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Abstract

In this review, we examine how experiences in social confrontations alter gene expression in
mesocorticolimbic cells. The focus is on the target of attack and threat due to the prominent role of
social defeat stress in the study of coping mechanisms and victimization. The initial operational
definition of the socially defeated mouse by Ginsburg and Allee (1942) enabled the
characterization of key endocrine, cardiovascular, and metabolic events during the initial response
to an aggressive opponent and during the ensuing adaptations. Brief episodes of social defeat
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stress induce an augmented response to stimulant challenge as reflected by increased locomotion
and increased extracellular dopamine (DA) in the nucleus accumbens (NAC). Cells in the ventral
tegmental area (VTA) that project to the NAC were more active as indicated by increased
expression of ¢-fosand Fos-immunoreactivity and BDNF. Intermittent episodes of social defeat
stress result in increased mRNA for MOR in brainstem and limbic structures. These behavioral
and neurobiological indices of sensitization persist for several months after the stress experience.
The episodically defeated rats also self-administered intravenous cocaine during continuous access
for 24 h (“binge”). By contrast, continuous social stress, particularly in the form of social
subordination stress, leads to reduced appetite, compromised endocrine activities, and
cardiovascular and metabolic abnormalities, and prefer sweets less as index of anhedonia. Cocaine
challenges in subordinate rats result in a blunted psychomotor stimulant response and a reduced
DA release in NAC. Subordinate rats self-administer cocaine less during continuous access
conditions. These contrasting patterns of social stress result from continuous vs. intermittent
exposure to social stress, suggesting divergent neuroadaptations for increased vulnerability to
cocaine self-administration vs. deteriorated reward mechanisms characteristic of depressive-like
profiles.
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Introduction

Studies in molecular biology have begun to provide tools for studying how experiences in
aggressive confrontations alter the activity of corticolimbic cells, via both genomic and non-
genomic action (e.g., Caspi et al. 2002; Craig and Halton 2009; Day et al. 2011; Lesch and
Merschdorf 2000; Taylor and Kim-Cohen 2007; Tecott and Barondes 1996). The link
between a specific social experience and altered gene expression in the cells of discrete
mesocorticolimbic pathways involves a cascade of events that ultimately leads to changes in
translation and transcription (Joppa et al. 1995; Kollack-Walker et al. 1997; Martinez et al.
1998b, 2002; Nikulina et al. 1998; Young and Wang 2004). The study of social experience-
dependent gene expression complements the traditional approaches of behavior genetics,
namely to trace the genetic basis of a particular behavioral phenotype. While classic
strategies have relied on comparisons of closely related animals such as strains of mice
selectively bred for a specific phenotype such as high levels of aggressive behavior (“top-
down genetics”; Ginsburg 1967), more recent efforts devoted themselves to single or double
gene mutations of mice that engage in very high levels of aggressive behavior (“bottom-up
genetics”). Given the polygenic basis of aggressive behavior patterns, it is not surprising that
the latter approach has failed to find “mean genes” or to identify specific candidate genes
(Ginsburg 1967; Hen 1996; Meyer-Lindenberg et al. 2006; Miczek et al. 2001).

Salient social experiences can readily alter gene expression. Attachment early in life,
particularly in animal species with strong bonds such as the montane vole, is a prominent
example of a social experience that—when disrupted by maternal separation distress—
results in activation of transcriptional factors in discrete diencephalic cells (Pitkow et al.
2001; Winslow et al. 1993; Young et al. 1997). Some of these genes encode for the synthesis
of opioid peptides, and manipulations of opioid receptors shortly after their discovery
demonstrated the importance of these neuropeptides in social attachment in both avian and
mammalian species (Panksepp et al. 1978). Similarly, sexual experiences are of remarkable
salience and readily engender transcriptional activation in discrete brain areas such as the
extended amygdala (Baum and Everitt 1992; Joppa et al. 1995; Kollack-Walker and
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Newman 1995; Ogawa et al. 1997; Parfitt and Newman 1998; Potegal et al. 1996). In the
following account, the focus is on behavior during social conflict, particularly on the
individual who is the target of attack and threat behavior by aggressive opponents. Social
defeat stress in animals appears particularly relevant for the study of strategies for coping
with stress and victimization in human and veterinary medicine (Bjérkqvist 2001; Koolhaas
et al. 1999).

Social defeat stress during aggressive confrontations

One of the early experimental analyses of the socially defeated mouse was performed by
Ginsburg and Allee (1942), who were also the first to describe the behavioral details: “The
chased mouse rears on its hind legs, draws one fore-leg close to the body, extends the other
stiffly, remains motionless, and squeals when touched by the other mouse.” Even in a
pugnacious species such as mice (Mus musculus), intense aggressive episodes are relatively
rare, but when they do occur, the physiological and behavioral consequences endure for
weeks and months. From an evolutionary perspective, aggressive behavior is found in all
phyla, subserving adaptive functions in the cohesion and dispersal of individuals, and this
class of behaviors cannot be considered a behavioral aberration (Scott 1958). In socially
cohesive species such as rats (Rattus norvegicus) that live in colonies, attacks and threats by
dominant individuals are responded to by defensive and evasive behavior, including
defensive attacks, defensive upright posture, and full flight (Barnett 1975; Blanchard and
Blanchard 1977; Lore et al. 1984; Lucion et al. 1996; Miczek and de Boer 2005). Rats emit
loud, frequent and long ultrasonic vocalizations in the 20-25 kHz range in response to the
attacks and threats of an aggressive opponent (Thomas et al. 1982; van der Poel and Miczek
1991). When escape is not possible, the reaction to aggressive behavior consists primarily of
crouch, defensive and submissive supine postures which comprise a passive coping strategy
(Fig. 1; Koolhaas et al. 1998). These postures signal submission and decrease the probability
of being attacked further.

When resources are sparse, the social organization of mice differs from that of rats, and
consequently the pattern and function of aggressive behavior vary significantly (Berdoy and
Drickamer 2007). Behaviorally, the most obvious difference is that resident mice patrol and
mark the boundaries of a territory with limited resources (Crowcroft and Rowe 1963),
whereas rats are a colonial species with a repertoire of threat and submission signals (vide
infra). In both species, the initial reaction to aggressive behavior comprises retaliatory bites,
eventually followed by retreat and escapes. Mice rarely display the supine posture, but when
cornered, they assume the upright defeat posture with the head angled upward, ears
retracted, frontpaws limp, and they fail to orient toward the approaching attacking opponent
(Fig. 1; Ginsburg and Allee 1942; Miczek et al. 1982).

Stress physiology has established that responses to stressors are determined by critical
parameters such as the frequency, intensity, and duration of the stressor. The characteristic
inverted U-shaped curve for relating the stress response to the stress stimulus emerges
(Miczek et al. 2008). The ascending limb of the curve depicts how mild, short and
infrequent stress activates and mobilizes, whereas the descending limb of the curve
represents how intense, long, frequent stress impairs and immobilizes (Sapolsky 1996). In
addition to the critical parameters of intensity, frequency and duration, psychological work
has highlighted predictability and controllability of stress as being of paramount significance
(Maier and Seligman 1976). Even infrequent and low intensity stress can have significant ill
effects, when it is unpredictable and uncontrollable (Weiss et al. 1976).

Subordination stress—Traditionally, experimental studies of social stress have focused
on continuous subordination stress which in many animal species engenders a morbid
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course, particularly under laboratory conditions with limited opportunities for escape
(Martinez et al. 1998a; Von Holst 1998). For example, even visual exposure to a dominant
male treeshrew ( Tupaia belangerii) is sufficient to precipitate severe physiological
impairment in an intruding male leading to a deterioration of endocrine regulation and
weight loss and eventually to death (Von Holst 1985). If breeding colonies of laboratory rats
live in open spaces with localized food sources, it is necessary to rescue subordinate
members in order to ensure their survival (Blanchard et al. 1985; McKittrick et al. 1995). A
third of longhaired rats that were introduced into a small colony of Rattus villosissimus died
as a result of the residents’ attacks, even though no major wounds were visible (Barnett et al.
1975). In colonies of mice with clumped food and water supplies, subordinate animals that
have access to survival resources only opportunistically show increased adrenal epinephrine
content and essential hypertension (Ely 1981; Henry and Stephens 1977; Hucklebridge et al.
1981). These subordinate animals do not die of their injuries; rather they are physiologically
compromised to a degree that renders them incapable of adjusting to even moderate stresses
and strains. Continuously subordinate animals are characterized by a severely constrained
behavioral repertoire; they exhibit lower reproductive success, disturbed circadian
physiological rhythms with prominent ultradian components, persistent endocrine activation
that results in gonadal atrophy and adrenal hypertrophy, and suppressed immune function
(Barnett et al. 1975; Brain 1972; Bronson 1973; Miczek et al. 1991; Raab et al. 1986; Sgoifo
et al. 1996). Active and passive coping styles differentiate subordinate animals on a morbid
course from those that do adapt successfully (Koolhaas et al. 1999).

Regulation of monoaminergic and peptidergic receptors has been studied in the brains of
chronically subordinate rodents and primates (Albeck et al. 1997; Dhingra et al. 1997; Grant
et al. 1998; McKittrick et al. 1995; Watanabe et al. 1995). Hippocampal regions of
subordinate rats show significant reductions in the mRNA for mineralocorticoid and
glucocorticoid receptors and lower 5-HTq A receptor density in comparison to non-stressed
control rats. PET imaging studies indicate that in the basal ganglia of subordinate
cynomologous monkeys the binding potential of a selective dopamine D2 ligand was
reduced relative to that of dominants, suggesting a downregulation of D2 receptors (Grant et
al. 1998). These subordination stress-induced long-term changes in peptidergic and
aminergic receptors promise to serve as markers for individuals that differ in terms of
vulnerability and resilience to behavioral and physiological impairments.

Intermittent episodes of social defeat stress—A different type of social stress is
defined by the characteristic defeat response to attacks and threats during a briefaggressive
confrontation. Under captive conditions such as in a laboratory setting where dispersal is
only feasible in a limited way, the study of intermittent brief episodes of social defeat stress
offers the opportunity to dissect the immediate responses to attacks and threats, the recovery
period after the confrontation and also the enduring neuroadaptations that persist long after
the brief social defeat episode has terminated without risk of morbidity.

The physiological costs of being defeated in a brief encounter consist of an initial massive
adrenocortical and sympathetic activation that is followed by a parasympathetic rebound
(e.g., Adams et al. 1969). The tachycardic, hypertensive, hyperthermic responses during the
initial phase of an aggressive encounter are seen in both the resident attacker and the
defeated intruder. However, these large deviations from their homeostatic set points are
much longer lasting in defeated animals than in dominant animals. For example, normal
heart rate and core temperature is established in a defeated intruder more than 3—4 h after the
end of a 10-min confrontation with an attacking and threatening resident rat (Fig. 2;
Tornatzky and Miczek 1993). Similarly, plasma corticosterone levels rise in both the
resident attacker and the intruding defeated rat, but the elevated corticosterone levels take
nearly 24 h to return to normal values in defeated rats, whereas dominant rats recover within
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a few hours (Covington 111 and Miczek 2005; Schuurman 1980). After brief episodes of
social defeat, intruder rats show evidence of reduced antibody production, indicating
immunosuppression (Fleshner et al. 1989; Stefanski 2001).

A most remarkable feature of episodic social defeat stress is its persistent, long-lasting
nature as evidenced by the lack of behavioral and physiological habituation upon repeated
exposure (Covington 111 and Miczek 2005). Studies in intruder rats that confronted an
aggressive resident opponent every 3—4 days over the course of several months show that
telemetrically assessed tachycardic, hypertensive, and hyperthermic responses to social
defeat stress remained consistent after many repeated social defeats. Actually, the
hyperthermia, tachycardia and antinociception become readily conditioned so that the
imminent demands of an aggressive confrontation are anticipated by rises in core
temperature, heart rate and pain blockade prior to the actual confrontation (Meehan et al.
1995; Meerlo et al. 1996; Tornatzky and Miczek 1993; Tornatzky and Miczek 1994).

Neuroadaptations to social stress

Opioid tolerance—One of the immediate physiological adaptations during social defeat
stress as a result of attacks by an aggressive opponent is an antinociceptive response
(Miczek et al. 1982). When the defeated mouse shows evidence for a blockade of pain
perception by not responding to nociceptive thermal or chemical stimuli, but remains
reactive to other tactile stimuli, functionally selective centrifugal inhibition of nociception is
evident. From an ethological perspective, the attacks by the aggressive opponent constitute
the releasers that activate the passive coping response of defeat and narrow the sensory
filters for nociceptive stimuli. From a pharmacological perspective, folerance develops to the
initial defeat-induced analgesia, and the duration and magnitude of this tolerance are
systematically related to the amount of defeat (Miczek 1991; Miczek et al. 1986, 1999a,
2004). A second type of adaptation, termed behavioral and neural sensitization, develops to
the psychomotor stimulant-activation after intermittent social defeat stress (Covington 111 et
al. 2005; Covington 11 and Miczek 2001; Miczek et al. 1999b; Nikulina et al. 2004, 2008).

The discovery of opioid-mediated antinociception in defeated mice (Miczek et al. 1982) was
confirmed in several strains of mice under a range of conditions by several laboratories
(Rodgers and Hendrie 1983; Siegfried et al. 1984; Teskey et al. 1984). Initial
pharmacological data implicated endogenous opioid peptides and their receptors in the
mediation of the antinociceptive response in mice experiencing social defeat stress. Opioid
receptor antagonists such as naloxone, naltrexone and fchlornaltrexamine blocked the
defeat stress-induced analgesia (Frischknecht and Siegfried 1989; Killing et al. 1988;
Miczek et al. 1982, 1985; Rodgers and Randall 1985; Siegfried and Frischknecht 1989;
Teskey et al. 1984). The quaternary forms of naloxone and naltrexone that do not readily
penetrate the blood brain barrier failed to antagonize the defeat stress-induced analgesia,
pointing to a site of action in the central nervous system (Miczek et al. 1982; Rodgers and
Randall 1985). Microinjection studies demonstrated that naloxone acting on receptors in the
periaqueductal grey area and in the region of the arcuate nucleus prevented the defeat stress-
induced analgesia (Fig. 3; Miczek et al. 1985). In addition to the naloxone-reversible defeat
stress-induced analgesia, a modest level of antinociception results from exposure to mild and
short attacks by an opponent, and this type of antinociceptive response does not appear to be
opioid-mediated since naloxone does not reverse this effect (Rodgers and Randall 1988).

Subsequent pharmacological evidence identified 17and J opioid receptors as critical sites
that were changed by the defeat stress experience. In acutely defeated male and female rats,
morphine and selective ©and J opioid receptor agonists such as DAMGO and DPDPE
produced analgesic effects at much lower doses than in non-defeated control animals (Fig. 4;
Haney and Miczek 1995; Vivian and Miczek 1998). When an intruder rat is defeated in a
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brief confrontation and then protected behind a protective screen while still being threatened
by the aggressive opponent, the concurrent determination of the nociceptive response
reveals that the dose—effect curves for the analgesic effects of 17and d opioid receptor
agonists are shifted to the /eft. This leftward shift indicates a potentiation of opioid analgesia
during the actual exposure to the social stress, which can be interpreted to result from the
combined action of the injected peptides in conjunction with the defeat stress-activated
endogenous opioid peptides. The role of the ¢/ opioid receptors in the action of this effect of
defeat stress is further shown by the selective antagonism by naltrexone, but not by
naltrindole, of stress-potentiated DAMGO analgesia (Vivian and Miczek 1998). After more
frequent attacks, fendorphin-like immunoreactivity decreased in the periaqueductal region
of intruder mice (Kdlling et al. 1988).

One to seven days after the experience of a single defeat in rats, the morphine dose—effect
curve for antinociceptive effects is shifted to the right, indicating the development of
tolerance (Miczek et al. 1991). This shift to the right in the morphine analgesia dose—effect
curve is larger in animals that have experienced several episodes of defeat experiences than
after a single defeat. For example, starting 7 days after the last of five daily defeats, eight
times more morphine is required to produce equivalent levels of antinociceptive effects than
in non-defeated controls (Fig. 5; Miczek and Winslow 1987). Moreover, tolerance to opiate
analgesia after multiple defeat experiences persists for weeks and months. The long-lasting
tolerance after social defeat stress points to profound neural adaptations that may be based
on genomic and non-genomic changes in the CNS and that promote synthesis and release of
enkephalin and induce regulatory changes in the synthesis of receptor proteins. The
available pharmacological data support both mechanisms, and direct measurements of the
transcriptional and translational events for enkephalin and for the (/opioid receptor provide
evidence how defeat experiences trigger gene expression.

A single episode of social defeat stress induced a rapid and significant expression of (-
opioid receptor-encoding mMRNA in the VTA, as evident by the larger number of labeled
cells and the elevated amount of MRNA per cell starting 30 min after the social defeat stress
(Nikulina et al. 1999). This increase in w opioid receptor-encoding mMRNA contrasted with
the decrease in the expression of preproenkephalin mRNA in the periaqueductal gray matter
(Fig. 6a, b; Nikulina et al. 1999). It is inviting to link the changes in the message for the i
opioid receptor and the precursor of enkephalin in the VTA and PAG after a single defeat in
an aggressive confrontation to the ensuing tolerance in morphine analgesia (Miczek et al.
1991). Moreover, repeated exposure to social defeat stress upregulates g~opioid receptor
mMRNA in the VTA for weeks after the last stress exposure (Fig. 7; Nikulina et al. 2005,
2008). 1~Opioid receptors within the VTA are mainly localized in non-dopamine
interneurons containing GABA (Garzon and Pickel 2001; Johnson and North 1992), many
of which make synaptic contact with dopamine neurons. Stress-induced enhancement of (-
opioid activity in the VTA also affects dopaminergic neurotransmission indirectly and the
local stimulation of VTA g~opioid receptors by DAMGO causes greater locomator activity
after social defeat stress exposure than after handling that suggest this elevated expression of
L-opioid receptor mRNA is translated into functional receptor proteins in the VTA (Nikulina
et al. 2005). This selective regional alteration confers a molecular substrate that may
underlie the impact of social defeat stress on the development of drug sensitization or other
mesolimbic dopamine-related behaviors.

Brief social defeat stress, behavioral and neural sensitization associated with
immediate early gene expression—During recent decades numerous studies have
demonstrated how distinctive behavioral experiences engender the expression of immediate
early genes. The examples begin early in development when differential maternal care leads
to the expression of hippocampal glucocorticoid receptors in adulthood (Liu et al. 1997).
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Mating and aggressive experiences engender c-fos expression in discrete limbic and
mesencephalic regions in female hamsters (Joppa et al. 1995). By now, considerable
evidence documents how social defeat stress modulates the expression of immediate early
genes in the core of the neuroaxis, most frequently studied in voles, mice, rats and hamsters
(Cooper et al. 2009; Day et al. 2011; Fekete et al. 2009; Kirkpatrick et al. 1994; Kollack-
Walker et al. 1999; Kollack-Walker and Newman 1995; Martinez et al. 2002; Nikulina et al.
1998; Vivian and Miczek 1998).

Compared to other types of stressors, such as restraint or immobilization, which on repeated
exposure produce rapid habituation of neuronal activation measured by Fos induction (Chen
and Herbert 1995; Melia et al. 1994; Umemoto et al. 1994), social defeat stress does not
appear to produce habituation of Fos expression in many autonomic and monoaminergic
brain structures. Based on group comparison data in rats and hamsters those experiencing
social defeat stress once acutely versus those that are exposed repeatedly indicate that c-fos
expression is attenuated in the region of the hippocampus and amygdala, particularly in the
central amygdala, lateral septum, preoptic area, lateral hypothalamus, arcuate nucleus,
supra-chiasmatic nucleus and the nucleus of the solitary tract (Martinez et al. 2002). By
contrast, in repeatedly defeated mice c-fos expression persisted and was increased in
forebrain and brainstem areas (Matsuda et al. 1996). Even in rats and hamsters, cellular
activation as indicated by c-fos expression remains elevated after repeated social defeat
stress in brain areas of the medial amygdala, anterior and ventromedial hypothalamus, the
central grey area and the raphe nuclei.

Behavioral and neural sensitization to psychomotor stimulants: Sensitization is induced
by repeated and intermittent exposure to a drug injection and is expressed by an augmented
behavioral or neural response to a challenge by the same drug, often given at a lower dose
(Robinson 2010). A most frequent example is the augmented locomotor response to an
amphetamine challenge after intermittent treatments with amphetamine injections (Segal and
Mandell 1974). The term “cross-sensitization” refers to an augmented behavioral response
to a drug challenge produced by intermittent exposure to an agent other than the challenge
drug. For example, repeated exposure to social defeat stress can induce an increased
behavioral and neural response that continues to be expressed to a challenge with
amphetamine or cocaine, and therefore, social defeat stress can be considered to induce
cross-sensitization (Covington 111 and Miczek 2001; Miczek et al. 1999b). A single brief
episode of social defeat stress during an aggressive confrontation is sufficient to sensitize a
mouse (Miczek et al. 1999b; Nikulina et al. 1998) or a rat (de Jong et al. 2005) to the
psychomotor activating effects when subsequently challenged with a psychomotor stimulant
drug, but these effects are as enduring as the sensitizing effects of multiple defeats. The
progressively augmented locomotor response to psychomotor stimulant drugs is long-lasting
and is based on altered changes in corticolimbic circuits, involving dopamine cells (e.g.,
Kalivas and Stewart 1991; Vezina et al. 2002). A similar behavioral and neural
augmentation of response to stimulant challenge is seen in animals that have experienced an
environmental stressor such as tail pinch, electric foot shock or immobilization, and these
represent examples of “cross-sensitization” (e.g., Antelman et al. 1980; Deroche et al. 1992;
Herman et al. 1984; Sorg and Kalivas 1991).

A single episode of social defeat stress increases c-fos expression, an index of neural
activity, in several brainstem nuclei as much as a high cocaine dose (Fig. 8; Nikulina et al.
1998). Most significantly, 1 week after the social defeat stress, evidence for cross-
sensitization is apparent when the defeat-stressed animals are challenged with cocaine, both
in terms of augmented hyperactivity and in terms of increased c¢-fos expression in the
periaqueductal grey area, the locus coeruleus, and the raphe nuclei. However, social defeat
stress prevents cocaine-mediated Fos induction in the raphe, PAG and LC, when both occur
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concurrently. As time elapses after the social defeat stress, cocaine begins to activate c-fos
expression again, peaking at 1 week after the stress, coinciding with the peak of behavioral
sensitization (Nikulina et al. 1998).

In fact, the time courses of sensitization to cocaine and cross-sensitization to social defeat
stress parallel each other closely. Immediately, after an intruder mouse experiences a single
social defeat stress, the characteristic psychomotor stimulating effects of cocaine are
inhibited. However, when challenged 3 days later, cocaine engenders a typical hyperactivity,
and by the fifth and seventh days after the social defeat stress, an augmented hyperactivity
emerges (Fig. 9; Miczek et al. 1999b). This latter response pattern constitutes evidence for
behavioral sensitization and shows some parallels to the cellular activation in the brainstem
nuclei of the monoaminergic systems.

A most significant facet of sensitization and cross-sensitization is its enduring nature. In rats,
when episodes of social defeat stress occur repeatedl/y the physiological, behavioral and
neural indices of sensitization in response to stimulant challenge persist for months after the
conclusion of the actual stress experiences. Such a long-lasting impact of salient stress
exposures is characteristic of experiences during a critical developmental period in the
postnatal infant (Liu et al. 1997), but is rarely seen in mature animals. When rats are
exposed to social defeat stress on four occasions over the course of 10 days, their
hyperactive response to a challenge with cocaine or amphetamine remains at a sensitized
level for at least 2 months (Fig. 10; Covington Il et al. 2005). This persistent cross-
sensitization between repeated social defeat stress and stimulant hyperactivity appears to be
based on activity in a neural circuit that involves the ventral tegmental area, the nucleus
accumbens and nuclei within the amygdaloid complex as well as prefrontal cortical areas
(Miczek et al. 2011).

Using immunohistochemistry for Fos-like proteins, representing the Fos-related antigens, 10
days after the last of four defeat stress episodes significantly more Fos-like immunoreactive
cells were labeled in the prelimbic and infralimbic cortical regions, the shell and core of the
nucleus accumbens septi, the medial, central and basolateral amygdala, and the ventral
tegmental area in intruder rats (Nikulina et al. 2004). Increased stress-induced Fos-like
immunoreactive labeling in the medial amygdala was seen after challenge with a moderate
amphetamine dose, providing evidence for neural sensitization. Even 70 days later, an
amphetamine challenge produced sensitized Fos-like immunoreactive labeling in the ventral
tegmental area and central amygdala (Fig. 11). Using z/f268 immediate early gene
expression as an indicator of functional activation (Covington Il et al. 2005), the cells in the
central amygdala were significantly activated in rats that had experienced social defeat stress
2 months earlier. By contrast, z/f268 expression in the prefrontal cortex was suppressed in
response to amphetamine challenge 2 months after social defeat stress. Animals showed a
sensitized hyperactivity in response to amphetamine challenge that coincided with the
cellular changes in the central amygdala and prefrontal cortex. Moreover, in a parallel group
of animals that had experienced repeated social defeat stress, prolonged and more intense
intravenous cocaine self-administration persisted during continuous access for 24 h (Fig.
12). The enduring changes in cellular activity in the central amygdala may in fact be critical
for such intense cocaine self-administration in animals that are sensitized by social defeat
stress.

Behavioral and neural sensitization after intermittent repeated social defeat stress,
particularly in mesocorticolimbic structures, is relevant to several stress disorders, most
prominently in the pathogenesis of psychosis, affective disorders and drug abuse (e.g.,
Kreek and Koob 1998; Post et al. 1987). Vulnerability and resilience to salient stress
experiences such as defeat in an aggressive confrontation may be based on translational and
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transcriptional changes in the projection neurons from parts of the amygdala to the
prefrontal cortex, which in turn modulates accumbal dopamine neurons.

Morphine: A striking feature of repeated exposure to social defeat stress is the concurrent
development of two divergent types of neuroadaptation in endogenous opioid peptides and
their receptors, namely tolerance and sensitization. As discussed above, repeated defeat
experiences result in an incrementally reduced antinociceptive response suggesting the
development of tolerance. Social defeat stress-induced activation of y~opioid receptor
function in the ventral tegmental area —nucleus accumbens pathway could be a substrate for
cross-sensitization to psychostimulant drugs following repeated social defeat stress
exposure. It was shown that prolonged amphetamine-induced behavioral sensitization is
accompanied by elevated g-opioid, but not J~opioid receptor mRNA expression in the VTA
(Magendzo and Bustos 2003) This observation is consistent with our suggestion that
increased VTA p-opioid receptor mMRNA expression predisposes animals to a sensitized
response to a psychostimulant challenge (Covington I11 and Miczek 2001; Nikulina et al.
1999). Social defeat stress effectively induced conditioned place preference reinstatement to
morphine after reliable extinction in mice which suggests an essential role of defeat stress-
induced relapse to opiates (Ribeiro Do Couto et al. 2006).

Aggressive experiences and gene expression

The acute experience of offensive aggressive behavior may also modify gene expression,
similar to the more frequently studied defensive, submissive and defeat experiences. The
transient state changes resulting from aggressive experiences differ from the long-known
trait characteristics of aggressive animals, and it is useful to consider these state changes to
be superimposed on the aggressive traits. Classic genetic strategies provide evidence for
genetic influences on aggressive traits, chiefly based on selective breeding studies, strain
comparisons, and quantitative trait locus (QTL) analysis (e.g., Brodkin et al. 2002; Dow et
al. 2011; Maxson 1996; Miczek et al. 2001; Nehrenberg et al. 2010; Roubertoux et al. 2005).

Immediate early gene expression in brain tissue from intruder animals can be precisely
related to the specific time and magnitude of the defeat stress. By contrast, the first
appearance of intense aggressive behavior in the developmental trajectory of an individual
remains uncertain, even under controlled laboratory conditions. One strategy is to study the
cellular activation in rodents with a specific background of high or low aggressive behavior,
and then examine c-fos expression after an aggressive encounter. In resident hamsters that
attack an intruder in their home cage more Fos-immunoreactive neurons were found in the
dorsal periaqueductal grey area, dorsal central grey, the anterior hypothalamus, medial
periventricular nucleus, the bed nucleus of the stria terminalis and the medial amygdala
(Delville et al. 2000; Kollack-Walker et al. 1997; Kollack-Walker and Newman 1995).
Activation of cells in these nuclei after the display of attack behavior contrasts with the
neural activation after mating bouts (Kollack-Walker and Newman 1995). When the hamster
has been instigated by a brief confrontation with an opponent (i.e. “attack-priming”), it
engages in very rapid and intense fighting during a subsequent encounter and shows an
increased number of Fos-immunoreactive neurons in the corticomedial amygdala (Potegal et
al. 1996). Similarly, in resident singly housed Wistar rats that have attacked an intruder,
large increases in Fos labeling were seen in the medial amygdala, the lateral hypothalamus
and the periaqueductual grey area, and this response pattern was intensified by
glucocorticoid hypofunction (Halasz et al. 2002). After having initiated intense aggressive
behavior rapidly and executed aggressive acts frequently, serotonergic neurons in the dorsal
raphe of highly aggressive ferally derived rats were more active than in low aggressive or
control rats (Van Der Vegt et al. 2003). Defeated mice show greater Fos protein levels in the
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DRN and periaqueductal grey area after a single social defeat when compared to control
animals (Nikulina et al. 1998).

These initial studies with immediate early gene expression after the display of offensive
aggressive behavior in rodents complement earlier information with electrical and chemical
lesion and stimulation techniques to delineate critical elements of neural circuits. These
studies provide evidence for a circuit that consists of medial and central amygdala—stria
terminalis—bed nucleus of the stria terminalis and lateral septum—diagonal band of Broca
—anterior and lateral hypothalamus—periaqueductal grey and raphe nuclei (Fig. 13). A
further important microcircuit for neural activity mediating offensive aggressive behavior
consists of the ascending monoaminergic neurons from tegmental and raphe nuclei to
corticolimbic terminals, as illustrated by in vivo microdialysis studies (Ferrari et al. 2003;
Takahashi et al. 2010; Van Erp and Miczek 2000). As with repeated defeat experiences, it is
likely that repeated episodes of offensive aggressive behavior may engender enduring
changes in cellular activity, possibly even changes in neural morphology (Amorim and
Almada 2005; Coates and Herbert 2008; Fuxjager et al. 2010; Hsu et al. 2006; Oliveira et al.
2009; Oyegbile and Marler 2005).

Among the unresolved questions is the extensive anatomical overlap between patterns of c-
fos expression in cells that subserve offensive aggressive and defeat experiences. An
important task will be to characterize the cells that express ¢-fos neurochemically more
adequately, such as by labeling additional gene products (Van Der Vegt et al. 2003). A
further strategy will be to go beyond Fos labeling and track entire arrays of genes that may
have been induced or suppressed by aggressive and defeat experiences.
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Fig. 1.

The characteristic defeat posture by an intruder mouse that has been attacked by a resident.
The submissive-supine posture by an intruder rat as displayed in reaction to an aggressive
posture by a resident aggressive rat. (Mouse picture from Miczek et al. 1982)
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Fig. 2.

The time course of social behavior in resident and intruder rats during a confrontation, and
the subsequent effect of a confrontation on an intruder’s circadian heart rate and core body
temperature over subsequent days. a Agonistic behavior during the confrontation of a
resident rat threatening and attacking an intruder. 7op: Event records of bites, sideways
threats and aggressive postures by a resident rat. Bottom: Event records of escapes,
defensive upright postures, supine postures, and crouch by the intrude, identified as upward
deflections from the time line (in minutes). b Short-term effects of being attacked and
threatened on the intruder’s heart-rate and core body temperature before, during and after
defeat (h) as obtained by telemetry. Defeat consisted of three phases: PRE = intruder in
resident’s home cage, separated by an opaque divider for 10 min; DEF = physical
interactions leading to defeat, maximally for 10 min or until the intruder has been attacked
20 times; POST = 10 min of intruder activity in the resident’s home cage after the defeat
with the resident removed; thereafter, the intruder was placed back into his own home cage.
Sampling period for heart rate and core body temperature was 20 s during the resident-
intruder confrontation and 5 min in the intruder’s home cage. ¢ Long-term effects of five
consecutive defeats on the magnitude and rhythmicity of heart rate and core temperature as
mean values per hour (sampling period: 5 min). Black horizontal bars denote dark periods;
arrows point to the defeats (Adapted from Tornatzky and Miczek 1993)
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Tail-flick latencies in response to a heat stimulus as a function of the number of attack bites
received by intruder mice, and the specificity of this tolerance to analgesia by opiate
receptors in the periaqueductal grey and arcuate nucleus. Left. The effect of saline or the
opiate receptor antagonist naloxone (10 pg) injected into the periaquiductal grey, at a
volume of 0.5 pl, on the latency to flick the tail from a heat stimulus. Center. The effect of
saline or naloxone (10 pg in 0.5 pl) injected into the arcuate nucleus on the tail flick latency.
Right. The effect of saline or naloxone (1 or 10 pg in 0.25 pl) injected into the
periaqueductal grey. Asterisks indicate significant differences (p < 0.05) from vehicle
injections (Adapted from Miczek et al. 1985)
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Opioid Effects on Tail-Flick Antinociception
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Fig. 4.

The effects of morphine (fop), DAMGO (middle), and DPDPE (bottom) on tail flick
latencies in socially inexperienced (gpen circles) and socially defeated (filled circles) rats.
Lines indicate first order regression equations for % M.P.E. for increasing doses of each
drug. Asterisksindicate significant differences (p < 0.05) from vehicle injections (Adapted
from Vivian and Miczek 1998)
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The effect of morphine on tail flick latencies in mice, before (gpen circles) and after (solid

circles) a single (/ef?) or five (righ? defeat experiences (Adapted from Miczek and Winslow
1987)
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Fig. 6.

The number of Fos-Li positive cells in the VTA, PAG, dorsal raphe (DR) and locus
coeruleus (LC) in mice, 1 h after an injection of saline or an experience of social defeat.
Asterisks indicate significant differences (p < 0.01) from saline injection (Adapted from
Nikulina et al. 1998)
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The amount of preproenkephalin (a) and w~opiate receptor (b) mRNA in the PAG as a
function of time (hours) after a social defeat experience. Asterisksindicate significant
differences (*p < 0.05, **p < 0.01) from control rats with no defeat experience
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The effect of an acute cocaine (40 mg/kg) challenge in the absence of social stress (white
bars) or immediately after social defeat (gray bars), on the number of Fos-Li positive cells in
the ventral tegmental area, periaqueductal grey, dorsal raphe and locus coeruleus 1 h after
injection (Adapted from Nikulina et al. 1998)
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Cocaine Challenge After a Single Defeat
A Behavioral Observation

400 %= * T 1
>
o
5
$ 300 ]
: r
w 200 & i
g s LS
= 100}
1]
s
0 1 1 1 1 1 1 1 1 1 1 1 1
B Video Tracking System
= r%A
5 6000 |
© L
2
Q
E 4000 - .
= F r
8 2000 | o
[
g ¢l
E L
(=] 0 1 1 1 1 L L 1 1 [ 1 1 1
C Photocell
L or¥n
4000 |
§] L
S 3000 |
O
&) L
® 2000 - o
o . * .
F 1000} © -9 .
0 1 1 A 1 1 1 1 1 1 [ 1 1
Sal Coc 0 3 5 7 9
No Defeat

Days After Defeat

Fig. 9.

Left. The effects of 40 mg/kg cocaine (Coc) or saline (Sal) on motor activity in non-defeated
mice. Right. the effects of cocaine on motor activity in separate groups of mice that were
socially defeated either during the 20 min injection-test interval, or 3, 5, 7 or 9 days earlier
(n=15/group, filled circle). In an additional group of mice, the effects of saline,
administered before the social defeat stress, on motor activity are shown (gpen circle). The
data are portrayed as medians; the vertical lines depict the interquartile ranges. The
behavioral measurements consisted of (a) walking frequency based on direct behavioral
observation of video records, (b) distance traveled measured by a video tracking system, and
(c) total counts recorded by a photocell apparatus. *p < 0.05 for the comparisons that are
indicated by the brackets, using non-parametric randomization tests. A regression line was
fitted in order to aid in visualizing the time course of the effects of a cocaine challenge at
different times (Adapted from Miczek et al. 1999b)
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The effect of stimulant challenge on horizontal locomotor activity for defeat stressed rats
(gray bars) and unstressed controls (gpen bars). Baseline measurements of locomotor
activity were obtained after a saline injection before the first stress exposure. Stressed rats
experienced episodes of social defeat once every 72 h over 10 days (1, 4, 7, and 10). One
cohort was challenged with cocaine (10.0 mg/kg) on day 20 (fgp) for the expression of
sensitization. Two separate cohorts were challenged with amphetamine (1.0 mg/kg) on days
20, 40, 60 and 70 (middlle), or only on day 70 (bottorm). Bars (+SEM) represent average
walking frequencies over 5-10 and 25-30 min post-injection for each group. *Indicate that
groups of stressed and corresponding unstressed control rats were significantly different
from each other for that day (p < 0.05) (Adapted from Covington 11 et al. 2005)
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The effect of social defeat stress on Fos-LI labeling in the ventral tegmental area (a) and the
central amygdala (b), 2 h after a saline or amphetamine (1 mg/kg) challenge, 17 and 70 days
after initiating social defeat stress exposures. Bars indicate the mean + SEM. *indicate
significant differences (p < 0.05) (Adapted from (Nikulina et al. 2004)
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Top. Cocaine intake expressed as mg/kg/h for stress-sensitized and unstressed control rats.
Stress-sensitized rats (filled circles) self-administered cocaine for 24 h effectively abolishing
the circadian pattern of intake revealed by control rats (gpen circles) (p < 0.01). Motor
activity for each hour of the binge is indicated by the distance (cm) traveled (middle), and
the frequency of focused stereotypies (bottom). Data for each curve were fitted with a
Weibull equation (Adapted from Covington I11 et al. 2005)
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Continuous stress

Circuit diagram of neural structures and connecting pathways, based on cellular activation
after social defeat stress (From Miczek et al. 2008)

Behav Genet. Author manuscript; available in PMC 2013 October 23.




