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Abstract

A bidirectional association between mood disorders and cardiovascular disease has been
described; however, the neurobiological mechanisms that underlie this link have not been fully
elucidated. The purpose of this review is first to describe some of the important behavioral
neurobiological processes that are common to both mood and cardiovascular disorders. Second,
this review focuses on the value of conducting research with animal models (primarily rodents) to
investigate potential behavioral, physiological, and neural processes involved in the association of
mood disorders and cardiovascular disease. In combination with findings from human research,
the study of mechanisms underlying mood and cardiovascular regulation using animal models will
enhance our understanding of the association of depression and cardiovascular disease, and can
promote the development of novel interventions for individuals with these comorbid conditions.
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Emotion and the Cardiovascular System: An Important Public Health
Concern

The purpose of this article is to discuss the association between emotion and cardiovascular
regulation, focusing on the value of utilizing animal models to investigate neurobiological
mechanisms. A specific example of this association is the link between depression and
cardiovascular disease (CVD). This link is bidirectional, such that dysfunction of the
cardiovascular system has a significant influence on mood; and negative mood has a
significant influence on cardiac morbidity and mortality (Barefoot & Schroll, 1996; Carney
& Freedland, 2003; Frasure-Smith et al., 1995; Freedland et al., 2003; Glassman, 2007;
Penninx et al., 2001; Van der Kooy et al., 2007). This link is an important public health
concern. For example, CVD and depression are two of the most detrimental health
conditions in developed countries (Mathers & Loncar, 2005). The association of these
conditions is observed in individuals both with and without a history of cardiac problems,
and is independent of traditional cardiovascular risk factors such as hypertension, high
cholesterol, and family history (Carney & Freedland, 2003; Frasure-Smith & Lésperance,
2003; Penninx et al., 2001; Wulsin & Singal, 2003).
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Many theories have been postulated to explain the association between mood and CVD (de
Jonge et al., 2010; Evans & Charney, 2004; Freedland et al., 2006; Glassman, 2007; Steptoe
& Whitehead, 2005), however our current understanding of this link is limited. Several
barriers prevent the development of comprehensive theories to describe the mechanisms of
interaction between emotion and cardiovascular regulation. Challenges to our understanding
originate in part from the lack of useful “biological markers” of emotion-related disorders
(see Mossner et al., 2007), coupled with the limited number of experimental investigations
of biopsychosocial processes underlying these conditions. Therefore, in combination with
studies involving human samples, integrative research that employs valid and reliable
animal models will improve our understanding of mechanisms that influence the association
of emotion and cardiovascular function.

The Value of Animal Models for the Study of Emotion and Cardiovascular

Function

Research that utilizes animal model systems offers several novel advantages for the study of
mood and cardiovascular function. This approach allows for a high level of experimental
control, integrative methods and analyses, and the potential for studying causal
neurobiological and behavioral mechanisms. A focus on animal disease models that have
translational relevance to humans, along with using validated methodological procedures,
will allow for studies of common and causal mechanisms involved in regulating emotion
and the cardiovascular system. Strategies that emphasize core behavioral and
neurobiological features of emotion-regulation disorders and CVDs will contribute
significant insights, especially when these features are carefully defined, observed,
quantified, and systematically investigated.

Several animal models of mood disorders have been developed and validated (Anisman &
Matheson, 2005; Cryan & Slattery, 2007; Frazer & Morilak, 2005; Matthews et al., 2005;
Willner, 2005). These models have proven to be very useful for the study of neurobiological
and behavioral correlates of mood disorders. For instance, non-human primate models
involving cynomolgus monkeys have focused on vascular responsiveness, neurotransmitter
functions, and social behaviors in the context of depression and/or CVD (Hamm Jr. et al.,
1983; Shively & Bethea, 2004). Rodent models such as learned helplessness (Maier &
Watkins, 2005; Seligman, 1974), exposure to chronic unpredictable stressors (Katz, 1982;
Willner, 2005), and behavioral despair (Cryan et al., 2005; Porsolt et al., 1977) have focused
on behavioral and physiological consequences of depression, mechanisms of antidepressant
treatments, and potential etiological factors in mood disorders. Newer models in rodents
have investigated the role of the social environment in mediating affective signs and
autonomic function (Bartolomucci et al., 2003; Grippo et al., 2007b; Sgoifo et al., 2001).

To highlight the value of animal models, the following sections will explore the substantive
contributions from animal research regarding several mechanisms that may underlie
negative mood and CVD. The following mechanisms will be addressed here, including a
focus on evidence derived from both human and non-human animal studies: (1) interactions
of stress and the autonomic nervous system; (2) social stress and the disruption of social
bonds; (3) interactions of the endocrine and immune systems; and (4) dysfunction of central
nervous system processes. In addition, the sections below will highlight three specific rodent
models that have contributed to our understanding of behavioral, physiological, and neural
mediators of mood and cardiovascular function, including: (1) the chronic mild stress model
of depression; (2) a model of experimental heart disease (heart failure); and (3) a model of
disrupted social bonds.
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Stress and the Autonomic Nervous System

Interactions of Environmental Stressors and Autonomic Regulation of the Heart

An exaggerated response to stressors influences the development and maintenance of mood
disorders and CVDs. The presence of chronic, unpredictable, or uncontrollable stressors
may play an important role in the development of depressive signs and symptoms (Anisman
& Matheson, 2005) and cardiovascular dysregulation (Sgoifo et al., 2001), as it is difficult
for an organism to adapt to these stressors. Exposure to uncontrollable stressors contributes
to CVD and its antecedent risk factors, such as hypertension, changes in vascular resistance,
endothelial dysfunction, and ventricular arrhythmias, among others (Bairey Merz et al.,
2002; Johnson & Anderson, 1990; Sanders & Lawler, 1992; Schwartz et al., 2003). The
predisposing influence of environmental stressors on depression has been reviewed in detail
elsewhere; several lines of evidence indicate that uncontrollable and unpredictable stressors
are associated with depressive syndromes in humans and depression-like behaviors in
animal models (Anisman & Matheson, 2005; Monroe & Harkness, 2005; Swaab et al.,
2005).

A physiological mechanism by which stress interacts with both mood and cardiovascular
function is through the autonomic nervous system. Depressive disorders are characterized by
changes in autonomic function, including activation of the sympathetic nervous system,
withdrawal of parasympathetic regulation the heart, elevated heart rate, and reduced heart
rate variability (i.e., rhythmic changes in heart rate to adjust to beat-by-beat perturbations to
the cardiovascular system) (Barton et al., 2007; Carney et al., 1995; Krittayaphong et al.,
1997; Pitzalis et al., 2001; Watkins & Grossman, 1999). These autonomic changes are
associated with cardiovascular risk factors such as hypertension, increased body mass index,
and increased blood glucose, and have been observed in both acute and chronic
cardiovascular conditions (Carney et al., 1993; Esler & Kaye, 2000; Kannel et al., 1987;
Kristal-Boneh et al., 1995; La Rovere et al., 1998). Therefore, depression may influence
directly the development and/or progression of CVD via effects on autonomic imbalance,
cardiac rate or rhythm disturbances, or electrical instability. Through feedback to the brain,
these changes may influence endocrine and immune function, as well as behavior, leading to
additional changes at the level of the cardiovascular system to perpetuate the disease
process.

The Utility of Animal Models for Investigating Stress and the Autonomic Nervous System

The precise autonomic and cardiac changes associated with depressive disorders are not well
characterized and have yielded some inconsistent results (Barton et al., 2007; Watkins et al.,
2002). Therefore, examining cardiovascular and other physiological consequences in the
chronic mild stress (CMS) rodent model of depression is useful for gaining insight into
mechanisms involved in cardiovascular dysregulation associated with depression. The CMS
model involves exposing rodents to a chronic period of unpredictable, mild stressors, such as
strobe light, ambient noise, or damp bedding. These mild — yet unpredictable and
uncontrollable — stressors are considered to realistically mimic daily hassles that humans
experience. Initial studies with this model have been useful for examining behavioral
changes in depression as well as the efficacy of antidepressant treatments (Katz, 1982;
Willner et al., 1987; Willner et al., 1994). The validity and reliability of CMS as a model of
depression have been described in detail previously (Willner, 1997; Willner, 2005).

In a series of studies focusing specifically on autonomic and cardiovascular consequences
associated with depression, male rats were exposed to 4 weeks of CMS, which included the
following brief stressors (see Figure 1 for an example CMS paradigm): continuous overnight
lighting; paired housing; a tilted cage; damp bedding; white noise; strobe light; and
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overnight water deprivation followed by exposure to an empty water bottle (Grippo et al.,
2002; Grippo et al., 2003a; Grippo et al., 2006). The combination of these stressors produces
behavioral changes consistent with depressive syndromes, including anhedonia, which is the
reduced responsiveness to pleasurable experiences (reduced intake of a sucrose solution),
and reduced physical activity (reduced spontaneous activity in a running wheel). Coupled
with these behavioral changes, CMS produces several cardiovascular alterations consistent
with CVD, including elevated resting heart rate, reduced heart rate variability, and
exaggerated responsiveness to stressors (Grippo et al., 2002; Grippo et al., 2003a).

While the behavioral changes associated with CMS recover within a few weeks following
cessation of the stressors, the cardiovascular disruptions do not recover at the same rate. For
example, at a time point when anhedonia and reduced activity are no longer observable after
cessation of the CMS paradigm, animals continue to display an increase in resting heart rate,
a decrease in heart rate variability, and exaggerated cardiac reactivity to stress (Grippo et al.,
2003a). These findings suggest that simple remediation of the depressive signs is not
associated with alleviation of the underlying cardiovascular pathophysiology. Consistent
with these findings are those from Carney et al. (2000), suggesting that pharmacotherapy or
psychotherapy for depression may partially improve heart rate and heart rate variability, but
may not be sufficient to repair cardiovascular status to baseline levels.

Given these previous findings, it is important to gain a greater comprehension of the specific
mechanisms of cardiovascular changes associated with negative mood, to aid in the
development of more effective treatments for patients with depression and CVD. Studies
with the CMS model have implicated the sympathetic nervous system as an important
mechanism. Selective blockade of sympathetic inputs to the heart with a drug (propranolol
hydrochloride) indicates that sympathetic drive is elevated in rats exposed to CMS, similar
to the excess sympathetic drive observed in patients with CVD (Grippo et al., 2002; Grippo
et al., 2003a). In addition, CMS is associated with an increased vulnerability to ventricular
arrhythmias when the cardiovascular system is challenged with a pro-arrhythmic drug
(aconitine) (Grippo et al., 2004). Depression may therefore be associated with exaggerated
sympathetic drive to the heart and ventricular electrical instability, which in turn influences
cardiovascular function and disease outcomes. These results are especially significant when
considered in the context of findings from human populations. For example, patients with
both CVD and depression have a higher prevalence of ventricular arrhythmias, compared
with patients that are not experiencing depression (Carney et al., 1993). Similarly, following
myocardial infarction (e.g., “heart attack”) patients are at a greater risk of mortality if they
have a combination of ventricular arrhythmias and high depressive symptomatology, relative
to patients with fewer arrhythmias or those with a lower depression score (Frasure-Smith et
al., 1995).

Social Stress and the Disruption of Social Bonds

Mechanisms Linking Social Stress, Depression, and Heart Disease

The association of mood and cardiovascular disorders may be modulated by specific
reactions to social stressors, including social isolation or the lack of positive social
interactions. The social environment clearly is an important factor in the daily lives of
humans and other social mammals. Research from human participants suggests that the
disruption of social bonds and perceived loneliness are associated with maladaptive grief,
mood disorders, and autonomic imbalance, as well as dysfunctional interactions among
these variables (Berkman et al., 2004; Cacioppo et al., 2002; Cacioppo & Hawkley, 2003;
Steptoe et al., 2004; Thurston & Kubzansky, 2009). Individuals with smaller social networks
(e.g., being unmarried, having fewer close friends, or having fewer associations with
community organizations) have shown increased depressive symptomatology (Rutledge et
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al., 2008). Further, social isolation and fewer social connections also are associated with
several cardiovascular risk factors, including coronary artery calcification, increased blood
glucose levels, hypertension, and diabetes; and are linked to an increased risk of
cardiovascular mortality in both men and women (Eng et al., 2002; Kaplan et al., 1988; Kop
et al., 2005; Ramsay et al., 2008; Rutledge et al., 2004; Rutledge et al., 2008).

The Utility of Animal Models for Investigating Social Stress and the Disruption of Social

Bonds

Experimental investigations with animal models indicate that alterations in the social
environment produce several negative behavioral and physiological changes consistent with
depression and CVD (Bosch et al., 2009; Grippo et al., 2007b; Shively et al., 2002; Shively
et al., 2009). For instance, Shively and colleagues have observed behavioral signs of
depression, increased heart rate, and atherosclerotic plaques in female cynomolgus monkeys
when they are the subordinate members of a social hierarchy (Shively et al., 2002; Shively et
al., 2009).

In addition to findings from primates, altered behaviors and autonomic dysfunction have
been observed in rodent studies involving social isolation (Grippo et al., 2007b). To
investigate the mechanisms by which negative social experiences influence mood and
cardiovascular regulation, studies have focused on a specific social rodent species, the
prairie vole. Similar to primates, prairie voles are highly dependent on social interactions for
the regulation of behavior, endocrine, and autonomic function. These animals are considered
socially monogamous and cooperative breeders, sharing with humans the capacity to form
social bonds, develop extended families, and engage in bi-parental care (Carter et al., 1995;
Carter & Keverne, 2002; Getz et al., 1981). A focus on the causes and consequences of
sociality in this species offers a powerful model for studying the mechanisms through which
both negative and positive social experiences influence behavior, emotion, and
cardiovascular regulation.

Recent research employing prairie voles has focused on the behavioral, cardiovascular, and
neurobiological consequences of long-term social isolation from their family members
(versus pairing with a sibling). Chronic social isolation from a sibling induces behaviors
relevant to depression in this species, consistent with behavioral changes observed in the
CMS model of depression (as discussed above) and those described in human depression
(American Psychiatric Association, 2000). For example, 4 weeks of social isolation in
female prairie voles leads to the reduced consumption of a sucrose solution (anhedonia), and
also produces defective coping strategies in a forced swimming stressor (increased
immobility; learned helplessness) (Grippo et al., 2007b; Grippo et al., 2008). Similar
behavioral changes in the forced swimming stressor have been observed in male prairie
voles that have been temporarily separated from a female partner (Bosch et al., 2009).

Social isolation in female prairie voles also induces progressive cardiac disturbances,
including increased heart rate, reduced heart rate variability, and increased cardiac
arrhythmias (Grippo et al., 2007b; Grippo et al., 2010). For example, when prairie voles are
exposed to a brief social crowding stressor, which involves placing the animal into a small
cage with 5 strangers for 10 minutes, animals that had previously been socially isolated are
more likely to experience an exaggerated heart rate response and arrhythmias versus animals
that had previously been paired with a sibling (Grippo et al., 2010). These autonomic
disturbances suggest that alterations of the social environment may have a profound
influence on the ability of the autonomic nervous system to cope with stressors. This, in
turn, can influence the progression of CVD.
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Further studies with this model have shown that several cardiac changes are mediated by a
withdrawal of parasympathetic tone, which may be responsible for cardiovascular morbidity
and mortality associated with social isolation. This has been demonstrated by an attenuation
of cardiac responsiveness to a drug that antagonizes parasympathetic receptors on the heart
(atropine methyl nitrate), along with a reduction in respiratory sinus arrhythmia, which is a
measure of heart rate variability that represents parasympathetic control of the heart (Grippo
et al., 2007b). This withdrawal of parasympathetic tone contributes to autonomic imbalance,
thereby exerting undue strain on the heart and producing changes in cardiac rate and
rhythms.

Endocrine and Immune Interactions

Mechanisms of Endocrine and Immune System Interactions

The endocrine and immune systems are dysfunctional both in mood disorders and in CVD.
These systems interact with the autonomic nervous system, and are directly and indirectly
affected by stressors. Several components of the hypothalamic-pituitary-adrenal (HPA) axis
— which is a primary stress-responsive system in the body — are disrupted in depressed
patients. For example, depression has been associated with: alterations of corticotropin-
releasing factor (CRF), which is released from the hypothalamus when an organism is
exposed to a stressor; increases in adrenocorticotropic hormone (ACTH) or cortisol, which
contribute to activation of the sympathetic nervous system; and impaired negative feedback
between the HPA axis and the brain (Carroll et al., 1976; Maes et al., 1998; Raadsheer et al.,
1995; Weber et al., 2000). Similar changes, reviewed elsewhere, have been observed in
animal models of depression (Froger et al., 2004; Grippo et al., 2005b; Grippo et al., 2005a;
Maier & Watkins, 2005). Over-activation of the HPA axis in depression therefore produces
increased stress on the heart and vasculature, contributing to the pathogenesis of CVD.

The endocrine system interacts with the immune system both in the brain and the peripheral
nervous system. Several lines of evidence indicate that depressive disorders are correlated
with immune dysregulation (Connor & Leonard, 1998; Dantzer, 2006; Dunn et al., 2005;
Hawkley et al., 2007; Kronfol, 2002; Maes, 1995; Pollak & Yirmiya, 2002; Zorrilla et al.,
2001). The macrophage theory of depression (Smith, 1991) suggests that excessive secretion
of immune chemicals that promote inflammation, such as cytokines and interferons,
contribute to the pathophysiology of depression. For instance, when these substances are
administered experimentally to humans, they induce depressive signs such as fatigue,
irritability, and anorexia (Cunningham Jr. & De Souza, 1993; Niiranen et al., 1988; Spriggs
et al., 1988). Also, inflammation in animals is associated with “sickness behavior” (e.g.,
fatigue, anhedonia, anorexia, and reduced social interactions), which is linked to the
syndrome of depression (Dantzer et al., 1998; Dantzer, 2006; De La Garza Il, 2005; Wichers
& Maes, 2002).

Activation of the immune system is associated with specific cardiovascular disorders. Pro-
inflammatory cytokines are released into the systemic circulation in the context of
myocardial infarction (Das, 2000). These have adverse effects on the heart and circulation
(Ferrari, 1999; Francis et al., 2004; Kapadia et al., 1998), and may act on the brain to
produce signs and symptoms of depression, sickness behavior, and endocrine dysregulation.
Peripheral inflammatory chemicals also act on the brain to regulate the functions of CRF
and ACTH (Cassidy & O’Keane, 2000; Dunn et al., 1999), which further influences the
HPA axis response to stressors, increases sympathetic drive to the heart, and creates a
vicious cycle of dysfunction.
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The Utility of Animal Models for Investigating Endocrine and Immune Interactions

Given the bidirectional nature of the association of mood and cardiovascular function, it is
useful to study the emotional consequences of CVD using an animal model. Recent studies
have focused on the behavioral sign of anhedonia in an experimental model of congestive
heart failure in rats. In this model, the blood supply to the heart is restricted, causing damage
(e.g., myocardial infarction, or “heart attack”™). The resulting changes in the autonomic,
endocrine, and immune systems mirror the syndrome of human heart failure (Felder et al.,
2003; Francis et al., 2001).

Activation of the immune system during heart disease might produce a state of negative
mood. Specifically, activation of the pro-inflammatory cytokine, TNF-a, has been examined
as a mediator of anhedonia in rats with experimental heart failure. Circulating levels of
TNF-a are increased in rats with experimental heart failure (Francis et al., 2004) and in
humans with specific forms of heart disease (Levine et al., 1990). Similar to previous studies
(Felder et al., 2003; Francis et al., 2003), experimental heart failure in male rats produces a
significant increase in circulating TNF-a levels, and also produces a reduction in responding
for rewarding electrical brain stimulation, indicative of anhedonia (Grippo et al., 2003b).
However, when plasma TNF-a levels are reduced with a drug that blocks the actions of this
cytokine (etanercept), the behavioral responding for rewarding electrical brain stimulation is
restored to normal (control) levels, indicating a reversal of heart failure-induced anhedonia.
These results suggest that heart failure can induce anhedonia via a physiological mechanism
involving inflammation, and provide insight into an immune mechanism that may mediate
depressive behaviors in humans with CVD. However, it is not clear exactly how circulating
cytokines communicate with brain inflammatory mediators to produce changes in mood and
behavior. Therefore, it is important to gain a better appreciation for central nervous system
processes that regulate emotion and cardiovascular function.

Central Nervous System Dysfunction

Mechanisms Linking Mood and Cardiovascular Function in the Brain

Several central nervous system processes are altered both in mood disorders and CVD, and
are affected by behavioral, physiological, or other neural inputs. Disrupted monoamine
function [e.g., dopamine, norephinephrine, serotonin (5-HT)] has been implicated in
depression (Lambert et al., 2000). For instance, the drug classes of monoamine oxidase
inhibitors and tricyclic antidepressants, both of which influence brain monoamine levels,
have been effective antidepressants in some patients (Garlow & Nemeroff, 2004). However,
as these antidepressants sometimes have cardiotoxic effects in the context of CVD
(Glassman, 1998), more recent research has focused on the role of the serotonergic system
in depression. As reviewed elsewhere (Berman et al., 1999; Cryan et al., 2005; Lucki, 1998;
Maes & Meltzer, 1995; Nalivaiko, 2006), 5-HT plays a significant role in behaviors that are
disrupted in depression (e.g, mood, sleep, and appetite); depression is associated with
changes in 5-HT levels and 5-HT receptors; and medications that alter 5-HT (e.g., 5-HT
reuptake inhibitors) are effective antidepressants.

Central 5-HT also interacts with endocrine, immune, and autonomic function to influence
cardiovascular regulation. The hypothalamic paraventricular nucleus receives serotonergic
innervation, thereby affecting HPA axis functions; and this area sends projections to several
brain regions that influence sympathetic and parasympathetic outflow to the cardiovascular
system (Badoer, 2001; Swanson & Sawchenko, 1980). Altered 5-HT levels have been found
in the brains of rodents with myocardial ischemia, and alterations of a specific 5-HT
transporter gene (involved in the reuptake of 5-HT) has been associated with a higher risk of
myocardial infarction in males who survived an initial infarction (Fumeron et al., 2002; Sole
etal., 1983).
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Aside from 5-HT, the neuropeptides oxytocin (OT) and arginine vasopressin (AVP) have
been receiving increased attention in the context of emotion and autonomic function. OT
and AVP play a central role in a complex neuroendocrine network that coordinates social
behaviors and neurobiological responses to stressors (Amico et al., 2004; Carter, 1998;
Carter & Altemus, 2005; Neumann, 2002; Porges, 2007; Taylor et al., 2006). These peptides
are altered in depressed patients; while AVP has been consistently increased, it is not clear
whether OT’s importance is due to an increase or a decrease of this peptide (Carter &
Altemus, 2005; Purba et al., 1996; van Londen et al., 2001). OT may be released from the
hypothalamus to compensate for dysfunctional endocrine and autonomic responses to
stressors; however more research is required to validate this hypothesis. Interestingly, 5-HT
reuptake inhibitors result in increased OT and reduced AVP secretion (see Carter &
Altemus, 2005).

OT and AVP also regulate several processes that influence both emotion and cardiovascular
regulation, depending on their functions in various brain regions (Neumann, 2002). OT can
down-regulate the HPA axis and corresponding emotional reactions to stressors in humans
and rats (Heinrichs et al., 2003; Legros et al., 1987; Windle et al., 1997). OT also has several
peripheral actions that influence cardiovascular function, including beneficial effects on
blood pressure and autonomic balance, and possibly reducing inflammation associated with
myocardial infarction (Holst et al., 2002; Jankowski et al., 2010; Michelini et al., 2003).
These neuropeptides deserve more attention in experimental studies focused on mood and
cardiovascular regulation.

The Utility of Animal Models for Studying Central Nervous System Dysfunction

Pharmacological evidence indicates that 5-HT is important in the regulation of emotions and
cardiovascular regulation. For example, treatment with the 5-HT reuptake inhibitor
fluoxetine (Prozac) not only is an effective antidepressant, but may also improve heart rate
variability in depressed individuals (Khaykin et al., 1998). However, the treatment of
depressed patients with 5-HT-altering drugs does not always result in improved
cardiovascular function. Findings from studies with humans have yielded inconsistent
results (Dawood et al., 2007; de Jonge et al., 2010; Khaykin et al., 1998; Nemeroff et al.,
1998; Roose et al., 1998), and therefore additional experimental research is necessary.

The CMS model has been used to investigate the role of 5-HT in the context of mood and
cardiovascular function. The effects of fluoxetine on behavioral and cardiovascular
consequences of CMS in rats have been studied by administering this 5-HT reuptake
inhibitor to animals exposed to CMS. Compared to saline administration (control solution),
fluoxetine fully prevents the behavioral consequences of CMS (e.g., anhedonia), but only
partially prevents the cardiovascular consequences in this model (Grippo et al., 2006). For
example, 4 weeks of fluoxetine, administered concurrently with 4 weeks of CMS, led to a
partial (but not complete) reduction in heart rate and sympathetic drive relative to the control
group. These findings suggest that reducing depressive signs and symptoms with traditional
therapies may not necessarily reduce the underlying cardiovascular pathophysiology
associated with this condition. These results also highlight the need for investigating the role
of 5-HT receptors in the context of stress, emotion, and cardiovascular regulation (see also
Nalivaiko, 2006; Sullivan Hanley & Van de Kar, 2003).

In addition to using CMS to understand the role of 5-HT in depression and heart disease,
studies with the prairie vole model will provide important insight into the role of
neuropeptides in mediating these conditions. Previous research has demonstrated that
chronic social isolation in female prairie voles is associated with increased circulating OT
and activation of OT neurons in the hypothalamic paraventricular nucleus (Grippo et al.,
2007a). The influence of OT in this brain area has particular importance in the context of
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emotion and cardiovascular function, as information regarding stress, emotion, and
autonomic regulation of the heart is integrated here (Sullivan Hanley & Van de Kar, 2003;
Swanson & Sawchenko, 1980).

OT may be activated and released from the hypothalamus to compensate for altered
neuroendocrine and autonomic regulation in prairie voles and humans as a result of
disrupted established social bonds. Evidence for this hypothesis is derived from additional
studies focusing on the potential therapeutic effects of OT in prairie voles exposed to
chronic social isolation. Daily administration of OT during a period of 4 weeks of isolation
in female prairie voles is protective against many of the detrimental behavioral and cardiac
effects of isolation, including anhedonia, increased heart rate, and reduced parasympathetic
tone (Grippo et al., 2007c). Related evidence suggest that OT has antidepressant properties
(Arletti & Bertolini, 1987), and may modulate behavioral responses to short-term separation
in rats (Insel & Wintink, 1991). However, as with 5-HT, additional studies will be required
to understand the precise role of OT in mediating depression and cardiovascular
dysregulation.

Concluding Remarks and Recommendations for Future Research

The comorbidity of depression and CVD is a significant worldwide public health problem.
In combination with findings from human samples, an emphasis on biopsychosocial
processes using valid, reliable, and relevant animal models offers novel advantages for the
study of mechanisms underlying this association. Integrative studies that incorporate multi-
system and multi-species analyses, such as those described here, enhance our understanding
of the link between emotion and cardiovascular regulation by providing greater insight into
both causal and common mechanisms. Along with continued mechanistic research,
additional benefits will be derived from strategies that encourage dialog among researchers
in varying scientific fields, including clinical, social and experimental psychology,
cardiology, and neuroscience (see also Suls & Bunde, 2005). Comparative studies conducted
by interdisciplinary teams, such as those described by Vaidya et al. (2004) and Willner et al.
(1998), support the utility of parallel analyses in humans and animal models. These
combined efforts will lead to enhanced treatment strategies, such as a greater emphasis on
patient-focused therapy (see Callus et al., 2010), and will improve the quality of life for
individuals with psychological and cardiovascular conditions.
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Figure 1.
A sample chronic mild stress (CMS) paradigm used in studies to investigate the association
between depressive behaviors and autonomic dysfunction.
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