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Individual Differences in the Neurobiology of Social Stress: Implications 

for Depression-Cardiovascular Disease Comorbidity 
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Abstract: Stress initiates a cascade of complex neural and peripheral changes that promote healthy adaption to stress, but 

when unabated, leads to pathology. Fascinating individual differences arise in the ability to cope with a stressor, rendering 

an individual more or less likely to develop stress-induced pathologies such as depression, anxiety, and cardiovascular 

disease. In this review we evaluate recent findings that investigate the neural underpinnings of adopting a passive or active 

coping response during social defeat stress. Because passive coping is associated with vulnerability to stress-related 

pathologies and active coping confers resiliency, understanding neurobiological adaptations associated with these diverse 

coping strategies may reveal biomarkers or targets impacting stress susceptibility. The co-occurrence of stress-induced 

depression and cardiovascular disease is becoming increasingly clear. Therefore this review focuses on the central 

mechanisms capable of contributing to psychopathology and cardiovascular disease such as corticotropin releasing factor, 

neuropeptide Y, monoamines, cytokines and oxidative stress. The impetus for this review is to highlight neurobiological 

systems that warrant further evaluation for their contribution to the pathophysiology of depression-cardiovascular disease 

comorbidity. 
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INTRODUCTION 

 The inability to successfully cope with a stressor 
produces pathological changes that can lead to psychological 
disorders such as depression and anxiety as well as medical 
diseases including diabetes, irritable bowel syndrome and 
cardiovascular disease [1-3]. As such, stress imposes a hefty 
price tag costing US industries an estimated $300 billion 
annually as a result of absences, employee turnover, diminished 
productivity and medical and insurance costs [4, 5]. The 
association between stress-related psychological disorders 
and cardiovascular disease is unmistakable; depression 
significantly increases the risk of cardiac morbidity and 
mortality and cardiovascular disease also increases risk of 
depression [6-8]. It is recognized that persistent sympathetic 
activation may contribute to depression, PTSD and increased 
risk for hypertension and cardiovascular disease [9, 10], 
however the neurobiological mechanisms associated with 
comorbid psychiatric and medical disorders remain unclear. 
As such, the identification of biomarkers or mechanisms 
associated with the intersection between the mind and body 
could provide insight to the shared etiology of these disorders.  

 Stressors of a social nature are the most common type of 
stress encountered by humans, including abuse and bullying 
[11], and are implicated in the pathogenesis of depression 
and cardiovascular disease [12-14]. There is great individual  
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variability in the consequences of stress exposure, however 
the pathogenic potential of a stressor does not solely depend 
on the severity. In fact, the majority of individuals exposed 
to traumatic experiences or chronic social stress do not 
develop pathological outcomes. One feature that may be 
related to differential susceptibility to stress is the type of 
strategy used to cope with the stressor [15]. Interestingly, 
submissive personality traits or passively coping during 
chronic stress is associated with vulnerability to psycho- 
pathology [16, 17] and hypertension [18-20] while active 
coping is related to resiliency [21]. An ethologically relevant 
animal model that is useful for studying individual 
differences in susceptibility to social stress is the resident-
intruder paradigm [22, 23]. This model involves exposing a 
male rat (intruder) to the aggressive threats of a larger, 
unfamiliar male rat (resident) by placing it in the resident’s 
home cage for a short period of time [24]. Our recent work 
using the resident-intruder model highlights the association 
between passive coping and susceptibility to a depressive-
like phenotype with cardiovascular dysfunction whereas 
proactive coping confers resiliency (Fig. 1) [22, 25]. Neuro- 
transmitters, neuropeptides, oxidative stress, and pro- 
inflammatory cytokines have been linked to the acute stress 
response and long-term pathogenic consequences. In this 
review we discuss the neurobiological adaptations associated 
with the passive and active coping response to social stress. 
Importantly, we focus on neural mediators that represent 
likely targets contributing to depressive-like behaviors and 
cardiovascular pathologies. The impetus for this review is to 
highlight neurobiological systems that warrant further 
evaluation for their contribution in the pathophysiology of 
depression-cardiovascular disease comorbidity. 
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INDIVIDUAL DIFFERENCES IN STRESS COPING 
IMPACT THE CONSEQUENCES OF SOCIAL 
DEFEAT STRESS 

 As in humans, rodents exhibit individual differences in 
their reactivity and consequences to social stress. In an 
outbred population of Sprague Dawley rats we previously 
reported two distinct phenotypic responses to repeated social 
defeat using the resident-intruder paradigm [22]. One 

population exhibited passive coping behaviors and assumed 
a supine defeat posture within a short latency (termed SL). 
The other phenotype developed proactive coping behaviors 
as early as the third exposure to social defeat, indicated by 
upright postures and a resistance to display the supine defeat 
posture, resulting in a longer latency (LL). The passive SL 
phenotype was characterized by enhanced neuroendocrine 
activity, depressive-like behavior, and reduced resting heart 
rate variability (HRV) while the LL phenotype remained 

Fig. (1). Distinct consequences of passive and active coping during social defeat stress. Based on studies from our lab and others we 

postulate that rats characterized by a passive coping strategy (A) exhibit neurobiological adaptations leading to stress vulnerability and 

include increases in the CRF, noradrenergic, proinflammatory cytokine and oxidative stress systems. These stress-induced changes within the 

brain lead to reductions in heart rate variability (HRV), increased cardiac hypertrophy, and translate to a depressive-like phenotype. 

Alternatively, actively coping during social stress (B) leads to a distinct sequence of adaptions; stress results in reductions in the CRF and NE 

systems within the brain. Additionally, neuroinflammation and oxidative stress (ROS) is reduced and NPY and serotonergic systems are 

enhanced. These central changes promote resilience in the face of adversity and may prevent decreases in HRV and the development of 

depressive-like behaviors. 
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generally resistant to these changes [22, 25]. Others have 
reported that one exposure to social defeat in singly housed 
rats produces a depressive-like state and cardiovascular 
alterations evident for weeks following stress exposure, 
however individual differences were not assessed [26]. In a 
related study, intruders adopting a proactive response to 
social stress (countering the resident’s attacks) displayed 
smaller and shorter lasting disturbances of circadian heart 
rate rhythmicity following social stress compared to rats that 
adopted a more passive response [27]. These studies 
emphasize how a variation in coping response impacts the 
consequences of social stress, and highlight the association 
between passive stress coping and vulnerability to depressive-
like behaviors and increased cardiovascular disease risk. 

 Different coping styles are not only characterized by 
separate behavioral responses to stress, but also a distinct 
neuroendocrine and physiological response. We recently 
reported that SL defeated rats exhibit exaggerated 
hypothalamic-pituitary-adrenal axis (HPA) reactivity during 
repeated social defeat as compared with the proactive LL 
rats, and an exaggerated HPA response to a novel stressor 
[22]. In support of our findings, another group compared the 
effect of a single social defeat on the neuroendocrine 
response and found a negative association between defensive 
guarding behaviors during defeat and corticosterone release 
[28]. Greater HPA activation observed in the passive coping 
rats likely promotes the consequence of endocrine dysfunction 
observed in the SL phenotype.  

 Distinct autonomic responses to stress are also related to 
differing coping styles; high sympathetic reactivity (ie. 
increased plasma NE, tachycardia and increased blood 
pressure) is associated with active coping responses while 
passive coping is associated with heightened parasympathetic 
responses during stress [29]. Despite this association, we 
identified exaggerated reductions in resting heart rate 
variability (HRV) in the passive SL rats 24-48 hours after 
repeated social stress. These data indicate that the stress 
susceptible SL phenotype exhibits exaggerated sympathetic 
and/or reduced parasympathetic activity under resting 
conditions [25]. Akin to our work, a study in which rats were 
classified as passive or active copers prior to chronic 
intermittent stress reported the association between passive 
coping and hypertension [30]. In contrast, dominant “active 
coping” rats living within a colony were reported to be 
vulnerable to persistent hypertension while the submissive 
rats were normotensive [31]. Studying submissive and 
dominant rats in an established colony greatly differs from 
intermittent social defeat stress whereby a rat is removed 
from its home cage and reintroduced into the home territory 
of a larger aggressive rat and is likely the cause of these 
discrepant results. Despite reports that passive-coping rats 
would exhibit less sympathetic activation during stress, our 
studies and others reveal exaggerated resting sympathetic 
activation as a consequence of passive stress coping. 
Therefore, in this case the physiological response during 
stress does not appear to directly contribute to the autonomic 
consequences. Alternatively, adaptations within the brain 
that are related to passive coping and central to depression 
and cardiovascular disease may shed light on the etiology of 

passive coping predisposing to elevated sympathetic activity 
and resulting depression-cardiovascular disease comorbidity. 

CORTICOTROPIN RELEASING FACTOR (CRF) 
AND NEUROPEPTIDE Y (NPY) 

 Exposure to a challenge or “stressor” initiates a cascade 
of complex neural and peripheral mediators that comprise 
the stress response. The neuropeptide CRF is considered the 
hallmark of the stress response and is directly involved in 
stress-related emotionality [32, 33]. In extrahypothalamic 
regions of the brain such as the amygdala and locus 
coeruleus (LC), CRF receptor activation results in autonomic 
and behavioral features of the stress response [9, 34-36]. 
Like many elements of the stress response CRF is capable of 
promoting healthy adaptation to stress [32], but when 
unabated it may lead to pathology. Overproduction of CRF 
as evidenced by increased CRF in cerebrospinal fluid, 
increased immunoreactivity in the paraventricular nucleus 
(PVN), and the dorsal raphe (DR) have been associated with 
depressive disorders [37-39]. Given its widespread effects, 
exaggerated CRF activation in the brain is capable of 
contributing to the behavioral, neuroendocrine and cardio- 
vascular effects associated with depression-cardiovascular 
disease comorbidity. CRF has previously been linked to 
social defeat-induced cocaine “binge”, linking the CRF 
system with stress-induced drug abuse [40]. Consistent with 
findings of increased CSF levels of CRF linked to major 
depression in humans [41] evidence of HPA axis 
hyperactivity and exaggerated CRF release was identified in 
the passive SL phenotype [22]. To test the notion that CRF 
contributes to social stress-induced depression-cardiovas- 
cular disease comorbidity, we treated rats with the centrally 
acting CRF1 antagonist NBI-30775 [25]. CRF1 blockade 
shifted rats towards exhibiting the LL resilient phenotype; 
upright postures and defeat latencies were increased, 
behavioral despair in the forced swim test was inhibited, and 
neuroendocrine and cardiovascular consequences of social 
defeat were prevented by NBI-30775 treatment [25]. These 
results underscore the role of CRF in the development of 
stress-induced depression-cardiovascular disease comorbidity. 

 Neuropeptide Y is also widely distributed and expressed 
in brain regions rich with CRF such as the LC [42], PVN 
[43], and the amygdala [44] and is reported to oppose the 
effects of CRF [45, 46]. For example, CRF serves as  
an excitatory neurotransmitter in the LC [47] while NPY 
reduces the firing of noradrenergic neurons in the LC [48]. 
Evidence of elevated LC activity has been linked to 
depression [49, 50] and therefore NPY in the LC may 
promote stress resilience. The anti-stress effect of NPY, 
however, is not unique to the LC; decreased NPY was 
observed in the amygdala, hippocampus and periaqueductal 
gray of rats that were vulnerable to a predator-scent  
stress paradigm compared with the resilient phenotype [51]. 
Amygdalar NPY has also been shown to produce an 
anxiolytic effect in rodents [52]. Moreover, low levels of 
NPY are reported in PTSD patients [53]. Importantly, NPY 
also has hemodynamic effects; in contrast to CRF central 
administration of NPY lowers blood pressure and heart rate 
during social defeat in rats [54]. Along these lines, high 
levels of NPY were observed in highly resilient special  
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operations soldiers [55]. In these individuals robust increases 
in NE are regulated by equally robust increases in NPY. 
Therefore converging lines of evidence implicate NPY in the 
psychobiology of resilience to stress-induced depression and 
cardiovascular disease comorbidity.  

CRF REGULATION OF MONOAMINES: NOREPINE- 
PHRINE AND SEROTONIN 

 The LC-NE pathway is a major stress reactive system 
that is implicated in depressive disorders [49, 50]. As such, 
alterations in this CRF sensitive brain region may contribute 
to susceptibility to stress-induced pathologies. In a recent 
study from our group, the enduring impact of repeated social 
stress on LC neuronal activity in awake, behaving rats was 
characterized [56]. Forty-eight hours after a 5th exposure to 
social stress, LC spontaneous discharge rate was decreased 
in the LL, resilient phenotype. Although rats from which LC 
recordings were obtained were only characterized by the LL 
phenotype, this study also identified stress-related receptor 
changes within the LC of the passive (SL) and active coping 
(LL) phenotypes. We concluded that decreased spontaneous 
LC neuronal activity in the LL phenotype was related to 
increased activation of mu opioid receptors (MOR), 
responsible for an inhibitory tone within the LC [57-59] and 
down-regulation of CRF1 [56]. Receptor trafficking in the SL 
phenotype was distinct from LL rats and was characterized 
by greater CRF1 localized in the cytoplasm, with no change 
in MOR. These results highlight distinct stress-induced 
changes within the LC-NE system that are related to stress 
susceptible and resilient phenotypes. Furthermore, these data 
emphasize a reduction in LC activity associated with a 
phenotype previously found to be resistant to depressive-like 
consequences [22], and is consistent with reports that 
antidepressant treatment reduces LC-NE activity [60, 61]. 
Although studies identifying the role of LC-NE activation on 
the peripheral sympathetic nervous system are equivocal, 
there is support for increased LC neuronal activity to result 
in a parallel increase in heart rate and blood pressure [62, 
63]. Interestingly, the distinct stress-induced adaptations in 
the LC-NE system in the LL phenotype could not only 
contribute to decreased susceptibility to a depressive 
phenotype, but also serve as cardioprotective. 

 CRF also influences the serotonin (5-HT) containing DR 
[64], another monoaminergic system linked to depressive 
disorders. Unlike the LC where only CRF1 receptors are 
present, the DR contains both CRF1 and CRF2 receptor 
subtypes [65] that have opposing effects on 5-HT neuronal 
activity. At low doses CRF preferentially binds CRF1,
which increases gamma-aminobutyric acid (GABA)-ergic 
inhibition of DR-5-HT neurons and decreases extracellular 
levels of 5-HT in forebrain and limbic targets [66-68]. At 
higher doses, CRF binds to CRF2 and excites 5-HT neurons, 
thereby increasing extracellular 5-HT in forebrain and limbic 
targets [65-72]. Importantly, the distribution of CRF 
receptors within the DR-5-HT system is influenced by prior 
stress exposure [65]. Recent reports from our lab reveal 
recruitment of different CRF receptor subtypes in the SL and 
LL phenotypes, leading to qualitatively different cellular 
responses to CRF and ultimately divergent consequences 
[73]. In response to repeated social defeat stress, only active 
coping rats exhibited dynamic adaptations within the DR. In 

these rats, social stress promoted a shift from CRF1 located 
predominantly on the plasma membrane, as is observed in 
controls and SL rats, to recruitment of CRF2 to the cell 
surface [73]. This cellular adaptation in LL rats promoted 
CRF-induced 5-HT neuronal firing [73], promoting the 
release of extracellular 5-HT in DR targets [67, 69]. 
Alternatively, a lack of adaptation in the SL phenotype 
resulted in CRF-induced 5-HT neuronal inhibition, likely 
resulting in decreased serotonin release in DR targets. 
Together with reports of decreased 5-HT function in 
depressed patients including decreased levels of 5-HT and its 
metabolites in CSF and brain tissue [74, 75], these studies 
indicate that adaptations within the CRF system in the DR 
may protect against a hyposerotonergic state, thereby promoting 
resilience. Furthermore, central 5-HT has extensive cardio- 
vascular effects [76]. As a result, eliciting dynamic 
adaptations within the central serotonergic system may 
impact susceptibility to a depression-cardiovascular disease 
state. 

OXIDATIVE STRESS AND PROINFLAMMATORY 
CYTOKINES 

 Induction of oxidative stress in the brain is reported to 
produce anxiety- [77-79] and depressive-like [80, 81] 
responses in rodents. Importantly, induction of oxidative 
stress in the brain is also associated with hypertension [77]. 
Recently, the impact of social stress on biomarkers of 
oxidative stress within the brain was reported [81]. While 
individual differences in the behavioral coping response to 
social stress was not studied, increased levels of anhedonia 
within the social stressed group corresponded to reduced 
antioxidant defense and greater oxidative stress [81]. Thus, 
social stress elicits depressive-like behaviors that are 
positively correlated with the extent of oxidative stress 
occurring in the brain.  

 Inflammation has long been recognized as contributing to 
cardiovascular disease and recent evidence implicates 
inflammatory factors in the pathogenesis of depression. 
Patients suffering from depression exhibit increased levels of 
the proinflammatory cytokine IL-6 at rest and greater social 
stress-induced IL-6 levels, which are normalized following 
antidepressant therapy [82-84]. Interestingly, people 
displaying fewer active coping behaviors exhibit greater 
immune (IL-6) response to stress [85]. Preclinical data also 
support the role of inflammation in depressive-like behaviors; 
IL-6 knockout mice demonstrate decreased depressive-like 
behaviors [86]. Social defeat has been reported to increase 
the proinflammatory cytokine IL-6 within the hippocampus, 
however individual differences related to coping or 
vulnerability has not been evaluated. Alternatively, a study 
of chronic psychosocial stress in mice reported decreased IL-
1� and TNF-� in the hippocampus [87]. Despite these 
equivocal reports, a growing, yet still poorly understood 
body of evidence points towards neuroinflammation in the 
psychopathology of stress-related disorders [88-90]. Given 
the association between social stress-induced accumulation 
of reactive oxygen species (ROS), neuroinflammation, 
depression, and hypertension a synergistic relationship 
between oxidative stress and inflammation may likely 
contribute to depression-cardiovascular disease comorbidity 
and warrants further investigation.  
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 This review highlights several cellular adaptations that 
occur in response to social defeat stress illustrating that the 
same stressor can evoke divergent consequences promoting 
resilience in one individual and vulnerability in another  
(Fig. 1). Studying distinct neurobiological adaptations that 
occur in response to passive or active stress coping may 
illuminate the pathophysiology of vulnerability and 
resiliency to social stress. Moreover, by focusing this review 
on the central mechanisms capable of contributing to 
psychiatric disorders and cardiovascular activity, we have 
highlighted neurobiological systems that may underlie the 
pathophysiology of the comorbidity between depression and 
cardiovascular disease. A thorough characterization of these 
neurobiological mediators using a social stress model that 
independently characterizes susceptibility will be an 
important advance in predicting and treating stress-induced 
depression and cardiovascular disease comorbidity.  
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