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1 INTRODUCTION TO SEX DIFFERENCES IN SOCIAL  
BEHAVIOR AND THE IMPORTANCE OF SEX-SPECIFIC  
RESPONSES IN NEURAL CIRCUITRY

Social interactions are a critical component of life for most species of vertebrates. Al-
though there is considerable diversity in social behavior across species, certain features of 
social behavior are strongly conserved. This may explain why there is an evolutionarily 
conserved network of hypothalamic and limbic nuclei that regulate social behaviors. 
Based on lesion and immediate early gene expression studies, Sarah Winans Newman 
(1999) proposed that these nuclei form a “social behavior network” that controls social 
behaviors such as mating, parental behavior, and aggression. Over time this hypothesis 
has been supported with results from a variety of perspectives ranging from the com-
parative method (Goodson, 2005; O’Connell and Hofmann, 2012) to optogenetics (Lin 
et al., 2011). There is a growing appreciation for the importance of sex differences in 
social behaviors. Sex differences can range from subtle to more extreme (Shuster and 
Wade, 2003). In many fish, the actual act of spawning consists of motor patterns that are 
more similar in males and females whereas mating in rodents is mediated by motor pat-
terns that typically are relatively unique to either males or females. The presence of sex 
differences in behavior has sparked an interest in identifying the underlying mechanisms. 
As might be expected, important neuroanatomical and neurochemical sex differences 
have been identified at several nodes within the social behavior network. Intriguingly, 
data also indicate that motivational systems, particularly the mesolimbic dopamine sys-
tem, can also generate important sex differences in behavior (Becker, 2009).

Motivational systems play a key role in determining how individuals engage in social 
interactions. Dopamine neurons in the ventral tegmental area (VTA) project to forebrain 
areas such as the nucleus accumbens (NAc) and the frontal cortex. In the VTA, similar 
patterns of gene expression are observed in fish, amphibians, birds, and mammals sug-
gesting that this small collection of neurons has a highly conserved function (O’Connell 
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and Hofmann, 2012). Although anatomical sexual dimorphism in the mesolimbic do-
pamine system is either subtle (Forlano and Woolley, 2010; Wissman et al., 2012) or 
absent (Campi et al., 2013), there is growing evidence for sex differences in how activity 
in this circuit contributes to sex differences in behavior. Furthermore, the mesolimbic 
dopamine system has direct and indirect connections with the social behavior network 
(O’Connell and Hofmann, 2011). The bed nucleus of the stria terminalis (BNST) in 
particular has emerged as a particularly important integrative node facilitating cross-talk 
between the social behavior network and mesolimbic dopamine system.

In this chapter, we review sex differences in structure and function across both the 
social behavior network and mesolimbic dopamine system. In some cases structures 
that are not obviously sexually dimorphic mediate very important sex differences in 
behavior. Context is also a key factor influencing behavior. Factors such as using more 
naturalistic behavior testing conditions can reveal key sex differences in brain function 
and behavior. Here, studying species with different social organizations can provide key 
insights into context-dependent function of brain circuits regulating social behavior. 
Compared with the social behavior network, the mesolimbic dopamine system is not 
particularly sexually dimorphic. However, at a functional level, dopaminergic signaling 
in this pathway is an important mediator of sex differences in behavior in both appetitive 
and aversive contexts. Finally, we review evidence for connectivity between the social 
behavior network and the mesolimbic dopamine system. The use of new optogenetic 
tools has provided novel insights into how connections between the BNST and VTA 
modulate affective states. Progress in understanding how these networks control behav-
ior should continue to expand, increasing its focus on including both males and females 
in neuroscience research (Cahill, 2006; Beery and Zucker, 2011).

2 THE SOCIAL BEHAVIOR NETWORK AND SEX DIFFERENCES 
IN SOCIAL BEHAVIOR

The social behavior network consists of an interconnected network of hypothalamic and 
limbic nuclei that modulate social behaviors, such as reproduction, aggression, and affiliative 
behavior (Newman, 1999; Goodson, 2005; Goodson and Kingsbury, 2013). Most of these 
nuclei contain sex steroid hormone receptors such as androgen and estrogen receptors 
(ARs and ERs, respectively). These receptors have important effects on behavior both dur-
ing development and in the adult brain (i.e., organizational versus activational effects (Pak 
and Handa, 2007). Steroid hormones can play a crucial role for organizing sexual dimor-
phisms in neuroanatomy (Arnold and Breedlove, 1985), but they can also influence more 
subtle sex differences in chemoarchitecture (Patisaul et al., 2003). Steroid hormones can 
also induce important patterns of sex- and region-specific gene expression (Xu et al., 2012). 
Steroid hormone levels are dynamic and are affected by interactions with the physical and 
social environment. Long-term changes in photoperiod (Prendergast et al., 2009) or rapid 
responses to social challenges (Gleason et al., 2009) have important effects on the levels of 
gonadal hormones that activate the social behavior network. We will discuss influences of 
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steroid hormones within sexually dimorphic social behavior network nodes over various 
social behaviors, beginning with the most anatomically dimorphic regions and moving 
through its connections to less anatomically dimorphic structures. When discussing each 
region, we will emphasize the importance of connectivity between nodes that can allow 
for nonanatomically dimorphic subdivisions to have sex-specific effects on behavior. Fi-
nally, we will address how each node has direct or indirect connections to the mesolimbic 
dopamine system that regulate sex differences in motivation to engage in social behaviors.

2.1 Sexual dimorphism in the medial preoptic area (MPOA)
The sexually dimorphic nucleus of the preoptic area (SDN-POA) was discovered in 
rats (Gorski et al., 1978), and has been found to be larger in males in at least nine dif-
ferent species including humans (Hofman and Swaab, 1989), quail (Viglietti-Panzica 
et al., 1986), and the monogamous California mouse (Figure 4.1; Campi et al., 2013). 
The mechanisms for this sex difference are largely driven by the effects of estradiol early 
during the postnatal period (Gorski, 1986). In males, aromatase expressed in the SDN-
POA converts circulating testosterone to estradiol, which in turn inhibits apoptosis in 
the SDN-POA resulting in a larger volume in the adult (Arai et al., 1996). Indeed, regu-
lation of apoptosis during development, rather than neurogenesis, is observed in other 
sexually dimorphic regions of brain as well (Forger and de Vries, 2010). Effects of steroid 
hormones on the SDN-POA are not limited to development. Gonadectomy in the adult 
also reduces the size of the SDN-POA and this effect is blocked if testosterone replace-
ment is added (Commins and Yahr, 1984a; Bloch and Gorski, 1988).

Sex differences in the MPOA are also observed outside of the SDN-POA. Across the 
entire MPOA, aromatase expression and aromatase activity (the rate at which androgens 
are converted to estrogens) is increased via androgen receptors (Roselli et al., 1997; Resko 
et al., 2000). Not surprisingly, aromatase activity in the MPOA is much higher in males 
than in females in many species (Roselli et al., 1985; Schumacher and Balthazart, 1986). 
In contrast, there is little evidence for sex differences in estrogen receptor expression 

Figure 4.1 Sexually dimorphic nucleus in female (a) and male (b) California mice. Thin solid lines indi-
cate the boundary of the SDN-POA. Scale bars = 500 mm. (From Campi et al. (2013).)
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in the MPOA (Cintra et al., 1986; Scott et al., 2000), although there do appear to 
be subtle differences in the cell types that express estrogen receptors (Herbison and 
Theodosis, 1992).

2.2 Sex differences in the MPOA on social behavior
Curiously, the region of the brain that is consistently larger in males versus females, the 
SDN-POA, has an uncertain role in behavior. In quail, testosterone implants placed in 
the preoptic area increased male sexual behavior and lesions reduced sexual behavior 
(Balthazart and Surlemont, 1990). However, in rodents, the SDN-MPOA in particu-
lar does not appear necessary for the performance of male sexual behavior (Hart and 
Leedy, 1985; Cherry et al., 1990). There is some evidence in mammals that the SDN-
MPOA modulates mating preferences (reviewed by Campi et al., 2013). For example, 
rams that preferred to mount other rams had smaller SDN-POA volumes than rams 
that preferred to mount ewes  (Roselli et al., 2004). Another intriguing case is the 
parthenogenic whiptail lizard Cnemidophorus uniparens. In this all-female species, some 
females engage in male-like courtship behavior directed at other females (Crews and 
Fitzgerald, 1980). The anterior hypothalamus-preoptic area (AH-POA), which includes 
the SDN-POA in mammals, is larger in males versus females in the sexually reproduc-
ing species Cnemidophorus inoratus. However, the size of the AH-POA in female C. uni-
parens is more similar to female C. inoratus rather than male (Grassman and Crews, 1990; 
Wade et al., 1993). It is possible that more subtle differences in the structure or function 
of the AH-POA may impact mating preferences in C. uniparens. However, it is clear 
that there is a great deal of diversity in how sexual dimorphism in the SDN impacts 
behavior.

In males, inactivation of the MPOA induces major deficits in male reproductive 
behavior (Hull and Dominguez, 2007). Initial lesion studies found that removing the 
entire MPOA inhibited copulatory behavior in male rats (Heimer and Larsson, 1967), 
while electrical stimulation of the MPOA facilitates mating behavior (Malsbury, 1971; 
Van Dis and Larsson, 1971). Indeed, the MPOA has been found to be a critical region 
for the modulation of sexual behavior in males of almost all mammalian species studied 
(Hart and Leedy, 1985), including mice (Bean et al., 1981), ferrets (Panzica et al., 1995), 
guinea pigs (Phoenix, 1961), and gerbils (Commins and Yahr, 1984b). Both androgens 
and estrogens act in the MPOA to facilitate male sexual behavior (Cornil et al., 2012).  
In adult rats aromatase activity in these nuclei is elevated in males compared with fe-
males (Roselli et al., 1996), and estrogens facilitate male sexual behavior (Scordalakes 
et al., 2002). Interestingly, careful study has shown that the motivation to engage in 
sexual behavior can be separated from mating itself, and that different neural circuits are 
involved. Although inactivation of the MPOA greatly reduces male copulatory behavior, 
sexual motivation appears to be less severely impacted (Everitt, 1990, but see Hull and 
Dominguez, 2007).
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In females, the role of the MPOA is less clear with some studies reporting no effect 
of MPOA inactivation on lordosis (Malsbury et al., 1977; Gray et al., 1978) and other 
studies reporting evidence for an inhibitory effect of the MPOA on lordosis (Powers 
and Valenstein, 1972; Takeo et al., 1993). It appears that the MPOA has more important 
effects on proceptive behaviors that occur before mating, and can only be observed if 
investigators use more complex testing arenas (Pfaus, 1999). Under these conditions, 
lesions of the MPOA reduce hopping and darting (Whitney, 1986). This effect can also 
be induced by increased D1 dopamine receptor signaling or reduced D2 receptor sig-
naling in the MPOA (Graham and Pfaus, 2010). Whereas the MPOA appears to have 
sex-specific roles for mating behaviors, its role appears to be more similar for males and 
females in the context of parental behaviors.

In many species reproduction is associated with an extended period of parental care, 
and the MPOA has been shown to play a very important role in this behavior. In most 
species of mammals, only females provide parental care. Thus, parental care frequently 
represents an extreme case of a sexually differentiated behavior. The MPOA is one of 
the most important nodes in the social behavior network controlling parental behavior 
(Stolzenberg and Numan, 2011). Lesions of the MPOA induce severe disruptions in 
maternal behavior (Numan, 1974, 1988). The MPOA also is an important mediator of 
parental motivation, as MPOA lesions will decrease operant bar pressing to gain access 
to pups (Lee et al., 1999). Intriguingly, the MPOA is the only brain region that shows a 
greater increase in c-fos immunoreactivity to pup-associated cues compared with cues 
associated with cocaine (Mattson and Morrell, 2005). Both hormones and experience 
have important effects on the MPOA.

Estradiol acts directly in the MPOA to prime virgin female rats to exhibit ma-
ternal care (Numan et al., 1977). Maternal behavior can also be induced by exposure 
to pups (Fleming and Rosenblatt, 1974). Virgin female mice exposed to pups have 
fewer neurons expressing c-fos in the MPOA compared with females with prior pup 
experience (Tsuneoka et al., 2013). However, virgin females exposed to pups over a 
4-day period show significant increases in cyclic adenosine monophosphate (cAMP) 
response element-binding protein (CREB), ERb, and oxytocin within the MPOA 
(Stolzenberg et al., 2012, 2014). Intriguingly, these changes can be mimicked in half 
the time if females are cotreated with a histone deactylase inhibitor, sodium butyr-
ate. These results suggest that experience with pups induces epigenetic changes in 
the MPOA that facilitate maternal behavior (Dobolyi et al., 2014). Although almost 
all of our knowledge of the mechanisms controlling parental care is derived from fe-
males, a handful of studies from monogamous species have provided insights into 
neural mechanisms of paternal behavior. Overall it appears that some mechanisms of 
parental care are similar in males and females. For example, electrolytic lesions of the 
MPOA reduce male parental behavior in the monogamous California mouse (Lee and 
Brown, 2002, 2007). In California mice, estradiol promotes male parental care (Trainor 
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and Marler, 2002) and California mouse fathers have more aromatase activity than virgin  
males (Trainor et al., 2003). Intriguingly, c-fos expression in the MPOA following a 
resident-intruder aggression test is significantly higher in parental males compared with 
virgin males (Trainor et al., 2008a). In general, the MPOA is considered less important 
for male-male aggression (Newman, 1999; Delville et al., 2000). However, the MPOA 
appears to play a much more important role in facilitating maternal aggression (Gam-
mie, 2005; Arrati et al., 2006). Thus, in contrast to sexual behavior, the MPOA appears to 
have more similar effects on parental behavior in males and females.

2.3 Anatomical dimorphism in the medial amygdala
The medial amygdala (MeA) is an important node for processing social stimuli, especially 
social odor cues. Like the SDN-POA, the MeA is sexually dimorphic at an anatomical 
level. The volume of the posterior dorsal subdivision of the medial amygdala (MeAPD) 
in rats is larger in males than females (Hines et al., 1992), and this difference is associated 
with greater neuronal soma size in males than in females (Cooke et al., 1999; Morris 
et al., 2008). The difference in MeAPD size has been attributed to high concentrations 
of ARs and ERs in MeA neurons (Sheridan, 1979; Simerly et al., 1990), because the en-
larged volumes and cell sizes are absent in androgen-insensitive rats (Cooke et al., 1999). 
The developmental mechanisms controlling sexual dimorphism in the MeA, such as cell 
size and chemoarchitecture, have interesting parallels with the MPOA. Like the MPOA, 
hormones during the perinatal period have crucial organizational influences on synap-
tic connectivity and cellular differentiation in the MeAPD (Cooke and Woolley, 2005). 
However, the maintenance of this sexual dimorphism appears to be more complicat-
ed. Interestingly, in adults, sex differences in MeAPD volume and neuronal soma size 
appear to be more dependent on circulating androgens (Cooke et al., 1999), whereas 
sex differences in total neuron number is independent of circulating androgens (Morris 
et al., 2008). Similar to the MPOA, more subtle sex differences derived from sex steroids 
are observed in MeA chemoarchitecture. The MeAPD contains some of the densest con-
centrations of the neuropeptide cholecystokinin in the male rat forebrain, and castration 
reduces cholecystokinin immunoreactivity (Simerly and Swanson, 1987). Intriguingly, sex 
differences in MeA chemoarchitecture are also observed in eusocial animals, such as the 
naked mole-rat. Males have more AR-positive nuclei than females, even though there are 
no sex differences in region size or cell numbers (Holmes et al., 2008). The importance of 
these differences in AR expression in MeA for behavior is still being studied.

Sex differences in chemoarchitecture of the MeA have been linked to sex differences 
in social behavior, particularly mating and aggression. Male mice have more aromatase-
positive cells in the MeA and BNST compared with female mice, and the fibers from 
these neurons are more dense in males compared to females (Wu et al., 2009). In ad-
dition, both mating and the presentation of conspecific olfactory stimuli increase fos 
expression in AR-immunoreactive (ir) cells in the MeA of male Syrian and golden 
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hamsters, respectively (Wood and Newman, 1993; Blake and Meredith, 2011). In other 
species, there is evidence that this relationship is not sex-specific. AR expression in the 
avian medial amygdala is positively associated with aggressive behavior in male and fe-
male juncos (Rosvall et al., 2012). However, it is important to note that within the MeA, 
there are discrete subpopulations of neurons that respond to different components of 
sexual behavior (Heeb and Yahr, 1996; Coolen et al., 1997; Kollack-Walker and New-
man, 1997), and androgens and estrogens appear to work differently in different subdivi-
sions of MeA.

The effect of prenatal androgen exposure on amygdala function in humans was test-
ed using positron emission tomography of women diagnosed with congenital adrenal 
hyperplasia (CAH). Women diagnosed with CAH are exposed to elevated androgen 
levels during fetal development (Merke and Bornstein, 2005). This condition is typi-
cally diagnosed at birth and treatment normalizes androgen levels. However, girls with 
CAH typically engage in more male-typical play than their unaffected sister (Beren-
baum, 1999). Although functional connectivity in amygdala and hypothalamus differed 
between unaffected men and women, women diagnosed with CAH did not differ from 
unaffected women (Ciumas et al., 2009). Although it is possible that prenatal androgen 
exposure may not affect brain function to the same extent in humans versus rodents, an 
alternative possibility is that androgens may need to be present in the adult to induce sex 
differences in connectivity.

2.4 Sex differences in effects of MeA on social behavior
As would be expected based on neuroanatomical sex differences in the MeA, there 
is also evidence for sex differences in the effects of the MeA on behavior. Infusion of 
testosterone into the MeAPD can restore sexual behavior in castrated male rats (Wood 
and Newman, 1995). In contrast, estradiol, but not dihydrotestosterone, implants placed 
in the MeAPD increased sexual behavior (Wood, 1996). Many neurons in the MeAPD 
project primarily to posterior-medial subregions of the BNST (Canteras et al., 1995; 
Coolen and Wood, 1998), including the principal nucleus of the BNST. In contrast, 
neurons in more anterior subregions of the MeA project to more lateral subregions of 
the posterior BNST. This differential circuitry may contribute to the different effects 
of the anterior MeA on behavior. Selective lesions to anterior MeA abolish both ap-
petitive and consummatory components of male sexual behavior in hamsters (Lehman 
et al., 1980; Lehman and Winans, 1982). In contrast, male hamsters with lesions includ-
ing the MeAPD still display mating behavior, but have deficits in their timing of appeti-
tive sexual behavior (i.e., anogenital sniffing) (Lehman et al., 1983). In female rodents, 
the MeA appears to have a less important role in mediating sexual behaviors. Male but 
not female hamsters exposed to opposite sex olfactory cues had increased fos expression 
specifically in the MeAPD (Newman, 1999). Consistent with this observation MeA 
lesions did not block lordosis behavior, although it did reduce preferences for odors of 
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intact males versus castrated males (Kondo and Sakuma, 2005). Studies using functional 
magnetic resonance imaging on humans are largely consistent with these data. Sexually 
arousing images increased activity in the left amygdala to a greater extent in men versus 
women (Hamann et al., 2004).

The MeA also modulates aggressive behavior, as lesions reduce aggression in male 
rodents (Shibata et al., 1982; Wang et al., 2013). Interestingly the impact of the MeA 
on aggression is stronger in animals with prior experience winning aggressive encoun-
ters (Vochteloo and Koolhaas, 1987). Winning aggressive encounters increases androgen 
receptor expression in the MeA of male California mice (Fuxjager et al., 2010). The 
experience of winning also increases the probability that an individual will win in the 
future, independently of intrinsic competitive ability (Oyegible and Marler, 2005; Hsu 
et al., 2007). Long-lasting changes in androgen sensitivity in the MeA may contribute 
to this effect. Future studies should further characterize which cell types in the MeA 
express ARs. For example, selective activation of gamma-aminobutyric acid (GABA) 
neurons within the MeA was found to increase aggressive behavior whereas activation 
of glutamate neurons in the MeA had the opposite effect (Hong et al., 2014).

Less is known about the effects of the MeA on female aggression, largely because 
female-female aggression levels in most rodent species are relatively low. However, Syr-
ian hamsters are solitary (Gattermann et al., 2001) and females are extremely aggressive 
toward both males and females (Wise, 1974). Similarly, in the monogamous California 
mouse, females defend territories with males (Ribble and Salvioni, 1990) and are ag-
gressive toward other females (Davis and Marler, 2003). In Syrian hamsters MeA lesions 
reduced female-female aggression (Takahashi and Gladstone, 1988) and female-female 
aggressive encounters in California mice induce increased c-fos (Davis and Marler, 2004) 
and phosphorylated extracellular signal regulated kinase (pERK) in the MeA (Silva et al., 
2010). Strong increases in immediate early gene expression such as c-fos (Hasen and 
Gammie, 2005) and Egr-1 (Hasen and Gammie, 2006) are observed in the MeA fol-
lowing maternal aggression as well. In general, there has been little investigation of the 
neuroendocrine mechanisms in the MeA controlling aggression in males and females. In 
males, estrogens generally increase aggression (Laredo et al., 2014), and ERa cell counts 
in the MeA are positively correlated with aggression in males (Trainor et al., 2006). In 
contrast, experimental knockdown of ERa in the MeA of female rats increased agonis-
tic behaviors directed toward juveniles (Spiteri et al., 2010). However, without a direct 
comparison to males it is unclear whether the inhibitor effects of ERa on aggression 
are context-dependent (e.g., aggression toward juveniles) or a genuine sex difference in 
how ERa in the MEA regulates aggression.

2.5 Sexual dimorphism in the bed nucleus of the stria terminalis
The BNST is a highly complex nucleus extending just posterior from the NAc and 
extending through to the hypothalamus (Moga et al., 1989). The posterior subregions of 
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the BNST have been studied more intensely as they exhibit strong sexual dimorphism 
on both anatomical and neurochemical levels. Posterior divisions of BNST, including the 
principal nucleus of the BNST, are larger in males than females in a diverse group of spe-
cies (Hines et al., 1985; del Abril et al., 1987; Allen and Gorski 1990; Campi et al., 2013). 
As in the MPOA, inhibition of apoptosis through aromatization of androgens during fe-
tal development is an important process contributing to the masculinization of posterior 
BNST subregions (Chung et al., 2000). The posterior subdivisions of the BNST have 
dense concentrations of gonadal steroid receptors (Commins and Yahr, 1985; Simerly 
et al., 1990; Chen and Tu, 1992; Shah et al., 2004). Neuroanatomical tracers have revealed 
substantial sex differences in projections originating from the oval nucleus of the BNST 
(Gu et al., 2003). Most terminal fields had stronger projection in males versus females, 
and these differences were particularly strong in the MPOA and MEA.

In contrast to the posterior BNST, anterior subregions of the BNST (which includes 
the anteromedial BNST, BNSTam) generally lack anatomical sexual dimorphism (del 
Abril et al., 1987; Campi et al., 2013). Likewise, the concentration of estrogen and an-
drogen receptors is quite low compared to posterior subregions of the BNST. Despite 
the lack of obvious sex differences in anatomy, evidence suggests that anterior subregions 
of the BNST respond to stressors in a sex-specific manner.

2.6 Sex differences in effects of anterior BNST on social behavior
The anterior BNST is highly responsive to social stress, as increased c-fos is observed in 
this area in male hamsters that lose aggressive encounters (Kollack-Walker et al., 1997). 
A series of experiments on California mice determined that the anterior BNST has an 
important role in mediating sex-specific responses to social defeat stress (Greenberg et al., 
2014b). As the California mouse is one of the few species in which females are aggressive 
toward other females, this provides a unique opportunity to study both males and females 
exposed to an equivalent intensity of defeat stress (Trainor et al., 2013). The long-term 
effects of defeat stress are sex-specific and generally consistent with reactive and proactive 
coping strategies described by Koolhaas and colleagues (Koolhaas et al., 1999). In females, 
the long-term effects of social defeat are more consistent with reactive coping strate-
gies such as social withdrawal (Greenberg et al., 2014b), reduced aggression (Steinman 
et al., 2015), and behavioral flexibility (Laredo et al., 2015). In contrast, stressed males 
adopt more proactive coping strategies such as social approach, aggressive behavior, and 
behavioral inflexibility. Sex differences in social withdrawal are mediated in part by sex 
differences in neurotrophin function in anterior subregions of the BNST.

First, immunoblot studies demonstrated that defeat stress increased protein expres-
sion of brain derived neurotrophic factor (BDNF) in anterior, but not posterior, micro-
punch samples of the BNST (Figure 4.2a; Greenberg et al., 2014b). Although BDNF 
is often considered to exert antidepressant effects (Duman and Monteggia, 2006), these 
effects appear to be mediated by tyrosine-related kinase B receptor (TrkB) activation in 
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the hippocampus (Malberg and Duman, 2003). Successful antidepressant treatment in-
creases expression of BDNF in the hippocampus (Nibuya et al., 1995; Autry et al., 2011) 
and bilateral infusion of mature BDNF into the dentate gyrus has antidepressant effects 
(Shirayama et al., 2002). However, BDNF action in the NAc had prodepressive effects 
(Krishnan, 2007). Results from female California mice indicate that BDNF acting in the 
anterior BNST also exerts prodepressive effects.

Immunohistochemistry was used to more accurately identify specific subre-
gions of BNST expressing BDNF protein in California mice exposed to defeat stress  
(Figure 4.2b). Females but not males exposed to defeat had increased BDNF-ir within 
the ventral portion of the anterior BNST. Analyses of BDNF in the adjacent NAc 

Figure 4.2 Brain derived neurotrophic factor (BDNF) mediates sex differences in stress-induced social 
withdrawal. In punch samples of the anterior BNST, defeat stress increased BDNF protein expression in 
females but not males (a). Immunohistochemistry showed increased BDNF immunoreactivity in ven-
tromedial subregions of the anterior BNST (b, scale bar = 200 mm). Infusion of a TrkB antagonist into 
the anterior BNST blocked stress-induced social withdrawal in females (c). Photomicrograph showing 
needle track in anterior BNST (d, scale bar = 500 mm). Structures caudate-putamen (CPu), anterior com-
missure (ac), anterior-medial bed nucleus of the stria terminalis (BNSTam), ventromedial bed nucleus 
of the stria terminalis (BNSTmv), and lateral septum (LS) shown for reference. *p < 0.05, **p < 0.01 
versus control. (From Greenberg et al. (2014b).)
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revealed no sex differences or effects of stress on expression. Increased BDNF expres-
sion was reversed with chronic administration of a low dose of the selective serotonin 
reuptake inhibitor sertraline, which also blocked defeat-induced social withdrawal.  
Anterior-ventral BNST neurons receive serotonergic input (Phelix et al., 1992), which 
is one possible mechanism that could directly mediate the inhibitory effects of sertraline 
on BDNF. While the mechanism through which sertraline normalized BDNF levels is 
unresolved, another study demonstrated that the depressive-like effects of BDNF in the 
anterior BNST on social interaction are mediated by activation of TrkB.

Site-specific infusions of a TrkB selective antagonist into the anterior BNST blocked 
the expression of social aversion in stressed female mice (Figure 4.2c) while infusions of 
the TrkB antagonist that missed the anterior BNST had no effect on behavior (Greenberg 
et al., 2014b). Furthermore, TrkB antagonist infusions into the anterior BNST had no 
effect on behavior in females naïve to defeat. Intriguingly, the Val66Met point mutation 
in the human Bdnf gene impairs release of mature BDNF in the brain (Egan et al., 2003; 
Chen et al., 2006), yet this mutation is linked to reduced risk of depression (Frustaci 
et al., 2008; Matsuo et al., 2009; Grabe et al., 2012). This suggests that BDNF action in 
the NAc and BNST may have an underappreciated role in governing the effects of stress 
on psychological health.

To this point we have considered the impact of experience in the adult on BDNF 
expression. However, developmental experience also exerts critical effects on brain 
function and behavior (Lu et al., 2005). The developing brain is considerably plastic 
and influenced by environmental experience, and, interestingly, the social environment 
also has important effects on BDNF expression in the BNST. In prairie voles, juveniles 
that are raised with younger siblings have increased anxiety-like behavior as adults 
(Greenberg et al., 2012). Intriguingly, this increased anxiety-like behavior corresponds 
with increased BDNF expression in the BNST. In this study, anterior and posterior 
subregions of BNST were not examined individually. However, it seems likely that 
effects of early life experience on behavior and BDNF are mediated by anterior sub-
regions of BNST.

2.7 Sex differences in effects of posterior BNST on social behavior
Some subcircuits from the posterior BNST are responsive to both sexual and aggres-
sive behavior, and this activity is not selective to males. The anterior-dorsal MeA and 
posterior BNST have coordinated fos production both following mating and inter-
male aggression in Syrian hamsters (Kollack-Walker and Newman, 1995). Interestingly, 
similar patterns of fos expression in these nodes was observed in female hamsters after 
aggression (Potegal et al., 1996) or mating (Joppa et al., 1995). Syrian hamster females 
are as aggressive (and sometimes more aggressive) as males. Thus, even though anterior-
dorsal MeA and BNST circuits are sexually dimorphic, they respond similarly in the 
context of aggression, and a similar phenotype is observed. These observations support 
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the hypothesis that in some cases sexually dimorphic brain circuits counter-intuitively 
facilitate similar behavior patterns in males and females (De Vries and Boyle, 1998).

Posterior subdivisions of the BNST also have important effects on reproductive be-
haviors. Lesions of posterior BNST severely disrupt male copulatory behavior (Powers 
et al., 1987). Selective lesions of the oval nucleus of the BNST also disrupt mating, but 
only in virgin males (Claro et al., 1995). Testosterone implants placed directly into the 
posterior BNST of castrated male hamsters greatly increased sexual behavior (Wood 
and Newman, 1995). This is consistent with the high concentrations of androgen and 
estrogen receptors in the posterior BNST. In female hamsters, electrolytic lesions of the 
BNST and lateral septum reduced ultrasonic vocalization but had no effect on lordosis  
(Kirn and Floody, 1985). In rats, not only did excitotoxic BNST lesions have no effect 
on lordosis, they did not interfere with paced mating either (Guarraci et al., 2004). These 
data indicate that the posterior BNST has a much stronger effect on mating behaviors 
in males versus females.

Despite the strong sex differences in how the posterior BNST regulates mating 
behavior, a consistent observation is that engaging in sexual behavior induces a strong 
increase in c-fos expression in the posterior BNST. Intriguingly, this effect is not de-
pendent on steroid hormones. Although castration also reduces mating behavior in male 
rats, this behavior is not completely eliminated. When mating-induced c-fos immuno-
reactivity in the posterior BNST was examined in castrated rats implanted with tes-
tosterone, dihydrotestosterone, or estradiol capsules, there were no differences between 
these groups (Baum and Wesinger, 1993). Similar results have been observed in females 
(Flanagan-Cato and McEwen, 1995). In females, mating also induces increased c-fos 
immunoreactivity in the posterior BNST. Although gonadal hormones play an impor-
tant role in promoting lordosis, the c-fos response in the posterior BNST appears less 
dependent on hormones and more dependent on vaginal-cervical stimulation (Tetel 
et al., 1993). Vaginal-cervical stimulation in ovariectomized females induced an equiva-
lent c-fos response in posterior BNST to that observed in hormone primed rats that 
mated with a male (Pfaus et al., 1993). Curiously, although mating-induced c-fos in 
males and females is not dependent on gonadal hormones, it is clear that the affected 
cells are hormone sensitive. In male hamsters, nearly half of the neurons in posterior-
medial BNST expressing mating-induced c-fos were also positive for androgen recep-
tors (Wood and Newman, 1993). Similar results were observed in male rats with about 
50% of mating-induced c-fos positive cells coexpressing ERa and 90% coexpressing 
androgen receptor (Greco et al., 1998). This organization of neural circuitry within the 
BNST may explain why mated males are more aggressive than virgin males (Flannelly 
and Lore, 1977). It would be interesting to determine whether mating-induced activa-
tion of hormone-sensitive neurons in the posterior BNST results in long-term changes 
in aggression. In females mating-induced c-fos in the MPOA is observed in ERa ex-
pressing cells in the MPOA and MeA (Greco et al., 2003); however, the BNST was not 
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quantified in this study. Estrogen receptors in the BNST are closely associated with male 
aggressive behavior.

In several species, the number of ERa-ir positive cells in the BNST is positively 
correlated with aggressive behavior (Trainor et al., 2006, 2007a). This relationship ex-
tends beyond the standard resident-intruder aggression test, as ERa gene expression is 
positively correlated with aggressive behavior even in the home cage of Mus musculus 
(Greenberg et al., 2014a). Photoperiod appears to regulate aggression by modulating 
the mechanisms through which estrogens control behavior. During long, summer-like 
days, estrogens modulate aggression via slower, probably genomic mechanisms, whereas 
during short, winter-like days, estrogens act rapidly to modulate aggression via nonge-
nomic mechanisms (Trainor et al., 2007b, 2008b; Laredo et al., 2014). Currently, it is 
unclear whether estrogens modulate seasonal variation in aggressive behavior in females. 
One of the pathways that can mediate rapid effects of estrogens on behavior is extracel-
lular signal regulated kinase (ERK). Both male and female California mice display in-
creased protein expression of another indirect marker of neural activity, phosphorylated 
ERK (pERK), in the posterior BNST following aggressive interactions (Silva et al., 2010; 
Trainor et al., 2010). Similar results in female California mice were observed using c-fos 
immunohistochemistry (Davis and Marler, 2004). Interestingly, there can be more subtle 
sex-specific environmental interactions that influence the aggression/pERK relationship 
in California mice. Increased pERK expression in posterior BNST occurs only during 
short day photoperiods in male mice, but it is observed in females regardless of photope-
riod. While neural activity in the posterior BNST is activated in the context of aggressive 
behavior in both males and females, it is also linked to sex-specific reproductive behaviors.

3 THE MESOLIMBIC DOPAMINE SYSTEM

For a system that has been studied so intensively, there is still considerable debate over the 
exact function of the dopamine neurons within the VTA (Hyman et al., 2006; Niv and 
Schoenbaum, 2008; Berridge, 2012). However, it is clear that dopamine released within 
the mesolimbic dopamine system has important effects outside the context of reward. 
For example, both electric shocks and social stressors induce increased dopamine release 
in the mesolimbic system (reviewed in Miczek et al., 2008; Trainor, 2011). Similar to  
anterior subregions of the BNST, components of the mesolimbic dopamine system are 
characterized by a lack of striking sexual dimorphism in vertebrates. However, impor-
tant differences in mesolimbic dopamine function are observed in males and females.

3.1 Sex differences in the neuroanatomy of the mesolimbic 
dopamine system
Although there are some reports in rats that the VTA volume is larger in females 
than in males (McArthur et al., 2007), this difference is not always found (Creutz and 
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Kritzer, 2002; Campi et al., 2013). This may be due to ambiguity in the boundaries 
of the VTA, as well as technical factors. For example, VTA dopamine neurons have an 
anterior to posterior orientation, so horizontal sections of the brain maximize the vis-
ibility of these cells (Margolis et al., 2006). Similarly, there is little evidence for sexual 
dimorphism in the size of the NAc. However, females have a higher density of dendritic 
spines on medium spiny neurons in the NAc than male rats (Forlano and Woolley, 2010; 
Wissman et al., 2012). The size of the prefrontal cortex (PFC) also does not appear to 
exhibit consistent sex differences, but has been linked instead to social organization. 
Females had larger PFC size in two species of voles but not two species of field mice 
(Peromyscus) (Kingsbury et al., 2012). However, socially monogamous prairie voles and 
California mice had significantly smaller PFC volumes than polygamous montane voles 
and white-footed mice. Examination of steroid receptor expression in the mesolimbic 
dopamine system has revealed some interesting differences between males and females.

Within the mesolimbic dopamine system, only the VTA shows abundant nuclear 
expression of estrogen receptors and androgen receptors. Nuclear localization of steroid 
receptors reflects the long-term action of these receptors on gene expression (Laredo 
et al., 2014). In rats, a greater percentage of VTA dopamine neurons coexpress androgen 
receptors in males versus females, and are expressed on dopamine neurons projecting to 
the PFC (Kritzer and Creutz, 2008). This may explain why castration reduces dopamine 
release in the PFC (Aubele and Kritzer, 2012) and inhibits performance in behavioral 
tasks dependent upon PFC function, such as working memory (Kritzer et al., 2007). 
In contrast, ERa immunoreactivity was limited primarily to nondopaminergic cells 
and was more abundant in females than males (Kritzer and Creutz, 2008). Within the 
NAc and PFC, nuclear expression of estrogen and androgen receptors is generally ab-
sent. However, estrogens infused into the NAc act rapidly to increase dopamine release 
(Thompson and Moss, 1994). Estrogens also modulate PFC function during fear extinc-
tion learning. During proestrus, when estradiol levels are high, c-fos expression in PFC 
neurons projecting to the basolateral amygdala is positively associated with extinction 
learning (Rey et al., 2014). However, when estradiol levels are low, this relationship 
is reversed. There is growing evidence that posttranslational modifications of estrogen 
receptors can allow for insertion into the plasma membrane (Levin and Pietras, 2008), 
which can facilitate rapid action of estrogens independent from direct regulation of 
gene expression. Intriguingly, ERb messenger RNA is detectable in the NAc (Shughrue 
et al., 1998) raising the possibility that ERb expressed in the membrane could medi-
ate rapid effects of estrogens in the NAc. The lack of a reliable ERb antibody (Snyder 
et al., 2010) has hindered empirical evaluation of this hypothesis.

3.2 Sex differences in the mesolimbic dopamine system:  
appetitive social contexts
While sexual dimorphism at the anatomical levels is relatively subtle in the mesolimbic 
dopamine system, functional sex differences can be similar in magnitude as observed 
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in the BNST and MPOA. For example, the extent to which appetitive stimuli induce 
dopamine release is much stronger in females versus males. This has been best described 
for psychostimulants such as amphetamine and cocaine, which induce stronger release of 
dopamine in females versus males (Becker, 2009; Gilles et al., 2014) and are more likely 
to be abused by women than men (Anker and Carroll, 2011). In anesthetized rats electri-
cal stimulation of the medial forebrain bundle, which includes axons traveling from the 
VTA to the NAc, leads to greater release of dopamine in the ventral striatum and faster 
reuptake rate in females in males (Walker et al., 1999). Sex differences in dopamine func-
tion are observed in social contexts as well.

During reproductive behavior, dopamine can be released in the NAc in both males 
and females. However, there are important differences between males and females in the 
exact conditions required to induce dopamine release. For male rats, dopamine release is 
induced both by a sexually receptive female behind a screen and by mating with a female 
(Pfaus et al., 1990; Damsma et al., 1992). Functionally, dopaminergic neurotransmission 
in the NAc appears to be especially important in the anticipation of mating opportuni-
ties in male rats (Pfaus and Phillips, 1991). In contrast, dopamine release in the NAc in 
female rats is only observed in specific contexts. Under more naturalistic conditions, 
female rats control the pace of mating through solicitation displays such as hopping or 
darting (Erskine, 1989). If the testing arena has insufficient space for these proceptive 
behaviors to be expressed, dopamine release in the NAc is not observed during mating. 
However, if the female is able to control the pace of copulations large increases in dopa-
mine release are observed (Mermelstein and Becker, 1995; Becker et al., 2001).

In rats, mating behavior is a short-term social interaction. In contrast, in socially 
monogamous prairie voles it can mark the beginning of a long-term social relation-
ship known as a pair bond (Carter et al., 1995). In female prairie voles, activation of D2 
dopamine receptors in the NAc contributes to the formation of pair bonds (Gingrich 
et al., 2000; Liu and Wang, 2003). In males, activation of D2 receptors in the NAc is also 
necessary for pair bond formation (Aragona et al., 2006). Interestingly, after mating there 
is a substantial upregulation of D1 receptor expression in the NAc of male prairie voles, 
which in turn stimulates aggression toward unfamiliar females. This pattern of behavior 
is very different in rats, in which D1 receptors in the NAc increase male sexual motiva-
tion (Everitt et al., 1989; Bialy et al., 2010).

Outside the context of mating, evidence from several sources suggests that dopamine 
neurons in the VTA are more reactive during social contexts in females versus males. A 
study in California mice used c-fos/tyrosine hydroxylase (TH) immunohistochemistry 
to examine the activity of dopamine neurons following a social interaction test (Green-
berg et al., in review). Tyrosine hydroxylase is an essential enzyme for the synthesis of 
dopamine and the use of TH immunohistochemistry is considered a “gold standard” for 
identifying dopamine neurons in the VTA (Margolis et al., 2006). Females tested in a 
social interaction test had more c-fos/TH positive neurons across the entire VTA com-
pared with males. There were no sex differences in c-fos/TH positive neurons in mice 
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that were not exposed to a social context, suggesting that the sex difference was specific 
to social contexts. Consistent with this finding, a study on juvenile rats engaging in social 
play induced significant increases in TH/c-fos cells in the VTA of females but not males 
(Northcutt and Nhuyen, 2014). Interestingly, a study used in vivo calcium imaging to 
demonstrate increased activity of VTA dopamine neurons in female mice during social 
interactions with unfamiliar females (Gunaydin et al., 2014). Although these studies 
suggest that VTA dopamine neurons are more sensitive to social interactions in female, 
only a few species have been considered. It will be important in the future to determine 
whether this pattern generalizes to species with different social systems.

3.3 Sex differences in the mesolimbic dopamine system: 
aversive social contexts
Similar to appetitive social contexts, there is growing evidence that there are important 
sex differences in how the mesolimbic dopamine system responds to aversive social con-
texts. Here, too, the California mouse has proved to be a useful species for examining the 
effects of social stressors in both males and females. Results from these studies indicate 
that the mesolimbic dopamine system is more sensitive to social defeat in females com-
pared with males. Intriguingly, after a single episode of defeat, no changes in c-fos/TH 
immunoreactivity are observed within the VTA in either males or females (Greenberg 
et al., in review). However, after a third episode of defeat an increase in c-fos/TH express-
ing cells was observed within the ventral subregion of the VTA of females but not males. 
This observation is interesting from two perspectives. First, an electrophysiology study 
on anesthetized rats found that footshocks preferentially activated ventral VTA neurons 
(Brischoux et al., 2009). This suggests that there is topographical organization to the 
VTA and that aversive contexts preferentially activate ventral dopamine neurons. Second, 
increased fos/TH activation was only observed in animals experiencing a third episode 
of defeat. Behavioral observations show that anxiety-like behaviors are elevated in the 
minutes immediately preceding a third episode of defeat (Greenberg et al., in review), 
indicating a level of anticipation that is not present after an initial episode of defeat. This 
result is consistent with the hypothesis that VTA dopamine neurons do not respond to 
rewards or punishment per se, but are activated by highly salient stimuli (Berridge, 2007).

Sex differences in the long-term effects of defeat stress have been identified in the 
NAc. An initial study used immunohistochemistry for phosphorylated CREB (pCREB) 
as an indirect marker for cellular activity (Trainor et al., 2011). Females exposed to social 
defeat had more pCREB positive cells in the NAc shell and core than control females 
(Figure 4.3a). While there was no effect of defeat on pCREB immunoreactivity in males, 
control males had more pCREB positive cells than control females in both NAc shell and 
core. Activation of D1 receptors increases cAMP production (Kebabian et al., 1972), which 
in turn increases phosphorylation of CREB. These results suggested that defeat stress might 
increase the activity of D1 receptors to a greater extent in females versus males. Total 
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dopamine (Figure 4.3b), dihydroxyphenylacetic acid, and homovanilic acid were measured 
in NAc punch samples collected during the inactive phase to assess baseline dopaminergic 
activity (Campi et al., 2014). Social defeat stress increased expression of both dopamine and 
its metabolites in both males and females. Although this result is consistent with previous 
studies in male mice and rats exposed to defeat (Krishnan et al., 2007; Razzoli et al., 2011), 
it does not explain sex differences in the effect of defeat on pCREB immunoreactivity or 
behavior. When real-time polymerase chain reaction was used to measure the expression of 
D1, D2, D3, and D5 receptors in the NAc, no effects of defeat stress were observed (Campi 
et al., 2014). However, defeat stress did have a more subtle effect on the ratio of the two 
most abundant receptor subtypes: D1 and D3. The D3 receptor is in the D2-like family of 
receptors and its activation decreases cAMP production. Intriguingly, control males had a 
higher ratio of D3/D1 receptors than females and defeat stress further increased this ratio 
of D3/D1 receptors in males but not females (Figure 4.3c). This result suggested that males 

Figure 4.3 Effects of defeat stress on the nucleus accumbens in male and female California mice. De-
feat stress increases the number of pCREB positive neurons in the NAc shell in females but not males 
(a). In contrast, defeat stress increases total dopamine content of the NAc in both males and females 
(b). Control males have a higher ratio of D3/D1 receptors than control females and defeat stress in-
creases this ratio further in males (c). This may explain increased sensitivity to D1 receptors in females. 
Infusion of 500 ng of the D1 agonist SKF3839 infused into the NAc shell reduced social interaction in 
females (d) but not males. †p < 0.05 sex difference, *p < 0.05 effect of defeat, **p < 0.01 versus aCSF. 
(From Trainor et al. (2011); Campi et al. (2014).)
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might be less sensitive than females to D1 activation and that males exposed to defeat may 
compensate for increased dopaminergic activity by adjusting the expression of different re-
ceptor subtypes in the NAc. This hypothesis is supported by observations that a dose of the 
D1 agonist SKF38393 infused into the NAc, which induces social withdrawal in females, 
has no effect in males (Campi et al., 2014). Consistent with these data, infusion of the D1 
antagonist SCH23390 into the NAc shell increased social interaction behavior in stressed 
females but not females naïve to defeat (Figure 4.3d). The results in California mice corre-
spond well with the effects of chronic mild stress on behavior and NAc gene expression in 
male and female mice (LaPlant et al., 2009). Chronic mild stress induced more behavioral 
despair in the forced swim test in females versus males. However, males exposed to stress 
showed more changes in gene expression in the NAc than females, suggesting that some 
of the gene expression changes in males may confer resilience to stress. Overall, these data 
show that sex differences in the effects of defeat stress on dopaminergic signaling in the 
NAc have important effects on behavior.

4 CONNECTIVITY BETWEEN SOCIAL BEHAVIOR NETWORK 
AND THE MESOLIMBIC DOPAMINE SYSTEM

So far, the effects of the social behavior network and mesolimbic dopamine system have 
been considered in isolation. However, there are several nodes through which these two 
networks can communicate. One of the most important nodes appears to be the BNST 
(O’Connell and Hofmann, 2012). Posterior subregions of the BNST, which include 
the sexually dimorphic oval nucleus, receive dopaminergic input from the VTA (Swan-
son, 1982; Hasue and Shammah-Lagnado, 2002). The strongest evidence for functional 
connections between the BNST and VTA comes from research programs considering the 
behavioral processes that contribute to drug addiction (Jalabert et al., 2009). Electrodes im-
planted into the posterior mesencephalon (PM) support self-administered electrical stimu-
lation (Rompré and Boye, 1989), similar to the medial forebrain bundle. Self-stimulation 
of the PM increased fos-ir in the VTA, NAc shell, and posterior BNST (Marcangione and 
Rompré, 2008). This coordinated activity between BNST and VTA plays an especially 
important role in animal models of drug relapse. A primary animal model of relapse is 
reinstatement of drug seeking behavior (Shaham et al., 2003), which is the recovery of a 
previously learned response after a period of extinction (Epstein et al., 2006). Reinstate-
ment of drug seeking can be induced by psychosocial stress, and BNST-VTA connectivity 
plays a key role. Inactivation of the posterior BNST using sodium channel blockers (Erb 
and Stewart, 1999), GABA receptor agonists (McFarland et al., 2004), or norepinephrine 
receptor antagonists (Leri et al., 2002) can prevent footshock stress from reinstating cocaine 
self-administration. When a retrograde tracer was used to identify BNST neurons project-
ing to the VTA, swim stress induced a significant increase in the number of VTA projecting 
neurons coexpressing c-fos in the BNST (Briand et al., 2010). Anterior subregions of the 
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BNST also impact the VTA. Electrical stimulation of the anterior ventral BNST increased 
the activity of VTA neurons (Georges and Aston-Jones, 2001). The BNST-VTA circuit 
also appears to impact other aspects of reinforcement, as pharmacological disconnection 
of this circuit disrupts the formation of place preferences for cocaine (Sartor and Aston-
Jones, 2012). A study using optogenetic tools provided insights into how BNST-VTA con-
nectivity could impact behavior in different contexts.

Both excitatory and inhibitory projections from the anterior ventral BNST to the 
VTA were identified using a combination of optogenetic stimulation and electrophysi-
ology (Jennings et al., 2013). Mice exposed to footshocks induced activation of the 
excitatory BNST-VTA pathway and inhibition of the inhibitory pathway. Experimental 
activation of excitatory neurons in the ventral BNST produced excitatory currents in 
the VTA, induced aversion, and reduced reward seeking. In contrast, activation of inhibi-
tory neurons in the ventral BNST produced inhibitory currents in the VTA, induced 
place preferences, and enhanced reward seeking. Optogenetic stimulation of excitatory 
neurons in the BNST suppressed the activity of VTA GABA neurons, which in turn 
released dopamine neurons from inhibition. A different group, also using optogenetic 
approaches, reported slightly different results (Kim et al., 2013). Here activation of a 
projection from the oval nucleus of the BNST (which is sexually dimorphic) to the VTA 
was found to be anxiogenic whereas activating a projection from the anterodorsal BNST 
(which is not sexually dimorphic) was found to be anxiolytic. Clearly, knowledge of how 
BNST-VTA interactions impact behavioral states is moving quickly. A notable gap in this 
literature is that all of the studies reviewed in this section have been conducted on male 
rodents. This is surprising given the importance of posterior subregions of the BNST, 
which has some of the strongest and most evolutionarily conserved sexual dimorphisms 
in the brain.

There are also important interactions between the MPOA and mesolimbic dopamine 
circuitry for the motivation to engage in sex-typical social behaviors. These interactions 
have been extensively studied for maternal behavior in particular, which has been re-
viewed previously (Numan and Stolzenberg, 2009; Stolzenberg and Numan, 2011). The 
MPOA sends dense projections to the VTA, and these MPOA neurons are primed by 
the hormonal events of pregnancy to activate the VTA. Lesion studies show that the 
MPOA and mesolimbic structures are functionally associated. MPOA lesions, pharma-
cological inhibition of VTA neurons, and D1 receptor blockade in NAc all have similar 
effects on maternal behavior

Direct connections between the MeA and mesolimbic nodes are lacking. Tracer stud-
ies indicate few MeA neurons project to either the NAc (McDonald, 1991; Canteras 
et al., 1995) or the VTA (Geisler and Zahm, 2005). However, the MeA sends strong pro-
jections to the BNST. Interestingly, dorsal anterior MeA projects to both anterior and 
posterior subregions of the BNST, but more posterior subregions of the MEA project 
primarily to posterior subregions of the BNST but not anterior subregions of the BNST 
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(Gomez and Newman, 1992; Canteras et al., 1995; Coolen and Wood, 1998). This pathway 
is significant because there is growing evidence that the BNST acts as a critical node con-
necting the social behavior network with the mesolimbic dopamine system. This suggests 
that interactions between the MeA and mesolimbic dopamine system are likely mediated 
by the BNST.

5 CONCLUSIONS

In this chapter, we examined how sex differences in structure and function of the so-
cial behavior network and mesolimbic dopamine system impact social behavior in both 
males and females. Interestingly, sexual dimorphism within the social behavior network 
is strongly conserved across a diverse range mammalian species with different social sys-
tems. In some cases, such as the SDN-POA, we still do not fully understand the impact 
of these sex differences on behavior. Other nodes such as the BNST exert very different 
effects on behavior in males and females. An important observation is that sex differences 
in how the BNST impacts behavior are not limited to the sexually dimorphic posterior 
subregions. This theme carries over to the mesolimbic dopamine system, which also lacks 
sexual dimorphism at an anatomical level. Focus on connectivity between the BNST and 
VTA has provided insights into how these two systems communicate with one another. 
However, this circuit has not been studied in females and so it is unclear exactly how re-
sults identified in males will translate to females. Finally, we reviewed evidence that social 
experiences such as social stress or parental experience induce long-term changes in the 
function of both the social behavior network and mesolimbic dopamine system. Further 
study of how experience impacts the effects that these networks have in both males and 
females will be critical for understanding the neurobiological control of social behaviors.

ACKNOWLEDGMENT
BCT was supported by MH097714 during the preparation of this manuscript.

REFERENCES
Anker, J.J., Carroll, M.E., 2011. Females are more vulnerable to drug abuse than males: evidence from pre-

clinical studies and the role of ovarian hormones. Curr. Top. Behav. Neurosci. 8, 73–96. 
Aragona, B.J., Liu, Y., Yu, Y.J., Curtis, J.T., Detwiler, J.M., Insel, T.R., Wang, Z., 2006. Nucleus accumbens 

dopamine differentially mediates the formation and maintenance of monogamous pair bonds. Nat. 
Neurosci. 9, 133–139. 

Arai, Y., Sekine, Y., Murakami, S., 1996. Estrogen and apoptosis in the developing sexually dimorphic preop-
tic area in female rats. Neurosci. Res. 25, 403–407. 

Arnold, A.P., Breedlove, S.M., 1985. Organizational and activational effects of sex steroids on brain and be-
havior: a reanalysis. Horm. Behav. 19, 469–498. 

Arrati, P.G., Carmona, C., Dominguez, G., Beyer, C., Rosenblatt, J.S., 2006. GABA receptor agonists in the 
medial preoptic area and maternal behavior in lactating rats. Physiol. Behav. 87, 51–65. 

Aubele, T., Kritzer, M.F., 2012. Gonadectomy and hormone replacement affects in vivo basal extracellular do-
pamine levels in prefrontal cortex but not motor cortex of adult male rats. Cereb. Cortex 21, 222–232. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0010
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0010
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0015
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0015
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0015
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0020
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0020
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0025
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0025
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0030
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0030
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0035
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0035


Sex Differences in the Social Behavior Network and Mesolimbic Dopamine System 97

Autry, A.E., Adachi, M., Nosyreva, E., Na, E.S., Los, M.F., Cheng, P.-F., Kavalali, E.T., Monteggia, L.M., 
2011. NMDA receptor blockade at rest triggers rapid behavioural antidepressant responses. Nature 475, 
91–95. 

Balthazart, J., Surlemont, C., 1990. Copulatory behavior is controlled by the sexually dimorphic nucleus of 
the quail. Brain Res. Bull. 25, 7–14. 

Baum, M.J., Wesinger, S.R., 1993. Equivalent levels of mating-induced neural c-fos immunoreactivity in 
castrated male rats given androgen, estrogen, or no steroid replacement. Biol. Reprod. 48, 1341–1347. 

Bean, N.J., Nunez, A.A., Conner, R., 1981. Effects of medial preoptic lesions on male mouse ultrasonic 
vocalizations and copulatory behavior. Brain Res. Bull. 6, 109–112. 

Becker, J.B., 2009. Sexual differentiation of motivation: a novel mechanism? Horm. Behav. 55, 646–654. 
Becker, J.B., Rudick, C.N., Jenkins, W.J., 2001. The role of dopamine in the nucleus accumbens and striatum 

during sexual behavior in the female rat. J. Neurosci. 21, 3236–3241. 
Beery, A.K., Zucker, I., 2011. Sex bias in neuroscience and biomedical research. Neurosci. Biobehav. Rev. 

35, 565–572. 
Berenbaum, S.A., 1999. Effects of early androgens on sex-typed activities and interests in adolescents with 

congenetial adrenal hyperplasia. Horm. Behav. 35, 102–110. 
Berridge, K.C., 2007. The debate over dopamine’s role in reward: the case for incentive salience. Psycho-

pharmacology 191, 391–431. 
Berridge, K.C., 2012. From prediction error to incentive salience: mesolimbic computation of reward mo-

tivation. Eur. J. Neurosci. 35, 1124–1143. 
Bialy, M., Kalata, U., Nikolaev-Diak, A., Nikolaev, E., 2010. D1 receptors involved in the acquisition of 

sexual experience in male rats. Behav. Brain Res. 206, 166–176. 
Blake, C.B., Meredith, M., 2011. Change in number and activation of androgen receptor-immunoreactive 

cells in the medial amygdala in response to chemosensory input. Neuroscience 190, 228–238. 
Bloch, G.J., Gorski, R.A., 1988. Cytoarchitectonis analysis of the SDN-POA of the intact and gonadecto-

mized rat. J. Comp. Neurol. 275, 604–612. 
Briand, L.A., Vassoler, F.M., Pierce, R.C., Valentino, R.J., Blendy, J.A., 2010. Ventral tegmental afferents in 

stress-induced reinstatement: the role of cAMP response element-binding protein. J. Neurosci. 30, 
16149–16159. 

Brischoux, F., Chakraborty, S., Brierley, D.I., Ungless, M.A., 2009. Phasic excitation of dopamine neurons in 
ventral VTA by noxious stimuli. Proc. Natl. Acad. Sci. USA 106, 4894–4899. 

Cahill, L., 2006. Why sex matters for neuroscience. Nat. Rev. Neurosci. 7, 477–484. 
Campi, K.L., Jameson, C.E., Trainor, B.C., 2013. Sexual dimorphism in the brain of the monogamous Cali-

fornia mouse (Peromyscus californicus). Brain Behav. Evol. 81, 236–249. 
Campi, K.L., Greenberg, G.D., Kapoor, A., Ziegler, T.E., Trainor, B.C., 2014. Sex differences in effects of 

dopamine D1 receptors on social withdrawal. Neuropharmacology 77, 208–216. 
Canteras, N.S., Simerly, R.B., Swanson, L.W., 1995. Organization of projections from the medial nucleus of 

the amygdala: a PHAL study in the rat. J. Comp. Neurol. 360, 213–245. 
Carter, C.S., DeVries, A.C., Getz, L.L., 1995. Physiological substrates of mammalian monogamy: the prairie 

vole model. Neurosci. Biobehav. Rev. 19, 303–314. 
Chen, T.J., Tu, W.W., 1992. Sex differences in estrogen and androgen receptors in hamster brain. Life Sci. 50, 

1639–1647. 
Chen, Z.-Y., Jing, D., Bath, K.G., Ieraci, A., Khan, T., Siao, C.-J., Herrera, D.G., Toth, M., Yang, C., McEwen, 

B.S., Hempstead, B.L., Lee, F.S., 2006. Genetic variant BDNF (Val66Met) polymorphism alters anxiety-
related behavior. Science 314, 140–143. 

Cherry, J.A., Basham, M.E., Weaver, C.E., Krohmer, R.W., Baum, M.J., 1990. Ontogeny of the sexually di-
morphic male nucleus in the preoptic/anterior hypothalamus of ferrets and its manipulation by gonadal 
steroids. J. Neurobiol. 21, 844–857. 

Chung, W.C.J., Swaab, D.F., De Vries, G.J., 2000. Apoptosis during sexual differentiation of the bed nucleus 
of the stria terminalis in the rat brain. J. Neurobiol. 43, 234–243. 

Cintra, A., Fuxe, K., Harfstrand, A., Agnati, L.F., Miller, L.S., Greene, J.L., Gustafsson, J.Å., 1986. Rapid 
important paper on the cellular localization and distribution of estrogen receptors in the rat tel- and 
diencephalon using monoclonal antibodies to human estrogen receptor. Neurochem. Int. 8, 587–595. 

Ciumas, C., Hirschberg, A.L., Savic, I., 2009. High fetal testosterone and sexually dimorphic cerebral net-
works in females. Cereb. Cortex 19, 1167–1174. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0040
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0040
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0040
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0045
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0045
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0050
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0050
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0055
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0055
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0060
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0065
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0065
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0070
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0070
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0080
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0080
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0085
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0085
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0090
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0090
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0095
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0095
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0100
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0100
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0105
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0105
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0105
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0110
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0110
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0115
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0120
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0120
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0125
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0125
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0130
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0130
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0135
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0135
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0140
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0140
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0145
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0145
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0145
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0150
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0150
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0150
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0155
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0155
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0160
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0160
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0160
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0165
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0165


Sex Differences in the Central Nervous System98

Claro, F., Segovia, S., Guilamon, A., Del Abril, A., 1995. Lesions of the medial posterior region of the BST 
impair sexual behavior in sexually experienced and inexperienced male rats. Brain Res. Bull. 36, 1–10. 

Commins, D., Yahr, P., 1984a. Adult testosterone levels influence the morphology of a sexually dimorphic 
area in the Mongolian gerbil brain. J. Comp. Neurol. 224, 132–140. 

Commins, D., Yahr, P., 1984b. Lesions of the sexually dimorphic area disrupt mating and marking in male 
gerbils. Brain Res. Bull. 13, 185–193. 

Commins, D., Yahr, P., 1985. Autoradiographic localization of estrogen and androgen receptors in the sexu-
ally dimorphic area and other regions of the gerbil brain. J. Comp. Neurol. 231, 473–489. 

Cooke, B.M., Woolley, C.S., 2005. Sexually dimorphic synaptic organization of the medial amygdala.  
J. Neurosci. 25, 10759–10767. 

Cooke, B.M., Tabibnia, G., Breedlove, S.M., 1999. A brain sexual dimorphism controlled by adult circulating 
androgens. Proc. Natl. Acad. Sci. 96, 7538–7540. 

Coolen, L.M., Wood, R.I., 1998. Bidirectional connections of the medial amygdaloid nucleus in the Syrian 
hamster brain: simultaneous anterograde and retrograde tract tracing. J. Comp. Neurol. 399, 189–209. 

Coolen, L.M., Olivier, B., Peters, H.J., Veening, J.G., 1997. Demonstration of ejaculation-induced neural 
activity in the male rat brain using 5-HT1A agonist 8-OH-DPAT. Physiol. Behav. 62, 881–891. 

Cornil, C.A., Ball, G.F., Balthazart, J., 2012. Rapid control of male typical behaviors by brain-derived estro-
gens. Front. Neuroendocrinol. 33, 425–446. 

Creutz, L.M., Kritzer, M.F., 2002. Estrogen receptor-beta immunoreactivity in the midbrain of adult rats: 
regional, subregional, and cellular localization in the A10, A9, and A8 dopamine cell groups. J. Comp. 
Neurol. 446, 288–300. 

Crews, D., Fitzgerald, K.T., 1980. “Sexual” behavior in parthenogenetic lizards (Cnemidophorus). Proc. Natl. 
Acad. Sci. USA 77, 499–502. 

Damsma, G., Pfaus, J.G., Wenkstern, D., Phillips, A.G., Fibiger, H.C., 1992. Sexual behavior increases dopa-
mine transmission in the nucleus accumbens and striatum of male rats: comparison with novelty and 
locomotion. Behav. Neurosci. 106, 181–191. 

Davis, E.S., Marler, C.A., 2003. The progesterone challenge: steroid hormone changes following a simulated 
territorial intrusion in female Peromyscus californicus. Horm. Behav. 44, 189–198. 

Davis, E.S., Marler, C.A., 2004. C-fos changes following an aggressive encounter in female California mice: 
a synthesis of behavior, hormone changes and neural activity. Neuroscience 127, 611–624. 

De Vries, G.J., Boyle, P.A., 1998. Double duty for sex differences in the brain. Behav. Brain Res. 92, 205–213. 
del Abril, A., Segovia, S., Guillamón, A., 1987. The bed nucleus of the stria terminalis in the rat: regional sex 

differences controlled by gonadal steroids early after birth. Develop. Brain Res. 32, 295–300. 
Delville, Y., De Vries, G.J., Ferris, C.F., 2000. Neural connections of the anterior hypothalamus and agonistic 

behavior in golden hamsters. Brain Behav. Evol. 55, 53–76. 
Dobolyi, A., Grattan, D.R., Stolzenberg, D.S., 2014. Preoptic inputs and mechanisms that regulate maternal 

responsiveness. J. Neuroendocrinol. 26, 627–640. 
Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related mood disorders. Biol. Psy-

chiat. 59, 1116–1127. 
Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., Bertolino, A., Zaitsev, E., Gold, 

B., Goldman, D., Dean, M., Lu, B., Weinberger, D.R., 2003. The BDNF val66met polymorphism af-
fects activity-dependent secretion of BDNF and human memory and hippocampal function. Cell 112, 
257–269. 

Epstein, D.H., Preston, K.L., Stewart, J., Shaham, Y., 2006. Towards a model of drug relapse: an assessment of 
the validity of the reinstatement procedure. Psychopharmacology 189, 1–16. 

Erb, S., Stewart, J., 1999. A role for the bed nucleus of the stria terminalis, but not the amygdala, in the ef-
fects of corticotropin-releasing factor on stress-induced reinstatement of cocaine seeking. J. Neurosci. 
19, RC35, 1–6. 

Erskine, M.S., 1989. Solicitation behavior in the estrous female rat: a review. Horm. Behav. 23, 473–502. 
Everitt, B.J., 1990. Sexual motivation: a neural and behavioral analysis of the mechanisms underlying appeti-

tive and copulatory responses of male rats. Neurosci. Biobehav. Rev. 14, 217–232. 
Everitt, B.J., Cador, M., Robbins, T.W., 1989. Interactions between the amygdala and ventral striatum in 

stimulus-reward associations: studies using a second-order schedule of sexual reinforcement. Neurosci-
ence 30, 63–75. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0170
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0170
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0175
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0175
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0180
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0180
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0185
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0185
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0190
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0190
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0195
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0195
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0200
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0200
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0205
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0205
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0210
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0210
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0215
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0215
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0215
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0220
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0220
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0225
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0225
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0225
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0230
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0230
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0235
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0235
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0240
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0245
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0245
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0250
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0250
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0255
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0255
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0260
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0260
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0265
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0265
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0265
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0265
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0270
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0270
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0275
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0275
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0275
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0280
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0285
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0285
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0290
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0290
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0290


Sex Differences in the Social Behavior Network and Mesolimbic Dopamine System 99

Flanagan-Cato, L.M., McEwen, B.S., 1995. Pattern of Fos and Jun expression in the female rat forebrain after 
sexual behavior. Brain Res. 673, 53–60. 

Flannelly, K., Lore, R., 1977. The influence of females upon aggression in domesticated male rats (Rattus 
norvegicus). Anim. Behav. 25, 654–659. 

Fleming, A.S., Rosenblatt, J.S., 1974. Olfactory regulation of maternal behavior in rats: I effects of olfactory 
bulb removal in experienced and inexperienced lactating and cycling females. J. Comp. Physiol. Psychol. 
86, 221–232. 

Forger, N.G., de Vries, G.J., 2010. Cell death and sexual differentiation of behavior: worms, flies, and mam-
mals. Curr. Opin. Neurobiol. 20, 776–783. 

Forlano, P.M., Woolley, C.S., 2010. Quantitative analysis of pre- and postsynaptic sex differences in the 
nucleus accumbens. J. Comp. Neurol. 518, 1330–1348. 

Frustaci, A., Pozzi, G., Gianfagna, F., Manzoli, L., Boccia, S., 2008. Meta-analysis of the brain-derived neuro-
trophic factor gene (BDNF) Val66Met polymorphism in anxiety disorders and anxiety-related personal-
ity traits. Neuropyschobiology 58, 163–170. 

Fuxjager, M.J., Forbes-Lorman, R.M., Coss, D.J., Auger, C.J., Auger, A.P., Marler, C.A., 2010. Winning ter-
ritorial disputes selectively enhances androgen sensitivity in neural pathways related to motivation and 
social aggression. Proc. Natl. Acad. Sci. USA 107, 12393–12398. 

Gammie, S.C., 2005. Current models and future directions for understanding the neural circuitries of ma-
ternal behaviors in rodents. Behav. Cogn. Neurosci. Rev. 4, 119–135. 

Gattermann, R., Fritzsche, P., Neumann, K., Al-Hussein, I., Kayser, A., Abiad, M., Yakti, R., 2001. Notes on the 
current distribution and the ecology of wild golden hamsters (Mesocricetus auratus). J. Zool. 254, 359–365. 

Geisler, S., Zahm, D.S., 2005. Afferents of the ventral tegmental area in the rat-anatomical substratum for 
integrative functions. J. Comp. Neurol. 490, 270–294. 

Georges, F., Aston-Jones, G., 2001. Potent regulation of midbrain dopamine neurons by the bed nucleus of 
the stria terminalis. J. Neurosci. 21, RC160–166. 

Gilles, G.E., Virdee, K., McArthur, S., Dalley, J.W., 2014. Sex-dependent diversity in ventral tegmental do-
paminergic neurons and developmental programing: a molecular, cellular and behavioral analysis. Neu-
roscience 282, 69–85. 

Gingrich, B., Liu, Y., Wang, Z., Insel, T.R., 2000. Dopamine D2 receptors in the nucleus accumbens are im-
portant for social attachment in female prairie vole (Microtus ochrogaster). Behav. Neurosci. 114, 173–183. 

Gleason, E.D., Fuxjager, M.J., Oyegbile, T.O., Marler, C.A., 2009. Testosterone release and social context: 
when it occurs and why. Front. Neuroendocrinol. 30, 460–469. 

Gomez, D.M., Newman, S.W., 1992. Differential projections of the anterior and posterior regions of the 
medial amygdaloid nucleus in the Syrian hamster. J. Comp. Neurol. 317, 195–218. 

Goodson, J.L., 2005. The vertebrate social behavior network: evolutionary themes and variations. Horm. 
Behav. 48, 11–22. 

Goodson, J.L., Kingsbury, M.A., 2013. What’s in a name? Considerations of homologies and nomenclature 
for vertebrate social behavior networks. Horm. Behav. 64, 103–112. 

Gorski, R.A., 1986. Sexual differentiation of the brain: a model for drug-induced alterations of the repro-
ductive system. Environ. Health Perspect. 70, 163. 

Gorski, R.A., Gordon, J.H., Shryne, J.E., Southam, A.M., 1978. Evidence for a morphological sex difference 
within the medial preoptic area of the rat brain. Brain Res. 148, 333–346. 

Grabe, H.J., Schwahn, C., Mahler, J., Appel, K., Schulz, A., Spitzer, C., Fenske, K., Barnow, S., Freyberger, 
H.J., Teumer, A., Petersmann, A., Biffar, R., Rosskopf, D., John, U., Völzke, H., 2012. Genetic epistasis 
between the brain-derived neurotrophic factor Val66Met polymorphism and the 5-HTT promoter 
polymorphism moderates the susceptibility to depressive disorders after childhood abuse. Prog. Neuro-
psychopharmacol. Biol. Psychiat. 36, 264–270. 

Graham, M.D., Pfaus, J.G., 2010. Differential regulation of female sexual behaviour by dopamine agonists in 
the medial preoptic area. Pharm. Biochem. Behav. 97, 284–292. 

Grassman, M., Crews, D., 1990. Ovarian and adrenal function in the parthenogenetic whiptail lizard Cnemi-
dophorus uniparens in the field and laboratory. Gen. Comp. Endocrinol. 76, 444–450. 

Gray, G.D., Sodersten, P., Tallentire, D., Davidson, J.M., 1978. Effects of lesions in various structures of the 
suprachiasmatic-preoptic region on LH regulation and sexual behavior in female rats. Neuroendocri-
nology 25, 174–191. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0295
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0295
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0300
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0300
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0305
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0305
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0305
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0310
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0310
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0315
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0315
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0320
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0320
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0320
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0325
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0325
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0325
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0330
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0330
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0335
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0335
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0340
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0340
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0345
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0345
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0350
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0350
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0350
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0355
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0355
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0360
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0360
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0365
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0365
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0370
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0370
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0375
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0375
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0380
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0380
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0385
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0385
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0390
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0390
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0390
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0390
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0390
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0395
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0395
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0400
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0400
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0405
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0405
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0405


Sex Differences in the Central Nervous System100

Greco, B., Edwards, D.A., Zumpe, D., Michael, R.P., Clancy, A.N., 1998. Fos induced by mating or non-
contact sociosexual interaction is colocalized with androgen receptors in neurons within the forebrain, 
midbrain, and lumbosacral spinal cord of male rats. Horm. Behav. 33, 125–138. 

Greco, B., Blasberg, M.E., Kosinski, E.C., Blaustein, J.D., 2003. Response of ERa-IR and ERb-IR cells in 
the forebrain of female rats to mating stimuli. Horm. Behav. 43, 444–453. 

Greenberg, G.D., van Westerhuyzen, J.A., Bales, K.L., Trainor, B.C., 2012. Is it all in the family? The effects 
of early social structure on neural–behavioral systems of prairie voles (Microtus ochrogaster). Neuroscience 
216, 46–56. 

Greenberg, G.D., Howerton, C.L., Trainor, B.C., 2014a. Fighting in the home cage: agonistic encounters 
and effects on neurobiological markers within the social decision-making network of house mice (Mus 
musculus). Neurosci. Let. 566, 151–155. 

Greenberg, G.D., Laman-Maharg, A., Campi, K.L., Voigt, H., Orr, V.N., Schaal, L., Trainor, B.C., 2014b. Sex 
differences in stress-induced social withdrawal: role of brain derived neurotrophic factor in the bed 
nucleus of the stria terminalis. Front. Behav. Neurosci. 7, 223. 

Greenberg, G.D., Steinman, M.Q., Doig, I.E., Trainor, B.C. (in review). Topographical organization of ven-
tral tegmental area dopamine neurons in response to aversive social contexts in California mice (Pero-
myscus californicus).

Gu, G., Cornea, A., Simerly, R.B., 2003. Sexual differentiation of projections from the principal nucleus of 
the bed nuclei of the stria terminalis. J. Comp. Neurol. 460, 543–562. 

Guarraci, F.A., Megroz, A.B., Clark, A.S., 2004. Paced mating behavior in the female rat following lesions of 
three regions responsive to vaginocervical stimulation. Brain Res. 999, 40–52. 

Gunaydin, L.A., Grosenick, L., Finkelstein, J.C., Kauvar, I.V., Fenno, L.E., Adhikari, A., Lammel, S., Mirz-
abekov, J.J., Airan, R.D., Zalocusky, K.A., Tye, K.M., Anikeeva, P., Malenka, R.C., Deisseroth, K., 2014. 
Natural neural projection dynamics underlying social behavior. Cell 157, 1535–1551. 

Hamann, S., Herman, R.A., Nolan, C.L., Wallen, K., 2004. Men and women differ in amygdala response to 
visual sexual stimuli. Nat. Neurosci. 7, 411–416. 

Hart, B., Leedy, M., 1985. Neurological bases of male sexual behavior. In: Adler, N., Pfaff, D., Goy, R. (Eds.), 
Reproduction. Springer, US, pp. 373–422, 7. 

Hasen, N.S., Gammie, S.C., 2005. Differential fos activation in virgin and lactating mice in response to an 
intruder. Physiol. Behav. 84, 681–695. 

Hasen, N.S., Gammie, S.C., 2006. Maternal aggression: new insights from Egr-1. Brain Res. 1108, 147–156. 
Hasue, R.H., Shammah-Lagnado, S.J., 2002. Origin of the dopaminergic innervation of the central ex-

tended amygdala and accumbens shell: a combined retrograde tracing and immunohistochemical study 
in the rat. J. Comp. Neurol. 454, 15–33. 

Heeb, M., Yahr, P., 1996. c-Fos immunoreactivity in the sexually dimorphic area of the hypothalamus and 
related brain regions of male gerbils after exposure to sex-related stimuli or performance of specific 
sexual behaviors. Neuroscience 72, 1049–1071. 

Heimer, L., Larsson, K., 1967. Impairment of mating behavior in male rats following lesions in the preoptic-
anterior hypothalamic continuum. Brain Res. 3, 248–263. 

Herbison, A.E., Theodosis, D.T., 1992. Localization of oestrogen receptors in preoptic neurons containing 
neurotensin but not tyrosine hydroxylase, cholecystokinin or luteinizing hormone-releasing hormone 
in the male and female rat. Neuroscience 50, 283–298. 

Hines, M., Davis, F.C., Coquelin, A., Goy, R.W., Gorski, R.A., 1985. Sexually dimorphic regions in the me-
dial preoptic area and the bed nucleus of the stria terminalis of the guinea pig brain: a description and 
an investigation of their relationship to gonadal steroids in adulthood. J. Neurosci. 5, 40–47. 

Hines, M., Allen, L.S., Gorski, R.A., 1992. Sex differences in subregions of the medial nucleus of the amyg-
dala and the bed nucleus of the stria terminalis of the rat. Brain Res. 579, 321–326. 

Hofman, M.A., Swaab, D.F., 1989. The sexually dimorphic nucleus of the preoptic area in the human brain: 
a comparative morphometric study. J. Anat. 164, 55. 

Holmes, M.M., Goldman, B.D., Forger, N.G., 2008. Social status and sex independently influence androgen 
receptor expression in the eusocial naked mole-rat brain. Horm. Behav. 54, 278–285. 

Hong, W., Kim, D.-W., Anderson, D.J., 2014. Antagonistic control of social versus repetitive self-grooming 
behaviors by separable amygdala neuronal subsets. Cell 158, 1348–1361. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0410
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0410
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0410
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0415
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0415
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0420
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0420
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0420
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0425
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0425
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0425
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0430
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0430
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0430
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9435
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9435
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0435
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0435
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0440
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0440
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0440
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0445
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0445
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0450
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0450
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0455
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0455
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0460
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0465
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0465
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0465
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0470
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0470
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0470
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0475
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0475
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0480
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0480
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0480
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0485
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0485
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0485
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0490
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0490
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0495
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0495
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0500
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0500
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0505
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0505


Sex Differences in the Social Behavior Network and Mesolimbic Dopamine System 101

Hsu, Y., Earley, R.L., Wolf, L.L., 2007. Modulation of aggressive behaviour by fighting experience: mecha-
nism and contest outcomes. Biol. Rev. 81, 337–374. 

Hull, E.M., Dominguez, J.M., 2007. Sexual behavior in male rodents. Horm. Behav. 52, 45–55. 
Hyman, S.E., Malenka, R.C., Nestler, E.J., 2006. Addiction: the role of reward-related learning and memory. 

Ann. Rev. Neurosci. 29, 565–598. 
Jalabert, M., Aston-Jones, G., Herzog, E., Manzoni, O., Georges, F., 2009. Role of the bed nucleus of the stria 

terminalis in the control of ventral tegmental area dopamine neurons. Prog. Neuropsychopharmacol. 
Biol. Psychiat. 33, 1336–1346. 

Jennings, J.H., Sparta, D.R., Stamatakis, A.M., Ung, R.L., Pleil, K.E., Kash, T.L., Stuber, G.D., 2013. Distinct 
extended amygdala circuits for divergent motivational states. Nature 496, 224–228. 

Joppa, M., Meisel, R., Garber, M., 1995. c-Fos expression in female hamster brain following sexual and ag-
gressive behaviors. Neuroscience 68, 783–792. 

Kebabian, J.W., Petzold, G.L., Greengard, P., 1972. Dopamine-sensitive adenylate cyclase in caudate nucleus 
of rat brain, and its similarity to the “dopamine receptor”. Proc. Natl. Acad. Sci. USA 69, 2145–2149. 

Kim, S.-Y., Adhikari, A., Lee, S.Y., Marshel, J.H., Kim, C.K., Mallory, C.S., Lo, M., Pak, S., Mattis, J., Lim, 
B.K., Malenka, R.C., Warden, M.R., Neve, R., Tye, K.M., Deisseroth, K., 2013. Diverging neural path-
ways assemble a behavioural state from separable features in anxiety. Nature 496, 219–223. 

Kingsbury, M.A., Gleason, E.D., Ophir, A.G., Phelps, S.M., Young, L.J., Marler, C.A., 2012. Monogamous 
and promiscuous rodent species exhibit discrete variation in the size of the medial prefrontal cortex. 
Brain Behav. Evol. 80, 4–14. 

Kirn, J., Floody, O.R., 1985. Differential effects of lesions in three limbic areas on ultrasound production and 
lordosis by female hamsters. Behav. Neurosci. 99, 1142–1152. 

Kollack-Walker, S., Newman, S., 1995. Mating and agonistic behavior produce different patterns of Fos im-
munolabeling in the male Syrian hamster brain. Neuroscience 66, 721–736. 

Kollack-Walker, S., Newman, S.W., 1997. Mating-induced expression of c-fos in the male Syrian hamster 
brain: role of experience, pheromones, and ejaculations. Neuroscience 66, 721–736.

Kollack-Walker, S., Watson, S.J., Akil, H., 1997. Social stress in Hamsters: defeat activates specific neurocir-
cuits within the Brain. J. Neurosci. 17, 8842–8855. 

Kondo, Y., Sakuma, Y., 2005. The medial amygdala controls the coital access of female rats: a possible involve-
ment of emotional responsiveness. Jpn. J. Physiol. 55, 345–353. 

Koolhaas, J., Korte, S., De Boer, S., Van Der Vegt, B., Van Reenen, C., Hopster, H., De Jong, I., Ruis, M., 
Blokhuis, H., 1999. Coping styles in animals: current status in behavior and stress-physiology. Neurosci. 
Biobehav. Rev. 23, 925–935. 

Krishnan, V., Han, M.H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., LaPlant, Q., Graham, A., Lutter, 
M., Lagace, D.C., Ghose, S., Reister, R., Tannous, P., Green, T.A., Neve, R.L., Chakravarty, S., Kumar, A., 
Eisch, A.J., Self, D.W., Lee, F.S., Tamminga, C.A., Cooper, D.C., Gershenfeld, H.K., Nestler, E.J., 2007. 
Molecular adaptations underlying susceptibility and resistance to social defeat in brain reward regions. 
Cell 131, 391–404. 

Kritzer, M.F., Creutz, L.M., 2008. Region and sex differences in constituent dopamine neurons and im-
munoreactivity for intracellular estrogen and androgen receptors in mesocortical projections in rats.  
J. Neurosci. 28, 9525–9535. 

Kritzer, M.F., Brewer, A., Montalmant, F., Daveport, M., Robinson, J.K., 2007. Effects of gonadectomy on 
performance in operant tasks measuring prefrontal cortical function in adult male rats. Horm. Behav. 
51, 183–194. 

LaPlant, Q., Chakravarty, S., Vialou, V., Mukherjee, S., Koo, J.W., Kalahasti, G., Bradbury, K.R., Taylor, S.V., 
Maze, I., Kumar, A., Graham, A., Birnbaum, S.G., Krishnan, V., Truong, H.-T., Neve, R.L., Nestler, E.J., 
Russo, S.J., 2009. Role of nuclear factor B in ovarian hormone-mediated stress hypersensitivity in 
female mice. Biol. Psychiatry 65, 874–880. 

Laredo, S.A., Villalon Landeros, R., Trainor, B.C., 2014. Rapid effects of estrogens on behavior: environmen-
tal modulation and molecular mechanisms. Front. Neuroendocrinol. 35, 447–458. 

Laredo, S.A., Steinman, M.Q., Robles, C.F., Ferrer, E., Ragen, B.J., Trainor, B.C., 2015. The mu-opioid 
receptor mediates sex differences in cognitive flexibility following social defeat stress. Eur. J. Neurosci. 
41, 434–441.

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0510
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0510
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0515
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0520
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0520
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0525
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0525
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0525
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0530
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0530
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0535
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0535
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0540
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0540
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0545
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0545
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0545
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0550
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0550
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0550
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9560
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9560
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0555
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0555
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0560
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0560
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0565
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0565
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0570
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0570
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0570
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0575
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0575
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0575
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0575
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0575
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0580
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0580
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0580
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0585
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0585
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0585
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0595
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0595
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0595
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0595
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0600
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0600


Sex Differences in the Central Nervous System102

Lee, A.W., Brown, R.E., 2002. Medial preoptic lesions disrupt parental behavior in both male and female 
California mice (Peromyscus californicus). Behav. Neurosci. 116, 968. 

Lee, A.W., Brown, R.E., 2007. Comparison of medial preoptic, amygdala, and nucleus accumbens lesions on 
parental behavior in California mice (Peromyscus californicus). Physiol. Behav. 92, 617–628. 

Lee, A., Clancy, S., Fleming, A.S., 1999. Mother rats bar-press for pups: effects of lesions of the mpoa and 
limbic sites on maternal behavior and operant responding for pup-reinforcement. Behav. Brain Res. 
100, 15–31. 

Lehman, M.N., Winans, S.S., 1982. Vomeronasal and olfactory pathways to the amygdala controlling male 
hamster sexual behavior: autoradiographic and behavioral analyses. Brain Res. 240, 27–41. 

Lehman, M.N., Winans, S.S., Powers, J.B., 1980. Medial nucleus of the amygdala mediates chemosensory 
control of male hamster sexual behavior. Science 210, 557–560. 

Lehman, M.N., Powers, J.B., Winans, S.S., 1983. Stria terminalis lesions alter the temporal pattern of copula-
tory behavior in the male golden hamster. Behav. Brain Res. 8, 109–128. 

Leri, F., Flores, J., Rodaros, D., Stewart, J., 2002. Blockade of stress-induced but not cocaine-induced rein-
statement by infusion of noradrenergic antagonists into the bed nucleus of the stria terminalis or the 
central nucleus of the amygdala. J. Neurosci. 22, 5713–5718. 

Levin, E.R., Pietras, R.J., 2008. Estrogen receptors outside the nucleus in breast cancer. Breast Cancer Res. 
Treat. 108, 351–361. 

Lin, D.Y., Boyle, M.P., Dollar, P., Lee, H., Lein, E.S., Perona, P., Anderson, D.J., 2011. Functional identification 
of an aggressive locus in the mouse hypothalamus. Nature 470, 221–226. 

Liu, Y., Wang, Z.X., 2003. Nucleus accumbens oxytocin and dopamine interact to regulate pair bond forma-
tion in female prairie voles. Neuroscience 121, 537–544. 

Lu, B., Pang, P.T., Woo, N.H., 2005. The yin and yang of neurotrophin action. Nat. Rev. Neurosci. 6, 
603–614. 

Malberg, J.E., Duman, R.S., 2003. Cell proliferation in adult hippocampus is decreased by inescapable stress: 
reversal by fluoxetine treatment. Neuropsychopharmacology 28, 1562–1571. 

Malsbury, C.W., 1971. Facilitation of male rat copulatory behavior by electrical stimulation of the medial 
preoptic area. Physiol. Behav. 7, 797–805. 

Malsbury, C.W., Kow, L.-M., Pfaff, D.W., 1977. Effects of medial hypothalamic lesions on the lordosis re-
sponse and other behaviors in female golden hamsters. Physiol. Behav. 19, 223–237. 

Marcangione, C., Rompré, P.-P., 2008. Topographical Fos induction within the ventral midbrain and 
projection sites following self-stimulation of the posterior mesencephalon. Neuroscience 154,  
1227–1241. 

Margolis, E.B., Lock, H., Hjelmstad, G.O., Fields, H.L., 2006. The ventral tegmental area revisited: is there an 
electrophysiological marker for dopaminergic neurons? J. Physiol. 577, 907–924. 

Matsuo, K., Walss-Bass, C., Nery, F.G., Nicoletti, M.A., Hatch, J.P., Frey, B.N., Monkul, E.S., Zunta-Soares, 
G.B., Bowden, C.L., Escamilla, M.A., Soares, J.C., 2009. Neuronal correlates of brain-derived neuro-
trophic factor Val66Met polymorphism and morphometric abnormalities in bipolar disorder. Neuro-
psychopharmacology 34, 1904–1913. 

Mattson, B.J., Morrell, J.I., 2005. Preference for cocaine- versus pup-associated cues differentially activates 
neurons expressing either Fos or cocaine- and amphetamine-regulated transcript in lactating, maternal 
rodents. Neuroscience 135, 315–328. 

McArthur, S., McHale, E., Gillies, G.E., 2007. The size and distribution of midbrain dopaminergic popula-
tions are permanently altered by perinatal glucocorticoid exposure in a sex-region-and time-specific 
manner. Neuropsychopharmacology 32, 1462–1476. 

McDonald, A., 1991. Topographical organization of amygdaloid projections to the caudatoputamen, nucleus 
accumbens, and related striatal-like areas of the rat brain. Neuroscience 44, 15–33. 

McFarland, K., Davidge, S.B., Lapish, C.C., Kalivas, P.W., 2004. Limbic and motor circuitry underlying 
footshock-induced reinstatement of cocaine-seeking behavior. J. Neurosci. 24, 1551–1560. 

Merke, D.P., Bornstein, S.R., 2005. Congenital adrenal hyperplasia. Lancet 365, 2125–2136. 
Mermelstein, P.G., Becker, J.B., 1995. Increased extracellular dopamine in the nucleus-accumbens and stria-

tum of the female rat during paced copulatory-behavior. Behav. Neurosci. 109, 354–365. 
Miczek, K.A., Yap, J.J., Covington, H.E., 2008. Social stress, therapeutics and drug abuse: preclinical models 

of escalated and depressed intake. Pharmacol. Ther. 120, 102–128. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0605
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0605
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0610
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0610
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0615
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0615
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0615
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0620
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0620
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0625
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0625
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0630
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0630
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0635
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0635
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0635
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0640
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0640
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0645
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0645
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0650
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0650
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0655
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0655
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0660
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0660
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0665
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0665
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0670
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0670
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0675
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0675
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0675
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0680
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0680
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0685
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0685
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0685
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0685
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0690
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0690
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0690
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0695
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0695
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0695
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0700
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0700
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0705
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0705
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0710
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0715
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0715
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0720
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0720


Sex Differences in the Social Behavior Network and Mesolimbic Dopamine System 103

Moga, M.M., Saper, C.B., Gray, T.S., 1989. Bed nucleus of the stria terminalis: cytoarchitecture, immuno-
histochemistry, and projection to the parabrachial nucleus in the rat. J. Comp. Neurol. 283, 315–332. 

Morris, J.A., Jordan, C.L., Breedlove, S.M., 2008. Sexual dimorphism in neuronal number of the posterodor-
sal medial amygdala is independent of circulating androgens and regional volume in adult rats. J. Comp. 
Neurol. 506, 851–859. 

Newman, S.W., 1999. The medial extended amygdala in male reproductive behavior: a node in the mam-
malian social behavior network. Ann. NY Acad. Sci. 877, 242–257. 

Nibuya, M., Morinobu, S., Duman, R.S., 1995. Regulation of BDNF and trkB messenger-RNA in rat-brain 
by chronic electroconvulsive seizure and antidepressant drug treatments. J. Neurosci. 15, 7539–7547. 

Niv, Y., Schoenbaum, G., 2008. Dialogues on prediction errors. Trends Cogn. Sci. 12, 265–272. 
Northcutt, K.V., Nhuyen, J.M., 2014. Female juvenile play elicits Fos expression in dopaminergic neurons 

of the VTA. Behav. Neurosci. 128, 178–186. 
Numan, M., 1974. Medial preoptic area and maternal behavior in the female rat. J. Comp. Physiol. Psychol. 

87, 746. 
Numan, M., 1988. Neural basis of maternal behavior in the rat. Psychoneuroendocrinology 13, 47–62. 
Numan, M., Stolzenberg, D.S., 2009. Medial preoptic area interactions with dopamine neural systems in the 

control of the onset and maintenance of maternal behavior in rats. Front. Neuroendocrinol. 30, 46–64. 
Numan, M., Rosenblatt, J.S., Komisaruk, B.R., 1977. Medial preoptic area and onset of maternal behavior 

in rat. J. Comp. Neurol. 91, 146–164. 
O’Connell, L.A., Hofmann, H.A., 2011. The vertebrate mesolimbic reward system and social behavior net-

work: a comparative synthesis. J. Comp. Neurol. 519, 3599–3639. 
O’Connell, L.A., Hofmann, H.A., 2012. Evolution of a vertebrate social decision-making network. Science 

336, 1154–1157. 
Oyegible, T.O., Marler, C.A., 2005. Winning fights elevates testosterone levels in California mice and en-

hance future ability to win fights. Horm. Behav. 48, 259–267. 
Pak, T.R., Handa, R.J., 2007. Steroid hormone receptors and sex differences in behavior. In: Becker, J.B., 

Berkley, K.J., Geary, N., Hampson, E., Herman, J.P., Young, E.A. (Eds.), Sex Differences in the Brain: 
From Genes to Behavior. Oxford University Press, New York, pp. 109–138. 

Panzica, G., Aste, N., Viglietti-Panzica, C., Ottinger, M., 1995. Structural sex differences in the brain: influ-
ence of gonadal steroids and behavioral correlates. J. Endocrinol. Invest. 18, 232–252. 

Patisaul, H.B., Scordalakes, E., Young, L.J., Rissman, E.F., 2003. Oxytocin, but not oxytocin receptor, is 
regulated by oestrogen receptor b in the female mouse hypothalamus. J. Neuroendocrinol. 15, 787–793. 

Pfaus, J.G., 1999. Revisiting the conceptor of sexual motivation. Annu. Rev. Sex Res. 10, 120–156. 
Pfaus, J.G., Phillips, A.G., 1991. Role of dopamine in anticipatory and consummatory aspects of sexual be-

havior in the male rat. Behav. Neurosci. 105, 727–743. 
Pfaus, J.G., Damsma, G., Nomikos, G.G., Wenkstern, D.G., Blaha, C.D., Phillips, A.G., Fibiger, H.C., 1990. 

Sexual behavior enhances central dopamine transmission in the male rat. Brain Res. 530, 345–348. 
Pfaus, J.G., Kleopoulos, S.P., Mobbs, C.V., Gibbs, R.B., Pfaff, D.W., 1993. Sexual stimulation activates c-fos 

within estrogen-concentrating regions of the female rat forebrain. Brain Res. 624, 253–267. 
Phelix, C.F., Liposits, Z., Paull, W.K., 1992. Serotonin-CRF interaction in the bed nucleus of the stria ter-

minalis: a light microscopic double-label immunocytochemical analysis. Brain Res. Bull. 28, 943–948. 
Phoenix, C.H., 1961. Hypothalamic regulation of sexual behavior in male guinea pigs. J. Comp. Physiol. 

Psychol. 54, 72. 
Potegal, M., Ferris, C., Hebert, M., Meyerhoff, J., Skaredoff, L., 1996. Attack priming in female Syrian 

golden hamsters is associated with a c-fos-coupled process within the corticomedial amygdala. Neuro-
science 75, 869–880. 

Powers, B., Valenstein, E.S., 1972. Sexual receptivity: facilitation by medial preoptic lesions in female rats. 
Science 175, 1003–1005. 

Powers, J.B., Newman, S.W., Bergondy, M.L., 1987. MPOA and BNST lesions in male Syrian hamsters: 
differential effects on copulatory and chemoinvestigatory behaviors. Behav. Brain Res. 23, 181–195. 

Prendergast, B., Nelson, R., Zucker, I., 2009. 14 mammalian seasonal rhythms: behavior and neuroendocrine 
substrates. Hormones 1, 507–538. 

Razzoli, M., Andreoli, M., Michielin, F., Quarta, D., Sokal, D.M., 2011. Increased phasic activity of VTA 
dopamine neurons in mice 3 weeks after repeated social defeat. Behav. Brain Res. 218, 253–257. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0725
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0725
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0730
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0730
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0730
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0735
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0735
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0740
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0740
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0745
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0750
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0750
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0755
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0755
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0760
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0765
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0765
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0770
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0770
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0775
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0775
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0780
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0780
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0785
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0785
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0805
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0805
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0805
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0790
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0790
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0795
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0795
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0800
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9805
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref9805
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0810
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0810
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0815
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0815
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0820
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0820
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0825
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0825
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0830
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0830
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0830
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0835
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0835
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0840
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0840
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0845
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0845
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0850
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0850


Sex Differences in the Central Nervous System104

Resko, J.A., Pereyra-Martinez, A.C., Stadelman, H.L., Roselli, C.E., 2000. Region-specific regulation of 
cytochrome P450 aromatase messenger ribonucleic acid by androgen in brains of male rhesus monkeys. 
Biol. Reprod. 62, 1818–1822. 

Rey, C.D., Lipps, J., Shansky, R.M., 2014. Dopamine D1 receptor activation rescues extinction impairments 
in low-estrogen female rats and induces cortical layer-specific activation changes in prefrontal-amygdala 
circuits. Neuropsychopharmacology 39, 1282–1289. 

Ribble, D.O., Salvioni, M., 1990. Social organization and nest co-ocupancy in Peromyscus californicus, a mo-
nogamous rodent. Behav. Ecol. Sociobiol. 26, 9–15. 

Rompré, P.P., Boye, S.M., 1989. Localization of reward-relevant neurons in the pontine tegmentum: a move-
able electrode mapping study. Brain Res. 496, 295–302. 

Roselli, C.E., Horton, L.E., Resko, J.A., 1985. Distribution and regulation of aromatase activity in the rat 
hypothalamus and limbic system. Endocrinology 117, 2471–2477. 

Roselli, C.E., Klosterman, S.A., Fasasi, T.A., 1996. Sex differences in androgen responsiveness in the rat brain: 
regional differences in the induction of aromatase activity. Neuroendocrinology 64, 139–145. 

Roselli, C.E., Abdelgadir, S.E., Resko, J.A., 1997. Regulation of aromatase gene expression in the adult rat 
brain. Brain Res. Bull. 44, 351–357. 

Roselli, C.E., Larkin, K., Resko, J.A., Stellflug, J.N., Stormshak, F., 2004. The volume of a sexually dimorphic 
nucleus in the ovine medial preoptic area/anterior hypothalamus varies with sexual partner preference. 
Endocrinology 145, 478–483. 

Rosvall, K.A., Bergeon Burns, C.M., Barske, J., Goodson, J.L., Schlinger, B.A., Sengelaub, D.R., Ketterson, 
E.D., 2012. Neural sensitivity to sex steroids predicts individual differences in aggression: implications 
for behavioural evolution. Proc. R. Soc. Lond. B Biol. Sci. 279 (1742), 3547–3555. 

Sartor, G.C., Aston-Jones, G., 2012. Regulation of the ventral tegmetal area by the bed nucleus of the stria 
terminalis is require for expression of cocaine preference. Eur. J. Neurosci. 36, 3549–3558. 

Schumacher, M., Balthazart, J., 1986. Testosterone-induced brain aromatase is sexually dimorphic. Brain Res. 
370, 285–293. 

Scordalakes, E.M., Imwalle, D.B., Rissman, E.F., 2002. Oestrogen’s masculine side: mediation of mating in 
male mice. Reproduction 124, 331–338. 

Scott, C.J., Tilbrook, A.J., Simmons, D.M., Rawson, J.A., Chu, S., Fuller, P.J., Ing, N.H., Clarke, I.J., 2000. 
The distribution of cells containing estrogen receptors a (ERa) and ERb messenger ribonucleic acid 
in the preoptic area and hypothalamus of the sheep: comparison of males and females. Endocrinology 
141, 2951–2962. 

Shah, N.M., Pisapia, D.J., Maniatis, S., Mendelsohn, M.M., Nemes, A., Axel, R., 2004. Visualizing sexual 
dimorphism in the brain. Neuron 43, 313–319. 

Shaham, Y., Shalev, U., Lu, L., De Wit, H., Stewart, C., 2003. The reinstatement model of drug relapse: history, 
methodology and major findings. Psychopharmacology 168, 3–20. 

Sheridan, P.J., 1979. The nucleus interstitialis striae terminalis and the nucleus amygdaloideus medialis: 
prime targets for androgen in the rat forebrain. Endocrinology 104, 130–136. 

Shibata, S.T., Yamamoto, T.Y., Ueki, S., 1982. Differential effects of medial, central, and basolateral amygda-
loid lesions on four models of experimentally-induced aggression in rats. Physiol. Behav. 28, 289–294. 

Shirayama, Y., Chen, A.C.-H., Nakagawa, S., Russell, D.S., Duman, R.S., 2002. Brain-derived neurotrophic 
factor produces antidepressant effects in behavioral models of depression. J. Neurosci. 22, 3251–3261. 

Shughrue, P.J., Lane, M.V., Scrimo, P.J., Merchenthaler, I., 1998. Comparative distribution of estrogen receptor-
a (ER-a) and b (ER-b) mRNA in the rat pituitary, gonad, and reproductive tract. Steroids 63, 498–504. 

Shuster, S.M., Wade, M.J., 2003. Mating Systems and Strategies. Princeton University Press, Princeton, NJ. 
Silva, A.L., Fry, W.H.D., Sweeney, C., Trainor, B.C., 2010. Effects of photoperiod and experience on aggres-

sive behavior in female California mice. Behav. Brain Res. 208, 528–534. 
Simerly, R., Swanson, L., 1987. Castration reversibly alters levels of cholecystokinin immunoreactivity with-

in cells of three interconnected sexually dimorphic forebrain nuclei in the rat. Proc. Natl. Acad. Sci. 84, 
2087–2091. 

Simerly, R., Swanson, L., Chang, C., Muramatsu, M., 1990. Distribution of androgen and estrogen receptor 
mRNA-containing cells in the rat brain: an in situ hybridization study. J. Comp. Neurol. 294, 76–95. 

Snyder, M.A., Smejkalvoa, T., Forlano, P.M., Woolley, C.S., 2010. Multiple ERbeta antisera label in ERbeta 
knockout and null mouse tissues. J. Neurosci. Methods 188, 226–234. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0855
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0855
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0855
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0860
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0860
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0860
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0865
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0865
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0870
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0870
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0875
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0875
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0880
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0880
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0885
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0885
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0890
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0890
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0890
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0895
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0895
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0895
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0900
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0900
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0905
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0905
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0910
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0910
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0915
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0915
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0915
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0915
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0920
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0920
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0925
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0925
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0930
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0930
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0935
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0935
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0940
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0940
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0945
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0945
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0950
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0955
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0955
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0960
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0960
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0960
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0965
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0965
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0970
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0970


Sex Differences in the Social Behavior Network and Mesolimbic Dopamine System 105

Spiteri, T., Musatov, S., Ogawa, S., Ribeiro, A., Pfaff, D.W., Agmo, A., 2010. The role of the estrogen receptor 
a in the medial amygdala and ventromedial nucleus of the hypothalamus in social recognition, anxiety, 
and aggression. Behav. Brain Res. 210, 211–220. 

Steinman, M.Q., Laredo, S.A., Lopez, E.M., Manning, C.E., Hao, R.C., Doig, I.E., Campi, K.L., Flowers, 
A.E., Knight, J.K., Trainor, B.C., 2015. Hypothalamic vasopressin systems are more sensitive to social 
defeat in males versus females. Psychoneuroendocrinology 51, 122–134. 

Stolzenberg, D.S., Numan, M., 2011. Hypothalamic interaction with the mesolimbic DA system in the con-
trol of the maternal and sexual behaviors in rats. Neurosci. Biobehav. Rev. 35, 826–847. 

Stolzenberg, D.S., Stevens, J.S., Rissman, E.F., 2012. Experience-facilitated improvements in pup retrieval: 
evidence for an epigenetic effect. Horm. Behav. 62, 128–135. 

Stolzenberg, D.S., Stevens, J.S., Rissman, E.F., 2014. Histone deacetylase inhibition induces long-lasting 
changes in maternal behavior and gene expression in female mice. Endocrinology 155, 3674–3683. 

Swanson, L., 1982. The projections of the ventral tegmental area and adjacent regions: a combined fluores-
cent retrograde tracer and immunofluorescence study in the rat. Brain Res. Bull. 9, 321–353. 

Takahashi, L.K., Gladstone, C.D., 1988. Medial amygdaloid lesions and the regulation of sociosexual behav-
ioral patterns across the estrous cycle in female golden hamsters. Behav. Neurosci. 106, 162–171. 

Takeo, T., Chiba, Y., Sakuma, Y., 1993. Suppression of the lordosis reflex of female rats by efferents of the 
medial preoptic area. Physiol. Behav. 53, 831–838. 

Tetel, M.J., Getzinger, M.J., Blaustein, J.D., 1993. Fos expression in the rat brain following vaginal-cervical 
stimulation by mating and manual probing. J. Neuroendocrinology 5, 397–404. 

Thompson, T.L., Moss, R.L., 1994. Estrogen regulation of dopamine release in the nucleus accumbens: ge-
nomic and nongenomic-mediated effects. J. Neurochem. 62, 1750–1756. 

Trainor, B.C., 2011. Stress responses and the mesolimbic dopamine system: social contexts and sex differ-
ences. Horm. Behav. 60 (5), 457–469. 

Trainor, B.C., Marler, C.A., 2002. Testosterone promotes paternal behaviour in a monogamous mammal via 
conversion to oestrogen. Proc. R. Soc. Lond. B Biol. Sci. 269, 823–829. 

Trainor, B.C., Bird, I.M., Alday, N.A., Schlinger, B.A., Marler, C.A., 2003. Variation in aromatase activity 
in the medial preoptic area and plasma progesterone is associated with the onset of paternal behavior. 
Neuroendocrinology 78, 36–44. 

Trainor, B.C., Greiwe, K.M., Nelson, R.J., 2006. Individual differences in estrogen receptor a in select brain 
nuclei are associated with individual differences in aggression. Horm. Behav. 50, 338–345. 

Trainor, B.C., Lin, S., Finy, M.S., Rowland, M.R., Nelson, R.J., 2007a. Photoperiod reverses the effects 
of estrogens on male aggression via genomic and nongenomic pathways. Proc. Natl. Acad. Sci. 104, 
9840–9845. 

Trainor, B.C., Rowland, M.R., Nelson, R.J., 2007b. Photoperiod affects estrogen receptor a, estrogen recep-
tor b and aggressive behavior. Eur. J. Neurosci. 26, 207–218. 

Trainor, B.C., Finy, M.S., Nelson, R.J., 2008a. Paternal aggression in a biparental mouse: parallels with ma-
ternal aggression. Horm. Behav. 53, 200–207. 

Trainor, B.C., Sima Finy, M., Nelson, R.J., 2008b. Rapid effects of estradiol on male aggression depend on 
photoperiod in reproductively non-responsive mice. Horm. Behav. 53, 192–199. 

Trainor, B.C., Crean, K.K., Fry, W.H., Sweeney, C., 2010. Activation of extracellular signal-regulated kinases 
in social behavior circuits during resident-intruder aggression tests. Neuroscience 165, 325–336. 

Trainor, B.C., Pride, M.C., Villalon Landeros, R., Knoblauch, N.W., Takahashi, E.Y., Silva, A.L., Crean, K.K., 
2011. Sex differences in social interaction behavior following social defeat stress in the monogamous 
California mouse (Peromyscus californicus). PLOS One 6, e17405. 

Trainor, B.C., Takahashi, E.Y., Campi, K.L., Florez, S.A., Greenberg, G.D., Laman-Maharg, A., Laredo, S.A., 
Orr, V.N., Silva, A.L., Steinman, M.Q., 2013. Sex differences in stress-induced social withdrawal: in-
dependence from adult gonadal hormones and inhibition of female phenotype by corncob bedding. 
Horm. Behav. 63, 543–550. 

Tsuneoka, Y., Maruyama, T., Yoshida, S., Nishimori, K., Kato, T., Numan, M., Kuroda, K.O., 2013. Functional, 
anatomical, and neurochemical differentiation of medial preoptic area subregions in relation to maternal 
behavior in the mouse. J. Comp. Neurol. 521, 1633–1663. 

Van Dis, H., Larsson, K., 1971. Induction of sexual arousal in the castrated male rat by intracranial stimula-
tion. Physiol. Behav. 6, 85–86. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0975
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0975
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0975
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0980
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0980
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0980
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0985
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0985
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0990
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0990
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0995
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref0995
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1000
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1000
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1005
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1005
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1010
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1010
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1015
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1015
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1020
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1020
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1025
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1025
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1030
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1030
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1035
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1035
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1035
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1040
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1040
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1045
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1045
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1045
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1050
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1050
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1055
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1055
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1060
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1060
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1065
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1065
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1070
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1070
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1070
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1075
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1080
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1080
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1080
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1085
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1085


Sex Differences in the Central Nervous System106

Viglietti-Panzica, C., Panzica, G.C., Fiori, M.G., Calcagni, M., Anselmetti, G.C., Balthazart, J., 1986. A sexu-
ally dimorphic nucleus in the quail preoptic area. Neurosci. Lett. 64, 129–134. 

Vochteloo, J.D., Koolhaas, J.M., 1987. Medial amygdala lesions in male rats reduce aggressive behavior: in-
terference with experience. Physiol. Behav. 41, 99–102. 

Wade, J., Huang, J., Crews, D., 1993. Hormonal control of sex differences in the brain, behavior and acces-
sory sex structures of whiptail lizards (Cnemidophorus) species. J. Neuroendocrinol. 5, 81–93. 

Walker, Q.D., Rooney, M.B., Wightman, R.M., Kuhn, C.M., 1999. Dopamine release and uptake are greater 
in female than male rat striatum as measured by fast cyclic voltammetry. Neuroscience 95, 1061–1070. 

Wang, Y., He, Z., Zhao, C., Lei, L., 2013. Medial amygdala lesions modify aggressive behavior and immedi-
ate early gene expression in oxytocin and vasopressin neurons during intermale exposure. Behav. Brain 
Res. 245, 42–49. 

Whitney, J.F., 1986. Effect of medial preoptic lesions on sexual behavior of female rats is determined by test 
situation. Behav. Neurosci. 100, 230–235. 

Wise, D.A., 1974. Aggression in the female golden hamster: effects of reproductive state and social isolation. 
Horm. Behav. 5, 235–250. 

Wissman, A.M., May, R.M., Woolley, C.S., 2012. Ultrastructual analysis of sex differences in nucleus accum-
bens synaptic connectivity. Brain Struct. Funct. 217, 181–190. 

Wood, R.I., 1996. Estradiol, but not dihydrotestosterone, in the medial amygdala facilitates male hamster sex 
behavior. Physiol. Behav. 59, 833–841. 

Wood, R.I., Newman, S.W., 1993. Mating activates androgen receptor-containing neurons in chemosensory 
pathways of the male Syrian hamster brain. Brain Res. 614, 65–77. 

Wood, R.I., Newman, S.W., 1995. The medial amygdaloid nucleus and medial preoptic area mediate steroi-
dal control of sexual behavior in the male Syrian hamster. Horm. Behav. 29, 3380353. 

Wu, M.V., Manoli, D.S., Fraser, E.J., Coats, J.K., Tollkuhn, J., Honda, S.-I., Harada, N., Shah, N.M., 2009. 
Estrogen masculinizes neural pathways and sex-specific behaviors. Cell 139, 61–72. 

Xu, X., Coats, J.K., Yang, C.F., Wang, A., Ahmed, O.M., Alvarado, M., Izumi, T., Shah, N.M., 2012. Modular 
genetic control of sexually dimorphic behaviors. Cell 148, 596–607. 

http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1090
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1090
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1095
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1095
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1100
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1100
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1105
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1105
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1110
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1110
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1110
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1115
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1115
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1120
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1120
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1125
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1125
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1130
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1130
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1135
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1135
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1140
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1140
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1145
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1145
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1150
http://refhub.elsevier.com/B978-0-12-802114-9.00004-4/ref1150

