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Organisms react to threats with a variety of behavioral, hormonal, and neurobiological responses. The study of
biological responses to stress has historically focused on the hypothalamic-pituitary-adrenal axis, but other sys-
tems such as the mesolimbic dopamine system are involved. Behavioral neuroendocrinologists have long recog-
nized the importance of the mesolimbic dopamine system in mediating the effects of hormones on species
specific behavior, especially aspects of reproductive behavior. There has been less focus on the role of this system
in the context of stress, perhaps due to extensive data outlining its importance in reward or approach-based con-
texts. However, there is steadily growing evidence that themesolimbic dopamine neurons have critical effects on
behavioral responses to stress. Most of these data have been collected from experiments using a small number of
animal model species under a limited set of contexts. This approach has led to important discoveries, but evi-
dence is accumulating that mesolimbic dopamine responses are context dependent. Thus, focusing on a limited
number of species under a narrow set of controlled conditions constrains our understanding of how the meso-
limbic dopamine system regulates behavior in response to stress. Both affiliative and antagonistic social interac-
tions have important effects on mesolimbic dopamine function, and there is preliminary evidence for sex
differences as well. This review will highlight the benefits of expanding this approach, and focus on how social
contexts and sex differences can impact mesolimbic dopamine stress responses.
rights reserved.
© 2011 Elsevier Inc. All rights reserved.
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Introduction

Stressful experiences induce a powerful set of behavioral, hormonal,
cellular and molecular responses that assist organisms in adapting to
the physical and social environment. Studies of physiological stress
responses have historically focused on catecholamine responses
and the hypothalamic-pituitary adrenal (HPA) axis (Herman et al.,
2003; McEwen and Wingfield, 2003). However, physiological re-
sponses to stress are diverse, and over the past 30 years evidence
has accumulated that dopamine neurons in the ventral tegmental
area (VTA), (which project to limbic regions including the nucleus
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accumbens, amygdala, hippocampus, and frontal cortex) react
strongly to stressful situations (Herman et al., 1982; Thierry et al.,
1976; Tidey and Miczek, 1996). Reports that the mesolimbic dopa-
mine system reacts to stress were initially slow to attract wide inter-
est, perhaps because they run counter to prevailing views that the
pathway is primarily activated by contexts associated with rewards.
Despite these headwinds, interest in mesolimbic dopamine re-
sponses to stress and aversive contexts is growing. Recent discover-
ies suggest that there may be distinct populations of VTA neurons
that are preferentially activated by rewards or stress. Furthermore
individual variation in VTA stress responses has been linked to indi-
vidual differences in coping responses to stress (Krishnan and Nestler,
2010). These discoveries are contributing to our still evolving under-
standing of the functions of mesolimbic dopamine neurons in behavior
(Berridge, 2007; Bromberg-Martin et al., 2010; Hyman et al., 2006;
Ikemoto and Panksepp, 1999; Wise, 2004).

How an individual responds behaviorally and physiologically to
challenges is influenced by an array of factors including early life expe-
rience (Seckl and Meaney, 2004), seasonal cues (Nelson and Martin,
2007), social environment (DeVries et al., 2007), and sex (Goel and
Bale, 2009). These factors are known to modulate how the HPA axis re-
sponds to stress. However, less is known about how these factors medi-
ate mesolimbic dopamine responses to stress. Indeed, the majority of
studies investigating dopaminergic responses to stress have focused
on a few species of male rodents under relatively controlled laboratory
conditions. Here, I will argue that there will be many benefits to diver-
sifying the contexts in which the activity of the mesolimbic dopamine
system is studied. The literature focusing on appetitive aspects of meso-
limbic dopamine function has already started this process. A foundation
of knowledge was formed by focusing on dopaminergic function in a
fewmodel species, under a limited set of controlled conditions (e.g. re-
sponses to food rewards or drugs of abuse) (Hyman et al., 2006; Wise,
2006). This set the stage for interpreting how themesolimbic dopamine
system functions in more complex social situations. For example, the
formation of a pair bond between a male and a female prairie vole in-
duces a dramatic upregulation of dopamine D1 receptors in the nucleus
accumbens (NAc), which causes males to attack unfamiliar females
(Aragona et al., 2006). These results contrast starkly from observations
in rats. Unfamiliar female rats typically induce increased male sexual
arousal (Wilson et al., 1963) and increase dopamine release in the
NAc (Fiorino et al., 1997). Several lines of evidence suggest that dopa-
mine receptors (includingD1 receptors specifically) in theNAc facilitate
male sexual motivation in rats (Bialy et al., 2010; Everitt et al., 1989; Liu
et al., 1998; Pfaus and Phillips, 1991) but see (Moses et al., 1995). Thus,
species differences in social organization are associated with divergent
effects of dopamine receptors onmale behavioral responses to novel fe-
males. This example highlights the value of comparative approaches.

This review will examine mesolimbic dopamine responses to
aversive contexts (focusing on the VTA and NAc), and then focus on
how social context and sex differences modulate these responses. Al-
though most examples will come from a few widely used rodent
model systems, this review will highlight the unique insights that
can be gained from examining mesolimbic dopamine function under
different social contexts, and in species with different social systems.

Mesolimbic dopamine system

Appetitive responses

The mesolimbic dopamine pathway consists of dopaminergic cell
bodies in the VTA and its projections to striatal, limbic, and cortical re-
gions. The NAc can be divided into two subregions: the core which has
stronger connections to other nuclei within the basal ganglia (Zahm
and Heimer, 1990) and the shell which has stronger connections to the
amygdala and bed nucleus of the stria terminalis (Alheid and Heimer,
1988). Both natural rewards such as palatable foods (Baldo and Kelley,
2007) and artificial stimuli such as drugs of abuse (Di Chiara et al.,
2004) stimulate dopamine release in the NAc. However, it appears the
consequences of dopamine release in the NAc aremore complex than in-
dicating the presence of a reward. For example, several findings suggest
that NAc dopamine release does not signal a hedonic (pleasurable)
state. Inhibiting dopaminergic responses in the NAc, either via pharma-
cological lesion (Berridge et al., 1989) or through genetic inactivation of
dopamine synthesis (Cannon and Palmiter, 2003), does not block be-
havioral preferences for rewards. Genetic deletion of dopamine synthe-
sis in the NAc inhibits animals from seeking or working for rewards
(Robinson et al., 2005), suggesting that dopamine released in the NAc
may be more important for reinforcement (Berridge, 2007; Salamone
et al., 2007). Electrical recordings of dopamine neurons in the VTA dur-
ing learning tasks suggest these neurons also play a role in learning. The
activity of dopamine neurons increases following unexpected rewards,
and over time “burst” responses are stimulated by cues that predict the
onset of the reward rather than the reward itself (Schultz et al., 1997).
With these discoveries inmale rats, mice, and rhesusmonkeys, hypoth-
eses on the role of dopamine function in the context of natural and ar-
tificial rewards have shifted. Focusing on a few species has facilitated
these major advances, but as outlined below, considering species with
different social systems can facilitate important insights. This is because
the behavioral responses of dopamine neurons are context dependent,
and examining species with different social systems expands the
range of contexts that can be studied.

There is substantial evidence from a wide range of vertebrates that
sexual behavior is perceived as a rewarding experience (Burns-Cusato
et al., 2005; Domjan, 1992; Pfaus and Phillips, 1991; Tenk et al., 2009).
However, there are some interesting species differences in how dopa-
mine is released during mating. Rats live in complex social groups,
and sexual behavior typically involves intense competition among
males for mating opportunities (Calhoun, 1962). Under naturalistic
conditions or cages in which females can avoid males, females control
the pacing of sexual interactions by approaching and withdrawing
from males (Erskine, 1989; McClintock and Anisko, 1982). This behav-
ior has also been observed inMusmusculus (Garey et al., 2002). Intrigu-
ingly, dopamine release in theNAc of female rats increases during paced
mating but does not increase when males have unrestricted access to
females (Becker et al., 2001; Jenkins and Becker, 2003; Mermelstein
and Becker, 1995). In contrast, female golden hamsters (Mesocricetus
auratus) are solitary (Gattermann et al., 2001; Gattermann et al.,
2008) and have increased NAc dopamine release during mating tests
in which male hamsters have unrestricted access to females (Kohlert
et al., 1997; Meisel et al., 1993). On the one had, female hamster sexual
behavior would appear to be a less dynamic process, as females often
adopt the lordosis posture for several minutes at a time (Lisk et al.,
1983). However, a closer examination showed that female hamsters
can indeed pace mating bouts through perineal movements (Noble,
1980). This apparent pacing behavior in hamsters appears to increase
the number of successful matings (Noble, 1980). Currently, it is unclear
whether this more subtle pacing behavior in hamsters is critical for fa-
cilitating dopamine release, although there is some indirect evidence
for a connection. Cytotoxic lesions of dopamine neurons of the basal
forebrain (including nucleus accumbens) prevent increases in mating
efficiency that occur with sexual experience in females (Bradley et al.,
2005). It would be interesting to determine how female dopamine re-
sponses in the NAc vary across species with different levels of mating
competition. One possibility is that in species with fewer mating part-
ners, dopamine release might not be as tightly linked to mating behav-
ior compared to other courtship cues. In monogamous zebra finches,
male courtship behavior is positively correlated with the number of
c-fos positive tyrosine hydroxylase (TH) neurons in the caudal VTA
(Goodson et al., 2009), and electrophysiological recordings suggest
that VTA neurons are more active during male courtship behavior
(Huang andHessler, 2008). It's not yet clear how these neurons respond
to courtship behavior in females, and dopamine release following
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sexual behavior has not yet been examined. An intriguing, yet relatively
unexplored question is whether VTA dopamine neurons play a role in
the selection of mating partners. Increasing dopaminergic activity sys-
temically appears to decrease the selectivity ofmate searching behavior
in female starlings (Pawlisch and Riters, 2010). These data resemble
findings that methamphetamine increases the probability that female
rats will mate with less preferred males (Winland et al., 2011) and re-
ports that methamphetamine use in humans is associated with in-
creased numbers of sexual partners (Molitor et al., 1998).

Aversive responses

As hypotheses related to the function of mesolimbic dopamine neu-
rons in appetitive situations have evolved, there has been a growing ap-
preciation that VTA dopamine neurons are important in aversive
situations. Several studies using electrophysiological recordings dem-
onstrated that aversive stimuli can alter the activity of VTA neurons, ei-
ther increasing or decreasing activity (Guarraci and Kapp, 1999; Maeda
and Mogenson, 1982; Mantz et al., 1989; Wang and Tsien, 2011). In
these studies dopamineneuronswere identified by electrophysiological
properties, an approach that became controversial after the discovery
that some nondopaminergic VTA neurons have similar electrophysio-
logical profiles as dopaminergic neurons (Margolis et al., 2006). It has
been suggested that TH immunostaining may be a more accurate ap-
proach for identifying dopamine neurons in the VTA (Margolis et al.,
2010). Using this approach Ungless and colleagues determined that
the majority of VTA neurons in rats that respond to a toe pinch were
TH negative and therefore unlikely to be dopamine neurons (Ungless
et al., 2004). However, further investigation revealed a more complex
relationship between VTA dopamine neurons and aversive stimuli. In
rats, it appears that there are different populations of dopamine neu-
rons that may differentially respond to reward related stimuli or
Fig. 1. Responses of ventral tegmental area dopamine neurons to aversive stimuli. Electroph
rons. Work by Brischoux et al. (2009) showed that more ventral VTA neurons responded to
footshock. These changes in activity would be expected to correspond to changes in dopa
measured directly. The effects of predator odors (which induce delayed dopamine release)
aversive stimuli (Fig. 1). Dopamine neurons in the dorsal VTA were ob-
served to be inhibited by footshocks whereas dopamine neurons in the
ventral VTAwere excited by footshocks (Brischoux et al., 2009). The re-
sults provide a potential explanation for why dopamine release in the
NAc can be observed both after rewards and aversive experiences. It is
important to note that recordings were conducted on anesthetized an-
imals, and the shocks usedweremuchmore intense than typically used
in aversive conditioning paradigms (Darvas et al., 2011; Gross et al.,
2000; Spannuth et al., 2011). It will be important to examine whether
similar results are observed in awake behaving animals, and whether
different types of stressors induce different profiles of neuronal re-
sponses in the VTA.

In addition to changing the activity of VTA neurons, stressful experi-
ences such as restraint (Abercrombie et al., 1989; Copeland et al., 2005;
Ling et al., 2009) and footshock (Herman et al., 1982; Kalivas and Duffy,
1995; Thierry et al., 1976), induce dopamine release or dopamine turn-
over in theNAc shell. Interestingly, this rapid dopamine response quick-
ly habituateswhen restraint is applied on consecutive days (Imperato et
al., 1992). The mechanism mediating this plasticity has not yet been
identified. In contrast, a surge of dopamine release occurs immediately
after rats are removed from restraint tubes, and this response does not
diminish over repeated episodes of restraint (Imperato et al., 1992).
This dopamine response may serve to reinforce behaviors that were as-
sociated with escape, although this hypothesis has not been tested di-
rectly. Studies investigating the role of the NAc in the formation of
fear memories have reported mixed results (Josselyn et al., 2004). One
trend that has emerged is that the NAc appears to be less important
for learning specific cues (a sound or light) that predict aversive events
like footshock (Bradfield and McNally, 2010; Jongen-Relo et al., 2003;
Riedel et al., 1997). In contrast, the NAc appears to be more important
for learning contextual cues (smells, or the general area in which train-
ing occurred) that predict aversive events (Levita et al., 2002). For the
ysiological studies show that there is variability in the responses of VTA dopamine neu-
footshocks with increased activity whereas more dorsal VTA neurons were inhibited by
mine (and possibly BDNF) release in axon terminals, although this has not yet been
on VTA neurons have not been examined.
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most part the literature investigating the electrophysiological responses
of VTA neurons to aversive stimuli has not been directly paired with
measurements of dopamine release in the NAc (Ungless et al., 2010).

To date themajority of studies examiningmesolimbic dopamine re-
sponses to aversive experiences have used artificial stimuli such foot
shock. A few studies have examined dopaminergic responses to more
natural stressors such as predator odor in male rats. Rats exposed to
fox odor for 20 min increased dopamine turnover in the amygdala
and frontal cortex but not NAc (Morrow et al., 2000). These data agreed
with a subsequent study which showed that NAc dopamine responses
to predator odors are delayed. A microdialysis study showed that
5 min of fox odor exposure did not increase NAc shell dopamine release
until 40 min later (Fig. 1, Bassareo et al., 2002). Dopamine remained el-
evated for about 20 min and then returned to baseline levels. This study
also showed that predator odors induced a rapid increase in frontal cor-
tex dopamine release. Interestingly, although dopamine release in the
NAc is not induced rapidly by fox odor, changes in other neurotransmit-
ters do occur. Fox odor rapidly induces an increase in both GABA and
glutamate release, but these responses are only observed in individuals
with strong behavioral responses to fox odor (Hotsenpiller and Wolf,
2003; Venton et al., 2006).

In general, less is known about mesolimbic dopamine responses
under aversive contexts compared to appetitive contexts. Our knowl-
edge base is growing, butmost data come from studies under controlled
conditions and are usually based on artificial stimuli such as restraint or
footshock. There are hints that there are important insights to be gained
by examining natural stressors. Restraint and footshock induce a rapid
increase in NAc dopamine release whereas the response to predator
odors is delayed. As discussed below, there is considerable evidence
that social factors have important effects on how the mesolimbic dopa-
mine system responds to aversive contexts.

Effects of social context

Social factors are known to have important effects on behavioral re-
sponses to stress, sometimes exerting a buffering effect. Studies examin-
ing the effects of social isolation highlight the importance of positive
social interactions on brain and behavior. However, social interactions
can also be a powerful source of stress, especially aggressive interac-
tions. Indeed, many species engage in elaborate signals and threats to
settle disputes without fighting (Altmann, 1962; Reby et al., 2005).
When an aggressive contest does occur, the loser usually adopts one of
several behavioral coping responses (Koolhaas et al., 2007; Veenema
et al., 2005). Onewidely observed behavioral responses to losing aggres-
sive contests is withdrawal from social contact. This effect has been ob-
served in several species of rodents (Kudryavtseva et al., 1991;Meerlo et
al., 1996; Trainor et al., 2011) and birds (Carere et al., 2001). Socialwith-
drawal following aggressive contests has also been observed in primates
(Bernstein and Sharpe, 1966), although reconciliation between winners
and losers is also common (Silk et al., 1996). An additional intriguing ob-
servation is that there is a striking degree of individual variation in be-
havioral responses to social stressors (Schmidt et al., 2009; Wommack
andDelville, 2003). This variability is also observedwithinmouse strains
suchas C57Bl6 (Elliott et al., 2010; Krishnanet al., 2007),which are often
assumed to be relatively homogenous because the mice are inbred and
housed in relatively constant conditions. There is also growing interest
in how the social environment during development impacts the brain
and behavior (Bales et al., 2011; Marler et al., 2003; Roth et al., 2009).
As reviewed below, social interactions during development and in the
mature adult can have long lasting effects on the function of the meso-
limbic dopamine system.

Social instability during development

Adolescence is a critical time period in which a great deal of neuro-
biological development occurs (Sisk and Foster, 2004), includingwithin
the mesolimbic dopamine system (Coulter et al., 1996; Leslie et al.,
1991; Tarazi et al., 1998). Developmental studies in rats show that
males greatly increase D1-like and D2-like receptors in the NAc at the
time of puberty whereas changes in dopamine receptor expression
are less pronounced in females (Andersen et al., 1997; Andersen et al.,
2002).Most studies examining the effects of stress during development
on mesolimbic dopamine function have focused on responses to drugs
of abuse. In humans exposure to stress during adolescence increases
risk of drug abuse (King and Chassin, 2008), a process that is linked to
changes in mesolimbic dopamine function (Dietz et al., 2009). It has
been hypothesized that social stress during adolescence alters the “pro-
gramming” of the mesolimibic dopamine system, potentially making it
more sensitive to drugs of abuse (McCormick, 2010). However, there is
also evidence that stress during adolescence can lead to desensitization
of the mesolimbic dopamine system (Gatzke-Kopp, 2011). Further
study is needed to titrate how different forms and durations of stress
during development can lead to alternate behavioral phenotypes.

Social instability is one form of stress that can impact behaviors reg-
ulated by the mesolimbic dopamine system. One approach to inducing
social instability in rodents is to routinely switch cage partners. Two
studies in rats reported that this form of social instability, when con-
ducted during adolescence, increases sensitivity to amphetamine
(Mathews et al., 2008; McCormick et al., 2005). Amphetamine induces
the release of dopamine in the striatum and also blocks dopamine reup-
take. This increased dopaminergic activity increases locomotor behav-
ior in rats and this effect becomes exaggerated with repeated
exposure to amphetamine (sensitization). Social instability during ado-
lescence facilitated the sensitization of locomotor responses to amphet-
amine and this effect was larger in females thanmales. Social instability
also strengthened the formation of conditioned place preferences
(which is an indirect measure of reward value) for higher doses of am-
phetamine in females but notmales. Interestingly, social instability dur-
ing adulthood had no effect on behavioral responses to amphetamine.
However, social instability in adulthood is known to affect other aspects
of behavior and brain function (Schmidt, 2010). When social instability
was combined with other forms of stress such as crowding and novel
environments, behavioral responses to amphetamine where actually
reduced (Kabbaj et al., 2002). The authors hypothesized that the com-
plex set of experiences used may have resembled environmental en-
richment, because juvenile rats housed under enriched environmental
conditions also are less behaviorally reactive to repeated amphetamine
(Bardo et al., 1995).

Effects of social isolation

Social interactions are an important factor modulating behavioral
and neurobiological responses to stress. Social interactions in rodents
have been found to be reinforcing (Stewart and Grupp, 1985; Van den
Berg et al., 1999), so it is not surprising that social isolation exerts pow-
erful effects on the brain and behavior. A complicating factor in rodent
studies of isolation is that there are important sex differences. Results
from studies of female rodents are more intuitive, with most evidence
pointing towards social isolation exerting an anxiogenic effect (Grippo
et al., 2008; Westenbroek et al., 2003) In contrast socially housed
male rodents often engage in aggressive interactions in the their
home cage (Howerton et al., 2008; Van Loo et al., 2000), whichmay ex-
plainwhymost data suggest that social isolation has anxiolytic effects in
males (Westenbroek et al., 2003; Thorsell et al., 2006; Workman et al.,
2008, but see Ruis et al., 1999; Von Frijtag et al., 2000). Most of what
is known about the effects of social isolation on brain function comes
from studies onmale rodents. The dramatic sex differences in the effects
of isolation on behavior illustrate the need for a greater emphasis on sex
differences in neuroscience research (Beery and Zucker, 2011).

In general most studies report that long term social isolation in-
creases male presynaptic dopamine function in the NAc. Socially isolat-
ed male rats have higher levels of tyrosine hydroxylase in the NAc shell
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and have exaggerated dopamine responses to drugs of abuse (Hall et al.,
1998; Jones et al., 1990; Robbins et al., 1996). The effects of isolation on
dopamine responses in the NAc to stressors may depend on context.
Dopamine turnover following footshock was exaggerated in isolated
males (Ahmed et al., 1995; Fulford and Marsden, 1998) but dopamine
turnover was reduced following exploration of a novel environment
(Miura et al., 2002). A series of studies suggest reduced dopamine turn-
over in the NAc shell could influence behavior via reduced activation of
D1 receptors. Activation of D1 receptors induces activation (phosphor-
ylation) of the transcription factor cyclic AMP response element binding
protein (CREB), which is known to modulate exploratory behavior in
novel environments (Fig. 2). In male C57Bl6 mice, social isolation de-
creases the expression of CREB in the NAc shell (Barrot et al., 2005),
which is consistent with a decrease in D1 receptor signaling. Further-
more, adult male C57Bl6mice and Sprague–Dawley rats that are socially
isolated show decreased exploratory behavior in a novel environment
(Pinna et al., 2006), a behavior that is regulated by theNAc shell. Overex-
pression of CREB in the NAc shell increased exploratory behavior, revers-
ing the effects of social isolation (Barrot et al., 2005;Wallace et al., 2009).
Activation of CREB also occurs in response to other stressful contexts
such as footshock, restraint, and social defeat (Barrot et al., 2002;
Muschamp et al., 2011). Although overexpression of CREB in the NAc
does not alter the development of conditioned fear to footshock, it does
impair the extinction of contextual fear-based memories (Muschamp
et al., 2011). This finding is consistent with data from male C57Bl6
mice, in which isolation inhibits the extinction but not formation of
fear memories (Pibiri et al., 2008). Intriguingly, housing under semi-
natural, enriched conditions appears tomediate at least some of the de-
velopmental effects of social isolation on the NAc (Lesting et al., 2005).
Fig. 2. Molecular pathways leading to the activation of CREB (From Purves et al. 2001; Neuro
tain G-protein coupled receptors (such as D1 dopamine receptors) increases the productio
ceptors (such as D2 dopamine receptors) can have the opposite effect on cyclic AMP pr
receptors (such as when BDNF binds to TrkB) increases phosphorylation of MAP kinase (a
can also increase phosphorylation via opening of voltage gated calcium channels.
In summary, the effects of social isolation on mesolimbic dopamine
function are context dependent. When exploring novel environments,
social isolation reduces dopamine turnover, and this would presumably
reduce the activation of CREB by D1 receptors (Fig. 2). Decreased CREB
activation would be expected to reduce exploratory behavior, which
matches empirical observations inmale rats andmice. In contrast, social
isolation enhances mesolimbic dopamine responses to footshock, and
mesolimbic dopamine signaling has been found tomodulate the extinc-
tion of fear memories (Pezze and Feldon, 2004). These observations
may help explain why the extinction of fear memories is inhibited by
social isolation. As mentioned previously, the effects of social isolation
on neurobiological mechanisms of behavior have been understudied
in females. Addressing this deficit should be a priority for future studies.

Social defeat

As mentioned previously, aggressive interactions can be a powerful
source of stress, especially for individuals that lose aggressive contests.
Aggressive interactions in general increase either dopamine release or
indirect markers of dopamine activity in a wide range of vertebrates
(Bharati and Goodson, 2006; Bondar et al., 2009; Filipenko et al.,
2001; Winberg et al., 1991). Studies of social defeat focus on animals
that have been randomly assigned to be exposed to aggressive interac-
tions. Postmortem analyses of dopamine turnover (Louilot et al., 1986;
Puglisi-Allegra and Cabib, 1990) as well as microdialysis studies
(Tidey and Miczek, 1996) show that exposure to social defeat in partic-
ular increases dopamine release in the NAc but not dorsal striatum. So-
cial isolation exaggerates both behavioral (Ruis et al., 1999) and
neurobiological (Isovich et al., 2001) responses to defeat in rats. In
science, 2nd edition Sunderland, MA, Sinauer, used with permission). Activation of cer-
n of cyclic AMP, leading to the phosphorylation of CREB. However, other G-protein re-
oduction with would inhibit phosphorylation of CREB. Activation of tyrosine kinase
lso known as ERK) which then facilitates phosphorylation of CREB. Neuronal activity
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addition to these short term responses, social defeat induces long last-
ing changes in the activity of both the VTA and NAc (Krishnan and Nes-
tler, 2010; Miczek et al., 2008). Many of these changes are known to
contribute to the effect of defeat on social withdrawal.

In rats, social defeat induces long lasting increases in brain de-
rived neurotrophic factor (BDNF) gene expression and protein with-
in the VTA (Fanous et al., 2010). The effects of growth factors such as
BDNF on brain function are not limited to development. Neurotro-
phins such as BDNF are known to have many important effects on
the adult brain (McAllister et al., 1999) and are sensitive to stress
(Duman and Monteggia, 2006). The receptor for BDNF is TrkB, and its
activation leads to phosphorylation of extracellular signal regulated
kinase (ERK) and thymoma viral proto-oncogene (AKT), which are
important signaling kinases (Fig. 2). In C57Bl/6 mice 10 days of social de-
feat increases expression of phosphorylated (activated) ERK in the VTA
(Iñiguez et al., 2010). Social defeat also decreases the activation (phos-
phorylation) of AKT, also known as protein kinase B, within the VTA
(Krishnan et al., 2008). Overexpression of a constitutively active AKT in
the VTA blocks the effect of defeat on social withdrawal. In contrast over-
expression of an inactive form of AKT (a dominant negative protein)
induces social withdrawal after only three brief episodes of social defeat
on a single day. Increased ERK signaling and decreased AKT signaling in
the VTA appear to exert their effects on behavior by altering the activity
of dopamine neurons. Overexpression of ERK in the VTA increases the ex-
citability of VTA dopamine neurons in slice culture (Iñiguez et al., 2010)
whereas drugs that inhibit AKT activity have a similar effect (Krishnan
Fig. 3. Susceptible and unsusceptible phenotypes are associated with different activity profi
tible phenotype is associated with increased burst activity by VTA neurons and increased BD
social defeat, but has not yet been measured during social interaction tests following social
creased burst activity and subsequent changes in BDNF release. Based on Krishnan et al., 20
et al., 2008). Social defeat may also increase activity of VTA neurons by
increasing sensitivity to glutamate (Covington et al., 2008).

Social defeat increases the firing rate of VTA neurons in in vitro slice
preparations (Krishnan et al., 2007). Chronic antidepressant treatment,
which blocks social withdrawal responses (Berton et al., 2006; Tsankova
et al., 2006), also blocked the effects of social defeat on elevated VTA
neuronal activity (Krishnan et al., 2007). These studies measured tonic
firing (or single spike) activity, which is more closely associated with
steady state dopamine release. However VTA neurons are also capable
of burst firing, which is associated with larger increases in dopamine re-
lease (Grace, 1991). Restraint stress has been observed to increase burst
firing in about 80% of VTA neurons (Anstrom andWoodward, 2005). As
measured via in vivo recordings, increased burst firing in VTA neurons
was observed during social defeat in rats (Anstrom et al., 2009). This
observation is consistent with observations of increased dopamine
release (as measured via microdialysis) in the NAc during social defeat
(Tidey and Miczek, 1996). Social defeat was also observed to decrease
burst firing 3 weeks after social defeat in mice (Razzoli et al., 2011).
These recordings in mice were made under isoflurane anesthesia, indi-
cating that the increased activity in the VTA was a long term change in
activity as opposed to a transient response to social threat. Intriguingly,
a subpopulation of C57Bl6 mice that are exposed to defeat develop an
“unsusceptible” phenotype, characterized by the absence of social with-
drawal that is observed in “susceptible” mice (Fig. 3, (Krishnan et al.,
2007). When in vivo observations were conducted on susceptible and
unsusceptible mice, burst firing of VTA neurons was increased in
les in the VTA. In male mice, two phenotypes are induced by social defeat. The suscep-
NF release in the NAc. Increased dopamine release in the NAc has been observed during
defeat. Unsuceptible mice increase the expression of K+ channels, which prevents in-
07.
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susceptible mice and negatively correlated with social interaction be-
havior (Cao et al., 2010). It should be noted that all studies examining
the effects of social defeat on VTA neuronal activity used electrophysio-
logical criteria to classify dopamine neurons.While it is highly likely that
dopamine neuronswere actually examined in these studies, future stud-
ies should use tyrosine hydroxylase immunohistochemistry to confirm
dopaminergic status.

Surprisingly, despite numerous observations that social defeat alters
the activity of VTAneurons, how this activity translates into altered pat-
terns of dopamine release or dopamine receptor activation within the
NAc has not been extensively examined. However, changes in other cel-
lular pathways in the NAc have been reported. Social defeat in C57Bl6
mice increases expression of BDNF protein in the NAc (Berton et al.,
2006). Since BDNF mRNA is undetectable in NAc, it is assumed that
the source for this BDNF is the VTA. Supporting this observation, selec-
tive deletion of BDNF in the VTA blocks the effects of defeat on social
withdrawal (Berton et al., 2006). Increased BDNF signaling at the TrkB
receptor should increase activation of ERK, and indeed social defeat in-
creases phosphorylation (or activation) of ERK in the NAc (Krishnan et
al., 2007). When ERK function is inhibited via overexpression of a dom-
inant negative ERK protein in NAc, the effects of defeat on social avoid-
ance behavior were blocked. Interestingly, overexpression of a
constitutively active form of ERK2 in the NAc of mice exposed to only
3 episodes of social defeat on a single day induced social avoidance,
but had no effect in control mice. This is important because it demon-
strates that increased activation of the VTA-NAc circuit alone is not suf-
ficient to induce the social avoidance phenotype. Increased activity
must occur in the context of an adverse experience.

Social subordination

The effects of aggressive interactions on the mesolimbic dopamine
system have also been observed under more natural conditions. In con-
trast to social defeat, inwhich animals are randomly assigned, studies of
social subordination focus on subordinate individuals within a social
group. The visible burrow system (VBS)was designed to observe the ef-
fects of social status in a more naturalistic setting with more complex
social groups (usually with males and females) than typically used in
laboratory experiments (Blanchard and Blanchard, 1989). The appara-
tus is about 1 m2 and consists of numerous chambers connected with
tubes, roughlymimicking burrow systems created bywild rats. After in-
troduction into the VBS, subordinate males lose weight and develop in-
creased basal corticosterone levels compared to dominant males
(Blanchard et al., 1995). Several observations also suggest that these
subordinatemales show changes in dopaminergic tone in the NAc. Sub-
ordinate males have decreased dopamine transporter binding and in-
creased D2 receptor binding as well as reduced enkephalin gene
expression compared to dominants (Lucas et al., 2004).

Dominance hierarchies can also be observed in social groups of cyno-
molgus monkeys. Subordinate female monkeys are more vigilant and
more likely to spend time alone (Shively et al., 1997). This behavioral
phenotype is paired with abnormal hypothalamic-pituitary-adrenal
function as well as altered dopamine receptor function. Dopaminergic
function is sometimes estimated clinically through a haloperidol (a D2
antagonist) challenge (Asnis et al., 1988), as antagonizing D2 receptors
facilitates the release of prolactin (Gudelsky and Porter, 1980). Subordi-
nate female monkeys had lower prolactin responses to haloperidol than
dominant monkeys (Shively, 1998), suggesting that D2 function was
inhibited. Although these data are not a direct measure of brain D2
function, it is interesting that both subordinate rats and monkeys show
evidence of altered D2 receptor function.

Rodent social defeat studies aremore controlled than studies focusing
on subordinate individuals (because individuals are randomly assigned
to stress or control conditions), which makes it easier to establish
cause–effect relationships between stress and behavioral/neurobiological
responses. In general it appears that stress-induced increases in the
activity of VTA dopamine neurons increases the probability of long term
changes in behavior following social stress. However, there is growing ev-
idence across a wide range of species that not every individual responds
the sameway to social stressors. Studies of subordinate individuals could
behelpful for providingmore insights in to individual variation. Studies of
subordinates could be considered less controlled because subordinates
are not randomly assigned. However, this type of approach may be
more closely resemble natural social groups. In addition, studying subor-
dinates in more natural social groups may produce more individual
variation in behavior, which could be valuable for studying susceptible
and resilient phenotypes.

Humans

For many individuals with social anxiety disorders, engaging in so-
cial interactions can be an unusually stressful activity. Most studies ex-
amining brain function in the context of social anxiety disorders have
focused on the amygdala and frontal cortex (Freitas-Ferrari et al.,
2010), but some findings suggest that there may be differences in the
mesolimbic dopamine system. Male patients with social anxiety disor-
der were studied using functional magnetic resonance imaging (fMRI)
1 minute before making a public speech. Patients with social anxiety
disorder had higher levels of activity in ventral striatum (which in-
cludes the NAc and caudate putamen) compared to matched controls
(Lorberbaum et al., 2004). Adolescents with social anxiety disorder
have also been observed to have heightenedNAc responseswhen antic-
ipating a reward in a monetary incentive delay task (Guyer et al.,
2011), which involves reacting to cues that signal monetary reward
(Knutson et al., 2001). Efforts to link altered activity patterns in ventral
striatum to altered dopamine function have yielded inconsistent re-
sults, with one report suggesting decreased striatal dopamine reuptake
sites (Tiihonen et al., 1997) and a second report suggesting increased
striatal dopamine reuptake sites (van der Wee et al., 2008) in patients
with social anxiety disorder. Similarly inconsistent results were found
in studies examining D2 receptor binding in adult populations with so-
cial anxiety phenotypes (Schneier et al., 2000; Schneier et al., 2009). Al-
though it is possible that altered striatal responsiveness observed with
fMRI in social anxiety studies is independent of altered dopamine func-
tion, it is also possible that current PET scanning techniques are too lim-
ited to detect changes in dopamine function (e.g. changes in dopamine
release). Most likely it will take a combination of clever behavioral ex-
perimentation and pharmacological manipulations to determine
whether social anxiety phenotypes are associated with altered dopa-
mine signaling.

In addition to imaging data, there are some limitedmeasurements of
molecular signaling pathways in human postmortem brain samples.
Most datasets have compared patients with depression using antide-
pressants to control populations. For example, patients with depression
were observed to have higher BDNF protein levels in NAc (Krishnan et
al., 2007) and increased phospho-AKT in the VTA (Krishnan et al.,
2008) compared to controls. These results illustrate the complexity of
the human brain, as increased BDNF in the NAc corresponds with a sus-
ceptible phenotype observed in mice while increased phospho-AKT in
the VTA resembles the unsusceptible phenotype. Future studies with
larger sample sizes andmore detailed life history datawill be extremely
valuable for determining whether stressful experiences induce the
same types of changes in mesolimbic dopamine function that has
been observed in animal models.

Sex differences in mesolimbic dopamine responses to stress

Many (but certainly not all) sex differences in brain function and be-
havior are mediated by gonadal steroids. Compared to other hypotha-
lamic and limbic pathways, the mesolimbic dopamine system is not
usually considered a steroid-sensitive pathway. However, a variety of
anatomical and functional data suggest that steroid hormones act on
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Fig. 4. Social interaction behavior in male and female California mice after social defeat.
In the apparatus used for testing (A), the interaction zone is indicated by a blue box.
Females, but not males exposed to social defeat showed reduced social interaction be-
havior with a novel same sex mouse (B). *** planned comparison control group versus
stress group. The number of pCREB positive cells in the NAc shell was negatively corre-
lated with social interaction time with a novel same sex mouse (C). Filled circles (con-
trol males), open circles (stressed males), filled triangles (control females), open
triangles (stressed females). Spearman r=−0.37, pb0.05.
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both cell bodies and terminal fields tomodulate dopaminergic function.
In rats low levels of androgen receptormRNAwere detected in VTA but
not NAc (Simerly et al., 1990)which is consistentwith observations that
testosterone infusions increase c-fos expression in the VTA but not NAc
(DiMeo andWood, 2006). However, testosterone infusions into theNAc
of male rats can induce conditioned place (Packard et al., 1997). One
possible explanation for these contrasting results is that AR expression
in the NAc is plastic. In male California mice, winning aggressive en-
counters increases AR immunoreactivity in the NAc to amounts similar
to the medial amygdala (Fuxjager et al., 2010). AR has also been ob-
served in homologous regions of NAc and VTA in several fish (Forlano
et al., 2010; Munchrath and Hofmann, 2010) and birds (Maney et al.,
2001). Estrogen concentrating cells are also present in the NAc and
VTA (Pfaff and Keiner, 1973). In situ hybridization and immunohisto-
chemistry studies suggest that these cells express ERβ but not ERα re-
ceptors (Creutz and Kritzer, 2002; Shughrue and Merchenthaler,
2001). However in other species ERα is also reported in homologous re-
gions to NAc and VTA (Munchrath and Hofmann, 2010). Despite rela-
tively low levels of estrogen receptor protein expression in the
mammalian mesolimbic dopamine system, there is substantial evi-
dence that behaviors dependent on this system are potently regulated
by estradiol (Becker, 1999). These effects of estrogens could be indirect,
or could possibly be mediated by membrane bound estrogen receptors
such asGPR30which has been identified in theNAc (Hazell et al., 2009).

Sex differences in responses to nonsocial stressors

Many studies have outlined strong sex differences in how the NAc re-
sponds to reinforcing stimuli such as drugs of abuse (Wood, 2011), pri-
marily in rodents. However, much less is known about whether there
are sex differences in how stressful contexts affect NAc function. Here
the focus will shift to two behavioral responses that are known to be reg-
ulated by the NAc. The chronic mild stress method was developed as an
animal model of mood disorders (Wilner, 2005) and affects several be-
haviors that aremodulated by themesolimbic dopamine system. Sucrose
preferences are commonly measured as an estimate of anhedonia. In-
triguingly, even rodents display hedonic reactions immediately after con-
suming sucrose that closely resemble responses made by humans and
primates (Grill and Norgren, 1978; Steiner et al., 2001). Decreased
consumption of sucrose following stress is mediated in part by the NAc
(Muschamp et al., 2011). However, the effects of stress on sucrose prefer-
ences are sometimes inconsistent, and this is reflected in results from
studies of sex differences. Chronic mild stress was found to reduce su-
crose intake in both male and female Sprague–Dawley rats (Grippo et
al., 2005) whereas a different study reported that female but not male
Sprague–Dawley and Long Evans rats reduced sucrose intake (Konkle et
al., 2003). Studies from a third research group have reported that chronic
mild stress reduced sucrose intake in both male and female Wistar rats
but that the effectwas stronger in females (Dalla et al., 2005, 2008). Social
isolation in prairie voles also decreased sucrose preferences in females
and males, but the effect was again stronger in females (Grippo et al.,
2007). The general pattern that has been reported across lab groups is
that both males and female sucrose preferences are sensitive to stress
but that on average stronger changes are observed in females.

Stress has also been observed to affect behavior in the forced swim
test. In this test, the amount of time an individual spends swimming
or floating in a small water-filled cylinder is recorded (Cryan and
Mombereau, 2004), with floating behavior often interpreted as a be-
havior related to “despair” (Porsolt et al., 1978). Although it could be ar-
gued that floating behavior is a more efficient behavioral response
(Nishimura et al., 1988), the forced swim test has been useful for iden-
tifying drugs with antidepressant properties. Several molecular path-
ways in the NAc are known to modulate behavioral responses in the
force swim (Pliakas et al., 2001; Shirayama and Chaki, 2006). Forced
swim testing increases CREB activation in the NAc shell of male rats
and inhibition of CREB activity inhibits immobility behavior (Pliakas et
al., 2001). Chronic mild stress increased floating behavior in the forced
swim test in female but not male C57Bl6 mice, and this sex difference
was found to be mediated by ovarian hormones (LaPlant et al., 2009).
This study usedmicroarrays to examine the effect of chronic mild stress
on gene expression in the NAc, and identified several subunits of the
NfKB pathway as potential targets that appear to mediate behavioral
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changes induced by stress. In summary, while there is compelling evi-
dence for sex differences in sucrose preferences and behavior in forced
swim tests, less is known about howmuch sex differences in mesolim-
bic dopamine function contribute to these behavioral effects.

Sex differences in effects of social stressors

Asmentioned previously, the social defeatmodel has proven to be ex-
tremely robust across laboratories. However, a major obstacle has been
the inability to study females due to low aggression levels in female rats
and mice. However, some rodent species have different social systems
which are associated with much higher levels of female-female aggres-
sion. The California mouse (Peromyscus californicus) is a monogamous
species in which both males and female aggressively defend territories
(Ribble and Salvioni, 1990). Laboratory studies show that female resi-
dents are very aggressive in resident-intruder tests (Davis and Marler,
2003; Silva et al., 2010), and show stronger glucocorticoid responses
than males after aggressive encounters (Fig. 4B, Trainor et al., 2010).
Three episodes of social defeat across a three day period reduced social in-
teraction behavior in female but not male California mice (Trainor et
al., 2011). Defeat also reduced investigation of social odors in habit-
uation–dishabituation tests conducted in the home cage, again with a
stronger effect in females compared tomales. Interestingly, the effect of
defeat on social interaction behavior in California mouse females be-
comes stronger over a 4 week period. This suggests that a long term
change in gene expression or synaptic remodeling may contribute to
the observed behavioral changes. Analyses of brain activity immediately
after social interaction testing suggested that some of these changesmay
occur within the NAc.

Brain activity was assessed indirectly using immunohistochemistry
for phosphorylated CREB. The activation of CREB can occur through
multiple molecular pathways (Fig. 2), such as BDNF signaling or the ac-
tivation of D1 dopamine receptors, making it a broadmarker of cellular
activity. In both the NAc shell and core, females exposed to defeat had
more pCREB positive cells than control females whereas this difference
was absent in males. In the NAc shell, the number of pCREB positive
cells was negatively correlated with social interaction behavior in
both males and females (Fig. 4C). There was no effect of defeat on the
number of pERK positive cells in males or females, and the number of
pERK positive cells was not correlated with the number of pCREB
cells. A similar dissociation between ERK and CREB phosphorylation in
the NAc has been observed in several studies examining the effects of
cocaine on brain function (Edwards et al., 2007) and behavior (Tropea
et al., 2008). Since the binding of BDNF to its receptor leads to phos-
phorylation of ERK, this result suggests that an increase in BDNF signal-
ing may not be the causal mechanism driving social withdrawal
behavior in females. Thus, social defeat in female California mice in-
duces a reduction in social interaction behavior and this behavioral
change is associated with changes in the activity of the NAc. These re-
sults parallel previous observations described above in male mice. Pre-
liminary data showed that bilateral infusion of 500 ng of the D1 agonist
SKF38393 into the NAc shell reduced social interaction behavior in con-
trol females (Campi & Trainor unpublished), thus inducing a phenotype
similar to that observed in females exposed to defeat. As discussed
above, social stress has been observed to increase the activity of VTA
neurons, which would be expected to increase dopamine release in
the NAc. However, it is not knownwhether D1 receptors mediate social
withdrawal in male mice exposed to defeat, or whether this effect is
solely mediated by increased BDNF signaling (Fig. 3).

The effect of social stress on mesolimbic dopamine function has also
been studied in primates. Male and female cynomolgus monkeys
(Macaca fascicularis) formdominance hierarchieswith dominant individ-
uals showing higher levels of aggressive behaviors and subordinatemon-
keys receivingmore aggressive behaviors (Adams et al., 1985; Deruiter et
al., 1994; van Noordwijk and van Schark, 1999). One study examined the
relationship between behavioral responses to a low dose of cocaine
(which increases dopamine release in the NAc) and dominance status.
Subordinate monkeys had stronger locomotor responses to cocaine
than dominant monkeys (Morgan et al., 2000), which suggests either
an increased dopamine response or increased sensitivity to dopamine.
A positron emission tomography (PET) study showed that subordinate
males had lower D2 receptor binding in basal ganglia than dominants,
and that this differencewas absent before social hierarchies were formed
(Morgan et al., 2002). Decreased D2 receptor binding in basal ganglia as
measured via PET was reported in subordinate females compared to
dominant females (Grant et al., 1998). Thus it appears that social subordi-
nation has similar effects on striatal D2 binding in both male and female
cynomolgus monkeys. However, since males and females have not been
compared directly, it is not clear whether the effects of subordination are
stronger in males versus females. Another question is whether the ob-
served changes in D2 binding occur broadly across the basal ganglia or
whether changes in D2 binding are limited to discrete nuclei (resolution
of the instruments in these studies could not distinguish subregions such
as ventral or dorsal striatum). Interestingly, decreased D2 binding in sub-
ordinate monkeys is consistent with observations of elevated pCREB sig-
naling in female California mice exposed to defeat. Activation of post-
synaptic D2 receptors reduces expression of cyclic AMP, and would
thus be expected to decrease activation of CREB. However, D2 receptors
are also expressed on pre-synaptic dopamine neurons and act as autore-
ceptors inhibiting dopamine release (Wolf and Roth, 1990). Based on the
methodology used to measure D2 receptor expression in studies of sub-
ordinate individuals, it is not possible to determine whether changes in
D2 binding affect pre-synaptic neurons, post-synaptic neurons, or both.

Conclusions

The idea that the mesolimbic dopamine system is more than an ap-
proach-based system has gained traction as more experimental data
document responses to aversive contexts. Observations that certain
types of stressors can induce NAc dopamine release would appear to
support hypotheses that NAc dopamine signals the salience of events
in addition to participating in reward-based learning. The discovery
that different populations of VTA dopamine neurons respond differently
to appetitive and aversive contexts suggests the possibility that different
VTA neurons may modulate either salience or reward learning (or pos-
sibly both). As so often occurs in intense debates, (like the nature-nur-
ture debates of the 20th century) there may be more than correct
explanation for the function of VTA dopamine neurons.

Data contributing to this debate, such electrophysiological studies of
VTA dopamine neurons, come primarily from studies using domesticat-
edmale rats andmice. Going forward, it will be essential to study the re-
sponses of VTA neurons in females, as this review has highlighted that
neurobiological and behavioral responses to stress are frequently sex-de-
pendent. It will also be interesting to confirm whether the altered activ-
ity of VTA neurons following social defeat occur in tyrosine hydroxylase
positive cells. The effects of easily controlled stressors such as footshock
or restraint stress have provided important discoveries. It is also clear
that social contexts, especially social defeat, can dramatically alter signal-
ing pathways in the mesolimbic dopamine system. Studying species
with different sensory systems or social organizations has the potential
to provide novel insights into these relationships, and will be a critical
component to future research onmesolimbic dopamine stress responses.

Acknowledgments

I thank Catherine Marler, Hans Hofmann, and Randy Nelson for
guidance and support duringmy graduate/postgraduate training and be-
yond. I also thank Elizabeth Adkins-Regan, Karen Bales, Alex Basolo, Kari
Benson, Michael Ryan, Charles Snowdon, and Kiran Soma for support
and encouragement during early stages of my career. I thank William
Mason and Robert Meisel for helpful conversations, and Katharine
Campi, David Dietz, Sarah Heimovics and two anonymous reviewers



466 B.C. Trainor / Hormones and Behavior 60 (2011) 457–469
for comments on the manuscript. B.C.T. is supported by NIH grants R01
MH085069, R21 MH090392, DOD W81XWH-09-1-0663, and the UC
Davis Hellman Fellows program.

References

Abercrombie, E.D., Keefe, K.A., DiFrischia, D.S., Zigmond, M.J., 1989. Differential effect of
stress on in vivo dopamine release in striatum, nucleus accumbens, and medial
frontal cortex. J. Neurochem. 52, 1655–1658.

Adams, M.R., Kaplan, J.R., Koritnik, D.R., 1985. Psychosocial influences on ovarian endo-
crine and ovulatory function in Macaca fascicularis. Physiol. Behav. 35, 935–940.

Ahmed, S.H., Stinus, L., Lemoal, M., Cador, M., 1995. Social deprivation enhances the
vulnerability of male Wistar rats to stressor and amphetamine-induced behavioral
sensitization. Psychopharmacology 117, 116–124.

Alheid, G.F., Heimer, L., 1988. New perspectives in basal forebrain organization of spe-
cial relevance for neropsychiatric disorders: the striatopallidal amygdaloid and
corticopetal components of the substantia innominata. Neuroscience 27, 1–39.

Altmann, S.A., 1962. A field study of the sociobiology of rhesus monkeys. Ann. N. Y.
Acad. Sci. 102, 338–435.

Andersen, S.L., Rutstein, M., Benzo, J.M., Hostetter, J.C., Teicher, M.H., 1997. Sex differ-
ences in dopamine receptor overproduction and elimination. Neuroreport 8,
1495–1497.

Andersen, S.L., Thompson, A.P., Krenzel, E., Teicher, M.H., 2002. Pubertal changes in go-
nadal hormones do not underlie adolescent dopamine receptor overproduction.
Psychoneuroendocrinology 27, 683–691.

Anstrom, K.K., Woodward, D.J., 2005. Restraint increases dopaminergic burst firing in
awake rats. Neuropsychopharmacology 30, 1832–1840.

Anstrom, K.K., Miczek, K.A., Budygin, E.A., 2009. Increased phasic dopamine signaling in
the mesolimbic pathway during social defeat in rats. Neuroscience 161, 3–12.

Aragona, B.J., Liu, Y., Yu, Y.J., Curtis, J.T., Detwiler, J.M., Insel, T.R., Wang, Z., 2006. Nucle-
us accumbens dopamine differentially mediates the formation and maintenance of
monogamous pair bonds. Nat. Neurosci. 9, 133–139.

Asnis, G.M., Sachar, E.J., Langer, G., Tabrizi, M.A., Nathan, R.S., Halpern, F.S., Halbreich,
U., 1988. Prolactin responses to haloperidol in normal young women. Psychoneur-
oendocrinology 13, 515–520.

Baldo, B.A., Kelley, A.E., 2007. Discrete neurochemical coding of distinguishable moti-
vational processes: insights from nucleus accumbens control of feeding. Psycho-
pharmacology 191, 439–459.

Bales, K.L., Boone, E., Epperson, P., Hoffman, G., Carter, C.S., 2011. Are behavioral effects
of early experience mediated by oxytocin? Front. Psychiatry 2, 24.

Bardo, M.T., Bowling, S.L., Rowlett, J.K., Manderscheid, P., Buxton, S.T., Dwoskin, L.P.,
1995. Environmental enrichment attenuates locomotor sensitization but not in
vitro dopamine release induced by amphetamine. Pharmacol. Biochem. Behav.
51, 397–405.

Barrot, M., Olivier, J.D.A., Perrotti, L.I., DiLeone, R.J., Berton, O., Eisch, A.J., Impey, S.,
Storm, D.R., Neve, R.L., Yin, J.C., et al., 2002. CREB activity in the nucleus accumbens
shell controls gating of behavioral responses to emotional stimuli. Proc. Natl. Acad.
Sci. U. S. A. 99, 11435–11440.

Barrot, M., Wallace, D.L., Bolaños-Guzman, C.A., Graham, D.L., Perrotti, L.I., Neve, R.L.,
Chambliss, H., Yin, J.C., Nestler, E.J., 2005. Regulation of anxiety and initiation of
sexual behavior by CREB in the nucleus accumbens. Proc. Natl. Acad. Sci. U. S. A.
102, 8357–8362.

Bassareo, V., De Luca, M.A., Di Chiara, G., 2002. Differential expression of motivational
stimulus properties by dopamine in nucleus accumbens shell versus core and pre-
frontal cortex. J. Neurosci. 22, 4709–4719.

Becker, J.B., 1999. Gender differences in dopaminergic function in striatum and nucleus
accumbens. Pharmacol. Biochem. Behav. 64, 803–812.

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. Neu-
rosci. Biobehav. Rev. 35, 565–572.

Bernstein, I.S., Sharpe, L.G., 1966. Social roles in a rhesus monkey group. Behaviour 26,
91–103.

Berridge, K.C., 2007. The debate over dopamine's role in reward: the case for incentive
salience. Psychopharmacology 191, 391–431.

Berridge, K.C., Venier, I.L., Robinson, T.E., 1989. Taste reactivity analysis of 6-
hydroxydopamine-induced aphagia: implications for arousal and anhedonia hypoth-
eses of dopamine function. Behav. Neurosci. 103, 36–45.

Berton, O., McClung, C.A., DiLeone, R.J., Krishnan, V., Renthal, W., Russo, S.J., Graham, D.,
Tsankova, N.M., Bolanos, C.A., Rios, M., et al., 2006. Essential role of BDNF in the
mesolimbic dopamine pathway in social defeat stress. Science 311, 864–868.

Bharati, I.S., Goodson, J.L., 2006. Fos responses of dopamine neurons to sociosexual
stimuli in male zebra finches. Neuroscience 143, 661–670.

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.

Blanchard, R.J., Blanchard, D.C., 1989. Antipredator defensive behaviors in a visible bur-
row system. J. Comp. Psychol. 103, 70–82.

Blanchard, D.C., Spencer, R.L., Weiss, S.M., Blanchard, R.J., McEwen, B., Sakai, R.R., 1995.
Visible burrow system as a model of chronic social stress: behavioral and neuroen-
docrine correlates. Psychoneuroendocrinology 20, 117–134.

Bondar, N.P., Boyarskikh, U.y.A., Kovalenko, I.L., Filipenko, M.L., Kudryavtseva, N.N.,
2009. Molecular implications of repeated aggression: Th, Dat1, Snca and Bdnf
gene expression in the VTA of victorious male mice. PloS one 4, e4190.
Bradfield, L.A., McNally, G.P., 2010. The role of nucleus accumbens shell in learning
about neutral versus excitatory stimuli during Pavlovian fear conditioning. Learn.
Mem. 17, 337–343.

Bradley, K.C., Haas, A.R., Meisel, R.L., 2005. 6-hydroxydopamine lesions in femal ham-
sters (Mesocricetus auratus) abolish the sensitized effects of sexual experience on
copulatory interactions with males. Behav. Neurosci. 119, 224–232.

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. U. S. A.
106, 4894–4899.

Bromberg-Martin, E.S., Matsumoto, M., Hikosaka, O., 2010. Dopamine in motivational
control: rewarding, aversive, and alerting. Neuon 68, 815–834.

Burns-Cusato, M., Cusato, B.M., Daniel, A., 2005. A new model for sexual conditioning:
the ring dove (Streptopelia risoria). J. Comp. Psychol. 118, 111–116.

Calhoun, J.B., 1962. The Ecology and Sociology of the Norway Rat. US Department of
Health, Education and Welfare, Public Health Service.

Cannon, C.M., Palmiter, R.D., 2003. Reward without dopamine. J. Neurosci. 23,
10827–10831.

Cao, J.-L., Covington, H.E., Friedman, A.K., Wilkinson, M.B., Walsh, J.J., Cooper, D.C., Nestler,
E.J., Han, M.-H., 2010. Mesolimbic dopamine neurons in the brain reward circuit
mediate susceptibility to social defeat and antidepressant action. J. Neurosci. 30,
16453–16458.

Carere, C., Welink, D., Drent, P.J., Koolhaas, J.M., Groothuis, T.G.G., 2001. Effect of social
defeat in a territorial bird (Parus major) selected for different coping styles. Physiol.
Behav. 73, 427–433.

Copeland, B.J., Neff, N.H., Hadjiconstantinou, M., 2005. Enhanced dopamine uptake in
the striatum following repeatedrestraint stress. Synapse 57, 167–174.

Coulter, C.L., Happe, H.K., Murrin, L.C., 1996. Postnatal development of the dopamine
transporter: a quantitative autoradiographic study. Dev. Brain Res. 92, 172–181.

Covington, H.E., Tropea, T.F., Rajadhyaksha, A.M., Kosofsky, B.E., Miczek, K.A., 2008.
NMDA receptors in the rat VTA: a critical site for social stress to intensify cocaine
taking. Psychopharmacology 197, 203–216.

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

Cryan, J.F., Mombereau, C., 2004. In search of a depressed mouse: utility of models for
studying depression-related behavior in genetically modified mice. Mol. Psychiatry
9, 326–357.

Dalla, C., Antoniou, K., Drossopoulou, G., Xagoraris, M., Kokras, N., Sfikakis, A.,
Papadopoulou-Daifoti, Z., 2005. Chronic mild stress impact: are females more
vulnerable? Neuroscience 135, 703–714.

Dalla, C., Antoniou, K., Kokras, N., Drossopoulou, G., Papathanasiou, G., Bekris, S.,
Daskas, S., Papadopoulou-Daifoti, Z., 2008. Sex differences in the effects of two stress
paradigms on dopaminergic neurotransmission. Physiol. Behav. 93, 595–605.

Darvas, M., Fadok, J.P., Palmiter, R.D., 2011. Requirement of dopamine signaling in the
amygdala and striatum for learning and maintenance of a conditioned avoidance
response. Learn. Mem. 18, 136–143.

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.

Deruiter, J.R., Vanhooff, J., Scheffrahn, W., 1994. Social and genetic-aspects of paternity
in wild long-tailed macaques (Macaca fascicularis). Behavior 129, 203–224.

DeVries, A.C., Craft, T.K.S., Glasper, E.R., Neigh, G.N., Alexander, J.K., 2007. 2006 Curt P.
Richter award winner: social influences on stress responses and health. Psycho-
neuroendocrinology 32, 587–603.

Di Chiara, G., Bassareo, V., Fenu, S., De Luca, M.A., Spina, L., Cadoni, C., Acquas, E., Carboni,
E., Valentini, V., Lecca, D., 2004. Dopamine and drug addiction: the nucleus accum-
bens shell connection. Neuropharmacology 47, 227–241.

Dietz, D.M., Dietz, K.C., Nestler, E.J., Russo, S.J., 2009. Molecular mechanisms of psychos-
timulant-induced structural plasticity. Pharmacopsychiatry 42 (Suppl. 1), S69–S78.

DiMeo, A.N., Wood, R.I., 2006. ICV testosterone induces Fos in male Syrian hamster
brain. Psychoneuroendocrinology 31, 237–249.

Domjan, M., 1992. Adult learning and mate choice: possibilities and experimental evi-
dence. Am. Zool. 32, 48–61.

Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stess-related mood dis-
orders. Biol. Psychiatry 59, 1116–1127.

Edwards, S., Graham, D.L., Bachtell, R.K., Self, D.W., 2007. Region-specific tolerance to
cocaine-regulated cAMP-dependent protein phosphorylation following chronic
self-administration. Eur. J. Neurosci. 25, 2201–2213.

Elliott, E., Ezra-Nevo, G., Regev, L., Neufeld-Cohen, A., Chen, A., 2010. Resilience to social
stress coincides with functional DNA methylation of the Crf gene in adult mice.
Nat. Neurosci. 13, 1351–1353.

Erskine, M.S., 1989. Solicitation behavior in the estrous female rat: a review. Horm.
Behav. 23, 473–502.

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. Neuroscience 30, 63–75.

Fanous, S., Hammer Jr., R.P., Nikulina, E.M., 2010. Short- and long-term effects of inter-
mittent social defeat stress on brain-derived neurotrophic factor expression in
mesocorticolimbic brain regions. Neuroscience 167, 598–607.

Filipenko, M.L., Alekseyenko, O.V., Beilina, A.G., Kamynina, T.P., Kudryavtseva, N.N.,
2001. Increase of tyrosine hydroxylase and dopamine transporter mRNA levels in
ventral tegmental area of male mice under influence of repeated aggression expe-
rience. Mol. Brain Res. 96, 77–81.

Fiorino, D.F., Coury, A., Phillips, A.G., 1997. Dynamic changes in nucleus accumbens
dopamine efflux during the coolidge effect in male rats. J. Neurosci. 17,
4849–4855.



467B.C. Trainor / Hormones and Behavior 60 (2011) 457–469
Forlano, P.M., Marchaterre, M., Deitcher, D.L., Bass, A.H., 2010. Distribution of androgen
receptor mRNA expression in vocal, auditory, and neuroendocrine circuits in a tel-
eost fish. J. Comp. Neurol. 518, 493–512.

Freitas-Ferrari, M.C., Hallak, J.E.C., Trzesniak, C., Filho, A.S., Machado-de-Sousa, J.P., Chagas,
M.H.N., Nardi, A.E., Crippa, J.A.S., 2010. Neuroimaging in social anxiety disorder: a sys-
tematic review of the literature. Prog. Neuropsychopharmacol. Biol. Psychiatry 34,
565–580.

Fulford, A.J., Marsden, C.A., 1998. Effect of isolation-rearing on conditioned dopamine
release in vivo in the nucleus accumbens of the rat. J. Neurochem. 70, 384–390.

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

Garey, J., Kow, L.-M., Huynh,W., Ogawa, S., Pfaff, D.W., 2002. Temporal and spatial quan-
titation of nesting and mating behaviors among mice housed in a semi-natural en-
vironment. Horm. Behav. 42, 294–306.

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.

Gattermann, R., Johnston, R.E., Yigit, N., Fritzsche, P., Larimer, S., Ã–zkurt, S., Neumann,
K., Song, Z., Colak, E.m., Johnston, J., et al., 2008. Golden hamsters are nocturnal in
captivity but diurnal in nature. Biol. Lett. 4, 253–255.

Gatzke-Kopp, L.M., 2011. The canary in the coalmine: the sensitivity of mesolimbic do-
pamine to environmental adversity during development. Neurosci. Biobehav. Rev.
35, 794–803.

Goel, N., Bale, T.L., 2009. Examining the intersection of sex and stress in modelling neu-
ropsychiatric disorders. J. Neuroendocrinol. 21, 415–420.

Goodson, J.L., Kabelik, D., Kelly, A.M., Rinaldi, J., Klatt, J.D., 2009. Midbrain dopamine
neurons reflect affiliation phenotypes in finches and are tightly coupled to court-
ship. Proc. Natl. Acad. Sci. U. S. A. 106, 8737–8742.

Grace, A.A., 1991. Phasic versus tonic dopamine release and the modulation of dopa-
mine system responsivity — a hypothesis for the etiology of schizophrenia. Neuro-
science 41, 1–24.

Grant, K.A., Shively, C.A., Nader, M.A., Ehrenkaufer, R.L., Line, S.W., Morton, T.E., Gage,
H.D., Mach, R.H., 1998. Effect of social status on striatal dopamine D2 receptor
binding characteristics in cynomolgus monkeys assessed with positron emission
tomography. Synapse 29, 80–83.

Grill, H.J., Norgren, R., 1978. The taste reactivity test: I. Mimetic responses to gustatory
stimuli in neurologically normal rats. Brain Res. 143, 263–279.

Grippo, A.J., Sullivan, N.R., Damjanoska, K.J., Crane, J.W., Carrasco, G.A., Shi, J., Chen, Z.,
Garcia, F., Muma, N.A., Van de Kar, L.D., 2005. Chronic mild stress induces behavior-
al and physiological changes, and may alter serotonin 1A receptor function, in male
and cycling female rats. Psychopharmacology 179, 769–780.

Grippo, A.J., Gerena, D., Huang, J., Kumar, N., Shah, M., Ughreja, R., Sue Carter, C., 2007.
Social isolation induces behavioral and neuroendocrine disturbances relevant
to depression in female and male prairie voles. Psychoneuroendocrinology 32,
966–980.

Grippo, A.J., Wu, K.D., Hassan, I., Carter, C.S., 2008. Social isolation in prairie voles induces
behaviors relevant to negative affect: toward the development of a rodent model fo-
cused on co-occurring depression and anxiety. Depress. Anxiety 25, E17–E26.

Gross, C., Santarelli, L., Brunner, D., Zhuang, X., Hen, R., 2000. Altered fear circuits in 5-
HT1A receptor KO mice. Biol. Psychiatry 48, 1157–1163.

Guarraci, F.A., Kapp, B.S., 1999. An electrophysiological characterization of ventral teg-
mental area dopaminergic neurons during differential pavlovian fear conditioning
in the awake rabbit. Behav. Brain Res. 99, 169–179.

Gudelsky, G.A., Porter, J.C., 1980. Release of dopamine from tuberoinfundibular neu-
rons into pituitary-stalk blood after prolactin or haloperidol administration. Endo-
crinology 106, 526–529.

Guyer, A. E., Choate, V. R., Detloff, A., Benson, B., Nelson, E. E., Perez-Edgar, K., Fox, N. A.,
Pine, D. S. and Ernst, M., 2011. Striatal functional alteration during incentive antic-
ipation in pediatric anxiety disorders. Am. J. Psychiatry. doi:10.1176/appi.ajp.2011.
11010006.

Hall, F.S., Wilkinson, L.S., Humby, T., Inglis, W., Kendall, D.A., Marsden, C.A., Robbins,
T.W., 1998. Isolation rearing in rats: pre- and postsynaptic changes in striatal dopa-
minergic systems. Pharmacol. Biochem. Behav. 59, 859–872.

Hazell, G.G.J., Yao, S.T., Roper, J.A., Prossnitz, E.R., O'Carroll, A.-M., Lolait, S.J., 2009. Loca-
lisation of GPR30, a novel G protein-coupled oestrogen receptor, suggests multiple
functions in rodent brain and peripheral tissues. J. Endocrinol. 202, 223–236.

Herman, J.P., Guillonneau, D., Dantzer, R., Scatton, B., Semerdjian-Rouquier, L., Le Moal,
M., 1982. Differential effects of inescapable footshocks and of stimuli previously
paired with inescapable footshocks on dopamine turnover in cortical and limbic
areas of the rat. Life Sci. 30, 2207–2214.

Herman, J.P., Figueiredo, H., Mueller, N.K., Ulrich-Lai, Y., Ostrander, M.M., Choi, D.C.,
Cullinan, W.E., 2003. Central mechanisms of stress integration: hierarchical circuit-
ry controlling hypothalamo-pituitary-adrenocortical responsiveness. Front. Neu-
roendocrinol. 24, 151–180.

Hotsenpiller, G., Wolf, M.E., 2003. Baclofen attenuates conditioned locomotion to cues
associated with cocaine administration and stabilizes extracellular glutamate
levels in rat nucleus accumbens. Neuroscience 118, 123–134.

Howerton, C.L., Garner, J.P., Mench, J.A., 2008. Effects of a running wheel-igloo enrich-
ment on aggression, hierarchy linearity, and stereotypy in group-housed male CD-
1 (ICR) mice. Appl. Anim. Behav. Sci. 115, 90–103.

Huang, Y.C., Hessler, N.A., 2008. Social modulation during songbird courtship potenti-
ates midbrain dopamine neurons. PloS one 3, E3281.

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.
Ikemoto, S., Panksepp, J., 1999. The role of nucleus accumbens dopamine in motivated
behavior: a unifying interpretation with special references to reward-seeking.
Brain Res. Rev. 31, 6–41.

Imperato, A., Angelucci, L., Casolini, P., Zocchi, A., Puglisi-Allegra, S., 1992. Repeated
stressful experiences differently affect limbic dopamine release during and follow-
ing stress. Brain Res. 577, 194–199.

Iñiguez, S.D., Vialou, V., Warren, B.L., Cao, J.-L., Alcantara, L.F., Davis, L.C., Manojlovic, Z.,
Neve, R.L., Russo, S.J., Han, M.-H., et al., 2010. Extracellular signal-regulated kinase-
2 within the ventral tegmental area regulates responses to stress. J. Neurosci. 30,
7652–7663.

Isovich, E., Engelmann, M., Landgraf, R., Fuchs, E., 2001. Social isolation after a single
defeat reduces striatal dopamine transporter binding in rats. Eur. J. Neurosci. 13,
1254–1256.

Jenkins, W.J., Becker, J.B., 2003. Dynamic increases in dopamine during paced copula-
tion in the female rat. Eur. J. Neurosci. 18, 1997–2001.

Jones, G., Marsden, C., Robbins, T., 1990. Increased sensitivity to amphetamine and re-
ward-related stimuli following social isolation in rats: possible disruption of dopa-
mine-dependent mechanisms of the nucleus accumbens. Psychopharmacology
102, 364–372.

Jongen-Relo, A.L., Kaufmann, S., Feldon, J., 2003. A differential involvement of the shell
and core subterritories of the nucleus accumbens of rats in memory processes.
Behav. Neurosci. 117, 150–168.

Josselyn, S.A., Falls, W.A., Gewirtz, J.C., Pistell, P., Davis, M., 2004. The nucleus accum-
bens is not critically involved in mediating the effects of a safety signal on behav-
ior. Neuropsychopharmacology 30, 17–26.

Kabbaj, M., Isgor, C., Watson, S.J., Akil, H., 2002. Stress during adolescence alters behav-
ioral sensitization to amphetamine. Neuroscience 113, 395–400.

Kalivas, P.W., Duffy, P., 1995. Selective activation of dopamine transmission in the shell
of the nucleus accumbens by stress. Brain Res. 675, 325–328.

King, K.M., Chassin, L., 2008. Adolescent stressors, psychopathology, and young adult
substance depenence: a prospective study. J. Stud. Alcohol Drugs 69, 629–638.

Knutson, B., Adams, C.M., Fong, G.W., Hommer, D., 2001. Anticipation of increasing
monetary reward selectively recruits nucleus accumbens. J. Neurosci. 21, RC159.

Kohlert, J.G., Rowe, R.K., Meisel, R.L., 1997. Intromissive stimulation from the male in-
creases extracellular dopamine release from fluoro-gold-identified neurons within
the midbrain of female hamsters. Horm. Behav. 32, 143–154.

Konkle, A.T.M., Baker, S.L., Kentner, A.C., Barbagallo, L.S.M., Merali, Z., Bielajew, C., 2003.
Evaluation of the effects of chronic mild stressors on hedonic and physiological re-
sponses: sex and strain compared. Brain Res. 992, 227–238.

Koolhaas, J.M., de Boer, S.F., Buwalda, B., van Reenen, K., 2007. Individual variation in
coping with stress: a multidimensional approach of ultimate and proximate mech-
anisms. Brain. Behav. Evol. 70, 218–226.

Krishnan, V., Nestler, E.J., 2010. Linking molecules to mood: new insight into the biol-
ogy of depression. Am. J. Psychiatry 167, 1305–1320.

Krishnan, V., Han, M.-H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., LaPlant, Q.,
Graham, A., Lutter,M., Lagace, D.C., et al., 2007.Molecular adaptations underlying sus-
ceptibility and resistance to social defeat in brain reward regions. Cell 131, 391–404.

Krishnan, V., Han, M.-H., Mazei-Robison, M., Iñiguez, S.D., Ables, J.L., Vialou, V., Berton,
O., Ghose, S., Covington Iii, H.E., Wiley, M.D., et al., 2008. AKT signaling within the
ventral tegmental area regulates cellular and behavioral responses to stressful
stimuli. Biol. Psychiatry 64, 691–700.

Kudryavtseva, N.N., Bakshtanovskaya, I.V., Koryankina, L.A., 1991. Social model of de-
pression in mice of C57Bl/6J strain. Pharmacol. Biochem. Behav. 38, 315–320.

LaPlant, Q., Chakravarty, S., Vialou, V., Mukherjee, S., Koo, J.W., Kalahasti, G., Bradbury,
K.R., Taylor, S.V., Maze, I., Kumar, A., et al., 2009. Role of nuclear factor [kappa]B in
ovarian hormone-mediated stress hypersensitivity in female mice. Biol. Psychiatry
65, 874–880.

Leslie, C.A., Robertson, M.W., Cutler, A.J., Bennett Jr., J.P., 1991. Postnatal development
of D 1 dopamine receptors in the medial prefrontal cortex, striatum and nucleus
accumbens of normal and neonatal 6-hydroxydopamine treated rats: a quantita-
tive autoradiographic analysis. Dev. Brain Res. 62, 109–114.

Lesting, J., Neddens, J., Busche, A., Teuchert-Noodt, G., 2005. Hemisphere-specific ef-
fects on serotonin but not dopamine innervation in the nucleus accumbens of ger-
bils caused by isolated rearing and a single early methamphetamine challenge.
Brain Res. 1035, 168–176.

Levita, L., Dalley, J.W., Robbins, T.W., 2002. Nucleus accumbens dopamine and learned
fear revisited: a review and some new findings. Behav. Brain Res. 137, 115–127.

Ling, T.J., Forster, G.L., Watt, M.J., Korzan, W.J., Renner, K.J., Summers, C.H., 2009. Social
status differentiates rapid neuroendocrine responses to restraint stress. Physiol.
Behav. 96, 218–232.

Lisk, R.D., Ciaccio, L.A., Catanzaro, C., 1983. Mating behavior of the golden hamster
under seminatural conditions. Anim. Behav. 31, 659–666.

Liu, Y.C., Sachs, B.D., Salamone, J.D., 1998. Sexual behavior in male rats after radio fre-
quency or dopamine-depleting lesions in nucleus accumbens. Pharmacol. Bio-
chem. Behav. 60, 585–592.

Lorberbaum, J.P., Kose, S., Johnson, M.R., Arana, G.W., Sullivan, L.K., Hamner, M.B., Bal-
lenger, J.C., Lydiard, R.B., Brodrick, P.S., Bohning, D.E., et al., 2004. Neural correlates
of speech anticipatory anxiety in generalized social phobia. Neuroreport 15,
2701–2705.

Louilot, A., Le Moal, M., Simon, H., 1986. Differential reactivity of dopaminergic neurons
in the nucleus accumbens in response to different behavioral situations. An in vivo
voltammetric study in free moving rats. Brain Res. 397, 395–400.

Lucas, L.R., Celen, Z., Tamashiro, K.L.K., Blanchard, R.J., Blanchard, D.C., Markham, C.,
Sakai, R.R., McEwen, B.S., 2004. Repeated exposure to social stress has long-term
effects on indirect markers of dopaminergic activity in brain regions associated
with motivated behavior. Neuroscience 124, 449–457.

http://dx.doi.org/10.1176/appi.ajp.2011.
http://dx.doi.org/11010006


468 B.C. Trainor / Hormones and Behavior 60 (2011) 457–469
Maeda, H., Mogenson, G.J., 1982. Effects of peripheral stimulation on the activity of
neurons in the ventral tegmental area, substantia nigra and midbrain reticular for-
mation of rats. Brain. Res. Bull. 8, 7–14.

Maney, D.L., Bernard, D.J., Ball, G.F., 2001. Gonadal Steroid Receptor mRNA in Catechol-
aminergic Nuclei of the Canary Brainstem.

Mantz, J., Thierry, A.M., Glowinski, J., 1989. Effect of noxious tail pinch on the discharge
rate of mesocortical and mesolimbic dopamine neurons: selective activation of the
mesocortical system. Brain Res. 476, 377–381.

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.

Margolis, E.B., Coker, A.R., Driscoll, J.R., Lemaitre, A.-I., Fields, H.L., 2010. Reliability in
the Identification of midbrain dopamine neurons. PloS one 5, e15222.

Marler, C.A., Bester-Meredith, J.K., Trainor, B.C., 2003. Paternal behavior and aggres-
sion: endocrine mechanisms and nongenomic transmission of behavior. Adv.
Stud. Behav. 32, 263–323.

Mathews, I.Z., Waters, P., McCormick, C.M., 2008. Changes in hyporesponsiveness to
acute amphetamine and age differences in tyrosin hydroxylase immunoreactivity
in the brain over adolescence in male and female rats. Dev. Psychobiol. 51,
417–428.

McAllister, A.K., Katz, L.C., Lo, D.C., 1999. Neurotrophins and synaptic plasticity. Annu.
Rev. Neurosci. 22, 295–318.

McClintock, M.K., Anisko, J.J., 1982. Group mating among Norway rats: I. Sex differ-
ences in the pattern and neuroendocrine consequences of copulation. Anim.
Behav. 30, 398–409.

McCormick, C.M., 2010. An animal model of social instability stress in adolescence and
risk for drugs of abuse. Physiol. Behav. 99, 194–203.

McCormick, C.M., Robarts, D., Kopeikina, K., Kelsey, J.E., 2005. Long-lasting, sex- and
age-specific effects of social stressors on corticosterone responses to restraint
and on locomotor responses to psychostimulants in rats. Horm. Behav. 48, 64–74.

McEwen, B.S., Wingfield, J.C., 2003. The concept of allostasis in biology and biomedi-
cine. Horm. Behav. 43, 2–15.

Meerlo, P., Overkamp, G.J.F., Daan, S., Van Den Hoofdakker, R.H., Koolhaas, J.M., 1996.
Changes in behavior and body weight following a single or double social defeat
in rats. Stress 1, 21–32.

Meisel, R.L., Camp, D.M., Robinson, T.E., 1993. A microdialysis study of ventral striatal
dopamine during sexual behavior in female Syrian hamsters. Behav. Brain Res.
55, 151–157.

Mermelstein, P.G., Becker, J.B., 1995. Increased extracellular dopamine in the nucleus-
accumbens and striatum 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.

Miura, H., Qiao, H., Ohta, T., 2002. Attenuating effects of the isolated rearing condition
on increased brain serotonin and dopamine turnover elicited by novelty stress.
Brain Res. 926, 10–17.

Molitor, F., Truax, S.R., Ruiz, J.D., Sun, R.K., 1998. Association of methamphetamine use
during sex with risky sexual behaviors and HIV infection among non-injection
drug users. West. J. Med. 168, 93–97.

Morgan, D., Grant, K.A., Prioleau, O.A., Nader, S.H., Kaplan, J.R., Nader, M.A., 2000. Pre-
dictors of social status in cynomolgus monkeys (Macaca fascicularis) after group
formation. Am. J. Primatol. 52, 115–131.

Morgan, D., Grant, K.A., Gage, H.D., Mach, R.H., Kaplan, J.R., Prioleau, O., Nader, S.H.,
Buchheimer, N., Ehrenkaufer, R.L., Nader, M.A., 2002. Social dominance in mon-
keys: dopamine D2 receptors and cocaine self-administration. Nat. Neurosci. 5,
169–174.

Morrow, B.A., Redmond, A.J., Roth, R.H., Elsworth, J.D., 2000. The predator odor, TMT,
displays a unique, stress-like pattern of dopaminergic and endocrinological activa-
tion in the rat. Brain Res. 864, 146–151.

Moses, J., Loucks, J.A., Watson, H.L., Matuszewich, L., Hull, E.M., 1995. Dopamine drugs
in the medial preoptic area and nucleus accumbens: effects on motor activity, sex-
ual motivation, and sexual performace. Pharmacol. Biochem. Behav. 51, 681–686.

Munchrath, L.A., Hofmann, H.A., 2010. Distribution of sex steroid hormone receptors in
the brain of an African cichlid fish, Astatotilapia burtoni. J. Comp. Neurol. 518,
3302–3326.

Muschamp, J.W., Van't Veer, A., Parsegian, A., Gallo, M.S., Chen, M., Neve, R.L., Meloni, E.G.,
Carlezon,W.A., 2011. Activation of CREB in the nucleus accumbens shell produces an-
hedonia and resistance to extinction of fear in rats. J. Neurosci. 31, 3095–3103.

Nelson, R.J., Martin, L.B., 2007. Seasonal changes in stress responses. In: Fink, G. (Ed.),
Encyclopedia of Stress, 3. Academic Press, San Diego, pp. 427–431.

Nishimura, H., Tsuda, A., Oguchi, M., Ida, Y., Tanaka, M., 1988. Is immobility of rats in
the forced swim test ‘behavioral despair’? Physiol. Behav. 42, 93–95.

Noble, R.G., 1980. Sexual responses of the female hamster: a descriptive analysis. Phy-
siol. Behav. 24, 237–242.

Packard, M.G., Cornell, A.H., Alexander, G.M., 1997. Rewarding affective properties of intra-
nucleus accumbens injections of testosterone. Behav. Neurosci. 111, 219–224.

Pawlisch, B.A., Riters, L.V., 2010. Selective behavioral responses to male song are affect-
ed by the dopamine agonist GBR-12909 in female European starlings (Sturnus vul-
garis). Brain Res. 1353, 113–124.

Pezze, M.A., Feldon, J., 2004. Mesolimbic dopaminergic pathways in fear conditioning.
Prog. Neurobiol. 74, 301–320.

Pfaff, D., Keiner, M., 1973. Atlas of estradiol-concentrating cells in the central nervous
system of the female rat. J. Comp. Neurol. 151, 121–157.

Pfaus, J.G., Phillips, A.G., 1991. Role of dopamine in anticipatory and consummatory as-
pects of sexual behavior in the male rat. Behav. Neurosci. 105, 727–743.
Pibiri, F., Nelson, M., Guidotti, A., Costa, E., Pinna, G., 2008. Decreased corticolimbic
allopregnanolone expression during social isolation enhances contextual fear: a
model relevant for posttraumatic stress disorder. Proc. Natl. Acad. Sci. U. S. A.
105, 5567–5572.

Pinna, G., Costa, E., Guidotti, A., 2006. Fluoxetine and norfluoxetine stereospecifically
and selectively increase brain neurosteroid content at doses that are inactive on
5-HT reuptake. Psychopharmacology 186, 362–372.

Pliakas, A.M., Carlson, R.R., Neve, R.L., Konradi, C., Nestler, E.J., Carlezon, W.A., 2001. Al-
tered responsiveness to cocaine and increased immobility in the forced swim test
associated with elevated cAMP response element-binding protein expression in
nucleus accumbens. J. Neurosci. 21, 7397–7403.

Porsolt, R.D., Anton, G., Blavet, N., Jalfre, M., 1978. Behavioural despair in rats: a new
model sensitive to antidepressant treatments. Eur. J. Pharmacol. 47, 379–391.

Puglisi-Allegra, S., Cabib, S., 1990. Effects of defeat experiences on dopamine metabo-
lism in different brain areas of the mouse. Aggress. Behav. 16, 271–284.

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.

Reby, D., McComb, K., Cargnelutti, B., Darwin, C., Fitch, W.T., Clutton-Brock, T., 2005.
Red deer stags use formants as assessment cues during intrasexual agonistic inter-
actions. Proc. R. Soc. B. 272, 941–947.

Ribble, D.O., Salvioni, M., 1990. Social organization and nest coocupancy in Peromyscus
californicus, a monogamous rodent. Behav. Ecol. Sociobiol. 26, 9–15.

Riedel, G., Harrington, N.R., Hall, G., Macphail, E.M., 1997. Nucleus accumbens lesions
impair context, but not cue, conditioning in rats. Neuroreport 8, 2477–2481.

Robbins, T.W., Jones, G.H., Wilkinson, L.S., 1996. Behavioural and neurochemical effects
of early social deprivation in the rat. J. Psychopharmacol. 10, 39–47.

Robinson, S., Sandstrom, S.M., Denenberg, V.H., Palmiter, R.D., 2005. Distinguishing
whether dopamine regulates, liking, wanting, and/or learning about rewards.
Behav. Neurosci. 119, 5–15.

Roth, T.L., Lubin, F.D., Funk, A.j., Sweatt, J.D., 2009. Lasting epigenetic influence of early-
life adversity on the BDNF gene. Biol. Psychiatry 65, 760–769.

Ruis, M.A.W., te Brake, J.H.A., Buwalda, B., De Boer, S.F., Meerlo, P., Korte, S.M., Blokhuis,
H.J., Koolhaas, J.M., 1999. Housing familiar male wildtype rats together reduces the
long-term adverse behavioural and physiological effects of social defeat. Psycho-
neuroendocrinology 24, 285–300.

Salamone, J.D., Correa, M., Farrar, A., Mingote, S.M., 2007. Effort-related functions of nu-
cleus accumbens dopamine and associated forebrain circuits. Psychopharmacology
191, 461–482.

Schmidt, M.V., 2010. Molecular mechanisms of early life stress-lessons from mouse
models. Neurosci. Biobehav. Rev. 34, 845–852.

Schmidt, M.V., Scharf, S.H., Sterlemann, V., Ganea, K., Liebl, C., Holsboer, F., Müller, M.B.,
2009. High susceptibility to chronic social stress is associated with a depression-
like phenotype. Psychoneuroendocrinology 35, 635–643.

Schneier, F.R., Liebowitz, M.R., Abi-Dargham, A., Zea-Ponce, Y., Lin, S.-H., Laruelle, M.,
2000. Low dopamine D2 receptor binding potential in social phobia. Am. J. Psychi-
atry 157, 457–459.

Schneier, F.R., Abi-Dargham, A., Martinez, D., Slifstein, M., Hwang, D.-R., Liebowitz,
M.R., Laruelle, M., 2009. Dopamine transporters, D2 receptors, and dopamine release
in generalized social anxiety disorder. Depress. Anxiety 26, 411–418.

Schultz, W., Dayan, P., Montague, P.R., 1997. A neural substrate of prediction and re-
ward. Science 275, 1593–1599.

Seckl, J.R., Meaney, M.J., 2004. Glucocorticoid programming. Ann. N. Y. Acad. Sci. 1032,
63–84.

Shirayama, Y., Chaki, S., 2006. Neurochemistry of the nucleus accumbens and its rele-
vance to depression and antidepressant action in rodents. Curr. Neuropharmacol.
4, 277–291.

Shively, C.A., 1998. Social subordination stress, behavior, and central monoaminergic
function in female cynomolgus monkeys. Biol. Psychiatry 44, 882–891.

Shively, C.A., Laber-Laird, K., Anton, R.F., 1997. Behavior and physiology of social
stress and depression in female cynomolgus monkeys. Biol. Psychiatry 41,
871–882.

Shughrue, P., Merchenthaler, I., 2001. Distribution of estrogen receptor beta immuno-
reactivity in the rat central nervous system. J. Comp. Neurol. 436, 64–81.

Silk, J.B., Cheney, D.L., Seyfarth, R.M., 1996. The form and function of post-conflict inter-
actions between female baboons. Anim. Behav. 52, 259–268.

Silva, A.L., Fry, W.H.D., Sweeney, C., Trainor, B.C., 2010. Effects of photoperiod and ex-
perience on aggressive behavior in female California mice. Behav. Brain Res. 208,
528–534.

Simerly, R., Chang, C., Muramatsu, M., Swanson, L., 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.

Sisk, C.L., Foster, D.L., 2004. The neural basis of puberty and adolescence. Nat. Neurosci.
7, 1040–1047.

Spannuth, B.M., Hale, M.W., Evans, A.K., Lukkes, J.L., Campeau, S., Lowry, C.A., 2011. In-
vestigation of a central nucleus of the amygdala/dorsal raphe nucleus serotonergic
circuit implicated in fear-potentiated startle. Neuroscience 179, 104–119.

Steiner, J.E., Glaser, D., Hawilo, M.E., Berridge, K.C., 2001. Comparative expression of he-
donic impact: affective reactions to taste by human infants and other primates.
Neurosci. Biobehav. Rev. 25, 53–74.

Stewart, R.B., Grupp, L.A., 1985. Some determinants of the motivational properties of
ethanol in the rat: concurrent administration of food or social stimuli. Psychophar-
macology 87, 43–50.

Tarazi, F.I., Tomasini, E.C., Baldessarini, R.J., 1998. Postnatal development of dopamine
and serotonin transporters in rat caudate-putamen and nucleus accumbens septi.
Neurosci. Lett. 254, 21–24.



469B.C. Trainor / Hormones and Behavior 60 (2011) 457–469
Tenk, C.M., Wilson, H., Zhang, Q., Pitchers, K.K., Coolen, L.M., 2009. Sexual reward in
male rats: effects of sexual experience on conditioned place preferences associated
with ejaculation and intromissions. Horm. Behav. 55, 93–97.

Thierry, A.M., Tassin, J.P., Blanc, G., Glowinski, J., 1976. Selective activation of the meso-
cortical DA system by stress. Nature 263, 242–244.

Thorsell, A., Slawecki, C.J., El Khoury, A., Mathe, A.A., Ehlers, C.L., 2006. The effects of so-
cial isolation on neuropeptide Y levels, exploratory and anxiety-related behaviors
in rats. Pharmacol. Biochem. Behav. 83, 28–34.

Tidey, J.W., Miczek, K.A., 1996. Social defeat stress selectively alters mesocorticolimibic
dopamine release: an in vivo microdialysis study. Brain Res. 721, 140–149.

Tiihonen, J., Kuikka, J., Bergstrom, K., Lepola, U., Koponen, H., Leinonen, E., 1997. Dopamine
reuptake site densities in patients with social phobia. Am. J. Psychiatry 154, 239–242.

Trainor, B.C., Takahashi, E.Y., Silva, A.L., Crean, K.K., Hostetler, C., 2010. Sex differences
in hormonal responses to social conflict in the monogamous California mouse.
Horm. Behav. 58, 506–512.

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.

Tropea, T.F., Kosofsky, B.E., Rajadhyaksha, A.M., 2008. Enhanced CREB and DARPP-32
phosphorylation in the nucleus accumbens and CREB, ERK, and GluR1 phosphory-
lation in the dorsal hippocampus is associated with cocaine-conditioned place
preference behavior. J. Neurochem. 106, 1780–1790.

Tsankova, N.M., Berton, O., Renthal, W., Kumar, A., Neve, R.L., Nestler, E.J., 2006. Sus-
tained hippocampal chromatin regulation in a mouse model of depression and an-
tidepressant action. Nat. Neurosci. 9, 519–525.

Ungless, M.A., Magill, P.J., Bolam, J.P., 2004. Uniform inhibition of dopamine neurons in
the ventral tegmental area by aversive stimuli. Science 303, 2040–2042.

Ungless, M.A., Argilli, E., Bonci, A., 2010. Effects of stress and aversion on dopamine
neurons: Implications for addiction. Neurosci. Biobehav. Rev. 35, 151–156.

Van den Berg, C.L., Pijlman, F.T.A., Koning, H.A.M., Diergaarde, L., Van Ree, J.M., Spruijt,
B.M., 1999. Isolation changes the incentive value of sucrose and social behaviour in
juvenile and adult rats. Behav. Brain Res. 106, 133–142.

van der Wee, N.J., van Veen, J.F., Stevens, H., van Vliet, I.M., van Rijk, P.P., Westenberg,
H.G., 2008. Increased serotonin and dopamine transporter binding in psychotropic
medication-naive patients with generalized social anxiety disorder shown by 123I-
{beta}-(4-Iodophenyl)-Tropane SPECT. J. Nucl. Med. 49, 757–763.

Van Loo, P.L.P., Kruitwagen, C., Van Zutphen, L.F.M., Koolhaas, J.M., Baumans, V., 2000.
Modulation of aggression in male mice: influence of cage cleaning regime and
scent marks. Anim. Welf. 9, 281–295.

van Noordwijk, M., van Schark, C., 1999. The effects of dominance rank and group size
on female lifetime reproductive success in wild long-tailed macaques,bINMacaca
fascicularisb/i&gt. Primates 40, 105–130.
Veenema, A.H., Sijtsma, B., Koolhaas, J.M., Ronald de Kloet, E., 2005. The stress response
to sensory contact in mice: genotype effect of the stimulus animal. Psychoneuroen-
docrinology 30, 550–557.

Venton, B.J., Robinson, T.E., Kennedy, R.T., 2006. Transient changes in nucleus accumbens
amino acid concentrations correlate with individual responsivity to the predator fox
odor 2,5-dihydro-2,4,5-trimethylthiazoline. J. Neurochem. 96, 236–246.

Von Frijtag, J.C., Reijmers, L.G.J.E., Van der Harst, J.E., Leus, I.E., Van den Bos, R.,
Spruijt, B.M., 2000. Defeat followed by individual housing results in long-term
impaired reward- and cognition related behaviors in rats. Behav. Brain Res.
117, 137–146.

Wallace, D.L., Han, M.-H., Graham, D.L., Green, T.A., Vialou, V., Iniguez, S.D., Cao, J.-L.,
Kirk, A., Chakravarty, S., Kumar, A., et al., 2009. CREB regulation of nucleus
accumbens excitability mediates social isolation-induced behavioral deficits. Nat.
Neurosci. 12, 200–209.

Wang, D.V., Tsien, J.Z., 2011. Convergent processing of both positive and negative motiva-
tional signals by the VTA dopamine neuronal populations. PloS one 6, e17047.

Westenbroek, C., Ter Horst, G.J., Roos, M.H., Kuipers, S.D., Trentani, A., den Boer, J.A.,
2003. Gender-specific effects of social housing in rats after chronic mild stress ex-
posure. Prog. Neuropsychopharmacol. Biol. Psychiatry 27, 21–30.

Wilner, P., 2005. Chronic mild stress (CMS) revisited: consistency and behavioural-
neurobiological concordance in the effects of CMS. Neuropsychobiology 52, 90–110.

Wilson, J.R., Kahn, R.E., Beach, F.A., 1963. Modification in the sexual behavior of male rats
produced by changing the stimulus female. J. Comp. Physiol. Psychiatry 56, 636–644.

Winberg, S., Nilsson, G.E., Olsen, K.H., 1991. Social rank and brain levels of monoamines
and monoamine metabolites in arctic charr, Salvelinus alpinus. J. Comp. Physiol. A.
168, 241–246.

Winland, C., Haycox, C., Bolton, J.L., Jampana, S., Oakley, B.J., Ford, B., Ornelas, L., Burbey,
A., Marquette, A., Frohardt, R.J., et al., 2011. Methamphetamine enhances sexual
behavior in female rats. Pharmacol. Biochem. Behav. 98, 575–582.

Wise, R.A., 2004. Dopamine, learning and motivation. Nat. Rev. Neurosci. 5,
483–494.

Wise, R.A., 2006. Role of brain dopamine in food reward and reinforcement. Philos.
Trans. R. Soc. Lond. B. Biol. Sci. 361, 1149–1158.

Wolf, M.E., Roth, R.H., 1990. Autoreceptor regulation of dopamine synthesis. Ann. N. Y.
Acad. Sci. 604, 323–343.

Wommack, J.C., Delville, Y., 2003. Repeated social stress and the development of ago-
nistic behavior: individual differences in coping responses in male golden ham-
sters. Physiol. Behav. 80, 303–308.

Wood, R.I., 2011. The many facets of sex and drugs. Horm. Behav. 58, 1.
Workman, J.L., Trainor, B.C., Finy, M.S., Nelson, R.J., 2008. Effects of neuronal nitric oxide

synthase and social housing of anxiety-like behavior. Behav. Brain Res. 187, 109–115.
Zahm, D.S., Heimer, L., 1990. Two transpallidal pathways originating in rat nucleus

accumbens. J. Comp. Neurol. 302, 437–446.


	Stress responses and the mesolimbic dopamine system: Social contexts and sex differences
	Introduction
	Mesolimbic dopamine system
	Appetitive responses
	Aversive responses

	Effects of social context
	Social instability during development
	Effects of social isolation
	Social defeat
	Social subordination
	Humans

	Sex differences in mesolimbic dopamine responses to stress
	Sex differences in responses to nonsocial stressors
	Sex differences in effects of social stressors

	Conclusions
	Acknowledgments
	References


