly, if sex experience increases the number of projections in 

the BNST to the NAc during perception of female odors, then the amount of double-labeled 

neurons compared to the amount of CTB-labeled-only neurons in BNST of the sexually 

experienced group will be significantly greater than that of the sexually naive group. 

Specifically, if sex increases the number of projections in the posterior BNST to the NAc during 

perception of female odors, then the amount of double-labeled neurons compared to the amount 

of CTB-labeled-only neurons will be greater in the posterior BNST of the sexually experienced 

group than in the sexually-naïve group. This is expected due to past results that have shown that 

sex experience affects the pathways related to odor perception (Been & Petrulis, 2010b; 

Westberry & Meredith, 2003; Fewell & Meredith, 2002), particularly involving the BNST and 

the NAc (Been & Petrulis, 2010a; Kollack-Walker & Newman, 1997).  

In conclusion, the behavioral data demonstrate that sexual experience does not result in 

significant behavioral plasticity in male hamsters. Due to a problem with the c-Fos and the CTB 

staining, the functional neuroanatomy results were unable to be quantified. It is expected that 

tissue over-fixation caused this issue and that antigen retrieval methods can be used to solve this 

in the future. We hypothesize that the amount of neurons that project from the BNST to the NAc 

that are activated by odor experience are greater in sexually experienced compared to sexually 

naïve males. If this is shown to be true, this demonstrates that sexual experience can change the 

BNST. This has great significance in showing that a behavior in which humans and animals 

engage in our everyday lives has the ability to make physical changes in the brain that can 

impact future behavior. Not only does this help us understand how the brain processes rewarding 

stimuli under natural conditions, but this also has implications in drug abuse. This everyday 

behavior could lead to physical changes in the same pathway that drugs of abuse activate. 
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Understanding how natural and synthetic motivated behaviors interact may lead to a better 

understanding of susceptibility and treatment. 
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