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Abstract

Social stress is an important factor in the onset of stress-related psychopathologies such as anxiety and depression. However, individuals are not equally susceptible to the long-term negative consequences of exposure to traumatic events. In order to fully understand the development of stress-induced behavioral changes, we must understand individual variability in stress vulnerability. The ventral medial prefrontal cortex (vmPFC) controls executive functions such as working memory, decision making, inhibitory response control, and attention shifting. Previous work in several models of experience-dependent resistance to stress implicates the vmPFC as a key substrate in resiliency. Conditioned defeat is a model in male Syrian hamsters (Mesocricetus auratus) in which normal territorial aggression is replaced by increased submissive and defensive behavior following social defeat. We have previously shown that dominant males show a reduced conditioned defeat response compared to subordinates and controls. We hypothesized that defeat-induced activation of vmPFC cells that project to the basolateral amygdala (BLA) is necessary to confer resistance to conditioned defeat in dominant individuals. First, we investigated the effect of social status on defeat-induced neural activation. We found that dominants had more c-Fos immunopositive cells in the vmPFC following social defeat than did subordinates. Second, we investigated whether defeat-induced vmPFC activation was necessary for resistance to conditioned defeat in dominants. We found that pharmacological inactivation of the vmPFC during social defeat increased the conditioned defeat response in dominants compared to vehicle controls. Third, we investigated the functional connectivity of the vmPFC neurons by investigating the possibility that the vmPFC neurons activated by social defeat project directly to the BLA, a brain region known to be critical for the acquisition and expression of conditioned defeat. While the results of the third study were inconclusive, we are able to provide suggestions for future tract tracing studies. Altogether, these data suggest that neural activation in the vmPFC plays a critical role in the resistance to conditioned defeat experienced by dominant individuals. 
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Chapter 1

General Introduction

Stress is an important factor in the onset of psychopathologies such as depression and anxiety disorders including post-traumatic stress disorder (Kendler et al., 1999, Vermetten and Bremner, 2002). The increased vulnerability to psychopathology is, in part, due to the long-term effects of a stressful experience on physiological systems that are sensitive to stress. Stressors disrupt physiological balance, and the stress response, which includes the endocrine system, autonomic nervous system, and behavioral responses, is an adaptive response aimed at maintaining homeostasis. However, when stressors become uncontrollable or chronic, dysfunction in the stress response can lead to psychopathology. Therefore, it is important to understand how stress causes neurobiological changes that underlie stress-related mental illness. While researchers are interested in human psychopathologies, there are limitations as to the types of questions and methods available to study stress in humans. Most animal models of stress utilize physical stressors such as foot-shock and immobilization. While physical stressors are useful, they fail to reproduce the most common type of stress experienced by humans. In Westernized societies, psychosocial stressors are more commonly experienced than physical stressors and are thought to be a contributing factor in the onset of psychological disorders (Kendler et al., 1999, Heim and Nemeroff, 2001). While physical stressors are useful, they may not reproduce the effects of social stressors. The choice of stressor is critical, as we know that different kinds of stressors activate different neural circuits and result in a unique set of behavioral changes (Lopez et al., 1999, Vermetten and Bremner, 2002). For these reasons, we use a social defeat model to investigate the neural mechanisms controlling behavioral responses to social stress.


The effects of social defeat have been investigated in a variety of species including rats, mice, hamsters, tree shrews, crayfish, and rainbow trout 


(Huhman et al., 1990, Blanchard et al., 1995, Koolhaas et al., 1997, Fuchs and Flugge, 2002, Larson et al., 2004, Fujimoto et al., 2011) ADDIN EN.CITE . Defeated individuals show a variety of behavioral changes, including decreased locomotor activity 


(Blanchard et al., 1993, Kramer et al., 1999, Fuchs and Flugge, 2002) ADDIN EN.CITE , decreased self-grooming 


(Kramer et al., 1999) ADDIN EN.CITE , disturbed sleep patterns (Fuchs and Flugge, 2002), and increased social avoidance 


(Kramer et al., 1999, Berton et al., 2006, Trainor et al., 2011) ADDIN EN.CITE . In Syrian hamsters, a single social defeat causes a suite of responses in the loser, including a hormonal stress response that is characterized by elevated plasma adrenocorticotropic hormone, B-endorphin, cortisol and corticosterone (Huhman et al., 1990, Huhman et al., 1991). Additionally, social defeat in hamsters is a reliable psychological stressor, as losers will show a hormonal stress response to former aggressors even when a barrier separates the individuals (Huhman et al., 1992). In the conditioned defeat model, hamsters experience an acute social defeat in the home cage of a larger, more aggressive individual. Later, when the hamster is tested in its own home cage against a smaller, non-aggressive intruder, it fails to show normal territorial aggression. Instead, a defeated hamster will show defensive postures and display submissive behaviors such as flee, tail lift, and tooth chatter. This defeat-induced change in subsequent agonistic behavior is called the conditioned defeat response.

Using hamsters in social defeat models provides several unique benefits. Syrian hamsters are readily and reliably aggressive, and this aggression incorporates many ritualized behaviors that serve to minimize wounding during agonistic encounters. In addition, the agonistic behavior of hamsters is well characterized and easily quantified (Albers et al., 2002). Syrian hamsters are thought to be solitary, territorial animals in the wild (Nowack and Paradiso, 1983). In the lab, males and females are singly housed, and residents will reliably attack and defeat intruders placed into their home cages (resident-intruder paradigm), especially if the intruder is smaller. This is in contrast with social defeat models in rats that require socially complicated housing arrangements to elicit reliable aggression and also with those in aggressive strains of mice where extreme wounding can occur. The natural aggressiveness of hamsters, low level of physical wounding during defeat, and potency of a single defeat makes this species ideal for studying the neural correlates of social stress. In addition, the effects of an acute social defeat experience can last for over 30 days (Huhman et al., 2003), demonstrating the long-lasting effects of acute social defeat in hamsters.


The conditioned defeat model also allows for investigation of variability the responses to social stress. We have previously shown that male Syrian hamsters with established dominance relationships show differences in their conditioned defeat response. Dominant animals show reduced conditioned defeat compared to subordinates (Morrison et al., 2011). The ability to model variability in the stress response is important, as not all individuals who experience a traumatic event will develop stress-related mental illness (Agaibi and Wilson, 2005). Several factors are important for resiliency in humans, such as cognitive flexibility (Yehuda et al., 2006), optimism (Charney, 2004), and perceived control over the stressor (Chorpita and Barlow, 1998), but the neural substrates underlying resiliency remain unknown. Understanding the biological basis for individual variability will provide insight into the underlying causes of and potential treatments for stress-related mental illness. This area of research has become increasingly popular, and there are several models for studying both individual differences in response to stress and experience-dependent changes in stress vulnerability.

Genetics and Individual Differences in Stress Responsiveness
Animal Behavior Syndromes


Behavioral syndrome is a term used to describe suites of correlated behaviors (Sih et al., 2004).  There are four continua on which behavioral syndromes have been characterized: aggression, general activity level, sociability, and fearfulness. For example, aggression syndrome is based on the idea that, while individuals will alter their aggression levels based on the context, the most aggressive individuals in one context will be the most aggressive individuals in other contexts (Sih et al., 2004). Behavioral syndrome categories seem to be applicable across species. Aggression syndrome has been examined in a variety of species including rodents (Koolhaas et al., 2007), the funnel web spider (Riechert and Hedrick, 1993, Maupin and Riechert, 2001), stickleback fish (Huntingford, 1976, 1982), and zebrafish 


(Norton et al., 2011) ADDIN EN.CITE . In the funnel web spider, aggression syndrome includes characteristics such as an increased tendency to attack both prey and conspecific intruders (Riechert and Hedrick, 1993), a shorter latency to return to normal behavior following a simulated predator attack (Riechert and Hedrick, 1993), and higher levels of superfluous killing (Maupin and Riechert, 2001). Behavioral syndromes have been studied in a variety of research domains, including behavioral ecology (Riechert and Hedrick, 1993), applied agricultural research (Van Reenen et al., 2002), and stress research (Koolhaas et al., 2010).

While stress researchers do not use the terminology “behavioral syndrome”, there are similar ideas being studied. Some models of stress vulnerability rely on screening a population of animals for differences in the behavioral and physiological stress response, while others selectively breed animals to produce a consistent phenotype. In these models, animals are often categorized based on their coping style. The terms active or proactive have been used to describe individuals that show increased levels of offensive aggression in a resident-intruder paradigm, actively bury a shock-probe during the defensive bury test, or show high levels of swimming during the forced swim test. Alternatively, passive or reactive individuals show low levels of offensive aggression when faced with an intruder, avoidance of a shock-probe during the defensive bury test, or high levels of floating behavior in the forced swim test. Importantly, these stable traits seem to be genetically related, as selection for coping style on one trait often leads to co-selection for the same coping style on other traits (Koolhaas et al., 2010). While there may be many ways to categorize animals, including the four syndrome continua mentioned above, research on coping styles suggests a two-tier model that separates stress reactivity (or anxiety) from coping style (Steimer et al., 1997). This idea was expanded with work on behavioral syndromes in cattle. Following behavioral measures across a variety of tests, analysis revealed that there were four vectors that explained more than 80% of the individual variation 


(Van Reenen et al., 2002, Van Reenen et al., 2004, Van Reenen et al., 2005) ADDIN EN.CITE . These four vectors appear to be the product of variation on two continua: coping style and stress reactivity. When individuals are categorized on both, the following four vectors become evident: shy (reactive coping, high stress reactivity) versus bold (proactive coping, low stress reactivity) and docile (reactive coping, low stress reactivity) versus panicky (proactive coping, high stress reactivity) 


(Steimer et al., 1997, Koolhaas et al., 2007, Koolhaas et al., 2010) ADDIN EN.CITE . 

Anxiety-Related Behavior in Rats

One example of selective breeding occurs in male Wistar rats bred for baseline trait anxiety on the elevated plus maze (EPM). When tested in the EPM, high anxiety-related behavior (HAB) rats spend very little time in the open arm (less than 5% of total time), while low anxiety-related behavior (LAB) rats spend significantly more time in the open arm (more than 50% of total time) 


(Landgraf and Wigger, 2002, 2003) ADDIN EN.CITE . These rats have been phenotyped on a variety of neurobiological, neuroendocrine and behavioral measures. Examination of the endocrine profile of these lines has shown mixed results, with HAB rats showing hyperactivity of the hypothalamic-pituitary-adrenal gland (HPA) axis in response to non-social stressors such as the EPM (Landgraf and Wigger, 2002) and open field test 


(Salome et al., 2004) ADDIN EN.CITE , but a blunted HPA axis response following exposure to social stressors such as a juvenile intruder 


(Veenema et al., 2007) ADDIN EN.CITE  and social defeat stress (Frank et al., 2006). Thus, LAB rats appear to find social stimuli more stressful whereas HAB rats appear to find non-social stimuli more stressful 


(Veenema et al., 2007) ADDIN EN.CITE . Alternatively, the low reactivity of the HPA axis to social stimuli in HAB rats could be attributed to an inability to exhibit an adequate neuroendocrine response to more severe stressors such as social defeat (Frank et al., 2006). The differences between HAB and LAB lines extend to a social interaction test with a non-aggressive, juvenile Wistar rat, where LAB rats show significantly more aggressive behaviors than do HAB rats 


(Veenema et al., 2007) ADDIN EN.CITE . During encounters with juvenile rats, LAB rats display significantly more neural activation in brain regions associated with aggressive behavior, including in the central amygdala, medial amygdala, and hypothalamic regions, than do HAB rats 


(Veenema and Neumann, 2007, Veenema et al., 2007) ADDIN EN.CITE . When exposed to a cued fear conditioning task, HAB and LAB rats acquire fear equally. In subsequent extinction trials, however, HAB rats show a deficit in extinction learning, which is a core symptom of anxiety disorders 


(Muigg et al., 2008) ADDIN EN.CITE . Importantly, HAB and LAB rats also respond differently to social defeat stress (Frank et al., 2006). When exposed to an aggressive rat, HAB rats show increased freezing and ultrasonic vocalizations and decreased active behaviors such as rearing, grooming, and aggressive behaviors compared to LAB rats. When defeat-induced neural activity was examined, HAB rats had increased neural activation in brain regions linked to the production of anxiety-like behavior such as the amygdala and hypothalamus, while LAB rats had increased activation in areas associated with fear extinction and resistance to stress such as the prefrontal cortex (Frank et al., 2006). Altogether, these findings suggest that increased trait anxiety is associated with a passive or reactive coping style, while low trait anxiety results in active or proactive coping with future stressors. Further, coping style is associated with distinct patterns of neural activation in response to social defeat.

Attack Latency in Mice and Rats


In a separate model, wild male house-mice have been genetically selected for attack latency in a novel cage with a nonaggressive opponent, resulting in a short attack latency (SAL) line of mice and a long attack latency (LAL) line of mice. SAL mice are reported to have a more active coping style, and show decreased anxiety-like behavior compared to the more passive LAL mice on a variety of measures, including the EPM, open field test, and forced swim test (Veenema et al., 2003). In response to chronic social defeat, LAL mice show chronically elevated corticosterone compared to SAL mice and a disruption in the ratio of mineralocorticoid and glucocorticoid receptors in the hippocampus, findings that indicate increased vulnerability to the negative consequences of chronic stress (Veenema et al., 2003). In response to the forced swim test, LAL mice show increased immobility compared to SAL mice. The strain differences in response to the forced swim test are at least partially due to differences between SAL and LAL mice in the serotonin (5-HT) system. LAL mice have decreased 5-HT1A receptor gene expression and binding capacity in the hippocampus compared to SAL mice 


(van Riel et al., 2002, Veenema et al., 2005) ADDIN EN.CITE  and LAL mice have decreased 5-HT turnover in the striatum and the amygdala compared to SAL mice (Veenema et al., 2005). In response to forced swim stress, LAL mice show increased 5-HT release in the frontal cortex, striatum, hippocampus, and amygdala compared to SAL mice. Peripheral administration of a 5-HT1A receptor agonist eliminates the difference in immobility on the forced swim test. Thus, SAL mice show higher levels of 5-HT transmission than do LAL mice, which may be related to their active coping style (Veenema and Neumann, 2007).


Rats have also been phenotyped both on attack latency and the amount of offensive aggression displayed during a resident-intruder interaction and show a similar pattern as SAL/LAL mice. Proactive rats have shorter attack latency and spend more time displaying offensive aggression compared to reactive rats, which have long attack latencies and spend very little time displaying offensive aggression (Koolhaas et al., 1999). The latency to attack has been correlated with coping style on a variety of other tasks. For example, in a defensive burying test, proactive rats will spend more time burying the shock probe compared to reactive rats, which will spend little time burying and more time immobile or avoiding the probe (Koolhaas et al., 1999). In the defensive bury test, reactive coping rats show a greater increase in corticosterone but a reduced catecholamine response compared to proactive coping rats 


(De Boer et al., 1990, Korte et al., 1992) ADDIN EN.CITE . These models provide a way to examine genetic vulnerability to stress that is dependent upon baseline differences in aggressive behavior. Further, they provide evidence that baseline differences in aggressive behavior are useful predictors of individual coping style in future stressful situations.

Susceptibility to Social Defeat


Unlike models that phenotype animals based on baseline levels of behavior, some models are based on traits that are latent until an individual is exposed to a stressful event. One such model is the susceptibility of male C57BL/6 mice to the effects of chronic social defeat stress (Krishnan et al., 2007). Following 10 days of social defeat stress, mice are split into susceptible and unsusceptible populations based on a social avoidance score. Mice are placed in an arena with a mesh box containing one of the aggressor mice that defeated the subject, and the duration of time spent avoiding the mesh box determines social avoidance. Susceptible mice show increased avoidance compared to non-defeated controls, while unsusceptible mice show avoidance comparable to that of non-defeated controls. Social avoidance in susceptible mice is long-lasting, as it still exists when subjects are tested for social avoidance four weeks following the last social defeat session. Further, following chronic social defeat, these mice show distinct syndromes on a battery of tests aimed at assessing anxiety-like behavior, depressive-like behavior, and autonomic arousal compared to nondefeated controls. Susceptible mice show decreased body weight and sucrose preference, both of which are indicative of depressive-like responses to social defeat (Krishnan et al., 2007). Susceptible mice show altered autonomic arousal and circadian amplitude of temperature fluctuations, and are also sensitized to psychostimulant reward, showing conditioned place preference to low doses of cocaine (Krishnan et al., 2007). Interestingly, both susceptible and unsusceptible mice spend less time in the open arms of the EPM and show a sensitized corticosterone response to swim stress compared to nondefeated controls (Krishnan et al., 2007). This indicates that chronic social defeat stress increases in anxiety-like behavior regardless of susceptibility.


The neurobiological basis of stress susceptibility in mice has also been examined. Studies implicate the mesolimbic dopamine system in the susceptibility of mice to chronic social defeat. Brain-derived neurotrophic factor (BDNF) release from ventral tegmental area (VTA) dopaminergic terminals in the nucleus accumbens (NAc) is required to produce social avoidance. Blocking BDNF production in the mesolimbic pathway blocks defeat-induced increases in social avoidance (Berton et al., 2006). When examining the role of the mesolimbic pathway in susceptibility, research shows that susceptible mice have increased BDNF protein in the NAc compared to both unsusceptible mice and nondefeated controls following chronic social defeat. Further, increased dopamine neuron firing rates in the VTA is associated with susceptibility, with susceptible mice showing increased baseline firing rates compared to nondefeated controls (Krishnan et al., 2007). Increased firing rate of VTA dopamine neurons results in increased BDNF signaling within the NAc in susceptible mice. Unsusceptible mice show resistance to the increased firing rate of the VTA by upregulating K+ channels within the VTA, which inhibits the mesolimbic DA pathway (Krishnan et al., 2007). Altogether, this model has been characterized as an example of latent differences in which behavioral variability is observed following exposure to a chronic, severe stressor. This model provides evidence for a role of the mesolimbic dopamine system in resistance to stress.

Experience-Dependent Resistance to Stress


Some models of stress resistance focus on experience-dependent changes in vulnerability to stress. These models include those that examine types of experience that increase susceptibility to the negative consequences of future stressors, such as early life stress, including prenatal stress and maternal deprivation, impoverished environmental housing, and chronic subordination. Other models focus on experiences that promote resistance to stress, including environmental enrichment, exercise, stressor controllability, and dominant social status.
Environmental Enrichment


Researchers have long been interested in what types of environments improve outcomes on a variety of measures, including those related to learning and memory, anxiety-like behavior, and depressive-like behavior. Environmental enrichment consists of the introduction of physical and/or social stimuli that are more complex than would be found in standard housing conditions. The types of physical stimuli used in rodent studies consist of structural modifications to increase surface area or provide hiding places, running wheels, plastic and wooden toys, and nesting material (Simpson and Kelly, 2011). Environmental enrichment has been associated with improvements in tasks that assess learning and memory such as the Morris water maze (Leggio et al., 2005), novel object recognition test 


(Bruel-Jungerman et al., 2005) ADDIN EN.CITE , and radial arm maze (Leggio et al., 2005). These improvements have been associated with enrichment-dependent increases in neural plasticity, such as increased neurogenesis in the hippocampus (van Praag et al., 2000), increased dendritic growth (Leggio et al., 2005), and increased synapse formation (Rosenzweig and Bennett, 1996).  Importantly, providing individuals with environmental enrichment can confer resistance to future social defeat stress 


(Schloesser et al., 2010, Lehmann and Herkenham, 2011) ADDIN EN.CITE . In these studies, mice were housed in an enriched environment for three weeks and then were exposed to two weeks of social defeat stress. Following social defeat, mice were phenotyped for anxiety-like behavior in the light/dark test and depressive-like behaviors in the tail suspension test and forced swim test. Non-enriched defeated mice show increased preference for the dark in the light/dark test 


(Schloesser et al., 2010, Lehmann and Herkenham, 2011) ADDIN EN.CITE , increased immobility in the tail suspension test (Lehmann and Herkenham, 2011), and increased immobility in the forced swim test (Lehmann and Herkenham, 2011). In contrast, mice that were exposed to enriched housing prior to chronic social defeat showed similar preference for the light and dark sides in the light/dark test and similar time spent immobile in both the tail suspension test and forced swim test as non-defeated controls. Similarly, when non-enriched mice were exposed to a mesh container with an aggressor mouse that previously defeated them, they avoid the container, while mice exposed to enrichment spent more time investigating the aggressor mouse 


(Schloesser et al., 2010, Lehmann and Herkenham, 2011) ADDIN EN.CITE . Altogether, these results show that exposure to environmental enrichment can provide resistance to the negative consequences of social defeat stress.


Lehmann and colleagues have also investigated the neurobiological basis for the protective effects of environmental enrichment. Housing mice in an enriched environment for three weeks results in increased neural activity as indicated by FosB/(FosB immunostaining in the infralimbic subregion (IL) of the ventral medial prefrontal cortex (vmPFC) following social defeat. Lesioning the IL prior to environmental enrichment eliminates the resiliency to social defeat. Importantly, lesioning the IL after enrichment but prior to social defeat does not eliminate the resiliency conferred by enriched housing, indicating that activation of the IL is important for the acquisition of resilience but not for the expression of resilience (Lehmann and Herkenham, 2011).

Wheel Running


While the beneficial effects of enrichment may be due to several environmental factors, some researchers have specifically studied the beneficial experience of voluntary wheel running. A well-characterized model in male Sprague-Dawley rats has been used to investigate whether voluntary wheel running modulates the effects of uncontrollable tail shock on future escape learning (Greenwood and Fleshner, 2011). In the shuttle box test, rats must cross to the other side of a shuttle box and back in order to terminate footshock (a fixed ratio (FR) 2 trial). Rats display learned helplessness by failing to terminate the shock during the FR-2 trial. Exposure to uncontrollable tail shock 24 hours before shuttle box testing results in the display of learned helplessness behavior (Maier and Seligman, 1976). Six weeks of wheel access is sufficient to prevent several of the consequences of uncontrollable stress, including escape deficits in the shuttle box test 


(Greenwood et al., 2003a) ADDIN EN.CITE , increased stress-induced freezing behavior 


(Greenwood et al., 2003a) ADDIN EN.CITE , and increased social avoidance (Greenwood and Fleshner, 2011). In addition to the behavioral changes, researchers have demonstrated that voluntary wheel running results in running-dependent changes in several brain regions within the central 5-HT system, including the dorsal raphe nucleus (DRN), locus coeruleus (LC), NAc, hippocampus, and amygdala. For example, voluntary wheel running results in decreased activation of norepinephrine-producing cells in the LC when rats are exposed to uncontrollable tail shock (Greenwood et al., 2003b), which may lead to reduced norepinephrine inhibition on the DRN. Six weeks of voluntary running also produces several changes in the mesolimbic dopamine pathway, such as increased neural activity as indicated by FosB/(FosB immunoreactivity in the NAc and changes in several monoamine mRNA levels in the VTA and NAc, including increased tyrosine hydroxylase mRNA in the VTA and decreased dopamine D2 receptor mRNA in the NAc core 


(Greenwood et al., 2011) ADDIN EN.CITE . Also, wheel running produces significantly increased BDNF mRNA in the CA1, CA2 and dentate gyrus layers of the hippocampus and the BLA compared to sedentary rats 


(Greenwood et al., 2009) ADDIN EN.CITE . While running-dependent changes in all of these regions may help to promote resistance to learned helplessness, the 5-HT producing neurons in the DRN are thought to be the key node in the circuitry. The development of learned helplessness is tightly linked to the hyperactivation and sensitization of 5-HT neurons in the DRN 


(Maier and Watkins, 2005, Christianson et al., 2008) ADDIN EN.CITE , and it is thought that wheel running produces plasticity in the DRN that contributes to exercise-induced resistance to stress (Greenwood and Fleshner, 2011). Specifically, voluntary exercise results in increased 5-HT1A autoreceptor mRNA in the DRN 


(Greenwood et al., 2005) ADDIN EN.CITE . Further, researchers have proposed that exercise-induced plasticity in the vmPFC may contribute to the differences observed in DRN reactivity following exercise, as the vmPFC projects to and inhibits the activity of the DRN 


(Jankowski and Sesack, 2004) ADDIN EN.CITE . While there are no reports of the role of the vmPFC in exercise-induce resistance to stress, it is a strong possibility given the involvement of the vmPFC in other models of experience-dependent stress resistance and because voluntary wheel running facilitates vmPFC-dependent tasks like extinction of fear memory (Greenwood et al., 2007).

Stressor Controllability


Voluntary wheel running is not the only experience that is known to produce resistance to learned helplessness. Experience with prior behavioral control over a stressor also produces resistance to the effects of uncontrollable shock on learned helplessness behavior. Exposure to an uncontrollable stressor, inescapable tail shock (IS), 24 hours before shuttle box testing results in the display of learned helplessness behavior. However, rats that are exposed to a controllable stressor, in the form of escapable tail shocks (ES), 24 hours before shuttle box testing do not show learned helplessness behavior on the shuttle box test 


(Amat et al., 2005) ADDIN EN.CITE . Pharmacological studies show that inactivation of the vmPFC with the GABAA receptor agonist muscimol prior to ES impairs the resistance conferred on the shuttle box test 


(Amat et al., 2005) ADDIN EN.CITE .  In addition, experience with ES one week before exposure to IS buffers against the shuttle box test escape deficit produced by exposure to IS. Pharmacological studies show that inactivation of the vmPFC with muscimol during the initial ES blocks the buffering effect of ES on later IS (Amat et al., 2006). Additionally, blockade of vmPFC activation with muscimol during the exposure to IS also blocks the buffering effects of prior ES, suggesting that the vmPFC is involved in retrieval of the memory of prior control (ES experience) during later uncontrollable stressors (IS) (Amat et al., 2006). However, muscimol treatment in the vmPFC either immediately after the initial ES exposure or during the shuttle box testing had no effect on shuttlebox escape behavior (Amat et al., 2006). Similar to treatment with muscimol, inhibition of protein synthesis in the vmPFC with anisomycin during the initial ES blocks the buffering effect of ES on later exposure to IS (Amat et al., 2006). This suggests that the vmPFC might be an important site of protein synthesis-dependent plasticity that underlies the resistance produced by experience with control. Altogether, these results suggest that activation of the vmPFC during experience with control is necessary for that experience to produce resistance to learned helplessness. This model has been further extended by examining whether activation of the vmPFC during IS will produce ES-like effects on later IS. Pharmacological activation of the vmPFC with the GABAA receptor antagonist picrotoxin while experiencing IS results in that uncontrollable stress producing resistance to the escape deficits produced by another experience with IS one week later (Amat et al., 2008).  Together, these results suggest that activation of the vmPFC during a period of uncontrollable stress is critical for resistance to learned helplessness. The protective effect of experience with control has been extended beyond the development of learned helplessness. Similar to IS, exposure to a single social defeat results in shuttle box escape deficits. Exposure to ES one week before social defeat blocked the social defeat-induced shuttle box escape deficits (Amat et al., 2010). This suggests that the experience of control over tail shocks produces behavioral resistance that can generalize to stressors other than tail shock.

Social Status

Social status is a factor in many species that is known to alter an individual’s behavioral coping response, neurochemical response, and neuroendocrine response to various stressors. In Anolis carolinensis lizards, dominants have been described as adopting a proactive behavioral strategy during courtship, feeding, and social encounters, while subordinates adopt a reactive strategy 


(Korzan et al., 2006, Korzan and Summers, 2007, Ling et al., 2009) ADDIN EN.CITE . Further, dominants and subordinates have different patterns of glucocorticoid and catecholamine responses to restraint stress, and both are different from lizards with no prior social status (Ling et al., 2009). For example, while dominants mount a rapid corticosterone response to restraint, subordinates have a delayed corticosterone response. Male rats exposed to a semi-naturalistic mixed-sex visible burrow system (VBS) for two weeks will establish dominance relationships (Blanchard et al., 1995). Social status gained in the VBS alters how individuals respond in an anxiety test, indicated by the result that dominant rats display reduced anxiety behavior on the EPM (Davis et al., 2009). Also, dominant rats display increased responding for food reward following visible burrow experience compared to subordinates (Davis et al., 2009), indicating that dominant animals are natural risk takers that may be more sensitive to reward. Social status in the VBS also determines baseline and stress-induced neuroendocrine function. Chronic subordination in the VBS results in increased basal corticosterone compared to dominant and control rats. In response to 1 hour of restraint stress, however, a subset of subordinate subjects fail to mount an equivalent increase in corticosterone compared to dominants (McKittrick et al., 1995). Finally, social status attained in the VBS is associated with differences in 5-HT receptor binding following restraint stress. Subordinates display a down-regulation of 5-HT1A receptors in several subregions of the hippocampus compared to controls and an up-regulation of 5-HT2 receptors in layer IV of the parietal cortex compared to controls (McKittrick et al., 1995).

Among many species of primates, social status has been shown to be an important factor controlling an individual’s response to stressful situations. For example, dominant males have been shown to exhibit a smaller hormonal stress response than subordinates in response to stressors like capture and restraint (Honess and Marin, 2006). Interestingly, the relationship between social status and baseline cortisol levels can depend on species. In some primate species, subordinate status is associated with greater stress hormone levels than those measured in dominants [long tail macaques (Shively et al., 1997); olive baboons (Sapolsky et al., 1997); squirrel monkeys (Steklis et al., 1986)]. In other species, subordinate individuals have similar or lower cortisol levels than do dominants [common marmosets (Saltzman et al., 1996); cotton top tamarins (Ginther et al., 2001); rhesus macaques (Bercovitch and Clarke, 1995)]. This disparity in the relationship between social status and baseline cortisol response appears to be related to coping style. In a meta-analysis on the subject (Abbott et al., 2003), the authors concluded that subordinates exhibit higher cortisol levels only when they experience higher rates of stressors and fewer opportunities for coping than do dominants. This suggests than an important difference between dominants and subordinates may be in their style of coping with stressful events.


We have recently demonstrated that social status modulates both the way hamsters initially respond to social defeat and the long-term behavioral consequences of social defeat (Morrison et al., 2011). Hamsters are ideal for social status manipulation, as they quickly form stable dominance relationships. When faced with a more aggressive hamster during social defeat, dominant individuals reliably counter attack the resident aggressor, while subordinates never counter attack and controls rarely counter attack. This suggests that dominants and subordinates cope differently with the initial aggression received during social defeat. Dominant individuals also show a reduced conditioned defeat response compared to subordinates. My dissertation is focused on the neurobiological mechanisms that underlie the behavioral differences in stress responsiveness that we have observed in dominant and subordinate hamsters.

Neurobiology of Conditioned Defeat

The Basolateral Amygdala

The neural circuitry underlying the acquisition of conditioned defeat shares many characteristics with conditioned fear and other models of Pavlovian-like fear conditioning. The basolateral amygdala (BLA), known to be critical for the acquisition of fear conditioning (Rodrigues et al., 2009), has been shown to play a similar role in the acquisition of conditioned defeat.  Inactivation of the amygdala with muscimol prior to social defeat training results in decreased acquisition of conditioned defeat (Jasnow and Huhman, 2001). Also, blockade of NMDA receptors in the BLA with injection of the drug AP5 prevents the acquisition of conditioned defeat (Jasnow et al., 2004). Importantly, muscimol and AP5 treatments in the BLA prior to testing also block the expression of conditioned defeat, which makes the effects of the drugs on acquisition difficult to interpret. However, more recent work with an NMDA NR2B subunit antagonist ifenprodil shows that blockade of the NR2B subunit prevents the acquisition but not the expression of conditioned defeat (Day et al., 2011). Also, upregulation of the transcription factor cAMP-responsive element binding protein (CREB) in the BLA prior to social defeat results in enhanced conditioned defeat (Jasnow et al., 2005), while blockade of the brain-derived neurotrophic factor TrkB receptor in the BLA prior to social defeat impairs the acquisition of conditioned defeat (Taylor et al., 2011), both findings that suggest that the BLA is a site of plasticity controlling the formation of conditioned defeat. Inhibition of neural activity via pharmacological activation of GABAA receptors in the medial amygdala (MeA), vmPFC, or ventral hippocampus disrupts the acquisition of conditioned defeat, suggesting that these regions are important nodes in the circuitry underlying the acquisition of conditioned defeat 


(Markham and Huhman, 2008, Markham et al., 2010, Markham et al., 2012) ADDIN EN.CITE . However, the prevention of protein synthesis in the MeA, vmPFC, or ventral hippocampus fails to disrupt the acquisition of conditioned defeat 


(Markham and Huhman, 2008, Markham et al., 2010, Markham et al., 2012) ADDIN EN.CITE . Further, the prevention of protein synthesis in the lateral septum and activation of GABA receptors in the bed nucleus of the stria terminalis, NAc, or dorsal hippocampus fail to block the acquisition of conditioned defeat 


(Markham et al., 2009, Markham et al., 2010, Luckett et al., 2012, McDonald et al., 2012) ADDIN EN.CITE . These results suggest that these brain regions are not the sites of plasticity underlying the development of conditioned defeat. Altogether, these results strongly implicate the BLA as the primary site for the neural plasticity controlling the acquisition of conditioned defeat.

How Might the vmPFC Modulate the Acquisition of Conditioned Defeat?

Several brain regions are capable of modulating plasticity in the BLA such as the MeA, ventral hippocampus, and vmPFC. My dissertation will focus on the vmPFC and its possible modulatory effect on the acquisition of conditioned defeat. The vmPFC controls executive functions such as working memory, decision making, inhibitory response control, and attention shifting (Dalley et al., 2004). The vmPFC is composed of two functionally distinct subunits – the prelimbic cortex (PL), which is the dorsal portion of the vmPFC, and IL, which is the ventral portion of the vmPFC. As discussed previously, activation of the IL is necessary for stress resistance associated with both environmental enrichment (Lehmann and Herkenham, 2011) and stressor controllability 


(Amat et al., 2006, Amat et al., 2008) ADDIN EN.CITE . We hypothesize that a similar role for the vmPFC may exist in resistance to conditioned defeat, such that increased activity in the IL during social defeat is critical for producing resistance to conditioned defeat.

Researchers have recently elucidated the function of neural projections from the vmPFC to the BLA. Electrophysiological studies in rats have demonstrated that activity of the vmPFC serves to inhibit activity of the BLA. This inhibition is thought to be mediated through activation of BLA GABAergic interneurons, which would cause a decrease in spontaneous firing and a decrease in responsiveness to other inputs (Grace and Rosenkranz, 2002). There also is evidence for other possible mechanisms controlling vmPFC-BLA signaling.  For example, the vmPFC might inhibit the output of BLA neurons by activating the GABAergic neurons within the intercalated cell mass of the amygdala 


(Berretta et al., 2005, Likhtik et al., 2005) ADDIN EN.CITE . Clearly, the nature of the relationship between the vmPFC and BLA is complex and the details have yet to be completely illuminated. However, it is clear that activation of the vmPFC is associated with decreased activity in the BLA. Further, the relationship between vmPFC and BLA activity has functional significance. Extensive work has been conducted concerning the role of both the PL and IL in the extinction of learned fears. Lesions of the vmPFC (Morgan and LeDoux, 1995, Quirk et al., 2000) and inhibition of protein synthesis in the vmPFC (Santini et al., 2004) will block recall of extinction learning. Given the importance of plasticity in the BLA in the acquisition of conditioned defeat, the IL-BLA pathway could be responsible for mediating the effect of dominant social status on the formation of the conditioned defeat response.

Specific Aim: We will test the overarching hypothesis that defeat-induced activation of IL cells that project to the BLA is necessary to confer resistance to conditioned defeat in dominant individuals by answering the following questions:

1) Do dominants have increased c-Fos immunoreactivity in the IL following social defeat? (Chapter 2)

2) Does muscimol microinjected into the IL prior to social defeat block the reduced conditioned defeat response seen in dominant individuals? (Chapter 3)

3) Do IL neurons that are activated during social defeat send efferent projections directly to the BLA? (Chapter 4)
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Abstract

While exposure to social stress leads to increased depression-like and anxiety-like behavior, some individuals are more vulnerable than others to these stress-induced changes in behavior. Prior social experience is one factor that can modulate how individuals respond to stressful events. In this study we investigated whether experience-dependent resistance to the behavioral consequences of social defeat was associated with a specific pattern of neural activation. We paired weight-matched male Syrian hamsters in daily aggressive encounters for two weeks, during which they formed a stable dominance relationship. We also included controls that were exposed to an empty cage each day for two weeks. Twenty-four hours after the final pairing or empty cage exposure, half of the subjects were socially defeated in 3, 5-min encounters, while the others were not socially defeated. Twenty-four hours after social defeat, animals were tested for conditioned defeat in a 5-min social interaction test with a non-aggressive intruder. We collected brains following social defeat and processed tissue for c-Fos immunoreactivity. We found that dominants were more likely to counter-attack the resident aggressor during social defeat than were subordinates, and they showed less submissive and defensive behavior at conditioned defeat testing compared to subordinates. Also, social status was associated with distinct patterns of defeat-induced neural activation in select brain regions including the amygdala, prefrontal cortex, hypothalamus, and lateral septum. Our results indicate that social status is an important form of prior experience that predicts both initial coping style and the degree of resistance to social defeat. Further, the differences in defeat-induced neural activation suggest possible brain regions that may control resistance to conditioned defeat in dominant individuals.

Introduction

Conditioned defeat is a naturalistic model of acute social stress in Syrian hamsters. Male hamsters that experience a brief social defeat show a loss of species-typical territorial aggression and an increase in submissive and defensive behavior when later faced with a smaller, nonaggressive intruder. The conditioned defeat model has been used to better understand the behavioral and neurobiological responses to social stress (Huhman, 2006). We recently found that social status can modulate the development of conditioned defeat. Specifically, hamsters that gain dominant social status show less submissive and defensive behavior during conditioned defeat testing compared to subordinates and controls (Morrison et al., 2011). In the current study, our aim was to identify potential brain regions that control resistance to conditioned defeat in dominant hamsters.


In humans, not every individual who experiences stress or trauma suffers deleterious effects (Agaibi and Wilson, 2005). Several factors are known to be important for resilience in humans, including cognitive flexibility (Yehuda et al., 2006), optimism (Charney, 2004), and perceived control over the stressor (Chorpita and Barlow, 1998). However, the neural substrates underlying stress resilience remain unknown. One approach to studying the neurobiology of stress resilience is to investigate the mechanisms by which past experience immunize individuals to the effects of future stressors. For example, prior experience with control over the termination of tail shock provides behavioral immunization to the negative consequences of future uncontrollable tail shocks (Maier and Watkins, 2010). Using this well-characterized model, researchers have shown that prior experience with controllable tail shock reduces the development of learned helplessness as indexed on a variety of measures, including fear conditioning 


(Amat et al., 2005) ADDIN EN.CITE , shuttle escape learning 


(Amat et al., 2005) ADDIN EN.CITE , and responses to social defeat (Amat et al., 2010). Further, the ventral medial prefrontal cortex is a key brain region mediating the immunizing effects of prior experience with controllable tail shock 


(Amat et al., 2006, Amat et al., 2008) ADDIN EN.CITE . Physical exercise also has been shown to disrupt the development of learned helplessness in rats. Individuals that have experienced six weeks of voluntary wheel running are protected from the negative effects of uncontrollable stress on shuttle box escape and freezing behavior 


(Greenwood et al., 2003) ADDIN EN.CITE . Researchers have demonstrated that voluntary wheel running results in plasticity in several brain regions within the central serotonin system, including the dorsal raphe nucleus, medial prefrontal cortex, locus coeruleus, striatum and amygdala, that converge to promote resistance to learned helplessness (Greenwood and Fleshner, 2011). Finally, housing mice in an enriched environment has been shown to buffer animals against the effects of later social defeat, and lesions of the medial prefrontal cortex block the buffering effect of enriched housing (Lehmann and Herkenham, 2011). In sum, these studies show that several types of prior experience can alter neural signaling in select brain regions to promote resilience to future stress. 

Another approach for studying stress resilience and susceptibility is to investigate the mechanisms underlying individual differences in response to stressors.  For example, mice can be categorized on their latency to attack intruders, with short-attack latency (SAL) mice being more aggressive and described as having an ‘active’ coping style, and long-attack latency (LAL) mice being less aggressive and described as employing a ‘passive’ coping style. Coping style, as defined in these mice, has been shown to predict susceptibility to the consequences of chronic psychological stress, such that SAL mice are less susceptible (Veenema et al., 2003). Likewise, outbred rats can be categorized as high responders (HR) and low responders (LR) on the basis of their locomotor activity in a mildly stressful novel environment (Piazza et al., 1989). Recently, HR rats have been shown to exhibit greater immobility and a reduced sucrose preference following chronic social defeat compared to LR rats 


(Calvo et al., 2011, Hollis et al., 2011) ADDIN EN.CITE . Similarly, rats selectively bred on the basis of baseline trait anxiety have been shown to utilize different coping styles when faced with social defeat stress and to exhibit different patterns of c-Fos immunoreactivity following social defeat, including differences in the medial prefrontal cortex (Frank et al., 2006). Altogether, research on individual differences has begun to identify neural mechanisms that control vulnerability to stress. 
We used the protein product of the immediate early gene c-fos as a marker of defeat-induced neural activation 


(Kollack-Walker et al., 1997, Frank et al., 2006, Walker et al., 2009) ADDIN EN.CITE . We predicted that dominant hamsters would show a reduced conditioned defeat response compared to subordinates. Additionally, we hypothesized that reduced conditioned defeat would be accompanied by changes in defeat-induced neural activation in select brain regions. Specifically, we predicted that dominant individuals would show reduced c-Fos immunoreactivity in brain regions that control the development of conditioned defeat and the neuroendocrine stress response such as the amygdala and PVN respectively, and increased c-Fos immunoreactivity in brain regions that contribute to stress resilience such as the medial prefrontal cortex.
Experimental Procedures

Subjects

Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from Charles River Laboratories (Wilmington, MA). Subjects were 3-4 months old (120-180 g) at the start of the study and were individually housed upon arrival. Older hamsters (> 6 months, >190 g) were individually housed and used as resident aggressors for social defeat training. Younger hamsters (approx. 2 months, <120 g) were housed in groups of four and used as non-aggressive intruders for conditioned defeat testing. All animals were housed in polycarbonate cages (12 cm x 27 cm x 16 cm) with corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were available ad libitum. Cages were not changed for one week prior to dominant-subordinate encounters to allow individuals to scent mark their territory. Subjects were handled daily for one week prior to dominant-subordinate encounters to habituate them to the stress of human handling. Animals were housed in a temperature controlled colony room (21 ( 2 (C) and kept on a 14:10 hr light:dark cycle to facilitate aggressive behavior. All behavioral protocols were performed during the first three hours of the dark phase of their cycle. All procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee and are in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.  

Behavioral Protocols

Dominant-Subordinate Encounters


To allow animals to establish social status, subjects within each cohort were weight-matched (average difference between resident and intruder was ( 2.4 grams) in resident-intruder dyads and paired in daily social encounters for 14 days. Subjects were randomly assigned as a resident or intruder, and all social encounters occurred in the resident’s home cage. The encounter on day 1 was 10 min in duration, while all subsequent encounters were 5 min. We have previously determined that a 10 min encounter on day 1 facilitates the formation of a dominance relationship, and that 5 min encounters on subsequent days maintain the dominance relationship and reduce the chance of wounding 


(Morrison et al., 2011) ADDIN EN.CITE . Dominant and subordinate animals were identified by the direction of agonistic behavior within each dyad. Daily encounters were digitally recorded for later behavioral analysis. We quantified agonistic behavior during daily encounters using the ethogram described below for conditioned defeat testing. We also included empty cage controls, whose treatment mirrored dominant-subordinate pairs although they were exposed to a clean, empty cage each day.
Social Defeat Training

Following two weeks of daily social encounters, half of the subjects were exposed to social defeat training, while the others served as no defeat controls (Fig. 1). Social defeat consisted of subjects being placed in the home cages of three different resident aggressors for three separate 5-min encounters. Resident aggressors are older, heavier male hamsters that have been singly housed for a prolonged period of time and display reliable aggression when faced with intruders. Subjects received a 5-min rest period in their home cage between each aggressive encounter. Dominants and empty cage controls often fought back against the resident aggressor during the first defeat but eventually lost and did not fight back during subsequent defeats. To correct for potential variation in the amount of aggression subjects received, we defined social defeat as starting at the resident aggressor’s first attack that was accompanied by submissive behavior in a subject. No defeat control subjects were placed in the empty home cages of three different resident aggressors for three separate 5-min exposures. We placed no defeat controls in dirty resident aggressor cages to control for olfactory cues that may impact behavior and neural activation.

Social defeats were digitally recorded for later behavioral analysis. We quantified the total aggression produced by the resident aggressors and the total submission displayed by subjects using the ethogram described below for conditioned defeat testing. Due to a technical problem with video transfer, the videos of social defeat sessions for nineteen individuals from Group 2 were lost (dominant, N = 6; subordinate, N = 7; empty cage control, N = 6). However, we maintain written notes about all defeats that were used to assess whether subjects counter attacked the resident aggressor and to ensure a sufficient defeat experience.
Conditioned Defeat Testing

In order to assess the effect of social defeat on subsequent behavior, animals in Group 1 were tested for conditioned defeat 24 hours after social defeat (Fig. 1). Testing consisted of a 5-min social interaction test during which a non-aggressive intruder was placed in the subject’s home cage. Non-aggressive intruders are younger, group-housed animals that display social and nonsocial behavior during conditioned defeat testing, and do not direct agonistic behavior toward the subject. We digitally recorded all conditioned defeat testing sessions and quantified the behavior of subjects using Noldus Observer software (Noldus Information Technology, Wageningen, Netherlands). We quantified the total duration of the following categories of behavior: submissive/defensive (flee, avoid, upright and side defensive postures, tail-up, stretch-attend, head flag); aggressive (chase, attack including bite, upright and side offensive postures); nonagonistic social (sniff, approach); and nonsocial (locomotion, grooming, nesting, feeding). We also recorded the frequency of attacks, flees, and stretch-attend postures. All behavioral scoring was performed by a researcher blind to the experimental conditions of the subject. On a subset of videos, inter-rater reliability on the duration of submissive/defensive behavior was r = 0.67 (Cohen’s kappa), which is good agreement.
c-Fos Immunohistochemistry

Ninety minutes following the start of social defeat, animals were anesthetized with a cocktail of 93% sodium pentobarbital and 7% isopropyl alcohol (Sleep Away, Webster Veterinary). Then, animals were transcardially perfused with 100ml of 0.1 M phosphate buffered saline (PBS) followed by 100ml of 4% paraformaldehyde solution. Brains were removed and soaked in 4% paraformaldehyde for 24 hours, followed by 0.1 M PBS/30% sucrose solution for 48 hours, and then were stored in cryoprotectant, all at 4(C. A consecutive series of 30 (m coronal sections were cut submerged in 0.1 M PBS on a vibrating microtome, collected into nine vials, and stored as free floating sections in cryoprotectant at 4(C. The collected sections were processed for c-Fos protein immunohistochemistry using the following protocol. Sections were washed five times in PBS + 0.2% Triton before each incubation, which were conducted at room temperature unless otherwise stated. Sections were incubated for 25 min in 0.3% hydrogen peroxide and methanol solution. Sections were then incubated with 0.5% goat serum (GS) in PBS + 0.2% Triton for 25 minutes before being incubated at room temperature for 24 hr in rabbit anti-c-Fos polyclonal primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a final dilution of 1:10,000 in PBS + 0.2% Triton. Sections were then washed five times with PBS + 0.2% Triton, incubated for 60 min in biotinylated secondary anti-rabbit IgG (Vector Laboratories, Burlingame, CA) at a final dilution of 1:200 with 0.5% GS and 0.2% Triton. Sections were then incubated in avidin-biotin-complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) with 0.2% Triton for 60 min, and the peroxidase reaction was visualized using a 15 min incubation in 3,3’-diaminobenzidine (DAB tablet, Sigma-Aldrich, St. Louis, MO) and nickel dissolved in PBS. The sections were washed five times with PBS and 5 times with distilled H2O prior to being mounted onto glass microscope slides. After air-drying, sections were dehydrated using a series of alcohols, cleared with citrisolv and coverslipped using DPX mountant (Sigma-Aldrich, St. Louis, MO). For each brain region, the tissue from all subjects was processed simultaneously.


Images were captured at 10X magnification using an Olympus BX41 microscope. The number of c-Fos immunopositive cells was determined in select brain regions using MCID Core image analysis software (InterFocus Imaging, Cambridge, England). We quantified the number of c-Fos immunopositive cells in the following brain regions: basolateral amygdala (BLA), dorsal medial amygdala (dMeA), ventral medial amygdala (vMeA), lateral amygdala (LA), paraventricular nucleus of the hypothalamus (PVN), lateral regions of the anterior hypothalamus (AH), lateral regions of the ventromedial hypothalamus (VMHL), ventral lateral septum (vLS), dorsal lateral septum (dLS), medial preoptic area (MPOA), bed nucleus of the stria terminalis (BNST), prelimbic cortex (PL), and infralimbic cortex (IL). C-Fos immunoreactivity was not observed in several brain regions of interest including the central amygdala, dorsal hippocampus, dentate gyrus and the nucleus accumbens. For each brain region, we recorded background immunoreactivity in unstained regions of each image. We then defined immunopositive cells as those that showed staining 1.5X darker than the specific background immunoreactivity calculated for each image. Cell counts were limited to the area within defined boxes that were tailored to the size of each brain region (Fig. 2a). A sample image of c-Fos immunoreactivity within a 800 x 660 (m box in the IL is shown in Figure 2b. For each brain region we quantified three sections per individual along a rostral-caudal axis.
Group 1: Conditioned Defeat Behavior


We tested the hypothesis that dominant individuals would show reduced submissive and defensive behavior during conditioned defeat testing compared to subordinates and empty cage controls. Following the daily social encounters or empty cage exposures, dominants, subordinates, and empty cage controls received social defeat (dominant, N = 13; subordinate, N = 13; empty cage control, N = 13) or no defeat control treatment (dominant, N = 13; subordinate, N = 13; empty cage control, N = 12). All subjects underwent conditioned defeat testing. Sample sizes were reduced slightly when eight individuals were removed from statistical analysis because of  technical problems with social defeat training or conditioned defeat testing: dominant social defeat (N = 2); subordinate social defeat (N = 1); empty cage control social defeat (N = 5).
Group 2: Defeat-induced Neural Activation


We tested the hypothesis that dominant individuals would show differences in defeat-induced c-Fos immunoreactivity in select brain regions compared to subordinates and empty cage controls. Following the daily social encounters or empty cage exposures, dominants, subordinates, and empty cage controls received social defeat (dominant, N = 12; subordinate, N = 12; empty cage control, N = 11) or no defeat control treatment (dominant, N = 12; subordinate, N = 12; empty cage control, N = 11). Sample sizes were reduced slightly when two individuals were removed from statistical analysis because of technical problems with the daily dominance interactions: dominant social defeat (N = 1); subordinate no defeat control (N = 1).
Data Analysis

Data from social defeat training were analyzed with a 1-way analysis of variance (ANOVA) with Social Status as a between-subjects factor. The occurrence of counter attacking during social defeat training was analyzed using  a Chi-square test. Conditioned defeat testing data were analyzed with a 2-way ANOVA with Social Status and Defeat Experience as between-subjects factors. For immunohistochemical data, we performed a 3-way repeated measures ANOVA with Social Status and Defeat Experience as between-subjects factors and Brain Region as a within-subjects factor. Following the 3-way ANOVA, we performed a series of planned comparisons using a 2-way ANOVA for each brain region. Significant main effects and interactions were followed by Tukey HSD post hoc tests. Results were considered significant when the ( level was P ( 0.05.
Results

Dominant-Subordinate Encounters


On average, dominance relationships were decided on day 1.9 ( 0.2. In pairs that did not form a dominance relationship during the first encounter, both animals were often aggressive until one animal submitted during the second or third encounter (personal observation). In all cases, dominance relationships were stable once established (i.e. – dominance status never switched). The average duration of submissive/defensive behavior displayed by subordinates is shown in Fig. 3a. Subordinates displayed elevated and stable submissive/defensive behavior during the pairings compared to dominants. Consistent with the duration of submissive/defensive behavior, subordinates show a high and stable level of fleeing from the dominant (average number of flees per day: 3.0 ( 0.6). After dominance relationships were formed, subordinates never displayed aggressive behavior. Dominant individuals displayed a high and stable level of aggressive behavior during the daily encounters (Fig. 3b). Also, dominants consistently attacked subordinates (average number of attacks per day: 3.1 ( 0.5).
Social Defeat Stress


Social Status did not alter the total amount of aggression subjects received (F(2,45) = 1.325, p = 0.277) or the total amount of submissive behavior subjects produced (F(2,45) = 1.478, p = 0.239) during social defeat training (Table 1). However, Social Status influenced whether individuals counter attacked the resident aggressor during the first social defeat encounter. Dominant individuals almost always counter attacked the resident aggressor (21 out of 22 dominants), whereas subordinate individuals never counter attacked (0 out of 24 subordinates; χ2 (1, N = 46) = 42.1, p < 0.001). Also, empty cage controls displayed an intermediate level of counter aggression (9 out of 19 controls). Specifically, more empty cage controls counter attacked than did subordinates (χ2 (1, N = 43) = 14.4, p < 0.001), but fewer empty cage controls counter attacked than did dominants (χ2 (1, N = 41) = 12.0, p < 0.001).
Conditioned Defeat Testing


Subjects from Group 1 were tested for conditioned defeat behavior. Subjects with dominant social status prior to social defeat training showed reduced conditioned defeat behavior at testing (Fig. 4). We found a significant Defeat Experience x Social Status interaction on the duration of submissive/defensive behavior displayed at conditioned defeat testing (F(2,63) = 3.187, p = 0.048). Although defeated subjects showed more submissive/defensive behavior than non-defeated subjects, the effects of social defeat depended on social status. Among defeated subjects, dominant individuals showed less submissive/defensive behavior at conditioned defeat testing than did subordinates (p = 0.016). The pattern of behavior was slightly different for non-defeated subjects, such that subordinates displayed more submissive/defensive behavior at conditioned defeat testing compared to both dominants (p = 0.034) and empty cage controls (p = 0.039). We found a significant main effect of Defeat Experience on the frequency of stretch-attend postures, such that defeated individuals displayed more stretch-attend postures than did non-defeated individuals (F(1,63) = 19.027, p < 0.0001; defeated dominant: 1.27 ( 0.27, defeated subordinate: 0.92 ( 0.23, defeated empty cage control: 1.0 ( 0.38, non-defeated dominant: 0.08 ( 0.08, non-defeated subordinate: 0.69 ( 0.24, non-defeated empty cage control: 0.08 ( 0.08). There was no effect of Defeat Experience or Social Status on the frequency of flees (p > 0.05, data not shown).


We also found a significant Defeat Experience x Social Status interaction on the duration of aggressive behavior displayed at conditioned defeat testing (F(2,63) = 3.369, p = 0.041) (Fig. 4b). Defeated subjects did not show aggression during conditioned defeat testing, and in non-defeated subjects, subordinates displayed significantly less aggression at conditioned defeat testing than did empty cage controls (p = 0.016). Additionally, there was a main effect of Defeat Experience on the frequency of attacks, such that non-defeated subjects attacked the non-aggressive intruder more than did defeated subjects (F(1,63) = 23.88, p < 0.0001; defeated subjects: 0 ( 0, non-defeated subjects: 3.7 ( 1.1). There was a main effect of Defeat Experience on nonsocial behavior displayed at conditioned defeat testing (F(1,63) = 8.872, p = 0.004) (Fig. 4d). There were no significant differences in the duration of social behavior displayed at conditioned defeat testing (Fig. 4c).
c-Fos Immunohistochemistry


Prior to correcting for violations of sphericity, we found a significant 3-way interaction such that the interaction between Social Status and Defeat Experience depended on Brain Region (F(24,456) = 1.69, p = 0.023). However, because Mauchly’s test indicated that the assumption of sphericity had been violated ( χ2 = 518.7, p < 0.001), the degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity. Following the Greenhouse-Geisser correction the 3-way interaction was no longer significant (F(7.494,142.380) = 1.69, p = 0.112). Nevertheless, we proceeded with a series of planned comparisons for each brain region.
Subjects that received social defeat showed an increased number of c-Fos immunopositive cells compared to no defeat controls in several brain regions including the PL, BNST, MPOA, AH, PVN, LA, BLA, and dMeA (p < 0.05 in all brain regions, Table 2). In each of these brain regions we did not find an effect of Social Status or a Defeat Experience x Social Status interaction.

In the dLS we found an effect of Social Status on the number of c-Fos immunopositive cells (F(2,56) = 67.24, p = 0.037), but no effect of Defeat Experience or a Defeat Experience x Social Status interaction (Fig. 5). Specifically, subordinate individuals had more c-Fos immunopositive cells in the dLS than did empty cage controls (p = 0.025).
In the IL and vLS we found main effects of both Defeat Experience and Social Status on the number of c-Fos immunopositive cells, but no interaction (Fig. 6). Defeated individuals displayed more c-Fos immunopositive cells compared to non-defeated individuals in both the IL (F(1,60) = 39.64, p < 0.0001) and the vLS (F(1,56) = 32.21, p < 0.0001 ). Additionally, Social Status altered the number of c-Fos immunopositive cells in both the IL (F(2,60) = 5.107, p = 0.009) and in the vLS (F(2,56) = 3.621, p = 0.033). In the IL, dominants had significantly more c-Fos immunopositive cells than did subordinates (p = 0.018). In the vLS, dominant individuals had a nearly significant increase in the number of c-Fos immunopositive cells compared to empty cage controls (p = 0.053).

In the VMHL and vMeA we found main effects of both Defeat Experience and Social Status on the number of c-Fos immunopositive cells, and a significant interaction (Fig. 7). The effect of Defeat Experience on the number of c-Fos immunopositive cells depended on Social Status in the VMHL (F(2,53) = 8.039, p = 0.001) and in the vMeA (F(2,52) = 3.768, p = 0.03). In the VMHL, defeated subordinates showed significantly fewer c-Fos immunopositive cells than did both defeated dominants (p = 0.006) and defeated empty cage controls (p = 0.012). In contrast, non-defeated subordinate individuals had significantly more c-Fos immunopositive cells in the VHML than did non-defeated dominant individuals (p = 0.031). In the vMeA, defeated subordinates had fewer c-Fos immunopositive cells than did both defeated dominants (p = 0.024) and defeated empty cage controls (p = 0.049).
Discussion

Behavioral Responses of Dominant and Subordinate Animals

We found that social status alters how non-defeated male Syrian hamsters respond to a novel conspecific. Subordinate individuals were less likely to display normal territorial aggression and instead displayed more submissive/defensive behavior compared to dominants and empty cage controls. These data are consistent with a large literature indicating that subordinates display increased stress-related behavior when they continue to receive aggression from familiar animals in their social group 


(Blanchard et al., 1995, Kramer et al., 1999) ADDIN EN.CITE . However, species differ in the extent to which social status alters agonistic behavior in future encounters with novel opponents. For example, we found that subordinate hamsters respond to novel opponents with less aggression than do dominants. Mice show a similar pattern of agonistic behavior such that subordinates are less aggressive against novel opponents than are dominants (Kloke et al., 2011). In contrast, opponent recognition is particularly salient in other species such as green anoles because both dominant and subordinate lizards respond to unfamiliar intruders with aggressive signals (Forster et al., 2005, Ling et al., 2010).


Social defeat potentiates the difference in future agonistic behavior between dominants and subordinates such that it leads to reduced conditioned defeat in dominants. Specifically, we found that dominants showed lower levels of submissive and defensive behavior during conditioned defeat testing than did subordinates, while empty cage controls were intermediate. At present it is unclear whether dominants are resistant to the effects of social defeat or whether subordinates are susceptible or both. However, we believe that dominants show at least some resistance to conditioned defeat for two reasons. First, the duration of submissive and defensive behavior observed in subordinates in the current study is similar to the durations observed in vehicle-treated animals from our previous conditioned defeat studies 


(Cooper et al., 2005, Cooper et al., 2008, Cooper and Huhman, 2010, Morrison and Cooper, 2012) ADDIN EN.CITE . Second, in our previous study examining the effects of social status, subordinates and empty cage controls show similar levels of submissive and defensive behavior at conditioned defeat testing, while dominants were significantly lower than both (Morrison et al., 2011). Altogether, our results indicate that social status modulates behavioral responses to stressful events in Syrian hamsters.


We found that when dominant individuals were attacked during social defeat, they initially responded by counter attacking their opponent. We observed a similar response to social defeat among dominant individuals in a previous study (Morrison et al., 2011). Others have shown that offensive aggression is associated with a proactive coping style as indicated by measures such as increased shock probe burying (Koolhaas et al., 2010), increased active avoidance in a shuttle box (Benus et al., 1989), and increased struggling during a forced swim test (Veenema et al., 2005). Also, when rats display a proactive coping style during social defeat, the effects of social defeat are reduced (Walker et al., 2009). In our study, several empty cage controls counter-attacked the resident aggressor during social defeat, indicating that both dominants and empty cage controls exhibited a proactive coping style. In contrast, all subordinate animals initially responded to resident aggressors with submissive and defensive behavior. Although our subjects differed in their initial reaction to the resident aggressor, they did not differ in the total amount of aggression received. We and others have argued that the amount of aggression received during social defeat does not correlate with submissive and defensive behavior produced at conditioned defeat testing 


(Jasnow and Huhman, 2001, Solomon et al., 2009, Morrison and Cooper, 2012) ADDIN EN.CITE . 


Because several empty cage controls initially displayed a dominant-like proactive coping style during social defeat, it is perhaps not surprising that they also showed partial resistance to conditioned defeat. Empty cage control animals were socially isolated for over three weeks prior to social defeat to replicate the housing conditions of dominants and subordinates. Several previous studies suggest that extended periods of social isolation alter hamster agonistic behavior. Solomon and colleagues found that 4 weeks of social isolation led to a decrease in submissive behavior during conditioned defeat testing (Solomon et al., 2009). Others have also found that prolonged periods of social isolation in both male and female Syrian hamsters increase aggressive behavior when confronted with a novel opponent (Brain, 1972, Wise, 1974). Thus, empty cage controls may gain partial resistance to conditioned defeat due to prolonged social isolation, and the behavioral and immunohistochemical results must be interpreted with this caveat in mind. 

Defeat-Induced Neural Activation

Our data suggest that there is a distinct set of brain regions that responds to social defeat with increased activation. Neural activation following aggressive encounters has been examined previously using the detection of immediate early gene products. For example, in hamsters, losing an aggressive encounter increases c-fos mRNA in a wide range of brain regions compared to winning (Kollack-Walker et al., 1997). Similarly, a single social defeat in Lister rats increases c-Fos protein expression in select basal forebrain and brainstem nuclei compared to non-defeated controls (Martinez et al., 1998). In the current study, we extended previous work to examine the effects of social status on defeat-induced neural activation. In some brain regions, such as subregions of the amygdala and hypothalamus, social defeat resulted in a similar increase in neural activation among all groups. Thus, the reduced conditioned defeat observed in dominants is not associated with differences in defeat-induced neural activation in these brain regions. In contrast, there were several brain regions in which social status altered defeat-induced neural activation. With the exception of the dLS, dominant individuals showed a greater increase in c-Fos immunoreactivity following social defeat than did subordinates. These findings are consistent with some recent studies on neural activation and coping styles in rats. For example, rats bred for low trait anxiety display an active coping style during social defeat and increased c-Fos expression in several regions of the frontal cortex and decreased c-Fos expression in several subregions of the amygdala compared to rats bred for high trait anxiety (Frank et al., 2006). On the other hand, rats that responded to social defeat with an active coping style have also been shown to exhibit less defeat-induced c-Fos expression in the medial prefrontal cortex, central amygdala, and medial amygdala compared to rats with a passive coping style (Walker et al., 2009). Some of the inconsistencies in the literature may be related to how active and passive coping styles are defined. In some cases an active coping style is indicted by high levels of defensive behavior and counter aggression during social defeat whereas in other areas it is characterized by high levels of rearing and grooming and low levels of freezing during social defeat.


The differences we observed in defeat-induced c-Fos expression provide insight into variation in the development of conditioned defeat. For example, we found that dominants have significantly more c-Fos immunoreactivity in the IL compared to subordinates. The IL is a subregion of the ventromedial prefrontal cortex (vmPFC), which controls executive functions such as working memory, decision making, and inhibitory response control (Dalley et al., 2004). Previous work in a learned helplessness model shows that experience with behavioral control activates the vmPFC, and that this experience of control and subsequent activation of the vmPFC confers resilience to later uncontrollable stress. Pharmacological studies show that inactivation of the vmPFC with muscimol impairs the resilience conferred by prior experience with control (Amat et al., 2006) and activation of the vmPFC with picrotoxin during exposure to uncontrollable stress results in that uncontrollable stress producing resilience (Amat et al., 2008). The IL has also been shown to be important in mediating the protective effect of enriched housing on the negative consequences of social defeat. Housing mice in an enriched environment results in increased FosB/(FosB immunostaining in the IL following social defeat, and lesioning the IL prior to environmental enrichment eliminates the resilience to social defeat (Lehmann and Herkenham, 2011). Together, this study suggests that activation of the IL during both the environmental enrichment and subsequent social defeat is necessary for resilience to social defeat. It is possible that a similar mechanism may be at work in conditioned defeat, such that activation of the IL during social defeat is necessary for conditioned defeat resistance.


The vMeA is another brain region that may contribute to resistance to conditioned defeat. A large body of literature indicates that the MeA detects biologically relevant odors and modulates several types of behavior, including sexual behavior (Lehman et al., 1980), fearful behavior (Li et al., 2004), and defensive behavior (Blanchard et al., 2005). Social defeat in rats has been shown to increase c-Fos immunoreactivity in MeA cells that contain corticotropin-releasing factor type-2 receptor mRNA (Fekete et al., 2009). Within the conditioned defeat paradigm, researchers have shown that injection of muscimol into the MeA reduces the acquisition of conditioned defeat, although injection of a protein synthesis inhibitor into the MeA does not (Markham and Huhman, 2008). These data suggest that neural transmission in the MeA is necessary for the development of conditioned defeat behavior. However, in the current study we found that subordinates, who have robust conditioned defeat behavior, had the lowest level of defeat-induced c-Fos expression in the vMeA. Because we do not know the phenotype of c-Fos positive cells it is hard to integrate these seemingly disparate findings, although one possibility is that dominants have increased c-Fos expression in GABAergic interneurons.


We also found that social status alters defeat-induced c-Fos immunoreactivity in the dLS and vLS.  A recent study suggests that neural transmission in the LS is associated with the expression of increased submissive and defensive behavior and decreased aggressive behavior at conditioned defeat testing, although protein synthesis-dependent plasticity in the LS plays little role in the development of conditioned defeat (McDonald et al. 2012). These results suggest that the pattern of c-Fos expression observed in our study is likely related to how individuals respond to social defeat training and not the development of conditioned defeat. We found that subordinates displayed increased c-Fos expression in the dLS compared to controls, which might represent an anxiogenic neural response in subordinates. This interpretation would be consistent with previous lesion or pharmacological inactivation studies which indicate an anxiogenic role for the LS in elevated plus maze and defensive burying tests 


(Pesold and Treit, 1992, Trent and Menard, 2010) ADDIN EN.CITE . We also found that dominants displayed increased c-Fos expression in the vLS compared to controls, which might be related to the initial counter aggression they exhibited during social defeat training. Several lines of research indicate that neural transmission in the LS is associated with decreased aggression in Syrian hamsters 


(Potegal et al., 1981a, b, McDonald et al., 2012) ADDIN EN.CITE . Thus, the elevated c-Fos expression in the vLS of dominants might reflect initial counter aggression or the rapid suppression of this proactive coping style.


The VMHL is a key brain region controlling hamster aggressive behavior. Arginine vasopressin injected into the VMHL acts at V1a receptors to facilitate offensive aggression (Delville et al., 1996), and animals that attack intruders have increased c-Fos expression in the VMHL (Delville et al., 2000). We have previously shown that dominant hamsters have increased V1a receptor binding in the VHML (Cooper et al., 2005). It is possible that the elevated c-Fos expression in the VMHL of dominants and empty cage controls is related to an up-regulation of V1a receptors. Also, defeat-induced c-Fos expression in the VMHL may be related to the counter attacking initially shown by dominants and empty cage controls during social defeat. In sum, our data suggest that defeat-induced neural activation in brain regions critical for aggressive behavior is associated with conditioned defeat resistance.

Conclusion


 We have demonstrated that social status is an important factor determining how individuals initially respond to social defeat and their degree of resistance to the development of conditioned defeat. Dominant individuals show a proactive coping style during social defeat and reduced conditioned defeat behavior at testing. These behavioral changes are associated with a distinct pattern of defeat-induced neural activation in brain regions such as the IL. This paradigm provides a valuable model for studying the neural basis of resistance to social stress.
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Figure 2.1 A schematic representation of the experimental design. Group 1 animals were euthanized after social defeat training, whereas Group 2 animals experienced conditioned defeat testing.
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Figure 2.2 a) The diagrams indicate the location of brain regions selected for c-Fos quantification. The diagrams were modified from the hamster atlas of Morin & Wood and values indicate the distance from bregma (Morin and Wood, 2001). The box sizes used for quantification are as follows (width x height): 260 (m x 280 (m (LA); 440 (m x 400 (m (BLA); 325 (m x 650 (m (VMHL); 439 (m x 330 (m (PVN); 500 (m x 500 (m (dLS, vLS, BNST, MPOA); 870 (m x 660 (m (dMeA, vMeA, PL, IL, AH). b) Representative photomicrograph of the IL from a defeated hamster used for c-Fos quantification. Black dots represent c-Fos immunopositive nuclei.
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Figure 2.3 Agonistic behavior during daily encounters. Encounters were 10 min on day 1 and 5 min on days 2–14. a) Duration (mean ± SE) of submissive/defensive behavior displayed by subordinates from both Group 1 (N = 25) and Group 2 (N = 23) during fourteen days of encounters. Dominants never displayed submissive/defensive behavior. b) Duration (mean ± SE) of aggressive behavior displayed by dominants from both Group 1 (N = 24) and Group 2 (N = 23) throughout the encounters. Group 1 and Group 2 did not significantly differ in agonistic behavior and therefore the data were combined for presentation.
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Figure 2.4 Durations (mean ( SE) of a) submissive/defensive, b) aggressive, c) social and d) nonsocial behaviors are shown during a 5 min test with a non-aggressive intruder. Subjects represented by gray bars received social defeat training 24 h prior to testing, while subjects represented by white bars were non-defeated controls. An asterisk (*) indicates a significant difference between the bracketed bars (p < 0.05).
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Figure 2.5 Number (mean ( SE) of c-Fos immunopositive cells in the dLS measured following social defeat training. Subjects represented by gray bars received social defeat training 24 h prior to testing, while subjects represented by white bars were non-defeated controls. We found a main effect of social status, and an asterisk (*) indicates a significant difference between bracketed bars (p < 0.05).
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Figure 2.6 Number (mean ( SE) of c-Fos immunopositive cells measured in the a) IL and b) vLS measured following social defeat training. Subjects represented by gray bars received social defeat training, while subjects represented by white bars were non-defeated controls. We found main effects of both defeat experience and social status, and an asterisk (*) indicates a significant difference between bracketed bars (p < 0.05).
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Figure 2.7 Number (mean ( SE) of c-Fos immunopositive cells in the a) VHML and b) vMeA measured following social defeat training. Subjects represented by gray bars received social defeat training, while subjects represented by white bars were non-defeated controls. We found a significant interaction between defeat experience and social status. An asterisk (*) indicates a significant difference between bracketed bars (p < 0.05).
Table 2.1 Total durations (mean ( SEM) of behavior during social defeat training.
	
	Dominant

(N = 16)
	Subordinate

(N = 17)
	Empty Cage Control

(N = 13)
	P

	Aggression Received (sec)
	486 ( 27
	433 ( 25
	492 ( 17
	ns

	Submission Produced (sec)
	741 ( 26
	785 ( 20
	721 ( 36
	ns


Note: ns – not significant

Table 2.2 Number of c-Fos immunopositive cells (mean ( SEM) following social defeat training. In each brain region, social defeat increased the number of c-Fos immunopositive cells compared to no defeat controls, although dominance status did not alter c-Fos immunoreactivity (asterisk indicates main effect of social defeat). 

	
	Social Defeat*
	No Defeat

	Brain Region
	Dominant

(N = 8-11)
	Subordinate

(N = 8-12)
	Empty Cage

(N = 8-11)
	Dominant

(N = 10-12)
	Subordinate

(N = 9-10)
	Empty Cage

(N = 8-11)

	PL
	36.8 ( 5.1
	28.2 ( 5.0
	35.9 ( 6.0
	15.0 ( 2.4
	10.4 ( 2.1
	11.5 ( 2.9

	BNST
	2.0 ( 0.6
	2.1 ( 0.7
	1.2 ( 0.4
	0.8 ( 0.4
	0.7 ( 0.4
	0.9 ( 0.6

	MPOA
	18.1 ( 3.3
	13.1 ( 3.3
	12.4 ( 2.0
	5.3 ( 1.2
	4.0 ( 1.4
	4.0 ( 1.2

	Hypothalamus
	
	
	
	
	
	

	     AH
	41.6 ( 8.4
	34.9 ( 2.8
	41.3 ( 6.7
	7.0 ( 1.3
	4.3 ( 1.5
	6.3 ( 1.6

	     PVN
	19.7 ( 3.5
	16.9 ( 3.0
	16.6 ( 3.6
	3.7 ( 0.7
	3.1 ( 0.6
	2.3 ( 1.3

	Amygdala
	
	
	
	
	
	

	     LA
	2.2 ( 0.6
	1.7 ( 0.3
	1.7 ( 0.5
	0.6 ( 0.2
	0.2 ( 0.2
	0.4 ( 0.2

	     BLA
	3.7 ( 0.8
	2.1 ( 0.4
	2.8 ( 0.4
	1.4 ( 0.3
	1.0 ( 0.2
	1.0 ( 0.2

	     dMeA
	49.1 ( 5.1
	33.2 ( 4.3
	47.0 ( 5.1
	8.2 ( 1.6
	9.3 ( 3.8
	12.1 ( 3.8


Note: Sample sizes vary because some individuals were excluded from data analysis due to poor tissue quality. AH – anterior hypothalamus, BLA – basolateral amygdala, BNST – bed nucleus of the stria terminalis, dMeA – dorsal medial amygdala, LA – lateral amygdala, MPOA – medial preoptic area, PL – prelimbic cortex, PVN – paraventricular nucleus of the hypothalamu

Chapter 3

Defeat-Induced Activation of the Ventral Medial Prefrontal Cortex is Necessary for Resistance to Conditioned Defeat

Abstract

The ventromedial prefrontal cortex (vmPFC) controls executive functions such as working memory, decision making, and inhibitory response control. Previous work using a learned helplessness model has shown that prior experience with behavioral control activates the vmPFC and confers resilience to later uncontrollable stress. Similarly, social status alters responses to social defeat in the conditioned defeat model, which is a model characterized by loss of territorial aggression and increased submissive and defensive behavior following an acute social defeat. We have previously shown that dominant individuals show a reduced conditioned defeat response and increased defeat-induced neural activation in the ventral medial prefrontal cortex (vmPFC) compared to subordinates. In this study, we tested the hypothesis that defeat-induced activation of the vmPFC is necessary to confer resistance to conditioned defeat in dominant individuals. We paired weight-matched male Syrian hamsters (Mesocricetus auratus) in daily 5-min aggressive encounters for two weeks and identified dominants and subordinates. We also included controls, which were exposed to an empty cage 5 minutes per day for one week. Twenty-four hours after the final pairing or empty cage exposure, animals were bilaterally injected with 200 nl of the GABAA receptor agonist muscimol (1.1nmol) or 200 nl of saline vehicle 5 minutes prior to social defeat. Defeat consisted of 3, 5-min encounters with resident aggressor hamsters at 10-min intervals. Twenty-four hours following social defeat, animals received conditioned defeat testing which involved a 5-min social interaction test with a non-aggressive intruder. Muscimol injection prior to social defeat reversed the reduced conditioned defeat response observed in vehicle-treated dominant hamsters. Further, there was no effect of muscimol injection on the conditioned defeat behavior in subordinates or controls. These data support the conclusion that activation of the vmPFC during social defeat is necessary for the protective effects of dominant social status on the acquisition of conditioned defeat.
Introduction


Despite a wealth of research concerning the biological basis of the stress response, an emphasis on reducing variability within the target subject population has resulted in a gap in scientific knowledge concerning susceptibility to the effects of stress. Research on humans shows that not all individuals who experience a traumatic event experience long-term negative consequences (Agaibi and Wilson, 2005). Thus, a growing number of researchers are interested in understating individual coping styles and vulnerability to the negative consequences of stressful events. This approach has begun to uncover neurobiological mechanisms underlying susceptibility and enhance our understanding of the biological basis of stress-related mental illness.


One brain region implicated in resilience and vulnerability to stress is the medial prefrontal cortex (mPFC). The mPFC is a brain region known to be important for executive control, integrating information from multiple sensory modalities and guiding appropriate behavioral responses to stimuli. Human imaging studies show that the suppression of negative emotion is associated with increased mPFC activation 


(Urry et al., 2006, Johnstone et al., 2007) ADDIN EN.CITE . In humans, deficits in mPFC activation are associated with symptoms of depression 


(Johnstone et al., 2007) ADDIN EN.CITE  and anxiety disorders such as post-traumatic stress disorder 


(Shin et al., 2004, Bremner et al., 2008) ADDIN EN.CITE . In animals, the mPFC acts as an inhibitory modulator of the emotional responses produced by aversive stimuli such as restraint 


(Blanco et al., 2009) ADDIN EN.CITE , forced swim 


(Scopinho et al., 2010) ADDIN EN.CITE , and punished stimuli in tests such as the Vogel punished-licking test 


(Resstel et al., 2008) ADDIN EN.CITE . Additionally, the mPFC can inhibit the neuroendocrine stress response via a GABAergic relay that projects to the paraventricular nucleus through an indirect connection in the bed nucleus of the stria terminalis 


(Spencer et al., 2005, Radley et al., 2009) ADDIN EN.CITE . Altogether, these findings indicate that the mPFC is an important source of inhibitory control over behavioral and neuroendocrine responses to stressors.


The ventral portion of the mPFC (vmPFC) has been studied in a variety of models that examine the mechanisms by which past experience alters susceptibility to future stressors. For example, the vmPFC plays a critical role in the stress-buffering effects of environmental enrichment. Mice housed in enriched environments prior to chronic social defeat stress show a reduction in the behavioral consequences of defeat, which include increased anxiety-like behavior on the light/dark test, tail suspension test, forced swim test, and social avoidance test compared to non-enriched mice (Lehmann and Herkenham, 2011). This suggests that environmental enrichment provides resistance to future stressors. In both the prelimbic (PL) and infralimbic (IL) subregions of the vmPFC, mice living in enriched housing conditions show increased defeat-induced neural activation compared to non-enriched controls. Further, lesions of the IL prior to enriched housing abolished the acquisition of housing-associated resistance to social defeat stress (Lehmann and Herkenham, 2011). A similar role for the vmPFC has been found in resistance associated with stressor controllability. Rats that are able to “escape” tail-shock by turning a wheel to terminate the shock are protected against the negative effects of later inescapable tail-shock. Inescapable tail-shock produces escape deficits in the shuttle box test, an effect known as learned helplessness. Pharmacological inactivation of the vmPFC with muscimol during the escapable tail-shocks blocked the protective effect of control against subsequent inescapable tail-shock (Amat et al., 2006). Further, pharmacological activation of the vmPFC with picrotoxin during inescapable tail-shock blocked the escape deficit produced by later inescapable tail-shock (Amat et al., 2008). These pharmacological studies suggest that the resistance to learned helplessness provided by the controllability of the escapable tail-shocks requires neural signaling in the vmPFC. Altogether, these models suggest that the vmPFC controls various forms of experience-dependent stress resistance.


Conditioned defeat is a model of social defeat stress in Syrian hamsters in which normal territorial aggression is replaced by submissive and defensive behavior in future social encounters following an acute social defeat 


(Huhman et al., 2003, Cooper and Huhman, 2010, Day et al., 2011, Morrison and Cooper, 2012) ADDIN EN.CITE . We have recently extended the conditioned defeat model to study the effects of prior social status on the conditioned defeat response. Our previous work indicates that dominant individuals show less submissive and defensive behavior during conditioned defeat testing than do subordinates 


(Morrison et al., 2011, Morrison et al., 2012) ADDIN EN.CITE . Further, we found that dominant individuals have increased c-Fos immunoreactivity in the IL following social defeat stress compared to subordinates (Morrison et al., 2012). In the current study, we examined whether the increased defeat-induced neural activity in the vmPFC of dominant individuals is necessary for their resistance to conditioned defeat. We hypothesized that inactivation of the vmPFC prior to social defeat would increase submissive and defensive behavior of dominant individuals at testing but would not alter conditioned defeat in subordinates or controls.

Experimental Procedures
Subjects

Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding colony that was derived from Charles River Laboratories (Wilmington, MA) stock. Subjects were 8-9 weeks old (120-180 g) at the start of the study and were individually housed. Older hamsters (> 6 months, >190 g) were individually housed and used as resident aggressors for social defeat training. Younger hamsters (approx. 2 months, <120 g) were housed in groups of three or four and used as non-aggressive intruders for conditioned defeat testing. All animals were housed in polycarbonate cages (12 cm x 27 cm x 16 cm) with corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were available ad libitum. Cages were not changed for one week prior to dominant-subordinate encounters to allow individuals to scent mark their territory. Subjects were handled daily for a week prior to dominant-subordinate encounters to habituate them to the stress of human handling. Animals were housed in a temperature controlled colony room (21 ( 2 (C) and kept on a 14:10 hr light:dark cycle. All procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee and are in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.  
Stereotaxic Surgery

Hamsters were anesthetized with isoflurane and stereotaxically implanted with a 26-gauge double-barrel cannula with 1 mm between each barrel aimed at the IL subregion of the vmPFC. The stereotaxic coordinates were +3.6 mm anterior and -0.5 mm lateral to bregma, and -1.7 mm below dura. During microinjection, a 33-gauge double-barrel injection needle was inserted that projected 2 mm below the guide cannula for a final projection of 3.7 mm below dura. After surgery, dummy stylets that projected 0.5 mm below the guide cannulae were inserted into the cannulae to maintain patency. Animals were given 7 days to recover from surgery before dominant-subordinate encounters and were handled daily.

Behavioral Protocols

Dominant-Subordinate Encounters


One week following surgery, animals were weight-matched in resident-intruder dyads and paired in daily encounters for 14 days (Fig. 3.1). Subjects were randomly assigned as a resident or intruder, and all encounters occurred in the resident’s home cage. The encounter on day 1 was 10 min in duration, while all subsequent encounters were 5 min. We have previously determined that a 10 min encounter on day 1 facilitates the formation of a dominance relationship, and that 5 min encounters on subsequent days maintain the dominance relationship and reduce the chance of wounding 


(Morrison et al., 2011, Morrison et al., 2012) ADDIN EN.CITE . Dominant and subordinate animals were identified by the direction of agonistic behavior within each dyad. In male Syrian hamsters, dominant animals reliably display aggression only, while subordinate animals reliably display submissive behavior only. Daily encounters were digitally recorded for later behavioral analysis. We quantified agonistic behavior during daily encounters using the ethogram described below for conditioned defeat testing. We also included empty cage controls, which were exposed to a clean, empty cage each day for 7 days. We chose 7 days because it is more analogous to our normal conditioned defeat procedure and 14 days of empty cage exposure may increase territorial aggression in controls 


(Cooper et al., 2009, Cooper and Huhman, 2010, Morrison and Cooper, 2011) ADDIN EN.CITE .
Social Defeat Training

Following two weeks of daily encounters or one week of empty cage exposure, all dominants and subordinates and half of the empty cage controls were socially defeated. They were placed in the home cages of three different resident aggressors for three separate 5-min social defeats, which occurred at 10-min intervals. Resident aggressors are older, heavier male hamsters that have been singly housed for a prolonged period of time and display reliable territorial aggression when faced with intruders. Dominants often fought back against the resident aggressor during the first defeat but eventually lost and did not fight back during subsequent defeats. To correct for potential variation in the amount of aggression subjects received, we defined social defeat as starting at the resident aggressor’s first attack that was accompanied by submissive behavior in a subject. We digitally recorded all social defeat sessions and quantified behavior using Noldus Observer software (Noldus Information Technology, Wageningen, Netherlands).  Half of the empty cage controls were not socially defeated, but instead were placed in the empty home cages of three different resident aggressors for three separate 5-min exposures. We placed no defeat controls in dirty resident aggressor cages to control for the effect of exposure to olfactory cues that may impact behavior at testing. One subject from the dominant muscimol group was excluded from analysis due to wounds sustained during training, and one subject from the dominant vehicle group was excluded because he defeated two resident aggressors.

Conditioned Defeat Testing

Conditioned defeat testing occurred 24 hours after social defeat stress and consisted of a single 5-minute social interaction test during which a non-aggressive intruder was placed in the subject’s home cage. Non-aggressive intruders are younger, group-housed animals that display social and nonsocial behavior during conditioned defeat testing. We digitally recorded all testing sessions and quantified the behavior of subjects using Noldus Observer software. We quantified the total duration of the following categories of behavior: submissive/defensive (flee, avoid, upright and side defensive postures, tail-up, stretch-attend, head flag); aggressive (chase, attack including bite, upright and side offensive postures); nonagonistic social (sniff, approach); and nonsocial (locomotion, grooming, nesting, feeding). We also recorded the frequency of attacks, flees, and stretch-attend postures. A researcher blind to the experimental conditions performed all behavioral scoring. On a subset of videos, inter-rater reliability on the duration of submissive/defensive behavior was r = 0.62 (Cohen’s kappa), which is good agreement. One subject from the dominant vehicle group was excluded from analysis because it was attacked during conditioned defeat testing.

Drugs and Drug Injection


The GABAA receptor agonist muscimol (Sigma Aldrich) was dissolved in sterile saline for a final concentration of 1.1 nmol in 200 nl. All subjects were injected with either muscimol or vehicle 5 min prior to social defeat stress. Dummy stylets were removed and subjects were gently restrained while a bilateral injection needle was inserted into the cannula. A 1 (l syringe (Harvard Instruments) was used to connect the bilateral injection needle to a Harvard Syringe Pump (Harvard Instruments). Injection of 200 nl of muscimol or vehicle per side took place over a 1 min period, and needles were left in place for 1 min after the injection to allow for drug diffusion. One subject from the subordinate vehicle group and one subject from the dominant vehicle did not receive successful bilateral injections due to clogged cannulae and were excluded from analysis.

Verification of Injection Site

Following conditioned defeat testing, animals were given a lethal cocktail of 93% sodium pentobarbital and 7% isopropyl alcohol (Sleep Away, Webster Veterinary) and infused with 200 nl of India ink into the vmPFC. Brains were then removed, frozen on dry ice, and stored at -80(C. Brains were sliced at 30 (m on a cryostat, and sections were stored on microscope slides. Sections were stained with neutral red and coverslipped prior to being examined under a light microscope for evidence of ink in the vmPFC (Fig. 3.2). Subjects with bilateral injections sites > 300 (m from the mPFC or with injection sites between the two hemispheres were excluded from analysis (Fig. 3.3).

Data Analysis

Our experimental design included three independent variables (social status, drug dose, social defeat). Because we did not have a complete factorial design, we used one set of 2-way analysis of variance (ANOVA) tests to investigate social status (dominant, subordinate, empty cage control) and drug dose (vehicle vs. muscimol) and another set of 2-way ANOVAs to investigate social defeat (defeat vs. no defeat) and drug dose (vehicle vs. muscimol). Post-hoc tests included separate Tukey’s HSD tests for the effect of social status on vehicle-treated individuals and the effect of social status on muscimol-treated individuals. We also used independent samples t-tests as planned comparisons to separately assess the effect of drug treatment on dominants, subordinates, and empty cage controls. All statistical tests were two-tailed, and the ( level was set at p ≤ 0.05.  

Results

Dominant-Subordinate Encounters


Dominance relationships were formed quickly and were stable throughout agonistic encounters. On average, a dominance relationship formed between a pair on day 1.9 (( 0.3). Subordinates (N = 22) displayed an elevated and consistent duration of submissive/defensive behaviors during agonistic encounters compared to dominants (N = 19), which never showed submissive/defensive behavior (Fig. 3.4a). Further, subordinates showed overt submissive/defensive behavior, such as fleeing, throughout the agonistic encounters (1.4 ( 0.3 per day). In contrast, dominants consistently displayed aggressive behaviors and attacked subordinates 1.5 (( 0.3) times per day, while subordinates were never aggressive (Fig. 3.4b). 

Social Defeat Training


There was no significant difference between the groups in the total amount of aggression received during social defeat (Table 3.1). However, there were effects of social status and of muscimol treatment on the behavior of subjects during social defeat. During the first defeat session, subjects responded differently to the initial attack of the resident aggressor. We found that 13 out of 19 dominant individuals counter attacked the resident aggressor, which is significantly more than the proportion of subordinates that counter attacked (0 out of 22 subordinates; χ2 (1, N = 41) = 22.0, p < 0.001) and the proportion of empty cage controls that counter attacked (2 out of 17 controls; χ2 (1, N = 36) = 11.8, p < 0.001). There was no difference in the proportion subordinates and empty cage controls that counter attacked resident aggressors. Also, there was an effect of both social status (F(2,52) = 5.29, p = 0.008) and muscimol treatment (F(1,52) = 4.63, p = 0.036) on the total amount of submissive and defensive behavior displayed during all three defeat sessions. Specifically, muscimol treatment resulted in an increase in the display of submissive and defensive behavior compared to vehicle treatment. Also, dominant individuals showed significantly less submissive and defensive behavior throughout social defeat training than did subordinates (Tukey, p = 0.005; Table 3.1).

Conditioned Defeat Testing


We found that injection of muscimol into the vmPFC prior to social defeat training increased the acquisition of conditioned defeat in dominants but not in subordinates of controls (Fig. 3.5). Among defeated individuals, there was a main effect of muscimol treatment on the duration of submissive/defensive behavior (F(1,52) = 4.09, p = 0.048), indicating that treatment with muscimol increased the duration of submissive/defensive behavior (Fig. 3.5a). While there was no main effect of social status or social status x muscimol treatment interaction (p > 0.05), we performed planned comparisons on the effects of social status and muscimol. When vehicle-treated subjects were analyzed separately from muscimol-treated subjects, we found that there was an effect of social status on the duration of submissive/defensive behavior among vehicle-treated subjects (F(2,27) = 5.48, p = 0.011), but that this effect was not present among muscimol-treated subjects (F(2,29) = 0.07, p = 0.94). Vehicle-treated dominants displayed significantly less submissive/defensive behavior that did vehicle-treated subordinates (Tukey, p = 0.008). Further, analysis with independent samples t-tests showed that vehicle-treated dominants displayed significantly less submissive/defensive behavior at testing than did muscimol-treated dominants (t(1,17) = 4.00, p = 0.001). However, muscimol treatment did not alter the duration of submissive/defensive behavior in both subordinates and empty cage controls compared to vehicle treatment (p > 0.05). Among defeated individuals, we found that there was no effect of status or muscimol treatment on the duration of aggressive, social, or nonsocial behavior displayed at testing (p > 0.05, Fig. 3.5b-d).

To analyze the effect of drug treatment on agonistic behavior, we included empty cage control subjects that were not socially defeated. Among empty cage control individuals, there was a main effect of defeat experience (F(1,32) = 25.82, p < 0.0001), such that defeated individuals displayed significantly more submissive/defensive behavior at testing than did no defeat controls (Fig. 3.5a). There was no main effect of muscimol treatment or an interaction of muscimol treatment x defeat experience on the duration of submissive/defensive behavior at testing among empty cage control subjects (p > 0.05). Additionally, we found a main effect of social defeat on the duration of aggressive behavior (F(1,32) = 18.68, p < 0.0001), the duration of social behavior (F(1,32) = 14.79, p = 0.001), and the duration of nonsocial behavior (F(1,32) = 23.44, p < 0.0001). Thus, defeated empty cage control individuals displayed less aggressive, less social, more nonsocial and more submissive/defensive behavior than did non-defeated empty cage control individuals. Finally, there was no effect of muscimol treatment on any of the behavioral categories in no defeat empty cage controls (p > 0.05).
Discussion


We have shown that inactivation of the vmPFC with the GABAA receptor agonist muscimol during social defeat results in an increase in submissive and defensive behavior at testing in dominants only. Importantly, the effect of muscimol in dominants was specific to the duration of submissive and defensive behavior. This suggests that inactivation of the vmPFC does not increase submissive and defensive behavior by non-selectively altering other types of social or nonsocial behaviors. Additionally, muscimol treatment at social defeat training does not alter submissive and defensive behavior in non-defeat controls at testing, indicating that inactivation of the vmPFC does not interfere with the production of agonistic behavior in the absence of social defeat. Further, the effect of muscimol treatment in dominants was not a result of a differential social defeat experience, as muscimol treatment prior to social defeat did not alter the amount of aggression resident aggressors directed towards subjects. While muscimol treatment did not affect the behavior of resident aggressors, muscimol treatment increased the submissive and defensive behavior displayed by subjects during social defeat. However, this muscimol-dependent increase in submissiveness during social defeat was not associated with a universal increase in conditioned defeat. Only dominant individuals showed an increase in conditioned defeat behavior. Altogether, these results suggest that activation of the vmPFC during social defeat is necessary for dominants to show a resistant-like behavioral phenotype at testing.


In our previous study, dominants showed increased neural activation in the IL subregion of the vmPFC following social defeat compared to subordinates (Morrison et al., 2012). The effects of pharmacological inactivation of the vmPFC reported here confirm a functional significance for defeat-induced neural activation in the vmPFC. The role of vmPFC neural activity in conferring resistance to stress has now been shown with a variety of experiences, such as environmental enrichment and stressor controllability. Environmental enrichment studies show that subjects exposed to an enriched environment prior to social defeat have increased defeat-activation in the IL compared to non-enriched subjects and show resistance to the behavioral consequences of social defeat. Further, lesioning the IL prior to enrichment abolishes the resistance to social defeat normally associated with enrichment experience (Lehmann and Herkenham, 2011). Experience with controllable tail shock one week before exposure to an uncontrollable tail shock buffers against the negative consequences produced by uncontrollable tail shock (Amat et al., 2006). Pharmacological blockade of the vmPFC during exposure to controllable tail shock blocks the buffering effects of controllable tail shock on later uncontrollable tail shock (Amat et al., 2006). In our model it is currently unclear whether resistance is mediated by the IL or PL. While our stereotaxic coordinates were aimed at the IL, we cannot say with certainty that the drug stayed within the boundaries of the IL. While we previously found that dominants have increased defeat-induced c-Fos immunoreactivity in the IL compared to subordinates, we found a similar, albeit nonsignificant, trend in the PL. Environmental enrichment in mice appears to confer resistance to future social defeat through the IL. Lesions of the IL, but not the PL, prior to housing in an enriched environment block the stress resiliency conferred by enrichment (Lehmann and Herkenham, 2011). Despite the finding that controllable shock exposure selectively activates a PL-dorsal raphe nucleus (DRN) circuit (Baratta et al., 2009), pharmacological studies of the stress-resistance associated with stressor controllability target the border between the IL and the PL 


(Rozeske et al., 2011, Rozeske et al., 2012) ADDIN EN.CITE . In our model, conditioned defeat resistance in dominants could be mediated by neural activity in either the IL or the PL, as there is support for both structures in stress resistance.

Anatomical studies also point to distinct functional connections for the vmPFC subregions. Studies examining afferent and efferent projections suggest that the IL projects to and receives input from brain regions that are important in visceral and motor control, while the PL projects to and receives input from regions that are more important in directly controlling limbic and cortical functions 


(McDonald et al., 1996, Vertes, 2004, Hoover and Vertes, 2007) ADDIN EN.CITE . In considering the important downstream targets of the vmPFC in hamsters, several brain regions could be involved in the resistance to conditioned defeat seen in dominants. The basolateral amygdala (BLA) is a key region for the plasticity underlying conditioned defeat 


(Jasnow et al., 2004, Jasnow et al., 2005, Markham et al., 2010, Day et al., 2011) ADDIN EN.CITE . Both subregions of the vmPFC project to the amygdala and the vmPFC is capable of inhibiting amygdala output via connections in the BLA that regulate the transfer of information from the BLA to the CeA (Likhtik et al., 2005). One possibility is that increased activity in the vmPFC of dominants during social defeat decreases BLA activity and perhaps disrupts the defeat-induced plasticity that supports conditioned defeat. Another potential downstream target of the vmPFC is the DRN. Inhibiting the activity of serotonin (5-HT) cells in the DRN during social defeat by pharmacologically activating 5-HT1A autoreceptors reduces the amount of submissive and defensive behavior displayed at testing (Cooper et al., 2008), suggesting that 5-HT release at DRN projection sites is necessary for the acquisition of conditioned defeat. It is known that the vmPFC sends glutamatergic projections to GABAergic interneurons in the DRN 


(Peyron et al., 1998, Jankowski and Sesack, 2004) ADDIN EN.CITE , and it is possible that dominant individuals have reduced DRN activation and thus decreased 5-HT release into forebrain regions. 


In the current study, subordinates and control subjects were similar in that inactivation of the vmPFC during social defeat had no effect on the acquisition of conditioned defeat. This indicates that activation of the vmPFC during social defeat is not necessary for species-typical conditioned defeat seen in subordinates and controls. Our results are in contrast to a recent study showing that inactivation of the vmPFC with muscimol during social defeat significantly enhanced the acquisition of conditioned defeat (Markham et al., 2012). It is not initially clear why these two studies are not in agreement about the role of the vmPFC in conditioned defeat, as there were only minor differences in the dose of the drug and intensity of social defeat. In both studies, subjects were exposed to 15 total min of social defeat. However, Markham and colleagues used a single defeat experience with one resident aggressor and we used three, 5 min exposures to three different resident aggressors. It is possible that our subjects experience a more intense social defeat. The most apparent difference is that Markham et al. (2012) delivered 2.2 nmol of muscimol into one side of the vmPFC, while we delivered 1.1 nmol of muscimol into each side. It is possible that the dose used in our study was not high enough to alter conditioned defeat in our subordinates and controls, and that dominants are more sensitive to lower doses of muscimol treatment. Another important finding is that delivery of the protein synthesis inhibitor anisomycin into the vmPFC prior to social defeat does not alter the acquisition of conditioned defeat (Markham et al., 2012). This finding indicates that the vmPFC does not directly alter the acquisition of conditioned defeat, but that activation of the vmPFC may alter defeat-induced plasticity elsewhere in the brain. 

Conclusion


In sum, the findings presented here suggest that activity of the vmPFC during social defeat is necessary for resistance to conditioned defeat in dominants. Further, it suggests that activation of the vmPFC during social defeat is not necessary for the species-typical levels of conditioned defeat seen in subordinates and controls. These findings support a role of the vmPFC as an important mediator of several types of experience-dependent resistance to stress. 
References
Agaibi CE, Wilson JP (2005), Trauma, PTSD, and resilience: a review of the literature. Trauma Violence and Abuse 6:195-216.

Amat J, Paul E, Watkins LR, Maier SF (2008), Activation of the ventral medial prefrontal cortex during an uncontrollable stressor reproduces both the immediate and long-term protective effects of behavioral control. Neuroscience 154:1178-1186.

Amat J, Paul E, Zarza C, Watkins LR, Maier SF (2006), Previous experience with behavioral control over stress blocks the behavioral and dorsal raphe nucleus activating effects of later uncontrollable stress: role of the ventral medial prefrontal cortex. The Journal of Neuroscience 26:13264-13272.

Baratta MV, Zarza CM, Gomez DM, Campeau S, Watkins LR, Maier SF (2009), Selective activation of dorsal raphe nucleus-projecting neurons in the ventral medial prefrontal cortex by controllable stress. European Journal of Neuroscience 20:1111-1116.

Blanco E, Castilla-Ortega E, Miranda R, Begega A, Aguirre JA, Arias JL, Santin LJ (2009), Effects of medial prefrontal cortex lesions on anxiety-like behaviour in restrained and non-restrained rats. Behavioural Brain Research 201:338-342.

Bremner JD, Elzinga B, Schmahl C, Vermetten E (2008), Structural and functional plasticity of the human brain in posttraumatic stress disorder. Progress in Brain Research 167:171-186.

Cooper MA, Grober MS, Nicholas CR, Huhman KL (2009), Aggressive encounters alter the activation of serotonergic neurons and the expression of 5-HT1A mRNA in the hamster dorsal raphe nucleus. Neuroscience 161:680-690.

Cooper MA, Huhman KL (2010), Blocking corticotropin-release factor-2 receptors, but not corticotropin-releasing factor-1 receptors of glucocorticoid feedback, disrupts the development of conditioned defeat. Physiol Behav 101:527-532.

Cooper MA, McIntyre KE, Huhman KL (2008), Activation of 5-HT1A autoreceptors in the dorsal raphe nucleus reduces the behavioral consequences of social defeat. Psychoneuroendocrinology 33:1236-1247.

Day DE, Cooper MA, Markham CM, Huhman KL (2011), NR2B subunit of the NMDA receptor in the basolateral amygdala is necessary for the acquisition of conditioned defeat in Syrian hamsters. Behavioural Brain Research 217:55-59.

Hoover WB, Vertes RP (2007), Anatomical analysis of afferent projections to the medial prefrontal cortex in the rat. Brain Structure and Function 212:149-179.

Huhman KL, Solomon MB, Janicki M, Harmon AC, Lin SM, Israel JE, Jasnow AM (2003), Conditioned defeat in male and female syrian hamsters. Hormones and Behavior 44:293-299.

Jankowski MP, Sesack SR (2004), Prefrontal cortical projections to the rat dorsal raphe nucleus: ultrastructural features and associations with serotonin and gamma-aminobutyric acid neurons. Journal of Comparative Neurology 468:518-529.

Jasnow AM, Cooper MA, Huhman KL (2004), N-methyl-D-aspartate receptors in the amygdala are necessary for the acquisition and expression of conditioned defeat. Neuroscience 123:625-634.

Jasnow AM, Shi C, Israel JE, Davis M, Huhman KL (2005), Memory of social defeat is facilitated by cAMP response element-binding protein overexpression in the amygdala. Behavioral Neuroscience 119:1125-1130.

Johnstone T, van Reekum CM, Urry HL, Kalin NH, Davidson RJ (2007), Failure to regulate: counterproductive recruitment of top-down prefrontal-subcortical circuitry in major depression. Journal of Neuroscience 27:8877-8884.

Lehmann ML, Herkenham M (2011), Environmental enrichment confers stress resiliency to social defeat through an infralimbic cortex-dependent neuroanatomical pathway. The Journal of Neuroscience 31:6159-6173.

Likhtik E, Pelletier JG, Paz R, Pare D (2005), Prefrontal control of the amygdala. The Journal of Neuroscience 25:7429-7437.

Markham CA, Taylor SL, Huhman KL (2010), Role of amygdala and hippocampus in the neural circuit subserving conditioned defeat in Syrian hamsters. Learning and Memory 17:109-116.

Markham CM, Luckett CA, Huhman KL (2012), The medial prefrontal cortex is both necessary and sufficient for the acquisition of conditioned defeat. Neuropharmacology 62:933-939.

McDonald AJ, Mascagni F, Guo L (1996), Projections of the medial and lateral prefrontal cortices to the amygdala: a Phaseolus vulgaris leucoagglutinin study in the rat. Neuroscience 71:55-75.

Morin LP, Wood RI (2001) A Stereotaxic Atlas of the Golden Hamster Brain. San Diego: Academic Press.

Morrison KE, Cooper MA (2011), A role for 5-HT1A receptors in the basolateral amygdala in the development of conditioned defeat in Syrian hamsters. Pharmacol Biochem Behav doi: 10.1016/j.pbb.2011.09.005:

Morrison KE, Cooper MA (2012), A role for 5-HT1A receptors in the basolateral amygdala in the development of conditioned defeat in Syrian hamsters. Pharmacol Biochem Behav 100:592-600.

Morrison KE, Curry DW, Cooper MA (2012), Social status alters defeat-induced neural activation in Syrian hamsters. Neuroscience In Press:

Morrison KE, Swallows CL, Cooper MA (2011), Effects of dominance status on conditioned defeat and expression of 5-HT1A and 5-HT2A receptors. Physiol Behav 104:283-290.

Peyron C, Petit JM, Rampon C, Jouvet M, Luppi PH (1998), Forebrain afferents to the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing methods. Neuroscience 82:443-468.

Radley JJ, Gosselink KL, Sawchenko PE (2009), A discrete GABAergic relay mediates medial prefrontal cortical inhibition of the neuroendocrine stress response. Journal of Neuroscience 29:7330-7340.

Resstel LB, Souza RF, Guimaraes FS (2008), Anxiolytic-like effects induced by medial prefrontal cortex inhibition in rats submitted to the Vogel conflict test. Physiol Behav 93:200-205.

Rozeske RR, Der-Avakian A, Watkins LR, Maier SF (2012), Activation of the medial prefrontal cortex by escapable stress is necessary for protection against subsequent inescapable stress-induced potentiation of morphine conditioned place preference. European Journal of Neuroscience 35:160-165.

Rozeske RR, Evans AK, Frank MG, Watkins LR, Lowry CA, Maier SF (2011), Uncontrollable, but not controllable, stress desensitizes 5-HT1A receptors in the dorsal raphe nucleus. Journal of Neuroscience 31:14107-14115.

Scopinho AA, Scopinho M, Lisboa SF, Correa FM, Guimaraes FS, Joca SR (2010), Acute reversible inactivation of the ventral medial prefrontal cortex induces antidepressant-like effects in rats. Behavioural Brain Research 214:437-442.

Shin LM, Orr SP, Carson MA, Rauch SL, Macklin ML, Lasko NB, Peters PM, Metzger LJ, Dougherty DD, Cannistraro PA, Alpert NM, Fischman AJ, Pitman RK (2004), Regional cerebral blood flow in the amygdala and medial prefrontal cortex during traumatic imagery in male and female Vietnam veterans with PTSD. Archives of General Psychiatry 61:168-176.

Spencer SJ, Buller KM, Day TA (2005), Medial prefrontal cortex control of the paraventricular hypothalamic nucleus response to psychological stress: possible role of the bed nucleus of the stria terminalis. Journal of Comparative Neurology 481:363-376.

Urry HL, van Reekum CM, Johnstone T, Kalin NH, Thurow ME, Schaefer HS, Jackson CA, Frye CJ, Greischar LL, Alexander AL, Davidson RJ (2006), Amygdala and ventromedial prefrontal cortex are inversely coupled during regulation of negative affect and predict the diurnal pattern of cortisol secretion among older adults. Journal of Neuroscience 26:4415-4425.

Vertes RP (2004), Differential projections of the infralimbic and prelimbic cortex in the rat. Synapse 51:32-58.



Appendix B

[image: image8.png]Stereotaxic
Surgery

7 recovery days

Days 1-14

Daily Dominance
Interactions

Empty
Cage

Exposure

Days 8-14

Drug Injection
(Muscimol or Vehicle)

Dominant or
Subordinate

=p Control

!

—

Social Defeat

Conditioned
Social Defeat or Defeat Testing
No Defeat
Day 15 Day 16





Figure 3.1 A schematic representation of the experimental design. All subjects received an injection of muscimol or saline vehicle into the vmPFC 5 min prior to social defeat or no defeat.
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Figure 3.2 A representative photomicrograph shows a coronal brain section of the vmPFC injected with India ink and stained with neutral red. The bilateral injection sites are clearly visible within the vmPFC. PL – prelimbic cortex, IL – infralimbic cortex, fmi – forceps minor corpus callosum, E/OV – ependyma & subependymal layer/olfactory ventricle. The dashed line represents the approximate division between the PL and IL.
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Figure 3.3 The location of vmPFC injection sites is shown using illustrations adapted from a hamster stereotaxic atlas (Morin and Wood, 2001). The distances shown for each illustration are relative to bregma. Black circles indicate the approximate placement of injection sites within the vmPFC. Black triangles represent misplaced injection sites. Circles and triangles may represent more than one individual.
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Figure 3.4 Agonistic behavior during dominant-subordinate encounters. Encounters were 10 min on day 1 and 5 min on day 2-14. Mean durations (sec ( SEM) of a) submissive/defensive and b) aggressive behaviors displayed during dominant-subordinate encounters by dominant (N = 19) and subordinate (N = 22) subjects. 
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Figure 3.5 Mean durations (sec ( SEM) of a) submissive/defensive, b) aggressive, c) social and d) nonsocial behaviors are shown during a 5 min test with a non-aggressive intruder. Social defeat animals received an injection of muscimol or vehicle into the vmPFC 5 min prior to social defeat training. Empty cage no defeat (ND) controls received an injection of muscimol or vehicle into the vmPFC 5 min prior to the no defeat procedure. An asterisk (*) indicates a difference of p < 0.05 between the bracketed bars.

Table 3.1 Total durations (mean ( SEM) of behavior displayed during social defeat training
	
	Aggression Received
	Submission Produced

	
	0.0 nmol Muscimol
	1.1 nmol Muscimol
	0.0 nmol Muscimol
	1.1 nmol Muscimol*

	Dominant
	162 ( 23 (N = 9)
	160 ( 20 (N =10)
	693 ( 41 (N = 9)a
	804 ( 34 (N = 10)

	Subordinate
	170 ( 29 (N = 10)
	167 ( 23 (N =10)
	804 ( 34 (N = 10)b
	865 ( 47 (N = 12)

	Empty Cage
	177 ( 30 (N = 9)
	213 ( 22 (N = 8)
	734 ( 21 (N = 9)a,b
	804 ( 19 (N = 8)


Note: An asterisk (*) indicates a main effect of dose of drug (p < 0.05). There was also a main effect of social status indicated by unshared superscript letters (p < 0.05).

Chapter 4

Examining How Social Status Alters vmPFC-BLA Functional Connectivity in Response to Social Defeat

Abstract

Investigating the neural basis of resilience is important, as we know that not all individuals suffer negative consequences of traumatic events. We have previously shown that dominant individuals show a reduced stress-induced change in behavior using a conditioned defeat model in male Syrian hamsters (Mesocricetus auratus). We found that dominants show more c-Fos immunopositive cells in the ventromedial prefrontal cortex (vmPFC) following social defeat than do subordinates. Furthermore, inactivation of the vmPFC with the GABAA receptor agonist muscimol prior to social defeat reversed the reduced conditioned defeat response normally observed in dominant hamsters. In this experiment, we investigated the hypothesis that the vmPFC neurons activated by social defeat project directly to the basolateral amygdala (BLA), a brain region known to be critical in the acquisition and expression of conditioned defeat. We paired hamsters in daily 5-min aggressive encounters for two weeks and identified dominants and subordinates. All animals underwent stereotaxic surgery to deliver the retrograde tracer cholera toxin B (CTB) into the BLA. Twenty-four hours after the final pairing, dominants, subordinates, and controls were exposed to social defeat training, which consisted of 3, 5-min encounters with resident aggressor hamsters at 10-min intervals. Brains were removed 90 min following social defeat and processed for CTB and c-Fos immunoreactivity in the vmPFC. Due to several methodological difficulties with injection of the tracer and CTB immunohistochemistry, the results of this study were inconclusive. However, we are able to provide suggestions for future use of tract tracing in our lab.
Introduction


In the conditioned defeat model, a single social defeat results in a loss of normal territorial aggression and an increase in submissive and defensive behavior in later social encounters. Hamsters with two weeks of experience being dominant over another hamster show less submissive and defensive behavior following social defeat experience compared to subordinates 


(Morrison et al., 2011, Morrison et al., 2012) ADDIN EN.CITE . These dominant individuals also have more defeat-induced neural activation in the ventral medial prefrontal cortex (vmPFC) than do subordinates (Morrison et al., 2012). Pharmacological inactivation of the vmPFC during social defeat reverses the resistant-like phenotype of dominants but has no effect on the conditioned defeat response of subordinates or controls (Chapter 3). Together, these findings suggest that activation of the vmPFC during social defeat is necessary for the resistance to conditioned defeat seen in dominants. 


Because dominants and subordinates differ in their conditioned defeat response and in defeat-induced neural activation, we hypothesize that there are differences in the defeat-induced neural plasticity that underlie the acquisition of conditioned defeat. While the brain region(s) where there are social status-dependent differences in defeat-induced plasticity remain unknown, there are several possible candidate regions. One is the vmPFC itself, which has been shown in one study to be necessary for the acquisition of conditioned defeat behavior (Markham et al., 2012). However, in the same study, the administration of the protein synthesis inhibitor anisomycin in the vmPFC prior to social defeat failed to disrupt the acquisition of conditioned defeat. This suggests that protein synthesis-dependent plasticity in the vmPFC is not necessary for the acquisition of conditioned defeat. There are several other candidate brain regions that are both interconnected with the vmPFC and important for the acquisition of the conditioned defeat response, including the ventral hippocampus (Markham et al., 2010), dorsal raphe nucleus (Cooper et al., 2008), and basolateral amygdala (BLA). The BLA is the most promising candidate, as it is the one brain region where researchers have demonstrated protein synthesis-dependent plasticity controlling the development of conditioned defeat. There are several pieces of evidence that support a key role of the BLA in the plasticity underlying conditioned defeat. Several pharmacological manipulations including blockade of protein-synthesis, blockade of NMDA receptors, blockade of the NR2B subunit of the NMDA receptor, and blockade of brain-derived neurotrophic factor TrkB receptor in the BLA result in reduced acquisition of conditioned defeat 


(Jasnow et al., 2004, Markham and Huhman, 2008, Day et al., 2011, Taylor et al., 2011) ADDIN EN.CITE . Additionally, viral vector mediated overexpression of the transcription factor cAMP-element response binding protein (CREB) in the BLA facilitates the formation of conditioned defeat (Jasnow et al., 2005). 

Importantly, the BLA both receives input from and sends projections to the vmPFC. Anatomical studies show that retrograde tracer deposited in both the infralimbic (IL) and prelimbic (PL) subregions of the vmPFC result in heavy labeling in the BLA (Hoover and Vertes, 2007) and retrograde tracer deposited into the BLA results in labeling of the IL and PL (McDonald, 1991). Much of what is known about the functional relationship between vmPFC and BLA activity comes from fear conditioning research. Similar to conditioned defeat, the BLA plays a critical role in the plasticity underlying fear conditioning 


(Fanselow and Kim, 1994, Schafe and LeDoux, 2000, Rodrigues et al., 2001) ADDIN EN.CITE . The vmPFC has been shown to be critical in the extinction of fear memories (Morgan and LeDoux, 1995, Quirk et al., 2006). Lesions of the vmPFC (Morgan and LeDoux, 1995, Quirk et al., 2000) and inhibition of protein synthesis in the vmPFC (Santini et al., 2004) will block recall of extinction learning. Further, electrophysiological studies in rats have demonstrated that activity of the vmPFC serves to inhibit both activity and neural plasticity in the BLA (Grace and Rosenkranz, 2002). There are several mechanistic possibilities of how the glutamatergic projections from the vmPFC result in decreased BLA output, including through activation of BLA GABAergic interneurons (Grace and Rosenkranz, 2002). Alternatively, there is evidence suggesting that the vmPFC inhibits the output of BLA neurons by activating the GABAergic neurons within the intercalated cell mass of the amygdala, which regulate the communication between the BLA and CeA 


(Berretta et al., 2005, Likhtik et al., 2005) ADDIN EN.CITE . While the nature of the relationship between the vmPFC and the BLA is complex, it is clear that vmPFC-BLA connectivity is important in regulating fear and represents a possible mechanism for resistance to social defeat.

Our aim was to determine whether more BLA-projecting vmPFC neurons are activated during social defeat in dominants compared to subordinates and controls. We deposited the retrograde tracer cholera toxin B (CTB) into the BLA and labeled for CTB and defeat-induced c-Fos expression in the vmPFC. We hypothesized that dominant individuals would have a higher proportion of CTB immunopositive cells that colocalize defeat-induced c-Fos expression in the vmPFC compared to subordinates.
Experimental Procedures

Subjects

Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding colony that was originally derived from Charles River Laboratories (Wilmington, MA) stock. Subjects were 8 weeks old (120-180 g) at the start of the study. All subjects were individually housed one week prior to experimental manipulation. Older hamsters (> 6 months, >190 g) were individually housed and used as resident aggressors for social defeat training. Younger hamsters (approx. 2 months, <120 g) were housed in groups of four and used as non-aggressive intruders for conditioned defeat testing. All animals were housed in polycarbonate cages (12 cm x 27 cm x 16 cm) with corncob bedding, cotton nesting materials, and wire mesh tops. Food and water were available ad libitum. Cages were not changed for one week prior to dominant-subordinate encounters to allow individuals to scent mark their territory. Subjects were handled daily for one week prior to dominant-subordinate encounters to habituate them to the stress of human handling. Animals were housed in a temperature controlled colony room (21 ( 2 (C) and kept on a 14:10 hr light:dark cycle. All behavioral protocols were performed during the first three hours of the dark phase of their cycle. All procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee and are in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.  
Behavioral Protocols

Dominant-Subordinate Encounters


To allow animals to establish social status, subjects within each cohort were weight-matched (average difference between resident and intruder weight was ( 4.8 grams) in resident-intruder dyads and paired in daily social encounters for 14 days. Subjects were randomly assigned as a resident or intruder, and all social encounters occurred in the resident’s home cage. The encounter on day 1 was 10 min in duration, while all subsequent encounters were 5 min. We have previously determined that a 10 min encounter on day 1 facilitates the formation of a dominance relationship, and that 5 min encounters on subsequent days maintain the dominance relationship and reduce the chance of wounding 


(Morrison et al., 2011) ADDIN EN.CITE . Dominant and subordinate animals were identified by the direction of agonistic behavior within each dyad. After nine days of dominant-subordinate encounters, subjects underwent stereotaxic surgery to inject the retrograde tracer. After one day of surgical recovery, dominant-subordinate encounters resumed and continued for five days (Fig. 4.1). Daily encounters were digitally recorded for later behavioral analysis. We quantified agonistic behavior during daily encounters using the ethogram described below for social defeat training. We also included controls, which were kept group-housed until the day of surgery. Controls were individually housed and handled daily following surgery.
Social Defeat Training

Following fourteen social encounters, all dominants (N = 11) and subordinates (N = 11) experienced social defeat training (Fig. 4.1). Half of the control subjects (N = 12) also experienced social defeat training (social experience controls). Social defeat consisted of subjects being placed in the home cages of three different resident aggressors for three separate 5-min aggressive encounters. Resident aggressors are older, heavier male hamsters that have been singly housed for a prolonged period of time and display reliable aggression when faced with intruders. Subjects received a 5-min rest period in their home cage between each aggressive encounter. Dominants often fought back against the resident aggressor during the first defeat but eventually lost and did not fight back during subsequent defeats. To correct for potential variation in the amount of aggression subjects received, we defined social defeat as starting at the resident aggressor’s first attack that was accompanied by submissive behavior in a subject. Half of the control subjects (N = 10) experienced the no defeat control procedure (no defeat controls), which consisted of subjects being placed in the empty home cages of three different resident aggressors for three separate 5-min exposures. We placed no defeat controls in dirty resident aggressor cages to control for handling and olfactory cues that may alter neural activation.

We digitally recorded all social defeat training sessions and quantified the behavior of resident aggressors and subjects using Noldus Observer software (Noldus Information Technology, Wageningen, Netherlands). We quantified the total duration of the following categories of behavior: submissive/defensive (flee, avoid, upright and side defensive postures, tail-up, stretch-attend, head flag); aggressive (chase, attack including bite, upright and side offensive postures); nonagonistic social (sniff, approach); and nonsocial (locomotion, grooming, nesting, feeding). We also recorded the frequency of attacks, flees, and stretch-attend postures. All behavioral scoring was performed by a researcher blind to the experimental conditions of the subject. On a subset of videos, inter-rater reliability on the duration of submissive/defensive behavior was r = 0.55 (Cohen’s kappa), which is moderate agreement.

Retrograde Tracer Injection

To visualize the cell bodies that project to the BLA, the retrograde tracer cholera toxin B (CTB) was injected unilaterally into the BLA. Subjects were anesthetized with isoflurane and held stable in a stereotaxic apparatus. CTB was prepared as a 0.5% solution in 0.1M phosphate-buffered saline (PBS, pH = 7.4). A 1 (l, 25 gauge microsyringe (Hamilton Company, Reno, NV) loaded with CTB was lowered through a small hole in the skull based on the coordinates for the BLA (0.4 mm posterior and 3.9 mm lateral to bregma, and 7.3 mm below dura). Once the needle was in place, 30 nl of 0.5% CTB was delivered over 1 min. In order to reduce diffusion of CTB, the needle was left in place for 15 min following injection. After the needle was removed, the hole in the skull was sealed with bone wax and the skin incision was closed with gluture topical tissue adhesive (Abbott Labs, Abbott Park, IL). Animals were given one day to recover from surgery and either returned to dominant-subordinate encounters or were handled daily until social defeat training. Injection always took place 7 days prior to social defeat, as this allows for maximal transport of the tracer 


(Vercelli et al., 2000, Been and Petrulis, 2011) ADDIN EN.CITE .
Immunohistochemistry

Ninety minutes following the start of social defeat, animals were anesthetized with a cocktail of 93% sodium pentobarbital and 7% isopropyl alcohol (Sleep Away, Webster Veterinary). Then, animals were transcardially perfused with 100ml of 0.1 M PBS followed by 100ml of 4% paraformaldehyde solution. Brains were removed and soaked in 4% paraformaldehyde for 24 hours, followed by 0.1 M PBS + 30% sucrose solution for 48 hours, and then were stored in cryoprotectant, all at 4(C. A consecutive series of 30 (m coronal sections were cut submerged in 0.1 M PBS on a vibrating microtome, collected into a series of three vials per brain region, and stored as free floating sections in cryoprotectant at 4(C. The collected sections were processed for CTB + c-Fos protein or for c-Fos protein only immunohistochemistry. In order to distinguish the left and right hemisphere, a notch was cut into the cortex of the right hemisphere (non-injection side).

In order to both verify the CTB injection site in the BLA and to identify BLA-projecting cell bodies in both the vmPFC and regions near the BLA, tissue was processed for CTB and c-Fos immunoreactivity. Sections were washed five times in PBS + 0.2% Triton before each incubation, which were conducted at room temperature unless otherwise stated. Sections were incubated for 25 min in 0.3% hydrogen peroxide and methanol solution. Sections were then incubated at room temperature for 24 hr in rabbit anti-c-Fos polyclonal primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a final dilution of 1:20,000 in PBS + 0.2% Triton. Sections were incubated for 60 min in biotinylated secondary anti-rabbit IgG (Vector Laboratories, Burlingame, CA) at a final dilution of 1:200 with 0.2% Triton. Sections were then incubated in avidin-biotin-complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) with 0.2% Triton for 60 min, and the peroxidase reaction was visualized using a 15 min incubation in 3,3’-diaminobenzidine (DAB tablet, Sigma-Aldrich, St. Louis, MO) and nickel dissolved in PBS. The sections were washed five times with PBS and five times in PBS + 0.2% Triton. Sections were incubated at 4(C for 48 hr in goat anti-CTB primary antibody (List Biological Laboratories, Campbell, CA) at a final dilution of 1:70,000 in PBS + 0.2% Triton. Sections were incubated for 60 min in biotinylated secondary anti-goat IgG (Vector Laboratories, Burlingame, CA) at a final dilution of 1:200 and 0.2% Triton. Sections were then incubated in avidin-biotin-complex with 0.2% Triton for 60 min. The peroxidase reaction was visualized using a 15 min incubation in 3,3’-diaminobenzidine (DAB tablet, Sigma-Aldrich, St. Louis, MO). The sections were washed five times with PBS and 5 times with distilled H2O prior to being mounted onto glass microscope slides. After air-drying, sections were dehydrated using a series of alcohols, cleared with citrisolv and coverslipped using DPX mountant (Sigma-Aldrich, St. Louis, MO). For each brain region, the tissue from all subjects was processed simultaneously.

A second set of vmPFC tissue from the same subjects was processed for single c-Fos protein immunoreactivity. Sections were processed according to the protocol above, however the concentration of the primary antibody used was 1:10,000. 


Images of the vmPFC were captured at 10X magnification using an Olympus BX41 microscope. The number of c-Fos immunopositive cells was determined using MCID Core image analysis software (InterFocus Imaging, Cambridge, England). We quantified the number of c-Fos immunopositive cells in the prelimbic cortex (PL) and infralimbic cortex (IL). For each brain region, we recorded background immunoreactivity in unstained regions of each image. We then defined immunopositive cells as those that showed staining 1.5X darker than the specific background immunoreactivity calculated for each image. Cell counts were limited to the area within defined boxes that were tailored to the size of each brain region (Fig. 4.2). We quantified three sections per hemisphere per individual along a rostral-caudal axis for a total of six sections per individual per brain region.

CTB Site Checks


We performed immunohistochemistry on amygdala sections to analyze the size and location of CTB injection sites. Injection sites were categorized according to the subregions of the amygdala that had CTB immunoreactive cells (Fig 4.3).
Data Analysis

Data from social defeat training were analyzed with a 1-way analysis of variance (ANOVA) with social status as a between-subjects factor. The effect of social status on counter attacking the resident aggressor during the first social defeat session was analyzed using a Chi-square test. For immunohistochemical data, we performed two separate analyses. Immunohistochemical data from defeated subjects were analyzed using a 1-way ANOVA with social status as a between-subjects factor. To investigate the effect of defeat on c-Fos immunoreactivity, the immunohistochemical data from control subjects were analyzed using an independent samples t-test (social experience control vs. no defeat control). Significant main effects found in the 1-way ANOVAs were followed by Tukey’s HSD post hoc analysis. All results were considered significant when the ( level was p ( 0.05.
Results

Dominant-Subordinate Encounters


Dominance relationships were formed quickly and were stable throughout dominant-subordinate encounters. On average, a dominance relationship formed between a pair on day 1.4 (( 0.3). Subordinates displayed an elevated and consistent duration of submissive/defensive behavior during dominant-subordinate encounters compared to dominants, which never showed submissive/defensive behavior (Fig. 4.4a). Further, subordinates continued to flee from the dominant individual throughout the dominant-subordinate encounters (2.0 ( 0.5 per day). In contrast, dominants consistently displayed aggressive behaviors while subordinates were never aggressive (Fig. 4.4b). Dominant individuals attacked subordinates 3.2 (( 1.7) times per day.
Social Defeat Training


All subjects received equivalent treatment from the resident aggressors. There was no effect of social status on the total amount of aggression received from the resident aggressors (Table 4.1). Social status did affect whether subjects counter attacked the resident aggressor during the first defeat. Dominant individuals were more likely to counter attack the resident aggressor (6 out of 11 dominants) than were subordinates (1 out of 11; χ2 (1, N = 22) = 5.24, p < 0.025). Subordinates and social experience controls (2 out of 12) were equally as likely to counter attack the resident aggressor (χ2 (1, N = 23) = 0.29, p > 0.05). There was no significant difference in the number of dominants and social experience controls that counter attacked the resident aggressor (χ2 (1, N = 23) = 3.63, p = 0.056), although the difference was nearly significant.
There was an effect of social status on the total amount of submissive and defensive behavior displayed by subjects during social defeat training (F(2,31) = 5.05, p = 0.013). Subordinates displayed more submissive and defensive behavior during social defeat training than did dominants (p = 0.009). Social experience controls displayed an intermediate amount of submissive and defensive behavior that was not significantly different from the amount displayed by either dominants or subordinates (p > 0.05). 
CTB Site Checks


Injections rarely stayed within the borders of the BLA. We were able to classify injection sites into four categories: (1) CTB injection primarily in BLA; (2) CTB injection primarily in central amygdala (CeA); (3) CTB injection in both BLA and CeA; and (4) CTB injection outside of the borders of the amygdala. Type 4 injections were typically dorsal to the CeA. An example of each type of injection is shown in Fig. 4.3.

CTB + c-Fos Immunohistochemistry

Although we observed CTB positive cells in the vmPFC when injections were within the amygdala (Fig. 4.5), we were rarely able to locate significant numbers of CTB cells labeled above background. Thus, we approached the CTB labeling qualitatively. Table 4.2 presents data from four brain regions where we detected CTB labeling – vmPFC, intermediate lateral septum (LSI), agranular insular cortex (AIC), and piriform cortex (Pir). The plus symbols (+) represent the likelihood that we detected CTB immunopositive cells within that brain region for each type of injection. For all four types of injections, we found some CTB immunopositive cells in the vmPFC. We found little labeling in the LSI, AIC, and Pir if CTB was delivered dorsal to the amygdala (type 4 injection). Labeling in the Pir appears to be sensitive to whether or not CTB was deposited into the BLA, while there appears to be little difference between type 1 and type 2 injections in the LSI and AIC. However, more individuals had at least some CTB immunopositive cells in the LSI and AIC when injections spanned the border between the CeA and BLA (type 3 injections).

c-Fos Immunohistochemistry


Because the c-Fos + CTB double-labeling procedure resulted in c-Fos nuclei that were lighter than we typically find with our c-Fos single-label procedure, we analyzed the tissue for c-Fos only immunoreactivity. In both the IL and the PL, we found a main effect of defeat on the number of c-Fos immunopositive cells (Fig. 4.6). Social experience control subjects had significantly more c-Fos immunopositive cells in both the IL (t(19)= 2.188, p = 0.041) and the PL (t(19)= 2.429, p = 0.025) than did no defeat control subjects. When we analyzed defeated subjects only, there was no effect of social status on the number of c-Fos immunopositive cells in either the IL (F(1,29) = 1.55, p = 0.229) or the PL (F(1,29) = 1.38, p = 0.267).
Discussion


There were several methodological difficulties encountered in this experiment. The biggest impediment in addressing our main hypothesis was the inability to keep CTB injections within the boundaries of the BLA. For most of the injections, the majority of the CTB solution was delivered into the BLA. However, when we examined the c-Fos + CTB stained sections, we often observed additional CTB immunoreactivity in regions dorsal to the BLA. Therefore, the data limit our conclusions about cells in the vmPFC that project to the BLA/CeA complex. The second methodological difficulty we faced was an inability to obtain sufficiently dark CTB-immunopositive cell bodies. The protocol used here was based on a protocol used to label CTB in Syrian hamsters and was developed after a visit to the Petrulis lab 


(Maras and Petrulis, 2010, Been and Petrulis, 2011) ADDIN EN.CITE . Not only were the cells in our target region hard to identify, but our CTB injections in the BLA produced very different staining compared to Petrulis lab findings. We found weakly labeled CTB-positive cells at injection sites, while the Petrulis lab has reported very large, strongly labeled cells. In addition to CTB immunopositive cells being difficult to identify, the c-Fos + CTB double-labeling procedure resulted in c-Fos nuclei that were lighter than we typically find with our c-Fos single-label procedure. Altogether, these methodological issues prevent us from addressing the hypothesis that dominant individuals have an increased proportion of cells in the vmPFC that exhibit defeat-induced c-Fos immunoreactivity and project to the amygdala compared to subordinates and controls. However, we are able to report the brain regions where we observed CTB immunopositive cells, the results from c-Fos only immunohistochemistry assay, and recommendations for trouble-shooting this technique in the future.


Due to the aforementioned methodological problems, we approached the CTB labeling in the vmPFC and nearby regions qualitatively. We found significant overlap in the labeling patterns produced by the four types of injections. CTB immunoreactivity in Pir appeared to be the most sensitive to injection type, with a greater proportion of subjects displaying CTB labeling when all or part of the injection site included the BLA compared to subjects with other injection types. While injections in the BLA or CeA produced CTB labeling in the AIC and LSI in a moderate proportion of subjects, the proportion of subjects with CTB labeling was increased when injections spanned both the BLA and CeA. One explanation for the overlap in forebrain CTB labeling after different injection types is that our actual injection sites were likely larger than we were able to show using CTB immunohistochemistry. Thus, there may have been greater degree of overlap between our ‘injection types’ than we were able to detect. The differences between the injection sites we have shown and those from previous studies support this idea. In prior studies with hamsters, CTB injection sites were much larger and CTB immunoreactivity was darker than ours, despite delivering the same concentration and volume of CTB 


(Maras and Petrulis, 2010, Been and Petrulis, 2011) ADDIN EN.CITE . Thus, the CTB results presented here should be approached as preliminary and limited. 


In addition to double-labeling for c-Fos + CTB, we stained the vmPFC sections for single c-Fos immunoreactivity. When we analyzed the control subjects, we found that social defeat resulted in increased c-Fos immunoreactivity in both the IL and the PL. However, when we analyzed the defeated subjects, we did not find an effect of social status on c-Fos immunoreactivity in either the IL or the PL. While the trends were in the exact same direction as the original c-Fos finding (Morrison et al., 2012), they failed to reach significance. In both studies, dominant individuals and controls showed similar defeat-induced increases in vmPFC neural activation. However, in our previous study, only in dominant individuals did we observe resistance to conditioned defeat. While control subjects did not have an experimentally-manipulated social status experience, they were group housed prior to the experiment. It is possible that some of the control individuals would show mild forms of resistance that would be associated with increased defeat-induced vmPFC activation. As we have no data on whether control subjects were dominant in their group-housed cage, it is difficult to fully address this possibility. Additionally, the control subjects with increased defeat-induced vmPFC neural activation may be more likely to show reduced conditioned defeat behavior. However, because we cannot collect data on both defeat-induced neural activation and behavioral testing in the same subjects, this possibility is difficult to test.

In the previous c-Fos study, we found twice as many c-Fos immunopositive cells for all groups compared to the current findings. This suggests the possibility that we are not attaining maximum staining in the current experiment, as we would expect baseline c-Fos expression in non-defeated subjects to be similar across experiments. Another possibility is that the experience of being a dominant does not always produce significantly more defeat-induced neural activation in the IL and PL compared to subordinates. One difference in the current study from the former c-Fos study is that daily pairs were suspended for two days for CTB surgery. Here, subjects were exposed to isoflurane anesthesia during surgery. While this experience did not disrupt dominance relationships, it is possible that it impaired the neural plasticity that underlies differences in defeat-induced c-Fos expression. Because animals were not tested for conditioned defeat behavior in the current study, we can only speculate about the effect of CTB surgery on behavior at testing. It is possible that resistance to conditioned defeat would be disrupted in dominant individuals. Replicating the difference in defeat-induced neural activation in the vmPFC is an important consideration in future studies.


Given that delivery of a tracer via stereotaxic-assisted pressure injections is a new technique for our lab, we have several considerations and suggestions for future use. Something that would help decide what adjustments to make to the current technique is to amplify the immunohistochemical labeling of CTB. We went through several rounds of immunohistochemistry and were never able to increase the signal significantly without also greatly increasing background labeling. The current technique may be more successful if we obtained site-check histological results that were similar to what has been published. However, it is hard to think of specific suggestions, as we followed published suggestions for fixation technique (Vercelli et al., 2000) and those obtained through personal communication with researchers who have used the technique successfully. If pressure injections are to be used in the future, a more extensive study of dose of CTB and size of injection should be conducted. One problem encountered in the current study was CTB tracer leaking up the needle track. Because the needle was left in place for 15 min following CTB injection, it seems unlikely that this was just due to diffusion. The needle was preloaded with CTB, and it is possible that when the needle was lowered through the brain, CTB was leaking out of the tip of the needle. In the future, it may be useful to load the needle with CTB followed by saline, so that if any solution does leak from the tip, it will be saline and not CTB.


Another consideration is whether there are alternate retrograde tracers to be employed in future studies. While CTB has been used successfully in hamsters 


(Horowitz et al., 2005, Wood and Swann, 2005) ADDIN EN.CITE , there are many types of retrograde tracers, including biotinylated dextran amine, fluorescent microspheres (beads), and a variety of others that exhibit both retrograde and anterograde properties (Vercelli et al., 2000). We employed CTB in the current study because we were trained in tract tracing by a group that uses CTB injections, and this type of injection was easier to employ initially. Alternatively, Fluoro-Gold (FG) is a retrograde tracer that has been commonly used since its discovery in the 1980s due to its intense labeling, ability to be taken up by terminal buttons but not by fibers of passage, and relative permanence in the tissue (Schmued and Fallown, 1986). FG has been used in concert with markers of neural activation such as c-Fos to build functional circuitry in response to a variety of stressors, including restraint stress (Banihashemi et al., 2011), tail shock (Baratta et al., 2009), and chronic cold stress 


(Bhatnagar et al., 2000) ADDIN EN.CITE . Importantly, FG has been used to trace projections in Syrian hamsters 


(Rhoades et al., 1990, Sanchez-Gonzalez et al., 2003, Baeres and Moller, 2005) ADDIN EN.CITE . FG should be considered in future experiments.


While the results of this study were inconclusive, we are able to provide suggestions for future use of tract tracing in our lab. Our original hypothesis is one of great interest and should be pursued despite the difficulties reported here.
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Figure 4.1 A schematic representation of the experimental design. Dominants, subordinates, and controls received intra-BLA injection of the retrograde tracer CTB seven days prior to social defeat or no defeat. Control subjects were singly housed following CTB injection. Brains were removed 90 min following social defeat or no defeat.
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Figure 4.2 The diagram indicates the location of brain regions selected for c-Fos quantification. The diagrams were modified from the hamster atlas of Morin & Wood and values indicate the distance from bregma (Morin and Wood, 2001). The box size used for quantification of the IL and PL was 870 (m x 660 (m. 

[image: image15.png]



[image: image16.png]



Figure 4.3 a) The diagram indicates the four most common locations of CTB injection in and around the BLA. The diagrams were modified from the hamster atlas (Morin and Wood, 2001) and values indicate the distance from bregma. The box indicates the location of the pictures shown in b). b) Photomicrographs showing representative samples of the four different types of injections. 
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Figure 4.4 Agonistic behavior during daily encounters. Encounters were 10 min on day 1 and 5 min on days 2–14. a) Duration (mean ± SE) of submissive/defensive behavior displayed by subordinates (N = 11) and dominants (N = 11) during fourteen days of encounters. Dominants never displayed submissive/defensive behavior. b) Duration (mean ± SE) of aggressive behavior displayed by dominants (N = 11) and subordinates (N = 11) throughout the encounters. Subordinates never displayed aggressive behavior.
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Figure 4.5 A photomicrograph showing a c-Fos + CTB labeled section of the IL. Arrows indicate c-Fos immunopositive nuclei, while arrowheads indicate CTB immunopositive cell bodies.
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Figure 4.6 Number (mean ( SE) of c-Fos immunopositive cells in the IL and PL measured following social defeat training. An asterisk (*) indicates a significant difference between bracketed bars (p < 0.05).
Table 4.1 Total durations (mean ( SEM) of behavior during social defeat training.
	
	Dominant

(N = 11)
	Subordinate

(N = 11)
	Control

(N = 12)
	p

	Aggression Received (sec)
	353 ( 26
	369 ( 28
	426 ( 19
	ns

	Submission Produced (sec)
	654 ( 21a
	761 ( 26b
	703 ( 23a,b
	0.01


Note: Superscript letters indicate the results of the Tukey post-hoc test. Unshared letters indicate significant difference while shared letters indicate there is no difference between the groups. ns – not significant

Table 4.2 Chance that nuclei of the frontal cortex will show CTB immunoreactivity based on injection type
	
	Injection Site

	
	Type 1 – BLA

(N = 9)
	Type 2 – CeA

(N = 17)
	Type 3 – BLA + CeA

(N = 7)
	Type 4 – Other

(N = 8)

	vmPFC
	++++
	+++
	+++
	+++

	LSI
	++
	++
	++++
	+

	AIC
	++
	++
	+++
	+

	Pir
	+++
	+
	+++
	+


Note: This table represents data accumulated from all subjects for each type of injection. A plus sign (+) indicates the relative proportion of subjects that show at least one CTB immunoreactive cell. AIC – agranular insular cortex; BLA – basolateral amygdala; CeA – central amygdala; LSI – intermediate lateral septum; Pir – piriform cortex; vmPFC – ventral medial prefrontal cortex

Chapter 5

General Conclusions

Summary of Findings

The aim of this dissertation was to investigate a possible role for the ventral medial prefrontal cortex (vmPFC) in the resistance to conditioned defeat in dominant hamsters. Dominant hamsters respond to social defeat with reduced submissive and defensive behavior at testing compared to subordinates and controls, and thus have a reduced conditioned defeat response. We specifically hypothesized that defeat-induced activation of infralimbic cortex (IL) neurons that project to the BLA is necessary to confer resistance to conditioned defeat. The experiments presented here support certain aspects of that hypothesis. Dominant and subordinate individuals have different patterns of defeat-induced neural activation. Importantly, we found that dominant individuals show increased defeat-induced c-Fos immunoreactivity in the IL and reduced conditioned defeat compared to subordinates (Chapter 2). We then examined whether defeat-induced activation of the IL was necessary for resistance to conditioned defeat and found that pharmacological inactivation of the vmPFC during social defeat reverses the reduced conditioned defeat that is normally observed in dominant individuals. This suggests that activation of the vmPFC during social defeat is necessary to produce resistance to conditioned defeat in dominants (Chapter 3). While we were unable to address a role for the vmPFC-BLA pathway here, it remains an important target for future studies. Altogether, the data presented here suggest that social status modulates the behavioral consequences of social defeat, such that dominant individuals display resistance to conditioned defeat. Further, defeat-induced activation of the vmPFC is a critical component of stress resistance in dominant individuals.

Control Groups


Understanding vulnerability to stress requires establishing the appropriate control group. In each major experiment presented here, we used a different type of control group. We started with individuals that were singly-housed and exposed to a clean, empty cage each day for two weeks. In control animals, we observed dominant-like counter attacking of the resident aggressor during social defeat. Therefore, it was not completely surprising that 14-day empty cage controls showed partial resistance to conditioned defeat (Figure 2.4) and displayed a dominant-like pattern of defeat-induced neural activation (Figure 2.7). The response of the 14-day empty cage controls may be due to the prolonged isolation they experienced (over three weeks), as we know that prolonged social isolation can lead to decreased submissive behavior during conditioned defeat testing (Solomon et al., 2009) and increased aggressive behavior in the face of a novel opponent (Brain, 1972, Wise, 1974). Thus, in the experiments from Chapter 3, we switched to using a 7-day empty cage control procedure. We chose this procedure because it is more analogous to our normal conditioned defeat procedures, where subjects are singly housed and handled for 7-10 days prior to social defeat training 


(Cooper et al., 2009, Cooper and Huhman, 2010, Morrison and Cooper, 2012) ADDIN EN.CITE . This was a successful switch, as the 7-day empty cage control subjects displayed normal levels of conditioned defeat behavior (Figure 3.5). However, this procedure still involves exposing control subjects to a clean, empty cage each day for one week. During this exposure, individuals will display territorial behaviors such as scent marking. Territorial behavior may impart partial resistance to social stress, as we observed that dominant individuals displaying the same scent marking behavior. Thus, we concluded that the most appropriate control was a normal conditioned defeat subject. That is, a subject that has no experimentally manipulated social experience, including the social experience of scent marking a novel territory. In the experiments from Chapter 4, control subjects were singly-housed and handled for 7 days prior to social defeat training, without daily empty cage exposure. These social experience controls did not experience conditioned defeat testing, so we are unable to address the effect of this control on the conditioned defeat response. 


One limitation of our social experience control subjects is that they are only absent of experimentally manipulated social experience. These individuals are group-housed prior to experimental manipulation, during which time they form dominance relationships with other individuals in their cage. Thus, some control subjects may display partial conditioned defeat resistance because of their social experience prior to experimental manipulation. Another problem posed by the current control group is the inability to assess the possibility of increased vulnerability to conditioned defeat in subordinates. While subordinates to tend to have non-significant increases in conditioned defeat behavior compared to controls, it is possible that any partial resistance to conditioned defeat in control subjects could be suggesting vulnerability in subordinates where it does not truly exist. To examine more clearly what increased vulnerability to the effects of social defeat looks like, an effective control would be chronic social defeat. This type of control would also control for the chronic aggression that subordinates receive from dominants. There are limited data on the effect of chronic social defeat on the conditioned defeat response. In one experiment, hamsters were exposed to four brief social defeat experiences at two-hour intervals. At behavioral testing, the subjects displayed over 120 seconds of submissive and defensive behavior (Huhman et al., 2003), which is significantly higher than the average duration of submissive and defensive behavior we have reported in control subjects. This indicates that our current approach does not produce maximal conditioned defeat and that chronic social defeat can increase the duration of submissive and defensive behavior above what we found for control subjects. A chronic social defeat control group may be useful in the future to investigate any increased vulnerability in subordinates. 

Effects of Social Status in Non-Defeated Controls

When neural activity of non-defeated subjects was examined, we found little effect of social status on c-Fos immunoreactivity (Chapter 2). In most brain regions, c-Fos immunoreactivity was very low; however, in the lateral regions of the ventromedial hypothalamus (VMHL) we found that non-defeated subordinates had significantly higher c-Fos immunoreactivity than did non-defeated dominants. The VMHL is known to be important in the production of aggressive behavior in many species, including hamsters 


(Delville et al., 1996a, Delville et al., 1996b) ADDIN EN.CITE . Also, the production of offensive aggression is associated with increased c-Fos expression in the VMHL (Delville et al., 2000). Although we found increased c-Fos expression in non-defeated subordinates compared to non-defeated dominants and empty cage controls, c-Fos expression was generally low and the phenotype of the c-Fos immunopositive cells is unknown. In some brain regions we found effects of social status on c-Fos immunoreactivity that were similar in defeated and non-defeated subjects. Dominant individuals showed greater c-Fos expression in both the IL and vLS compared to subordinates. Also, subordinates showed greater c-Fos expression in the dLS compared to empty cage controls. In these brain regions, the effects of social status on c-Fos expression were magnified following social defeat. These data suggest that dominants and subordinates have modest differences in baseline neural activation in select brain regions and that stressful events accentuate these differences. 

Behaviorally, non-defeated subjects respond to social encounters differently based on social status. Non-defeated subordinate individuals display increased submissive and defensive behavior and less aggressive behavior when exposed to a nonaggressive intruder than do non-defeated controls. Our results are consistent with previous research showing that dominants and subordinates may differ in basal functions. In male crayfish, attaining dominance status over another crayfish results in a change in defensive behavior, such that subordinate individuals and those with no prior status will escape from an avoidant stimulus, while dominants will turn towards the stimulus and display defensive behaviors (Fujimoto et al., 2011). In the visible burrow system, subordinates show higher basal corticosterone levels compared to dominants (Blanchard et al., 1995).
Effect of Social Status on Coping with Defeat


In addition to examining a role for the vmPFC in resistance to stress, we have expanded our knowledge about the behavioral differences between dominant and subordinate hamsters. Social status is an important factor in how individuals respond to social defeat, as indexed by counter attacking and amount of submissive and defensive behavior displayed during social defeat. We found that when dominant individuals were attacked during social defeat, they initially responded by counter attacking their opponent. Additionally, dominant individuals displayed less submissive and defensive behavior throughout social defeat training than did subordinates. This display of offensive aggression in the form of counter attacking may indicate that dominants are displaying a proactive coping style, as offensive aggression is associated with proactive coping on a variety of measures in rats and mice (Koolhaas et al., 2010). In contrast, subordinate individuals never counter attack the resident aggressor, which may be more indicative of a reactive coping style. In rats, the use of a proactive coping style during social defeat results in reduced negative effects of social defeat, including decreased conditioned fear when exposed to the social defeat arena 24 hours later 


(Walker et al., 2008) ADDIN EN.CITE . This effect of social status on counter attacking was replicated in all three studies, so we conclude that these are reliable differences between dominants and subordinates.

Effect of Social Status on Defeat-Induced Neural Activation

The data presented here begin to delineate the neural circuitry that underlies resistance to conditioned defeat. In Figure 5.1, a simplified neural circuit is presented that contains both elements that were previously known to be important for the acquisition of conditioned defeat (in black) and elements that we have added based the findings presented in this dissertation (in blue). Because subordinates do not consistently show increased vulnerability to conditioned defeat, we propose that subordinate and control subjects should display similar levels of neural activation in response to social defeat (Fig. 5.1a). It has been previously shown that the basolateral amygdala (BLA) is a key site of plasticity underlying the acquisition of conditioned defeat. Both the inhibition of protein synthesis (Markham and Huhman, 2008) and blockade of brain-derived neurotrophic factor (BDNF) TrkB receptors (Taylor et al., 2011) in the BLA impair the acquisition of conditioned defeat. Further, viral vector mediated over-expression of cAMP response element binding (CREB) protein in the BLA facilitates the acquisition of conditioned defeat (Jasnow et al., 2005). Glutamatergic projection neurons extend from the BLA to the central amygdala (CeA) to mediate the expression of conditioned defeat at testing. 


In dominant individuals, we observed increased defeat-induced neural activation in regions that may directly interact with the critical neural circuitry in the BLA, such as the IL and the medial amygdala (MeA). Both the IL and MeA have been implicated in the acquisition of conditioned defeat, although in neither region is protein synthesis necessary for the development of conditioned defeat 


(Markham and Huhman, 2008, Markham et al., 2012) ADDIN EN.CITE . In dominant individuals, we observed a significantly greater defeat-induced increase in neural activation in both the IL and MeA compared to subordinates (Chapter 2). Additionally, we have shown that defeat-induced neural activation of the IL is necessary for resistance to conditioned defeat in dominant individuals (Chapter 3). We hypothesize that the increased neural activation in the IL of defeated dominants occurs in cells that project to the BLA. Because activation of the IL is known to produce a decrease in BLA activation (Grace and Rosenkranz, 2002, Likhtik et al., 2005), increased activity of this pathway may lead to decreased defeat-induced plasticity in the BLA and decreased BLA-CeA output at testing. Activation of the MeA is thought to promote the acquisition of conditioned defeat (Markham and Huhman, 2008), making the increased defeat-induced activation reported in dominant individuals difficult to interpret. Until we know the phenotype of the c-Fos positive cells in the MeA, it will be hard to integrate these findings, although one possibility is that dominants have increased c-Fos expression in GABAergic interneurons. In sum, we hypothesize that changing the balance of MeA and IL input reduces the excitatory drive on the BLA and leads to a reduced conditioned defeat response in dominants.

While we have advanced our working model of the neural circuitry underlying resistance to conditioned defeat, there are important questions remaining. First, any differences between dominants and subordinates in BLA activity during social defeat or subsequent neural plasticity are still unknown. We hypothesize that dominant individuals have decreased defeat-induced neural plasticity in the BLA. This hypothesis could be addressed by assaying markers of plasticity such as BDNF or BDNF-related genes like Arc in dominants and subordinates following social defeat. We suggest the BLA is where social status-dependent differences in defeat-induced plasticity will be found. This is because after significant efforts to discover other key sites in the development of conditioned defeat, the BLA remains the critical, if not the only, site of defeat-induced plasticity. Our focus on the BLA differentiates resistance to conditioned defeat from experience-dependent resistance to learned helplessness. The BLA is thought to be important for the expression of learned helplessness, but not the plasticity underlying the development of learned helplessness (Christianson et al., 2010). While there are similarities in the brain regions involved in the neural circuitry of conditioned defeat and learned helplessness, neural activation patterns and hypothesized locations of plasticity differ. The key node in the acquisition of learned helplessness is the dorsal raphe nucleus (DRN). While the vmPFC mediates resistance to learned helplessness, it is thought to do so by altering neural plasticity within the DRN (Maier and Watkins, 2010). In conditioned defeat, activation of serotonin neurons in the DRN is necessary for both the acquisition and expression of the conditioned defeat response (Cooper et al., 2008). Further, we have shown that social defeat decreases 5-HT1A mRNA in the DRN, indicating there is defeat-induced plasticity in the DRN (Cooper et al., 2009). However, due to the importance of the BLA in the acquisition of conditioned defeat, our current hypothesis is that IL vmPFC activity directly modulates BLA plasticity rather than DRN plasticity. Additionally, brain regions that are important for the analysis of social information, such as the MeA (Markham and Huhman, 2008), and regulation of aggressive behavior, such as the VMHL 


(Delville et al., 1996a, Delville et al., 1996b) ADDIN EN.CITE , may contribute to conditioned defeat resistance. Resistance to learned helplessness does not involve social information or social behavior, and no role has been found for brain regions such as the MeA and VMHL. In contrast, brain regions important for producing escape behavior, such as the dorsal striatum (Strong et al., 2011), are critical parts of the neural circuitry controlling resistance to learned helplessness.

There is also the issue of any neurobiological changes that occur over two weeks of dominance interactions. To date, there is little research on neural plasticity that occurs during resistance-producing experiences. In the learned helplessness model, exposure to controllable stress buffers against the effects of later uncontrollable stress which produce learned helplessness, an effect that is dependent upon the vmPFC. Injection of a protein synthesis inhibitor into the vmPFC during the controllable stressor blocks the resistance that is normally associated with prior experience of control (Amat et al., 2006). This suggests that protein synthesis-dependent plasticity in the vmPFC is necessary for resistance associated with the experience of control. It is possible that plasticity is occurring in the vmPFC during daily dominance interactions that results in a vmPFC that functions differently in response to social defeat.
Future Directions


One limitation of the current working model is the inability to address whether dominant individuals display resistance or resilience to social defeat. While the terms resistance and resiliency are used somewhat interchangeably in the literature, there is some precedence for these terms referring to two distinctly different phenomena. Individuals that display resistance may be thought of as being able to endure greater intensity stress before experiencing negative effects (Fleshner et al., 2011). If dominants were truly exhibiting resistance to stress, we might hypothesize that they do not experience social defeat as stressful as subordinates do and therefore might display a lower peak stress hormone response to social defeat compared to subordinates and controls. In contrast, resilience is characterized by an increased recovery to baseline following a stressful experience (Fleshner et al., 2011). If dominants were resilient to stress, we might hypothesize that dominants and subordinates experience social defeat similarly, but that dominant individuals recover from the stressor more quickly. The enhanced recovery may be found in the stress hormone response or the extinction of the conditioned defeat response. Possible future experiments include measuring stress hormones following both social defeat and conditioned defeat testing and examining the possibility that dominants have a more rapid extinction of the conditioned defeat response than do subordinates and controls.


A second limitation of the current working model is related to the way in which dominance relationships are established. The subjects in our model are self-selecting the direction of dominance relationships, meaning that we cannot randomly assign subjects to be either dominant or subordinate. This leaves open the possibility that dominant and subordinate animals have preexisting differences and that these differences may be responsible for the effect of social status on the conditioned defeat response. Indeed, the subjects that experience dominance encounters have prior social experience in the group-housed cages in which they are raised. Additionally, it is possible that there are genetic-based individual differences that drive individual variability in the conditioned defeat response. Future studies should examine the time course of the status-dependent changes in conditioned defeat and defeat-induced neural activation. We hypothesize that resistance to conditioned defeat is the result of experience-dependent neural plasticity occurring during two weeks of daily dominance interactions. Thus, we would expect that dominants that have experienced 1 day of dominance interactions would not show resistance to conditioned defeat or the changes in defeat-induced neural activation we have observed in dominants that have 14 days of dominance interactions. Instead, these 1 day dominants would show both similar patterns of defeat-induced neural activation and conditioned defeat as that displayed by subordinates and controls. This would support the conclusion that resistance to conditioned defeat is dependent upon two weeks of social dominance.

References

Amat J, Paul E, Zarza C, Watkins LR, Maier SF (2006), Previous experience with behavioral control over stress blocks the behavioral and dorsal raphe nucleus activating effects of later uncontrollable stress: role of the ventral medial prefrontal cortex. The Journal of Neuroscience 26:13264-13272.

Blanchard DC, Spencer RL, Weiss SM, Blanchard RJ, McEwen BS, Sakai RR (1995), Visible burrow system as a model of chronic social stress: behavioral and neuroendocrine correlates. Psychoneuroendocrinology 20:117-134.

Brain PF (1972), Effects of isolatin/grouping on endocrine function and fighting behavior in male and female golden hamsters (Mesocricetus auratus waterhouse). Behav Biol 7:349-357.

Christianson JP, Ragole T, Amat J, Greenwood BN, Strong PV, Paul ED, Fleshner M, Watkins LR, Maier SF (2010), 5-Hydroxytryptamine 2C receptors in the basolateral amygdala are invovled in the expression of anxiety after uncontrollable traumatic stress. Biological Psychiatry 67:339-345.

Cooper MA, Grober MS, Nicholas CR, Huhman KL (2009), Aggressive encounters alter the activation of serotonergic neurons and the expression of 5-HT1A mRNA in the hamster dorsal raphe nucleus. Neuroscience 161:680-690.

Cooper MA, Huhman KL (2010), Blocking corticotropin-release factor-2 receptors, but not corticotropin-releasing factor-1 receptors of glucocorticoid feedback, disrupts the development of conditioned defeat. Physiol Behav 101:527-532.

Cooper MA, McIntyre KE, Huhman KL (2008), Activation of 5-HT1A autoreceptors in the dorsal raphe nucleus reduces the behavioral consequences of social defeat. Psychoneuroendocrinology 33:1236-1247.

Delville Y, De Vries GJ, Ferris CF (2000), Neural connections of the anterior hypothalamus and agonistic behavior in golden hamsters. Brain, Behavior and Evolution 55:53-76.

Delville Y, Mansour K, Ferris CF (1996a), Serotonin blocks vasopressin-facilitated offensive aggression: interactions within the ventrolateral hypothalamus of golden hamsters. Physiol Behav 59:813-816.

Delville Y, Mansour KM, Ferris CF (1996b), Testosterone facilitates aggression by modulating vasopressin receptors in the hypothalamus. Physiol Behav 60:25-29.

Fleshner M, Maier SF, Lyons DM, Raskind MA (2011), The neurobiology of the stress-resistant brain. Stress 14:498-502.

Fujimoto S, Hirata B, Nagayama T (2011), Dominance hierarchy-dependent behavioural plasticity of crayfish avoidance reactions. J Exp Biol 214:2718-2723.

Grace AA, Rosenkranz JA (2002), Regulation of conditioned responses of basolateral amygdala neurons. Physiology & Behavior 77:489-493.

Huhman KL, Solomon MB, Janicki M, Harmon AC, Lin SM, Israel JE, Jasnow AM (2003), Conditioned defeat in male and female syrian hamsters. Hormones and Behavior 44:293-299.

Jasnow AM, Shi C, Israel JE, Davis M, Huhman KL (2005), Memory of social defeat is facilitated by cAMP response element-binding protein overexpression in the amygdala. Behavioral Neuroscience 119:1125-1130.

Koolhaas JM, de Boer SF, Coppens CM, Buwalda B (2010), Neuroendocrinology of coping styles: Towards understanding the biology of individual variation. Frontiers in Neuroendocrinology 31:307-321.

Likhtik E, Pelletier JG, Paz R, Pare D (2005), Prefrontal control of the amygdala. The Journal of Neuroscience 25:7429-7437.

Maier SF, Watkins LR (2010), Role of the medial prefrontal cortex in coping and resilience. Brain Research 1355:52-60.

Markham CM, Huhman KL (2008), Is the medial amygdala part of the neural circuit modulating conditioned defeat in Syrian hamsters? Learning and Memory 15:6-12.

Markham CM, Luckett CA, Huhman KL (2012), The medial prefrontal cortex is both necessary and sufficient for the acquisition of conditioned defeat. Neuropharmacology 62:933-939.

Morrison KE, Cooper MA (2012), A role for 5-HT1A receptors in the basolateral amygdala in the development of conditioned defeat in Syrian hamsters. Pharmacol Biochem Behav 100:592-600.

Solomon MB, Karom M, Norvelle A, Markham CA, Erwin WD, Huhman KL (2009), Gonadal hormones modulate the display of conditioned defeat in male Syrian hamsters. Hormones and Behavior 56:423-428.

Strong PV, Christianson JP, Loughridge AB, Amat J, Maier SF, Fleshner M, Greenwood BN (2011), 5-hydroxytryptamine 2C receptors in the dorsal striatum mediate stress-induced interference with negatively reinforced instrumental escape behavior. Neuroscience 197:132-144.

Taylor SL, Stanek LM, Ressler KJ, Huhman KL (2011), Differential brain-derived neurotrophic factor expression in limbic brain regions following social defeat of territorial aggression. Behavioral Neuroscience 125:911-920.

Walker FR, Hinwood M, Masters L, Deilenberg RA, Day TA (2008), Individual differences predict susceptibility to conditioned fear arising from psychosocial trauma. Journal of Psychiatric Research 42:371-383.

Wise DA (1974), Aggression in the female golden hamster: effects of reproductive state and social isolation. Hormones and Behavior 5:235-250.



Appendix D

Figure 5.1 Simplified neural circuits that depict our current working hypothesis of resistance to conditioned defeat. The circuits of a) subordinates and b) dominants include the same brain regions with different levels of defeat-induced activation. Components in black are derived from previous work, while those in blue are added based on findings from the dissertation. Dotted lines indicate less activity of a pathway compared to solid lines. Lighting bolts indicate defeat-induced activation of a brain region, where more lightning bolts indicates increased defeat-induced activation. BDNF – brain-derived neurotrophic factor; CREB – cAMP response element binding protein; GLU – glutamate
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