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Heart disease and depression are highly co-morbid. Clinical and experimental
research over the past 70 years has led to several neurohumoral hypotheses of
causative factors present under the conditions of either heart failure or of
psychological depression. Some of these hypothesized factors are common to both
disorders and are therefore attractive candidates to account for the high incidence of
co-occurrence of depression and heart disease. One experimental approach to study
the co-morbidity of heart failure and depression has been to study the behavioral,
biochemical and physiological changes in a chronic mild stress model of depression
and in heart failure induced by experimental myocardial infarction. Our studies have
led us to focus on the pro-inflammatory cytokines, in particular tumor necrosis factor
(TNF)-α, and the renin-angiotensin-aldosterone system. Both of these families of
humoral factors are elevated in human heart failure and in depression and the two
experimental models we have studied. The demonstrated validity of each of these
models will be of great value in elucidating the nature of the actions and interactions
of these humoral agents as they contribute to the co-morbid conditions of heart
failure and depression.
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INTRODUCTION

THE IMPACT OF DEPRESSION AND HEART DISEASE ON PUBLIC
HEALTH AND THE CO-MORBIDITY OF THESE DISORDERS

Ischemic heart disease is currently the leading worldwide cause of death and
is projected to remain so for several decades (1). In 2002, in terms of disability
adjusted for life years, unipolar depressive disorders were fourth in the world, but
are predicted to become the second-ranked disorder by the beginning of the third
decade of this century (1). Clearly both heart disease and psychological
depression represent major health concerns currently and well into the future.
However, what is now recognized as a compelling and perplexing fact is that
having either depression or heart disease increases the likelihood of developing
the second disorder (2).

Early studies (see 3 - 6 for review) investigating the co-morbidity of
cardiovascular disease and mood disorders indicated that patients with heart
disease are more likely to suffer from depression than otherwise healthy
individuals. About 5% of American adults have major depression, but the
prevalence of this psychological disorder at any point in time is on the order of
33 (7) to 45% (8) in those patients who survive a myocardial infarction (MI)
and is approximately 50% in patients with congestive heart failure (CHF) (9).
This type of co-morbidity is of particularly serious concern because major
depression doubles the risk that within 12 months a given patient with newly
diagnosed coronary artery disease will experience an adverse cardiovascular
event (e.g., MI; stroke) (10). Compared to non-depressed patients, those with
low mood are found to be at greater risk for cardiac-related death up to 10 years
following the diagnosis of coronary artery disease (11). Additional studies
indicate that major depression is a significant predictor of mortality in patients
at both 6 (12) and 18 (13) months following MI. In other terms, the impact of
depression on subsequent morbidity and mortality in patients with heart disease
is equivalent to that of left ventricular dysfunction (12), a history of previous
MI (13), or smoking (14).

Importantly, depression is also associated with cardiovascular pathology in
patients with no history of heart disease. Pratt and colleagues (15) found that in
1,551 people who were free of heart disease, those that had a history of depression
were 4 times more likely to suffer a heart attack in the next 14 years than those
who did not have the mood disorder. These results confirm earlier work indicating
that there is a higher than expected incidence of depression before there is any
apparent cardiovascular disease in patients who later go on to develop the latter
pathology (16). Specifically, depression is an established risk factor for heart
disease (17). It is worth noting that depression is not a predisposing factor for all
types of major disorders; for example, as a recent review concludes depressed
individuals are not at higher risk for cancer (18).
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The cause or causes of the high co-morbidity of depression and heart disease
are unknown. However, it seems reasonable to hypothesize that there are points
of convergence in the etiology or pathological progression of each illness which
produce factors common for both disorders. The identification of candidate
mediators common to heart disease and depression can serve as an important
source of hypotheses to generate research investigating why these disorders are
so frequently co-morbid.

Three relationships between heart disease and depression and the factors that
potentially may relate the two are presented in Fig. 1. One model proposes that
each of the two disorders gives rise to a different by-product (e.g., physiological
state or humoral factor) that in turn can produce the second disorder. A second
suggests that one common factor gives rise to both disorders. Finally, a third
proposes that either depression or ischemic heart failure gives rise to one or more
factors that are common to both disorders and that induces the second disorder.
Such a common factor may also lead to the further progression of both diseases.
This review will identify several of the primary candidate mechanisms and
factors that have been proposed to cause or mediate the progression of heart
disease or depression. It will then provide examples of experimental strategies
which the authors have employed to begin to identify and explore the roles of
candidate humoral factors and mechanisms that may be responsible for the co-
morbidity of heart failure and psychological depression.
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Fig. 1. Three alternative hypotheses to account for the co-morbidity of heart disease and depression.



DEPRESSION IS NOT MONOLYTIC BUT CAN BE CHARACTERIZED 
ON THE BASIS OF A CONSTELLATION OF ALTERED BEHAVIORAL,
PHYSIOLOGICAL AND BIOCHEMICAL ENDPOINTS

The current version of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV-TR) (19) defines major depressive disorder by the
occurrence of at least one depressive episode. There are two essential criteria that
must be met for a depressive episode. First, it is necessary to have a minimum of
one of two core symptoms � either anhedonia or depressed mood - present for
at least 2 weeks (19). Second, it is necessary to have at least five of eight other
signs or symptoms. These are: 1) a change in body weight or hunger, 2) a change
in sleep pattern, 3) a change in psychomotor activity, 4) fatigue or loss of energy,
5) diminished concentration, 6) feelings of worthlessness or guilt, 7) recurrent
thoughts of death or suicide, or 8) the presence of both of the core symptoms (i.e.,
anhedonia plus depressed mood). 

Beyond DSM-IV-TR criteria there are additional physiologic and endocrine
changes that accompany depression. For example, there is evidence of increased
sympathetic nervous system activity, decreased parasympathetic activity,
decreased heart rate variability, and increased cardiovascular reactivity (see 20 for
review). In addition, several endocrine changes such as altered regulation of the
1) hypothalamic-pituitary-adrenal (HPA) system, 2) pituitary-thyroid axis, or 3)
somatotropic system (21) may accompany depression. The endocrine changes in
the HPA axis are the most common hormonal changes and have received the most
extensive attention (see below) from both diagnostic and etiogenic perspectives.

Over the past 40 years, there have been several provocative biological theories
of depression proposed. Currently, three of the most prominent focus on 1) altered
function in brain monoamine systems, 2) the effects of stress on brain-adrenal
systems, and 3) altered activity of the immune system.

Monoaminergic theories of depression

Beginning in the 1950�s, the actions of several drugs that alter mood were
evaluated at the neurochemical level. The antihypertensive drug reserpine
induced effects that were considered by clinicians to be the same as naturally
occurring depression. It was concluded that these effects were the result of drug-
induced inhibition of vesicular storage of monoamines (dopamine,
norepinephrine and serotonin). The finding that monoamine oxidase inhibiting
drugs reverse reserpine-induced depression supported the monoamine theories of
depression which in their simplest formulations are primarily theories of
norepinephrine or serotonin deficiencies (22, 23). 

The brain serotonin and norepinephrine systems both have divergent structural
organizations. That is, relatively few hindbrain aminergic cell bodies project their
axon collaterals to diffusely innervate nearly all forebrain structures. At least one
of these biogenic amines has been implicated in the control of virtually every
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known behavioral, cognitive and physiological response system. Consequently,
altered biochemical parameters of even one of the monoamine systems are likely
to affect multiple psychological and vegetative functions.

STRESS, THE BRAIN AND THE ADRENALS

The HPA axis and corticotropin releasing hormone [or factor; (CRF)] in
depression

The high incidence of depression following the occurrence of a major negative
life event (e.g., death of a loved one, loss of a job or bad fortune) has led to the
common hypothesis that sustained or repeated exposure to stressors can induces
depression. Beginning with the experiments of Selye (24), the concept of stress
has been linked to the HPA axis and, later more specifically, with systems
associated with neural pathways containing CRF and the nuclei receiving these
projections (e.g., locus coeruleus; raphe nuclei). Depressed patients exhibit
increased HPA activity. They are hypercortisolemic and many exhibit an impaired
suppression of glucocorticoids in response to dexamethasone (25 - 27). 

Because of the primary role of CRF in triggering activation of the HPA axis, it
has been proposed that hypersecretion/hyperactivity of this peptide might underlie
the hypercortisolemia and the symptomatology seen in major depression (28, 29).
Elevated CRF levels have been found in the cerebrospinal fluid of depressed patients
(29). There is an extensive network of CRF-containing neurons in the central
nervous system in addition to the parvocellular neurons in the hypothalamic
paraventricular nucleus that project to the median eminence and that control pituitary
adrenocorticotropic hormone (ACTH) release. The increase in cerebrospinal fluid
CRF in depression may reflect a parallel increase of activity in neurons where this
peptide is performing as a classic hypothalamic releasing factor as well as in others
where CRF is released in the brain in the manner of a neurotransmitter. 

Descending CRF-containing axons from soma in the hypothalamic
paraventricular nucleus project to the ventrolateral medulla and the intermediolateral
column of the spinal cord. The parabrachial and dorsal motor nucleus of the Xth

cranial nerve also receive CRF innervation from the central nucleus of the amygdala
and the bed nucleus of the stria terminalis (28). These systems are likely to influence
autonomic and visceral functions. Central administration of CRF increases blood
pressure and heart rate via sympathetic activation (30). Intracerebroventricular
injections of CRF also produce behaviors resembling those of animals exposed to
stressors (31). Such heightened arousal to aversive environments or stimuli may
reflect an action of CRF on the noradrenergic neurons of the locus coeruleus (28) or
serotonin neurons in raphe nuclei (32). Dysfunction of the locus coeruleus and raphe
system has been implicated in both anxiety and depressive disorders. Stress
activation of forebrain CRF cell groups leading to altered function of brain stem
monoaminergic cell groups may account for many of the vegetative, behavioral and
cognitive changes associated with depression.
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The renin-angiotensin-aldosterone system

Near the beginning of the modern era of the study of stress
neuroendocrinology (24), there was an awareness that in addition to ACTH and
glucocorticoids there are in fact many �stress hormones� (see for example 33).
Interestingly the CRF-ACTH-cortisol cascade (i.e., the HPA axis) became the
prototypic stress hormone system and is synonymous with the concept of stress
for many investigators. However, other neurohumoral agents require
consideration and integration into the conceptual framework of stress biology. It
is particularly notable that in his early investigation of stress Selye was nearly as
attentive to the study of adrenal mineralocorticoids as he was to glucocorticoids.
In a scholarly review in Science in the mid 1950�s Selye (34) emphasized the role
of ACTH in stimulating the release of both glucocorticoids and
mineralocorticoids. He also noted the adrenal corticoids as often having
antagonistic actions to one another. In particular, mineralocorticoids were
described as prophlogistic corticoids; that is, having the capacity to stimulate the
proliferative ability and connectivity of connective tissue and enhance
inflammatory potential. In contrast glucocorticoids were characterized as
antiphlogistic corticoids or those that in his words ��inhibit the ability of the
body to put up granulomatous barricades in the path of the invader.� Selye had a
major research interest in the role of mineralocorticoids in hypertension (35) and
cardiomyopathy (36, 37). 

It is not entirely clear why the HPA axis became the preeminent, prototypic
�stress hormone� in many peoples� thinking, and why the role of aldosterone as
a stress mediator received less attention. Perhaps it is because methods for
studying the HPA developed more rapidly. Alternatively as is apparent in Selye�s
(34) review, the control of glucocorticoid release by ACTH was well recognized
by the 1950�s. However, it was not until the early 1960�s that the role of the
renin-angiotensin system as primary controller of aldosterone release was
discovered (38 - 40).

Although long recognized and studied for their role in cardiovascular
pathology (e.g., hypertension), components of the renin-angiotensin-aldosterone
system have recently attracted attention as potential mediators of depression.
There is evidence to argue that blockade of the renin-angiotensin system
improves mood. This work began with brief clinical accounts (41 - 45) in the mid
1980�s indicating that patients treated with the angiotensin converting enzyme
inhibitors (e.g., captopril) showed improved mood. In larger clinical trials in
hypertensive patients (46), it was reported that angiotensin converting enzyme
inhibitors improved the quality of life. Systemic angiotensin converting enzyme
inhibitors have also been reported to reduce behavioral despair (47, 48) in rat
models of depression. More recently, mice lacking angiotensinogen have been
reported to have fewer signs of behavioral despair in a swim test (49).
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Similarly there is emerging evidence that aldosterone may have a
depressivogenic action. A small clinical study by Murck et al. (50) reported
recently that nighttime aldosterone levels were significantly elevated in depressed
patients as compared to controls. This occurred in spite of the two groups having
comparable plasma renin concentrations. Emanuele and colleagues (51) recently
followed up on these observations with a larger sample that included both patients
with major depression and minor depression or dysthymia. After adjusting for
potential confounding variables, these investigators found that subjects with
depression had 2.77 times higher odds of elevated levels of plasma aldosterone.
There were no significant differences in plasma renin levels. There are previous
reports of depression being associated with hyperaldosteronism (i.e., Conn�s
disease or syndrome; 52, 53). However, a concern raised by these earlier studies
was that the depression in such cases may have been due to hypokalemia.
Depression has been reported as a symptom of hypokalemia and other electrolyte
disturbances (54, 55). In this respect, it is important to note that the study by
Emanuele and co-workers (51) specifically examined serum potassium (and
serum sodium) and found no differences between depressed and control subjects. 

The macrophage/pro-inflammatory cytokine (PIC) theory of depression

Early after its inception, the field of psychoneuroimmunology explored the idea
that depression might be accompanied by suppression of the immune system. Such
logic was probably derived from the assumption that depressed individuals were
more susceptible to infectious disease. Some studies have been consistent with this
idea. Kronfol and colleagues (56) were the first to demonstrate that subjects with
major depression have blunted lymphoproliferative responses as measured in an in
vitro assay. Major depression was also shown to reduce killer cell activity (57).
However, other studies almost immediately began to appear indicating that
depressed subjects have enhanced activity in other immune associated factors and
components. For example, patients with major depression have higher numbers of
leukocytes (58) and elevated humoral factors such as prostaglandins and cytokines
that are associated with fever and inflammation (59). Such findings led Smith (60)
to posit the macrophage theory of depression. He proposed that excess secretion of
PICs (a.k.a. macrophage monokines), such as interleukin (IL)-1, interferon (INF)-
α and tumor necrosis factor (TNF)-α, was the cause of depression. 

The development of methods to generate pharmaceutical grade polypeptides by
using recombinant DNA technology allowed clinical administration of pure PICs.
Treatment with INF-α produces depressive symptoms including anhedonia,
depressed mood, dysphoria, fatigue, anorexia, hypersomnia, psychomotor
retardation, decreased concentration, and confusion (61). Recently it has been shown
that treatment with the antidepressant paroxetine significantly reduces the incidence
of induced major depression among malignant melanoma patients receiving INF-α
therapy (62). Patients receiving IL-2 and TNF-α also exhibit depressive symptoms
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(63). Symptoms of depression appear rapidly after the start of treatment with these
PICs and usually disappear a short time after termination of administration,
suggesting that cytokines play an important role in inducing depression.

Acute infectious illness, such as upper respiratory tract infections, influenza,
gastroenteritis, Epstein-Barr virus and cytomegalovirus are associated with a
range of depressive symptoms including depressed mood, lost appetite,
sleepiness, reduced locomotion, fatigue, lethargy, muscle aches and cognitive
disturbances (61). Not only are PICs elevated in infectious diseases, but also in
several types of non-infectious conditions such as in autoimmune diseases,
stroke, brain trauma, and Alzheimer�s disease. A high incidence of depression is
reported in such chronic conditions (61). When it was studied, immune
dysregulation was found to precede the development of depression. This suggests
that rather than being a psychological reaction to medical disorders per se,
depression is a result of immune activation (64). 

CHF IS THE CONSEQUENCE OF A VARIETY OF CARDIOVASCULAR
DISEASES INCLUDING MI, CARDIOMYOPATHIES AND VALVULAR
DISORDERS

CHF is defined as the inability of the heart to provide adequate blood flow to
meet the metabolic demands of the body except by increasing left ventricular end-
diastolic pressure. The characteristic course to the syndrome of CHF leads to
diminished left ventricular contractility, increased cardiac filling pressure, low
cardiac output, and diminished flow to critical vascular beds (e.g., renal). The
response of the body to inadequate tissue perfusion is the activation of neural,
humoral and behavioral systems that expand vascular volume and raise arterial
blood pressure (65). These responses are the same as those that occur during the
early phase of hemorrhagic shock (compensated shock or Stage 1 shock) and
involve sympathetic activation, mobilization of the renin-angiotensin system,
release of the hormones, aldosterone, vasopressin and glucocorticoids, and
increased water (thirst) and sodium (salt appetite) intake. From a clinical
perspective, the progression of CHF is accompanied by cardiac enlargement,
increased fatigue and exertion-induced dyspnea, under-perfusion of key organs,
and ultimately right heart failure which produces weight gain with lower
extremity and abdominal swelling. Along with increased sympathetic nerve
activity, vagal tone is decreased, and as a consequence, resting heart rate increases
and heart rate variability is reduced. The result of these autonomic changes is the
increased risk of cardiac arrhythmias and sudden death.

The sympathetic nervous system and the renin-angiotensin-aldosterone system
in heart failure

For many years the downward course of CHF was regarded to be the result of
the progressive decline in the contractility of myocytes. Heart failure was
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considered by many to be primarily a hemodynamic disorder. Therapeutic
strategies to stem the course of CHF and ultimately death involved attempting to
increase the contractility of heart muscle by using drugs such as cardiac
glycosides. In other words, attempts were made to correct hemodynamic
abnormalities. Drugs such as β-adrenergic receptor blockers which reduce
inotropic and chronotropic actions of catecholamines on the heart were thought to
be contraindicated in CHF. By the early 1990�s after nearly a decade of clinical
use of angiotensin converting enzyme inhibitors and new findings that β-blockers
actually have salutary effects in the treatment of CHF, a neurohumoral theory of
CHF was proposed (66). This hypothesis placed heavy emphasis on the role of
reflex activation of the sympathetic nervous system and of the renin-angiotensin
system. The consequence of elevated sympathetic nervous system and renin-
angiotensin system activity is not only the increase of peripheral resistance which
increases the work of the heart, but angiotensin II and catecholamines also
directly damage myocytes, induce cardiac remodeling, and depress cardiac
function (66, 67). The neurohumoral hypothesis was directed at explaining the
reasons for the progressive deterioration in CHF rather than the hemodynamics
per se. Activation of the sympathetic nervous system and the renin-angiotensin
system results in a direct deleterious effect on the heart that is independent from
the hemodynamic actions of these neurohumoral agents.

One of the additional neurohumoral actions of the renin-angiotensin system is
to enhance secretion of aldosterone, which has its own negative actions in the
progression of CHF. Aldosterone has long been recognized for its actions on the
renal distal tubules and collecting ducts to promote sodium retention and on the
brain to generate salt appetite (see 68 for review). Aldosterone crosses the blood-
brain barrier and acts at intracellular mineralocorticoid receptors distributed
throughout the limbic system and hypothalamus. Brain mineralocorticoid
receptor activation may result in the potentiation of central angiotensin II action
by enhancing binding of the peptide to angiotensin type 1 receptors (66, 69).
Aldosterone also reduces the sensitivity of arterial baroreceptors (70).
Angiotensin converting enzyme inhibitors are not always effective in reducing
levels of circulating aldosterone and only suppress secretion transiently (71 - 73).
It is important in this regard to note that the mineralocorticoid receptor antagonist,
spironolactone, has notable beneficial effects on morbidity and mortality of
patients with established CHF (74, 75).

Pro-inflammatory cytokines and heart failure

At about the same time that increased attention was being directed toward the
sympathetic nervous system and the renin-angiotensin system as neurohumoral
mediators of CHF, the PICs came under scrutiny as being yet another class of
potential mediators of this disorder. In CHF, PICs are released into the systemic
circulation. The PICs most frequently implicated and measured in heart failure
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are TNF-α, IL-1β and IL-6. In the clinical literature, circulating cytokines and
their soluble receptors are used as markers of the severity of CHF. TNF-α (76)
and soluble TNF receptors (77) in plasma increase in direct proportion to the
severity of CHF and correlates well with the outcome of the disease (78).

Blood-borne cytokines stimulate the synthesis and release of more cytokines
that can derive from sources in addition to lymphoid tissues. Among major non-
lymphoid sources of PICs are heart, liver and brain. In the heart, cytokines can be
produced by resident macrophages, mast cells (79) and myocytes (80). Both acute
MI and heart failure are accompanied by increases in PICs (80). An initial injury
to the myocardium may be the initiating stimulus for generation of coronary
derived PICs (81).

The role of cytokines in CHF is not well understood. Both protective and
harmful effects have been attributed to PICs (82). Acutely administered cytokines
have been reported to have variable effects on sympathetic nervous system
activity, blood pressure and heart rate (83, 84). Blood-borne PICs at
pathophysiological levels depress myocardial function and induce cardiac
remodeling (85).

PICs stimulate the activity of the renin-angiotensin system and interfere with
a renal negative feedback system that normally inhibits renin release (86) and
aldosterone secretion (87). TNF-α acts to directly upregulate angiotensin type 1
receptors on cardiac fibroblasts (88) and promote apoptosis (82). When TNF-α is
overexpressed in mice, they develop dilated cardiomyopathy (89). Considering
the actions of PICs, it is clear why there is serious consideration of strategies to
inhibit cytokine action in CHF as a means to treat the disease (90). 

ANIMAL MODELS OF HEART FAILURE AND OF DEPRESSION ARE
USEFUL IN EXAMINING THE ROLE OF NEUROHUMORAL MECHANISMS
IN THE CO-MORBIDITY OF THESE DISORDERS

From the previous discussion it is apparent that there are common humoral
factors that are elevated in both heart failure and in depression. These factors
potentially share common pathways in the central nervous system that trigger the
co-morbidity of depression and heart disease. To more carefully investigate the
mechanisms to account for the co-occurrence of these disorders, our research has
followed two strategies - one which employs a well established chronic mild stress
model of depression in the rat and a second which makes use of an experimental
MI model of heart failure and to combine this with behavioral methods.

Chronic mild stress is a rodent model of depression developed by Katz and
colleagues (91), and elaborated by Willner and colleagues (92). By presenting a
combination of mild, unpredictable stressors - such as stroboscopic illumination,
paired housing, and white noise - chronic mild stress mimics the decreased
responsiveness to pleasurable stimuli (anhedonia) seen in depression. Anhedonia
is a core component of human depressive disorder, and it is regarded to be one of
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its most predominent features (93). In rats, anhedonia is operationally defined as a
decrease in responding for a previously demonstrated reinforcer even when the
reward is still available. The chronic mild stress model of depression characterizes
anhedonia by a reduced consumption of palatable solutions such as sucrose or
saccharin, or by decreased responding for rewarding electrical brain stimulation,
relative to an experimentally established baseline and as compared to control
animals (94, 95). Investigators have used this model of depression to study the
effects and mechanisms of pharmacological treatments for the psychological
disorder (94, 96). The chronic mild stress model has also been used to examine
other specific behavioral signs of depression. For example, Solberg et al. (97)
found altered circadian rhythms in mice exposed to chronic mild stressors. 

The chronic mild stress model has proven to be experimentally robust and
very reliable in our hands. We consistently produce anhedonia as measured by
decreased sucrose preference (Fig. 2, left panel). We have used this �depression�
paradigm to study other behaviors and have defined several hormonal, autonomic
and cardiovascular changes that accompany the experimentally-induced
anhedonia (98 - 102; see Table I). A notable behavioral change that accompanies
the onset of anhedonia is decreased spontaneous exercise (i.e., wheel running),
which recovers, as does a normal hedonic response, once exposure to the mild
stressors is stopped (Fig. 2, right panel). In addition to the behavioral changes that
accompany chronic mild stress-induced �depression,� there are several endocrine
and cardiovascular changes seen in the anhedonic rats that have also been
described in depressed humans. Perhaps among the most relevant to heart disease
are increased heart rate and decreased heart rate variability (98 - 100). Both high
heart rates and low heart rate variability are common in depressed patients (103).
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Interestingly, heart rate variability is also low in post-MI patients, and the degree
of reduction in variability is correlated with the likelihood that a post-infarct
patient will suffer another negative cardiovascular event. Decreased heart rate
variability is a predictor of the likelihood of post-myocardial survival (104, 105).
Chronic mild stress exposed rats also evidence elevated sympathetic nervous
system activity, enhanced cardiovascular reactivity (98, 99, 102), and importantly,
an elevation of several stress-related factors (101). Anhedonic chronic mild stress
rats, as compared to controls, also show increased vulnerability to premature
ventricular complexes, salvos and ventricular tachycardia when challenged with
an arrhythmia-inducing drug (100; Fig. 3). 

The chronic mild stress model has excellent predictive validity for its capacity
to identify antidepressant drugs that will prevent or reverse the anhedonia (106).
Because of the high incidence of depression accompanying heart disease, it is
important to identify antidepressants, that are safe for the cardiac patient. The
tricyclic and monoamine oxidase inhibitor classes of antidepressants are regarded
as cardiotoxic, a fact that is likely to limit their use in heart patients (107). Although
the use of selective serotonin reuptake inhibitors may still raise some concerns for
their use in depressed, heart failure patients (e.g., see 108), they may be a better
choice than the classic antidepressant drugs. In order to examine the effects of
selective serotonin reuptake inhibitors on both the behavioral and cardiovascular
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Table 1. Chronic mild stress (CMS) produces behavioral, physiological and biochemical changes
related to heart disease and depression

Behavioral Changes
l Anhedonia (95, 98-102, 113)
l Psychomotor retardation (99)

Cardiovascular Changes (98-100, 102)
l Elevated resting heart rate
l Reduced heart rate variability
l Increased cardiovascular reactivity
l Elevated sympathetic activity
l Increased vulnerability to cardiac arrhythmias

Neurohumoral Changes (101)
l Elevated pro-inflammatory cytokines
l Activation of the renin-angiotensin-aldosterone axis
l Elevated glucocorticoids

Dissociation of Behavioral and Cardiovascular Changes during Recovery from CMS (99)
l Behavioral changes recover 2-3 weeks after cessation of CMS
l Cardiovascular changes do not recover within 4 weeks after cessation of CMS

Dissociation of Behavioral and Cardiovascular Changes during Selective Serotonin Reuptake
Inhibitor Treatment in CMS (102)
l Fluoxetine treatment prevents anhedonia
l Fluoxetine only partially attenuates cardiovascular changes



effects of chronic mild stress, we chronically administered fluoxetine daily over the
four-week period that we exposed animals to the battery of stressors (102). Chronic
fluoxetine treatment prevented anhedonia. However, the effects of chronic mild
stress on cardiovascular variables - specifically elevated resting heart rate,
exaggerated pressor responses to an acute air jet stressor, reduced cardiac output
and stroke volume, and exaggerated responses to β-adrenoceptor antagonist
treatment - were only partially reversed by the fluoxetine treatment.

Taken together, studies in the chronic mild stress model have given us further
insights into candidate factors that may contribute to the causes of mood disorders
and the pathogenesis of heart disease. We now recognize the importance of
sympathetic activation and release of key neurohumoral agents that are common
to experimental models of both heart disease and depression.

ANHEDONIA AND IMPAIRED LOCOMOTOR ACTIVITY IN HEART
FAILURE

We have used a MI heart failure model to study behavioral changes indicating
anhedonia (109) and the effects of heart failure on �voluntary� or �spontaneous�
exercise. In these experiments, anhedonia was assessed in male, Sprague-Dawley
rats by using intracranial rewarding self-stimulation. Bipolar stimulating electrodes
were implanted into a brain �reward area� (i.e., lateral hypothalamus). Rats were
then trained in an operant chamber to lever-press in order to deliver a train of
electrical stimulation of 200-500 ms pulses at 60-120 Hz through the hypothalamic
electrodes. Current-response curves were generated by varying the current level in
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a descending series from 350 to 50 µA in 25 µA decrements. The animals were
permitted to respond for 1 minute at each intensity. An MI (or control surgery; i.e.,
sham operated rats) was induced by coronary artery ligation, and self-stimulation
rates were tested 7 days following surgery. Anhedonia was operationally defined as
a reduction in the response rate for electrical stimulation (i.e., a parallel shift of the
current-response curve to the right). Compared to baseline values and to sham-
operated rats, experimental MI produced a reduction in self-stimulation rates 7 days
after ligation (Fig. 4; Note: The current required to produce bar pressing at 50% of
the maximum value is defined as the Effective Current 50 or EC50). It is important
to note that animals with infarcts (Fig. 4) retained the capacity to attain maximum
rates of responding. This fact rules out the likelihood that non-specific motor
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Fig. 4. Current-
response functions (A)
and Effective Current
50 (EC50) values (B) in
congestive heart failure
(CHF) and sham heart
failure (sham) groups.
*P < 0.05 vs. Baseline
CHF. #P < 0.05 vs.
Sham. Reprinted from
(109); used with
permission.
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deficits from the MI or heart failure produced the impairment in responding for
reward. The results suggest that rats with heart failure are anhedonic.

Because the PIC TNF-α is elevated in our model of CHF and because the PIC
IL-1β has been shown to decrease responding for rewarding electrical brain
stimulation (110), we tested whether the TNF-α antagonist, etanercept, would
reverse the anhedonia associated with experimental MI (109). Fig. 5 shows the
self-stimulation rates 24 hours following administration of etanercept (0.25
mg/kg, i.p.) or vehicle in rats displaying anhedonia on Day 7 after induction of
experimental heart failure. The results of these experiments demonstrate that the
measure of experimental CHF-induced anhedonia is reversed by treating the
animals with an inhibitor of TNF-α.
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Fig. 5. Current-
response functions (A)
and effective current 
50 (ECu50) values (B)
in congestive heart
failure (CHF) rats
before and 24 hours
following etanercept 
or vehicle treatment.
*P < 0.05 vs. Baseline
Etanercept. #P < 0.05
vs. CHF + Etanercept.
Reprinted from (109);
used with permission.
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A well recognized change in humans with heart failure is a reduction of
voluntary locomotor behavior and reluctance to exercise. The resulting poverty of
psychomotor behavior in patients with heart failure may in part reflect
cardiovascular deconditioning, but also might be attributable to impaired
motivational processes. Anergia is also a common symptom associated with
psychological depression (19). In light of the demonstrated improvement in the
health status of heart patients when they engage in increased exercise, it is
important to understand the reasons why such patients decrease their exercise.
Potentially the decrease in willingness to exercise may not be entirely due to
reduced physical capacity but may also involve central motivational or drive
mechanisms as well.

We have examined the effects of experimentally-induced MI on
�spontaneous� wheel running in rats. In order to assess the effects of heart failure
on animal-initiated exercise, wheel running was monitored in rats until stable
daily levels were observed. Then, the rats either received experimental MIs or
sham ligations. Rats were returned to their cages with running wheels and
monitored for another three weeks. The extent of heart failure was assessed by
echocardiogram at 2 and 23 days after surgery. This measure confirmed the
presence of massive damage to the cardiac muscle of the left ventricle in the
ligated group, but none in the sham ligated group. Both groups of rats showed a
complete cessation of running immediately following the surgery. The rats that
received sham ligations returned to the pre-surgery baseline by the 6th day post-
surgery. In contrast, the rats with heart failure reached stable post-surgery levels
of activity by the 6th day, but this was only 10 to 20% of their pre-ligation baseline
(Fig. 6). These results indicate that reduced psychomotor activity, another
behavioral change frequently seen in humans with heart failure and in depressed
patients, is also present in rats with experimental heart failure.

MINERALOCORTICOID RECEPTOR AGONIST-INDUCED ANHEDONIA

Both chronic mild stress and heart failure induced by experimental MI activate
the renin-angiotensin-aldosterone system (101, 111; Dr. Robert Felder, personal
communication). That is, both plasma renin activity and aldosterone are elevated
in these experimental models. As discussed earlier in this review, there is evidence
for components of the renin-angiotensin-aldosterone system contributing to both
the progression of heart failure and to depressive illness. In order to more directly
determine if chronic elevation of a mineralocorticoid receptor agonist will induce
anhedonia, we (112) treated rats with daily injections of the mineralocorticoid,
deoxycorticosterone acetate (DOCA). We chose a dose and treatment regimen that
we frequently use to induce sodium appetite. Rats were trained to self-stimulate
and current-response curves were generated by varying current level in a
descending series. After establishing self-stimulation baselines, rats were given
daily DOCA (10 mg/kg; n=12) or vehicle (n=7) injections. After 4 days of DOCA
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treatment, self-stimulation testing was then conducted over the next 3 days.
DOCA-treated rats without access to NaCl displayed a rightward shift of their
current-response functions relative to their baseline (Fig. 7, bottom panel),
whereas vehicle-treated rats did not (Fig. 7, top panel). After establishing current-
response functions, rats were given access to 0.3 M saline and intakes were
recorded to determine if DOCA had induced a significant sodium appetite. A
DOCA-induced sodium appetite was evident by the first day that intakes were
recorded, and intakes remained significantly elevated relative to the vehicle-
treated group until DOCA treatment and testing were concluded. These results
provide evidence that mineralocorticoid directly or indirectly may contribute to
depressive behaviors in states in which they are elevated.

SUMMARY AND CONCLUSIONS

It is well established that heart failure and depression co-occur with a much
greater frequency than would be anticipated on a statistical basis. It is easy to
assume that depression that follows an event such as MI might arise because of
heightened awareness of one�s own mortality. However, it is also not unreasonable
to posit that there may be more fundamental, common psychological and/or
physiological processes contributing to both of these disorders.
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Fig. 6. Spontaneous running-wheel activity (revolutions/day) in rats before (B1-B4) and after (L1-
L22) experimental heart failure. CHF = congestive heart failure.



An overall strategy to attempt to understand the reason for the high co-
morbidity between heart disease and depression is to consider the current
experimental literature related to hypothesized mechanisms of depression and
heart disease and to identify common factors and then investigate candidate
mechanisms. Some common factors, namely, pro-inflammatory cytokines and
the adrenal hormones, glucocorticoids and mineralocorticoids, and their
primary hormonal controllers, CRF-ACTH and renin-angiotensin,
respectively, are activated in both heart failure and in depression. Broadly
defined, these factors can be considered as major �stress hormones.� Stressful
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Fig. 7. (Top) Mean self-
stimulation current-response
curves for vehicle-treated rats
without access to NaCl.
(Bottom) Mean self-
stimulation current-response
curves for DOCA-treated rats.
Data are shown as sigmoid
curves fit to mean values.
Black dots indicate the
midpoint [Effective Current
50 (EC50)] of each curve.
Baseline vs. vehicle EC50

values were not significantly
different. DOCA treatment
produced elevated EC50

values relative to baseline
[t(11) = 3.45 P<0.05]. DOCA
= deoxycorticosterone acetate.
Solid line = baseline; dotted
line = vehicle (top panel) or
DOCA (bottom panel)
treatment. Reprinted from
(112); used with permission.



life events have long been postulated as contributing to the pathogenesis of
psychological depression.

In studies employing an experimental model of depression, anhedonia
produced by chronic mild stress, we have found many of the physiological (e.g.,
reduced heart rate variability; increased heart rate; increased sympathetic tone)
and humoral changes reported in depressed humans to be present in animals
evidencing anhedonia.

Also, we have found that animals with experimental heart failure exhibit
anhedonia and reduced psychomotor responses, both behavioral indices of
depression. The similarities in physiological and humoral changes accompanying
both experimental heart failure and experimental depression support the
hypothesis that there are common factors generated by heart failure and by
stressors that induce depression. This observation provides insight into why having
one of these illnesses serves as a risk for the genesis of the second disorder.

Fig. 8 depicts the nature of events that can trigger heart failure and
depression. The physiological stressors of heart failure and the psychological
stressors of exogenous psychosocial challenges lead to activation of similar
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Fig. 8. Neurohumoral factors and the vicious cycle of heart failure and psychological depression.



humoral/endocrine patterns. The appreciation that similar mediators may be
activated by both disorders serves to provide new strategies for intervention and
treatment of these illnesses. Of particular utility in studying common and causal
mechanisms in depression and cardiovascular disease are animal models of
depression and heart failure. Experimental investigations with these have
provided insight into the important associations between mood disorders and
heart disease.
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