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Abstract

Close causative relationship between psychological stresses and cardiovascular
morbidity is now well documented. Research on humans has been attempting to
unravel the significance of this association by investigating psychological and
social characteristics in relation to cardiovascular health. However, this research
is limited by the difficulty to control and standardize for the individual social
history, the impossibility to apply psychosocial stress stimuli for mere experi-
mental purposes, as well as the long time span of cardiovascular pathogenesis in
humans. Animal studies controlling for social environment and adverse social
episodes allow for partially overcoming these limitations. The aim of this review
is to provide an up-to-date reference of the experimental evidence so far col-
lected on the link between psychosocial factors and cardiovascular dysfunction
in rodents, with special emphasis on modeling stress-induced sudden cardiac
death, cardiac arrhythmias, stress cardiomyopathy, and psychogenic hyperten-
sion and with focusing on acute and chronic psychological and social stresses,
aggressiveness, and negative mood states as causative factors.

Keywords
Stress » Arrhythmia ¢ Social defeat « Depression * Hypertension

Introduction

The variety of psychosocial risk factors can be classified into three major catego-
ries, namely, the social environment, personality traits, and negative affect (von
Kanel 2012). Numerous studies, both clinical/epidemiological and experimental in
humans and animals, provide compelling evidence of a tight link between psycho-
social factors and cardiovascular morbidity (Costoli et al. 2004; Krantz and
McCeney 2002; Rozanski et al. 1999; Sgoifo et al. 2009; Verrier and Lown
1984). Factors such as anxiety and mood states, personality traits such as anger
and hostility, coping strategies, socioeconomic status, acute and chronic psycho-
logical or social stressors, as well as the absence of significant social support have
all been shown to modulate and interfere with cardiovascular health (Albus 2010;
De Vogli et al. 2007; Steptoe et al. 2010; Van der Kooy et al. 2007). These
psychosocial variables appear to be independent risk factors, as important as
traditional ones (smoking, cholesterol levels, waist fat, body mass index, and
poor physical activity), for the onset and progression of coronary artery disease,
hypertension, myocardial stunning, stroke, and cardiac arrhythmias (Hemingway
et al. 2001; Strike and Steptoe 2004; Wittstein et al. 2005).
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An intrinsic limitation of research in humans lies in the difficulty to control and
standardize for the individual social history preceding laboratory or clinical assess-
ment. In addition, the application of psychosocial stress stimuli for experimental
purposes is obviously limited by ethical concerns and regulations. It is here that
animal studies become indispensible. Normal cardiovascular consequences of
psychological stressors have been extensively studied in animals. Physiological
mechanisms mediating such reactions are relatively well understood; this chapter
focuses on psychogenic cardiovascular disturbances that cross the physiological
homeostatic boundaries and lead to the state of disease. More specifically, it
addresses animal models that provide insight into the mechanisms of stress-induced
cardiovascular dysfunction. Based on the time scale of their development, psycho-
genic cardiovascular disturbances could be divided in two types — acute and
chronic. Acute, immediate effects occur during or shortly (minutes/hours) after
stressful events; stress-induced ventricular arrhythmias and stress (takotsubo) car-
diomyopathy belong to this class. Sustained or enduring effects are provoked by
chronic stressors and last for many days, months, or years; in humans, cardiovas-
cular disturbances of this type are represented by psychogenic hypertension and
depression-related cardiac disturbances.

Cardiac Disturbances Provoked by Acute Psychophysical
Stressors

Causes of Sudden Cardiac Death

Psychological distress can provoke sudden death in humans. There is now solid
clinical evidence that the principal cause of sudden death is ventricular arrhyth-
mia, which is often preceded by acute psychological disturbances (Lampert
et al. 2000; Reich et al. 1981; Rozanski et al. 1999). Other studies reinforce the
importance of the link between psychological stress and cardiac arrhythmias (see
Rozanski et al. (1999) for comprehensive review). Well-known examples are a
sixfold increase in the sudden cardiac death rate on the day of Los Angeles
(Northridge) earthquake in 1994 (Leor et al. 1996) and tripling of the incidence
of arrhythmias in patients with implanted cardioverting defibrillators following the
World Trade Center terrorist attack (Steinberg et al. 2004). An important question
in the field of stress-induced cardiac arrhythmias is why some individuals are more
susceptible to them than others. The causative role of myocardial electrical
instability in the genesis of these arrhythmias is now firmly established, mainly
due to extensive studies of patients with long QT syndrome. In these patients,
sudden alerting stimuli may trigger polymorphic ventricular tachycardia, with a
latency of just a few seconds (Wilde et al. 1999), indicating the neurogenic nature
of these arrhythmias.
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Heart Rate Is Not an Adequate Biomarker for Ventricular Changes

Animal studies of cardiac effects of acute stress employed various experimental
paradigms. Similarly to laboratory or natural stressors in humans, psychological
stressors (restraint, fear conditioning, loud noise, airjet, social defeat) consistently
elevate heart rate in rats and mice. This tachycardia is a normal physiological
response; it has been extensively studied, and its mechanisms are described else-
where in great detail (see reviews by Bandler et al. 1991, Dampney et al. 2008, and
Fontes et al. 2014). It was however rarely acknowledged that tachycardia (an index
of autonomic influences at the cardiac pacemaker region) does not adequately
reflect pro-arrhythmic status of the ventricular myocardium; in fact, it could be
quite misleading. The sinoatrial node, the cardiac conducting system, and the
ventricular myocardium may be controlled independently of each other (Nalivaiko
et al. 2003, 2007). Consequently, an increase in HR does not necessarily predict
neural influences in the myocardium. Furthermore, tachycardia by itself is
cardioprotective as it reduces the duration of the ventricular diastolic period with
enhanced electrical excitability (also called “ventricular vulnerable period”). These
considerations emphasize that in animal studies of stress-induced cardiac dysfunc-
tion, heart rate alone is not an adequate index of pro-arrhythmic effects and that
assessment of ventricular indices should be employed. Of the variety of such
indices, we will focus on the following: (i) direct ECG signs of cardiac arrhythmia,
(i) invasive measurements of cardiac electrical stability, and (iii) radiographic
assessment of ventricular wall motion.

Ventricular Arrhythmias in Stressed Animals with Predisposed
Hearts

Several studies combined psychological stressors with mechanical or pharmaco-
logical intervention that altered the electrical stability of the myocardium prior to
subjecting animals to stressors. In an early work performed in pigs (Skinner
et al. 1975), an occluder was implanted in the left anterior descending coronary
artery during preliminary surgery. After recovery, animals were stressed simply by
immobilization and exposure to an unfamiliar environment. When coronary occlu-
sion was performed during this stressor, it precipitated ventricular fibrillation (VF).
In a subsequent study, authors demonstrated that crioblockade of the dorsomedial
hypothalamus (or areas located just caudal to it) either prevented or markedly
delayed the onset of VF after coronary occlusion (Skinner and Reed 1981). In a
canine study conducted by Lown et al. (Corbalan et al. 1974), it was demonstrated
that psychological stress reliably precipitated ventricular tachyarrhythmias in ani-
mals that had just recovered from myocardial infarction. The results of these two
studies are complimentary as they both modeled situations in which stress is
associated with the acute phase of myocardial infarction (Skinner and Reed 1981)
or with the early post-infarct period (Corbalan et al. 1974).



Animal Models of Psychogenic Cardiovascular Disorders 877

Another way of unmasking arrhythmogenic effects of stressful interventions is
presenting them to animals whose myocardial electrical stability is affected by
pharmacological means. This approach was employed in early works of Natelson
and colleagues who administered digitalis (a cardiac glycoside with well-known
cardiotoxic properties) to their fear-conditioned guinea pigs. When a conditioned
stimulus was presented to these animals, they developed more malignant arrhyth-
mias and with higher incidence compared to digitalis-injected controls that were not
subjected to fear conditioning (Natelson et al. 1978).

A major advance in understanding the mechanisms of sudden cardiac death in
humans was the discovery and detailed characterization of the so-called long QT
syndrome (LQTS) — a group of inherited (genetic) or acquired (drug-induced)
cardiac channelopathies. A large part of these disorders is related to abnormal
function of potassium channels expressed in cardiac myocytes; this results in a
prolonged repolarization phase (hence “long QT” on the ECG) and elevated
myocardial excitability. Patients with LQTS are prone to malignant ventricular
tachyarrhythmias (“torsade de pointes”) that may be triggered by either physical or
psychological stressors. In rabbits, administration of dofetilide (a selective blocker
of the rapid component of the delayed rectifier potassium current) mimics LQT2
type of the syndrome, and presentation of sudden alerting stimuli to these animals
consistently triggered ventricular arrhythmias, including torsade-like events
(Nalivaiko et al. 2004). The short latencies of these events suggested that they
were neurally mediated, and sensitivity to beta-adrenergic blockade confirmed that
they occurred due to increased cardiac sympathetic activity. These findings are in
good accord with human data indicating that elevated cardiac sympathetic activity
could be a principal cause of malignant ventricular tachyarrhythmias (Meredith
et al. 1991).

The data presented above emphasize the importance of conducting animal stress
studies in models that include provocations of electrical instability in the myocar-
dium as animals with healthy hearts rarely exhibit overt ECG abnormalities. One of
the first studies describing stress-induced arrhythmia in animals with intact hearts
was conducted in guinea pigs (Natelson and Cagin 1979). While in resting condi-
tions ectopic ventricular beats were only occasionally observed in some animals
during 24-h ECG monitoring, restraint stress resulted in frequent occurrence of
ectopics in all animals; additionally, in some of them, short periods of ventricular
tachycardia were noted. In rat arrhythmia, vulnerability is even larger during social
defeat compared to restraint because social defeat causes larger neuroendocrine
activation compared to nonsocial stressors (Sgoifo et al. 1997).

Ventricular Electrical Events in Stressed Animals with Intact Hearts

Several cardiac electrophysiological protocols allow assessment of “silent” myo-
cardial electrical stability, i.e., without obvious ECG signs of ventricular arrhyth-
mias. These methods are invasive and require either implantation of cardiac pacing
electrodes during preliminary surgery or, in larger animals, inserting them via the
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femoral artery in acute studies. One way of cardiac electrophysiological assessment
is to measure the threshold for ventricular fibrillation (minimal intensity of current
that triggers VF). This technique, however, requires subsequent resuscitation of the
animal, and it is preferable to measure the threshold for a repetitive ventricular
response (repetitive extrasystole) (Lown et al. 1973). Lown and colleagues used this
approach in a number of studies in conscious dogs. They found that psychological
stress (anticipation of footshocks) substantially reduced the threshold for the repet-
itive ventricular response. Providing close correlation between this index and
ventricular fibrillation threshold, the authors concluded that psychological stress
is a potent predisposing/triggering factor for sudden cardiac death. They further
demonstrated that sympathetic overactivity is the major mechanism affecting
myocardial electrical stability (Matta et al. 1976) and that vagal stimulation coun-
teracts this effect (Kolman et al. 1976).

Using repetitive extrasystole threshold as an index of ventricular vulnerability,
in several follow-up studies, Lown and colleagues demonstrated cardioprotective
properties of systemically administered serotonin (5-HT) precursors, agonists, or
agents affecting central 5-HT levels (Blatt et al. 1979; Rabinowitz and Lown 1978).
These cardioprotective effects were associated with an increase of 5-HT content in
the cerebrospinal liquid and were largely mediated by reduced cardiac sympathetic
nerve activity, unequivocally confirming that the effects were central (Lehnert
et al. 1987). The authors thus concluded that altering central serotonergic neuro-
transmission is a promising therapeutic target for the prevention and treatment of
ventricular tachyarrhythmias precipitated by stress. Only recently, this idea has
been experimentally confirmed by Nalivaiko et al. (2009) who demonstrated that
activation of 5-HT1A receptors with a selective agonist (§-OH-DPAT) virtually
abolished stress-induced arrhythmias in rats subjected to social defeat. It is likely
that the effect of the drug was due to the inhibition of cardiomotor presympathetic
neurons in the medullary raphe, as local microinjection of 8-OH-DPAT into this
area efficiently suppressed stress-induced tachycardia in rats and rabbits (Nalivaiko
et al. 2005; Ngampramuan et al. 2008). Involvement of central serotonergic neu-
rotransmission has been extensively studied during recent decades (see McCall and
Clement 1994, Nalivaiko and Sgoifo 2009, Ramage 2001, and Ramage and Villalon
2008 for reviews), and the above-described experiments are in good agreement with
the generally established view that 5-HT1A receptors possess central sympatholytic
and vagomimetic properties.

Animal Models of Stress Cardiomyopathy

Stress cardiomyopathy (also known as “apical ballooning,” “takotsubo cardiomy-
opathy,” or “broken heart syndrome”) was first described by Japanese cardiologists
nearly 10 years ago (Satoda et al. 1995); see also relevant chapter in this book.
Clinically, the dysfunction mimics myocardial infarction, with symptoms such as
chest pain and with ECG abnormalities, but without concomitant coronary spasm or
ischemia-induced enzymatic release from the myocardium. Stress cardiomyopathy
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prevails in postmenopausal women and is usually triggered by potent emotional
stressors. The most distinctive feature of this disorder is ventricular wall dysfunc-
tion, predominantly in the apical region (Akashi et al. 2010).

A naturalistic animal model of stress cardiomyopathy was developed by Ueyama
and colleagues (2002). They found that rats subjected to immobilization stress
developed transient left ventricular dysfunction very similar to that observed in
humans. The effect was mediated by catecholamines as it was sensitive to pharma-
cological blockade of adrenoreceptors. This is an interesting example of animal
study preceding similar findings in humans: in 2005 Wittstein and colleagues
(2005) reported that in patients with stress cardiomyopathy, the levels of plasma
catecholamines were dramatically elevated. Using their rat model, Ueyama and
colleagues substantially contributed to the understanding of the pathophysiology of
the stress cardiomyopathy. They demonstrated that during immobilization stress,
activation of adrenoreceptors causes upregulation of immediate early genes in
cardiac tissues (Ueyama 2004); potential molecular consequences of this effect
are discussed in detail by Akashi et al. (2010).

Rat studies also provided potential explanation of why stress cardiomyopathy
occurs more frequently in postmenopausal women. During menopause, a lack of
estrogen resulted in cardiac vulnerability to stress; a relevant model approach for
this situation is ovariectomized rats. In such animals, estrogen supplementation
attenuated immobilization-induced cardiomyopathy (Ueyama et al. 2007). Addi-
tionally, it was found that the cardioprotective properties of estrogens could be
mediated both at the level of the brain and at the level of end-organs heart and
adrenal medulla (Ueyama et al. 2006, 2007).

Importance of Social Factor and Cardiac Disturbances Provoked
by Acute Social Stressors

In humans, various forms of inadequate social interaction could be the most
relevant stress factor for the onset and progression of stress-related disorders,
both psychosomatic (such as cardiovascular pathologies) and psychological (e.g.,
anxiety and depression) (Bjorkqvist 2001). Social stress episodes do not necessarily
imply overt aggressive acts; rather, they usually follow verbal and psychological
pathways (Pico-Alfonso et al. 2007). In animals, disputes for territory control, food
resources, and sexual partners can be harsh and frequent and may produce severe
physical and psychological damage. For many years, stress biologists implemented
a variety of experimental paradigms with the aim of understanding the physiolog-
ical and behavioral features of stress responses and the mechanisms underlying
stress-related disturbances. Paradigms that are traditionally used in rodent psycho-
physical stress procedures (e.g., immobilization or electric shock) bear limited
ethological relevance (Sgoifo et al. 2005). More recent research benefited from
the use of highly translational, naturalistic stress models such as social conflict,
subordination, and long-term social isolation.
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Acute and Chronic Effects of Social Defeat

In rodents, a single episode of social defeat has a strong physiological and behav-
ioral impact. Social defeat is obtained by means of the resident-intruder test, which
consists in introducing the experimental animal in the territory of a conspecific
dominant male. Defeat is the outcome of repeated attacks by the resident rat, and
the declaration of subordination by the intruder is clearly detectable on the basis of
characteristic behavioral patterns (Koolhaas et al. 2013). In the short term (minutes
to hours), defeat produces tachycardia, vagal withdrawal, cardiac arrhythmias,
hypertension, hyperthermia, and elevated plasma levels of glucocorticoids and
catecholamines (Sgoifo et al. 1999). Interestingly, 8-OH-DPAT (a 5-HT1A recep-
tor agonist) attenuates defeat-induced tachycardia and arrhythmogenesis, due to
suppression of both cardiac sympathetic drive and vagal withdrawal (Nalivaiko
et al. 2009).

In the long term (days/weeks), social defeat dramatically affects animals’
behavior (McGrady 1984; Meerlo et al. 1996a; Ruis et al. 1999), memory (Von
Frijtag et al. 2000), and neuroendocrine and immune function (Buwalda et al. 1999;
Engler et al. 2004; Meerlo et al. 1996b; Stefanski and Engler 1998). In particular,
social defeat may result in severe perturbations of circadian rhythms of heart rate
(Meerlo et al. 1999), which consist mainly in a dampening of the rhythm amplitude
that may be due to an increase in the resting phase values and/or a decrease in the
active phase ones (Meerlo et al. 2002). These alterations could persist for up to
2 weeks after challenge termination (Meerlo et al. 1999; Tornatzky and Miczek
1993).

When social subordination becomes a chronic state, consequences can be irre-
versible. For instance, repeated defeat episodes associated with the threat
represented by the constant vicinity of the aggressor were shown to produce
permanent cardiac anatomical alterations (Costoli et al. 2004). Specifically, when
a male mouse was exposed for 2 weeks to a daily episode of aggression and was
permanently maintained under the threat of further attacks, a structural damage at
the level of the heart was observed, with substantial accumulation of fibrotic tissue
— a well-documented substrate for the development of cardiac arrhythmias (Costoli
et al. 2004). The outcome of this experiment supports the hypothesis that the
physiological responses to an intermittent homotypic stressor, although allowing
short-term adaptation and gradually fading in intensity across days, can bring about
an overload for the organism in the long term and contribute to permanent patho-
logical alterations (McEwen 1998). The precise mechanisms underlying these
alterations are currently unknown; they may include massive release of catechol-
amines in response to the persistent social threat condition.

When a similar chronic psychosocial stress protocol was applied to mice lacking
1A serotonin receptors (5-HT1A KO mice), a quarter of the animals died from
cardiac arrest (Carnevali et al. 2012a). Indeed, genetic lack of 5-HT; receptors
appears to be detrimental for cardiovascular health, by increasing the risk of fatal
cardiac events in mice undergoing chronic stress. This evidence corroborates the
protective role of these receptors for cardiovascular stress homeostasis, as
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previously described for acute anti-arrhythmogenic and anti-tachycardic effects of
serotonin 1A agonists in a social defeat context (Nalivaiko et al. 2009; Nalivaiko
and Sgoifo 2009). Similar cardioprotective role of central S-HT1A receptors has
been reported in cynomolgus monkeys exposed to social stress (Shively
et al. 2006).

Another contribution to the elucidation of the neurobiological mechanisms
underlying social stress-induced autonomic imbalance came from a recent study
by Sevoz-Couche and colleagues (2013). They found that rats exposed to four
consecutive days of social defeat sessions developed reduced heart rate variability
(HRV), cardiac sympathetic prevalence, and reduced baroreflex gain. The inhibi-
tion of the dorsomedial hypothalamus with muscimol and the blockade of the
nucleus tractus solitarii 5-HT3 receptors with granisetron reversed these cardiovas-
cular alterations and highlighted the role of these regions in cardiovascular auto-
nomic adaptation following repeated social challenge.

Effects of Social Isolation

Deleterious effect of another social challenge — social isolation — has been exten-
sively studied by Grippo and colleagues in prairie voles (Microtus ochrogaster)
(see for instance Grippo 2009; Grippo et al. 2011). The advantage of this animal
species is in their stable monogamous social relationships and engagement in the
surrounding social context (Carter et al. 2008; Young and Wang 2004) These
unique features of sociality make this animal model extremely interesting in
translational terms. Female and male prairie voles are sensitive to long-term
deprivation of social contact from a sexual partner or a family member, with
significant behavioral and physiological consequences including anxious and
depressive behavior, as well as autonomic, neuroendocrine, and cardiac dysfunc-
tions (Grippo et al. 2011, 2012; McNeal et al. 2014).

Chronic Social Stressors and Interaction Between Depression
and Cardiac Disorders

Assessment of Depression-Like State in Experimental Animals

Both experimental and clinical evidence points to a robust bidirectional link
between depressive disorders and cardiovascular dysfunction. In particular,
depressed patients have a markedly higher risk of cardiac morbidity (Khawaja
et al. 2009; Lippi et al. 2009), independently from traditional risk factors such as
hypertension, smoking, elevated cholesterol, physical inactivity, and elevated body
mass index (Sowden and Huffman 2009; Whooley 2006). Although many studies
highlighted the association between depression and heart disease, common under-
lying substrates are only partially understood. The major difficulty in conducting
animal studies related to depression is the extreme paucity of objective
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pro-depressive indices; the two most commonly used are the sucrose preference and
the immobility in the forced swimming test. The former is based on reduced
animals’ normal preference for sugar-sweetened water; this is believed to reflect
anhedonia, a classical symptom of depression. In the latter test, reduced swimming
activity is believed to reflect despair, another feature of depression in humans.
Cardiovascular measures thus are of substantial value here as they can be objec-
tively measured. One possible pathophysiological mechanistic link between depres-
sion and cardiac health appears to be an alteration of cardiac sympathovagal
balance, due to elevated cardiac sympathetic and/or reduced cardiac vagal tone
(Barton et al. 2007; Carney et al. 1988; Kemp et al. 2010; Pitzalis et al. 2001;
Rechlin et al. 1994). Perturbations of the autonomic nervous system may result in
ventricular tachyarrhythmias and sudden cardiac death, the latter being one of the
leading causes of cardiovascular mortality (Zipes and Wellens 1998).

Mechanistic Links Between Depression-Like State and Cardiac
Disorders

Social stress is a critical environmental factor for the development of both clinical
depression (Kendler et al. 1999) and cardiovascular disease (Steptoe and Brydon
2009). Major social life events, such as job strain, the loss of a family member, and
social isolation, may sensitize individuals to subsequent stress and thereby increase
the risk of developing such disorders (Post 1992). To understand the associations
among social stress, depression, and cardiovascular dysfunction, various experi-
mental approaches have been used (Nestler and Hyman 2010). Among them, social
challenge based on a single episode of social defeat followed by a period of
isolation is an experimental paradigm that relies on robust theoretical prerequisites
to meet construct and etiological validity. As previously summarized, social defeat
and social isolation separately induce acute and long-lasting behavioral and phys-
iological changes that well resemble core aspects of mood disorders in humans.
Using this combined social defeat/social isolation paradigm in rats, Carnevali and
colleagues (2012b) recently found that this challenge induced behavioral signs of
depression, functional and structural changes of the hypothalamic-pituitary-adre-
nocortical axis, and increased anxiety levels. The cardiovascular consequences
consisted of transitory heart rate circadian rhythm alterations and moderate cardiac
hypertrophy.

Only a few studies assessed mechanistic links between chronic social stress and
cardiac malfunction. In one of them, Carnevali and colleagues (2013) demonstrated
that subjecting rats to repetitive social defeats over 3 weeks results not only in
behavioral (reduced sucrose preference) and biological (loss of body weight and
alterations in circadian rhythm amplitudes) pro-depression signs but also caused
pro-arrhythmic effect on cardiac electrophysiological variables. The high-density
epicardial mapping analysis revealed a significant decrease in transversal conduc-
tion velocity of the electrical wavefront, a shortening of the effective refractory
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period and an increase in myocardial excitability in the ventricles of stressed
animals compared to controls, conditions that are generally considered as important
determinants of arrhythmogenesis (Carnevali et al. 2013).

Behavioral Coping Style and Cardiac Vulnerability

In humans it is now well established that certain patterns of behavior are associated
with elevated cardiovascular risk. Specifically, individuals with so-called “type A”
behavior (aggressive, hostile, impatient, competitive, achievement striving) are
more vulnerable to heart disease than type B counterparts (relative absence of
type A characteristics) (Betensky and Contrada 2010; Friedman and Rosenman
1959; Kop 1999; Rozanski et al. 1999; Smith 1992; Smith et al. 2004). Putative
pathophysiological mechanisms that mediate this link may include an impairment
of autonomic nervous system control over cardiac function. Abundant evidence
demonstrates that reduced autonomic modulation of the heart, as shown by HRV
measurements, predicts the development of heart disease in initially healthy sub-
jects (Liao et al. 1997; Tsuji et al. 1996), as well as poorer survival rate in patients
with myocardial infarction or heart failure (Bigger et al. 1992; La Rovere
et al. 1998, 2003). A deeper insight into the underlying mechanisms might be
gained by the use of animal models, since most described behavioral traits in
humans are identifiable in animals as well. In rats, the extent of the trait level of
aggressiveness could be assessed on the basis of the latency time to attack a male
intruder in a classical resident-intruder test (Koolhaas et al. 2013). In line with the
characterization of personality in many other animal species (Bell and Sih 2007;
Groothuis and Carere 2005; Reale et al. 2007; Sih et al. 2004), high levels of
aggression in rodents are considered an important indicator and component of a
more general proactive coping style, whereas low levels of aggression are believed
to be a reflection of a reactive coping style (Koolhaas 2008; Koolhaas et al. 1999).
These divergent behavioral coping styles have frequently been associated with
different patterns of both autonomic nervous and endocrine (re)activity (de Boer
et al. 2003; Koolhaas et al. 1999). However, the investigation of the cardiac
autonomic control of these distinct behavioral and physiological coping styles has
been conducted only sporadically and provided inconclusive evidence (Sgoifo
et al. 2005, 1996). In a recent rat study specifically addressing this issue, Catnevali
and colleagues (2013) found that high-aggressive rats had reduced resting heart rate
variability, mostly in terms of lower vagal modulation, compared to nonaggressive
animals. Most importantly, high-aggressive rats had higher incidence of ventricular
tachyarrhythmias during stress or during pharmacological beta-adrenergic stimula-
tion. These findings are consistent with the view that high levels of aggressive
behavior in rats are associated with signs of cardiac autonomic impairment and
increased arrhythmogenic susceptibility that may predict vulnerability to cardiac
morbidity and mortality.
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Psychogenic Hypertension
Epidemiological Evidence of Psychogenic Hypertension

Numerous epidemiological studies provide compelling evidence for the causative
role of psychosocial factors in developing essential hypertension in humans (Henry
and Cassel 1969; Steptoe 2000). One of the best known is a longitudinal study of
more than a hundred Italian nuns living monastic life: in the course of this study
(20 years), there were virtually no changes in their values of systolic and diastolic
arterial pressure (AP). Conversely, in age-matched laywomen, AP substantially and
significantly increased over the same period (Timio et al. 1988). In a later paper, the
authors confirmed their initial finding by describing another 12 years of the follow-
up and presented arguments suggesting that other lifestyle differences between
nuns and laywomen did not contribute to the AP differences found between the two
groups (Timio et al. 2001). “Job strain” (professional activities associated with high
demand and low perceived control) is now a recognized lifestyle risk factor for
developing hypertension, as demonstrated by many carefully designed studies (e.g.,
Pickering 2004; Schnall et al. 1990).

Early Animal Models of Psychogenic Hypertension

Not surprisingly, numerous attempts were made to establish an animal model of
stress-induced hypertension, and the aim of this section is to provide a critical
review of the most relevant studies in this area. “Stress-induced hypertension” here
is defined as long-term, sustained elevation of the AP that lasts well beyond the
duration of stressors; the acute pressor effects of psychological stressors are very
well documented, extensively studied, and broadly described elsewhere. One major
conclusion that could be made on the basis of existing studies is that their results are
often conflicting and contradictory. Various factors that potentially contributed to
this controversy may include different kind of stress protocols, duration of their
presentation, animals’ age and their strain, and, most importantly, the method used
to assess AP.

In two early rat studies, animals were subjected to unpredictable noxious sensory
stimuli (flashing lights, loud sounds, shaking cages) three times a week for
12-20 weeks (Cox et al. 1985; Smookler and Buckley 1969). Substantial hypertension
was found starting from the second week of stress and lasted throughout the entire
stress period. In one of these studies, animals were monitored for 20 weeks after the
termination of the stress protocol, and during all this period, AP remained high.

Role of Genetic Makeup in Psychogenic Hypertension

Some researchers were particularly interested in the potential genetic predisposition
in the rats’ sensitivity to stressors. To address this issue, Lawler (Lawler et al. 1981)
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set up a novel animal model called borderline hypertensive rats (BHR, a -
first-generation offspring of SHR and Wistar-Kyoto rats) that had mildly elevated
AP, without frank hypertension. It was suggested that such prehypertensive animals
would be more susceptible to psychological stressors in terms of developing
sustained hypertension. When BHR were subjected to a complex stress paradigm
(conditioned footshock avoidance) on a daily basis, they developed elevated blood
pressure within 2-3 weeks; this hypertension persisted during the entire stress
period (3—4 months) as well as during the post-stress phase (Lawler et al. 1981,
1984). Interestingly, substantial inconsistencies were reported even in studies
performed in the same laboratory and using the same animal strain and stress
paradigm: in the first study (Lawler et al. 1981), AP steadily increased in the course
of the experiment reaching a difference of 40 mmHg, while in the second study, the
pressor effect was smaller (20-25 mmHg), reached plateau during 2—-3 weeks, and
did not increase further (Lawler et al. 1984). It is important to note that in all studies
mentioned so far, AP was determined indirectly, using the tail-cuff method.

BHR rats were used in several later experiments employing less complex
stressors such as inescapable footshocks (Cox et al. 1985), restraint with airjet
(Hatton et al. 1993), or social crowding (Muller et al. 2001), all producing variable
pressor effects (1030 mmHg). Tail-cuff method was used in all of these studies,
and in two of them, AP was additionally measured at the end of stress period
directly, using catheters implanted into the aorta (Cox et al. 1985; Hatton
et al. 1993). Later, Mansi and Drolet (1997) reported mild hypertension in BHR
subjected to 8-week restraint/airjet stress. Finally, in two other studies where AP in
BHR was assessed using biotelemetry, no signs of stress-induced hypertension were
found (Mansi and Drolet 1997; Muller et al. 2001).

Another approach for assessing the effect of genetic predisposition on psycho-
genic hypertension was based on breeding two rat lines based on their AP response
to salt ingestion. These lines are known as Dahl-sensitive and Dahl-resistant rats.
Aversive Pavlovian conditioning did not provoke hypertension in these rats (Dahl
et al. 1968), but when they were subjected to a highly noxious footshock/food
conflict (in order to obtain food pellet, rats had to press a lever that triggered a
footshock), Dahl-sensitive rats had developed hypertension that persisted for the
entire 25-week stress period (Friedman and Iwai 1976). The hypertensive effect of
stress was also present in Dahl-resistant animals, but developed slower and was less
prominent.

Controversy in the Research on Psychogenic Hypertension
in Animals and Potential Causes of This Controversy

A good example of unexplained controversy in chronic stress/hypertension animal
studies could be illustrated by the following sequence of experimental works.
Initially, Henry and Cassel (1969) presented evidence that various stressors
(social crowding, exposure to a cat odor, and territorial fights) provoke considerable
sustained elevation in the AP in mice (65). This finding was reproduced in rats by
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Wexler and Greenberg (1978) who also found that maintaining an unstable social
hierarchy, by frequently moving males from one communal cage to another, pro-
vokes dramatic hypertension (+80 mmHg), even in normotensive Sprague-Dawley
rats. Several years after, however, Harrap et al. (1984) put these findings under
serious doubt by demonstrating that a similar chronic stress paradigm had abso-
lutely no effect on AP, not only in normotensive SD and WKY but also in BHR rats.
In response, Henry conducted a very detailed and prolonged (6-month) study using
exactly the same stress protocol as Wexler and found that, indeed, AP remains
unaffected in WKY rats, is slightly elevated (~10 mmHg) during some measuring
monthly points in SD rats, and slowly raises in Long-Evans rats (Henry et al. 1993).
Authors explain this interstrain difference by the higher levels of aggression and
more frequent fights displayed by Long-Evans rats. It remained however entirely
unexplained why identical stress procedures applied to the same strain (Sprague-
Dawley) provoked rapid and dramatic hypertensive effects within 1 month in the
first study (Wexler and Greenberg 1978), but had only very mild and delayed action
in the later one (Henry et al. 1993).

It must be noted that in most of the above-cited studies, AP was assessed using
the tail-cuff method — a simple noninvasive technique based on the same principle
as indirect measurement of arterial pressure in humans. However, tail-cuff mea-
surement has some serious limitations. Firstly, the tail vascular bed is thermoreg-
ulatory in rats and mice, and at normal laboratory ambient temperatures of
20-25 °C, tail blood flow varies very significantly, sometimes falling near zero
(Blessing 2005; Garcia et al. 2001). Thus, in order to maintain it at a constant and
measurable level, animals should be kept in a warm environment (33-38 °C) before
and during the measurements. Secondly, animals should be restrained, and
restrainers used for this purpose — plastic cylinders — are not dissimilar to those
used for provoking restraint stress. Thirdly, it is not widely recognized that the tail
vascular bed is controlled separately from other vasculatures, and even mild
stressors can provoke dramatic selective vasoconstriction in the tail vascular bed
(Blessing 2005). Thus, it is questionable whether AP measures taken by means of
tail cuff represent true resting values. Indeed, several recent studies where AP was
assessed telemetrically during tail-cuff procedure support this doubts: Van Acker
et al. (2001) found that tail-cuff measurement provokes substantial increases in both
AP and heart rate. In another carefully designed study, it was convincingly dem-
onstrated that even after 3 weeks (nine sessions) of habituation, restraint and
heating still provoked dramatic pressor and tachycardic responses, as well as
elevation in plasma noradrenaline and angiotensin II concentrations (Grundt
et al. 2009). Finally, handling alone, as well as handling and restraint, provoke
substantial rises in AP and heart rate, and these responses do not habituate even
after ten sessions (McDougall et al. 2005).

Biotelemetry is a “gold standard” for assessing cardiovascular parameters in
conscious unrestrained animals. So far there are four published studies that used this
method in order to determine whether chronic stress has any sustained effects on AP
(Bobrovskaya et al. 2013; Gelsema et al. 1994; Lemaire and Mormede 1995; Muller
et al. 2001). Together, these studies involved four rat strains, including BHR and
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SHR, and employed the same stress paradigms that caused hypertension in previous
studies using tail-cuff measurements. Marginal elevation of AP was found in only
one of them (Bobrovskaya et al. 2013); in three other instances, AP remained
consistently stable.

In summary, it appears that experimenters using tail-cuff measurements
succeeded in demonstrating that only some stressors evoke rise in AP in only
some rat strains, whereas most biotelemetric studies failed to demonstrate any
effect on the blood pressure of any stressor in any strain. It is thus most likely
that the major cause of such dramatic discrepancies is the intrusiveness of the tail-
cuff method, with associated restraint: values measured in this case may reflect the
animal’s reaction to the measurement procedure rather than the basal levels of AP
in the undisturbed state. This most probably happened at least in those cases where
these measurements were performed only once a week (Lawler et al. 1984; Wexler
and Greenberg 1978) or even once a month (Henry et al. 1993), without any
preliminary habituation. It could be that previously stressed animals responded
more vigorously to the tail-cuff procedure compared to unstressed controls. While
manufacturers recommend that prior to the tail-cuff measurements, the animals
should be habituated to measurement conditions, it is currently not clear how many
habituation sessions are sufficient.

Tail cuff is still widely used, and several more recent studies employed it to
document the hypertensive effects of chronic stress in normotensive rat
strains (Andrews et al. 2003; Blake et al. 1995); in one instance, this was confirmed
by direct measurements as well (Alkadhi et al. 2005). The dynamics of developing
hypertension in this later study (plateau at +40 mmHg in just 4 days) is in
sharp contrast with several other previous reports where pressor changes
required 2-3 weeks of stress exposure. Presented above considerations suggest
that positive pressor effects of prolonged stressors must be taken with some
caution.

It may be that factors other than the method of AP assessment contributed to
discrepancies in results from different studies as well as to inconsistencies between
animal models of psychogenic hypertension and the actual condition in humans. In
his seminal review, when discussing psycho-emotional causes of hypertension,
Folkow (1982) suggested that if pressor-inducing stress episodes are repeated
frequently enough, this may lead to sustained elevation of AP. In most works
reviewed here, stressful procedures were either performed daily or were lasting
permanently, and further increasing the frequency of stressful interventions does
not seem to be a promising idea. Another issue that could contribute to the
conflicting results in animal models of psychogenic hypertension is the type of
stressor that is employed. It is now accepted in the field of stress research that a
critical determinant for a stressor to induce adverse consequences is the ability of
the animal to exert control over these events (Maier 1984). Having actual or
perceived control over a stressful situation powerfully reduces its negative phys-
iological consequences. It is likely that animals exposed to chronic or repetitive
aversive stressors develop effective coping strategies to these putative adverse
events that somehow combat the deleterious effects of these stressors. It thus
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follows that future animal studies targeting psychogenic hypertension must
develop and employ new stress protocols specifically focusing on uncontrollability
and unpredictability of stressors.

Conclusions and Clinical Implications

From the data summarized in this chapter, it is evident that animal models of acute
and chronic stress-induced cardiac disturbances are extremely useful. They allowed
researchers to reproduce human clinical conditions, provided insight into patho-
genesis, and also suggested new therapeutic strategies. In some instances, they
preceded and predicted clinical findings made in humans. It is likely that by
following this research direction with rodent models, it will be possible to obtain
not only clearer insights into the physiological/neural/behavioral substrates of
psychological and social stress-related psychosomatic disorders but also the bio-
logical evidence of the beneficial effects of social support and, more generally
speaking, of positive social relationships.
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