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Abstract

Stress-induced cardiomyopathies such as Tako-Tsubo Syndrome
(also known as “Broken-Heart Syndrome”) primarily affect post-
menopausal women who have experienced a sudden emotional shock.
Clinical presentation includes symptoms mimicking a myocardial
infarction (severe chest pain and S-T elevation on EKG), but do not show
significant occlusion of the coronary arteries. Instead, patients display left
ventricular (LV) dysfunction characterized by hypo- or a-kinetic regions
that appear to “balloon-out”, particularly in the region near the apex, and
thus is sometimes referred to as “Apical-Ballooning Syndrome”. Some
patients have been reported with high circulating levels of adrenaline, and
symptoms have been effectively managed in many cases by treatment
with beta-adrenergic receptor blockers. It is not entirely clear, however,
why only specific regions of the LV were affected in these patients, nor is
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it understood why postmenopausal women are so susceptible relative to
the rest of the population. With respect to the first question, we will
review three competing, though not necessarily mutually exclusive,
hypotheses to explain how adrenaline plays a key role in precipitating
stress-induced cardiomyopathies. The first of these is a wvascular
microspasm hypothesis which focuses on stress-induced changes in the
coronary microvasculature feeding the LV, leading to microspasms,
interrupted  regional blood-flow, and corresponding myocardial
dysfunction in affected areas of the LV (Sato et al., 1990 and Dote et al.,
J Cardiol 1991;21:203) [6, 7]. The second hypothesis will be referred to
as the differential B-receptor expression hypothesis, which postulates
there is a higher density of PB-adrenergic, (especially B,-adrenergic)
receptors in the apical region of the LV compared to other regions,
thereby making it more sensitive to adrenergic overload and myocardial
stunning due to agonist-mediated switch from Gs to Gi coupling of the
B.-adrenergic receptors in this region relative to other regions of the heart
(Lyon et al., Nature Clin Pract Cardiovasc Med 2008;5:22) [10]. A third
hypothesis focuses on differential local production of adrenergic
hormones within the left myocardium itself (Kume et al., Circ J 2008;
72:106 and Osuala et al., PLoS One 2011;8:e22811) [1, 3]. From this
third hypothesis, selective myocardial stunning in the LV results from
local overload of adrenergic stimulation due to autocrine/paracrine
actions of adrenaline (epinephrine) and noradrenaline (norepinephrine) in
addition to sympathetic stimulation and circulating catecholamines in
periods of stress. The evidence for each hypothesis is critically evaluated,
with discussion of potential future directions for work in this field in
relation to the role of gender (sex), age, and menopausal status.

Introduction

The impacts of emotional stress on health have been generally recognized
since ancient times, but only in relatively recent years have scientists and
clinicians started to gain an understanding of the pathophysiological
mechanisms linking emotional stress to specific dysfunctions within the
cardiovascular system. In contrast, biological manifestations of physical stress
are much more extensively characterized, and broadly include hypertension,
ischemic heart disease (including myocardial infarction and its consequences),
myocarditis, cardiomyopathies, heart failure, arrhythmias, and sudden cardiac
death [11]. While emotional stress may also contribute to these conditions, the
specific pathophysiologic manifestations of emotional stress are only

beginning to emerge.
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Takotsubo Syndrome is a prototypical stress-induced cardiomyopathy.
The first clinical cases of this stress cardiomyopathy were reported in Japan in
1990 [7]. Early reports described a transient hypokinesis or akinesis in the
apex of the LV in patients suffering from acute emotional stress [12-14]. The
unusual shape of the heart in these patients bore a striking resemblance to a
Japanese octopus trap, and hence, it was named “takotsubo”, meaning octopus
trap in Japanese [6, 7, 13] (Figure 1). Takotsubo Syndrome is also sometimes
referred to as “Broken Heart Syndrome” (due to the emotional stress
connection), “Ampulla Cardiomyopathy” (due to the peculiar shape of the
heart), or “Apical Ballooning Syndrome” (to describe one of the most
pronounced clinical features commonly observed in these patients) [14].
Takotsubo Syndrome is also referred to as a “Stress-Induced Cardiomyopathy”
or more simply, “Stress Cardiomyopathy”. These terms have become
essentially interchangeable when describing this syndrome [15]. For the
purpose of this review, we will use the historical “Takotsubo Cardiomyopathy
(TTC)” designation as the prototype clinical form of stress-induced
cardiomyopathies. It is important to note, however, that stress induction for
TTC need not be exclusively emotional or psychological, but can also be
precipitated by physical stressors such as pharmacological challenge with
adrenaline and other adrenergic agonists [16, 17], complications from other
diseases (e.g., pheochromocytoma) [18, 19], physical trauma from injury or
surgery, and a wide variety of other physical stressors [20, 21].

Figure 1. X-ray image of a heart showing typical apical ballooning during systole in a
TTC patient. This characteristic shape resembles the shape of clay pots used in Japan
to trap octopus. The first reported case was in Japan and the investigators named this
peculiar condition “Tako-Tsubo”, which is Japanese for octopus trap. Reprinted with
permission from the Portuguese Journal of Cardiology [8], Copyright Elsevier (2012).
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The common feature of both physical and psychological stress responses
in these contexts is elevated plasma catecholamines [1, 22-24]. Indeed, studies
examining plasma catecholamine concentrations in TTC patients have shown
high levels of circulating catecholamines compared to those from control
groups [22, 25]. The fact that exogenously administered catecholamines can
induce TTC-like symptoms in patients and animal models further supports
adrenergic mediation of this syndrome [16, 26-28]. As mentioned above, TTC
symptoms have also been reported in some patients with pheochromocytoma,
which results in abnormally high concentrations of circulating endogenous
catecholamines secreted from adrenal medullary tumors [29]. TTC symptoms
have responded favorably to pharmacological intervention with beta-blockers
in some cases [12]. Taken together, these observations strongly implicate the
major peripheral catecholamines, adrenaline and noradrenaline, as key players
in acute precipitation of TTC.

The central objective of this review is to critically evaluate three distinct
hypotheses put forward to describe the pathophysiology and mechanism of the
clinical phenotypes associated with TTC. For the sake of simplicity, we have
grouped the three main hypotheses into general categories that will be referred
to as (i) Vascular Microspams [6, 22], (ii) Differential p-adrenergic receptor
distribution [2, 10], and (iii) Differential Regional Adrenergic Stimulation [1,
3]. We define and discuss each of these hypotheses in separate sections that
follow, but first briefly describe the main clinical characteristics, treatment and
history of TTC.

Clinical Presentation

TTC is commonly misdiagnosed as Acute Coronary Syndrome (ACS) or
ST-segment elevation myocardial infarction (STEMI) due to similarities in
their clinical presentation [30, 31]. As a result of growing awareness of this
issue, the United States and international guidelines include TTC as a
differential diagnosis for ACS [32]. Ischemic chest pain and dyspnea are the
two most common presenting symptoms of TTC [33]. Other symptoms
reported include palpitations, syncope, shock, respiratory arrest, abdominal
pain, myalgia, aphasia, ataxia, and sudden death [33-36].

One of the main clinical features of TTC is akinesis or dyskinesis of the
LV. Originally, akinesis of the apex was described as causing an “apical-
ballooning” phenomena during systole. The apical wall motion abnormality is
considered the “typical” TTC variant but other morphologies have been
described (Figure 2) [4]. In the mid-ventricular variant, for example, the areas
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around the mid-ventricles do not contract adequately during systole. A reverse
TTC variant affects the base of heart instead of the apex [4]. During systole,
the basal akinesis or hypokinesis cause an apparent “ballooning” of the
myocardium at the base because the rest of the ventricle contracts as usual, but
the affected areas do not and, hence, remain in relaxed condition during
contraction, which gives the appearance of ballooning during systole when
viewed using in vivo imaging techniques such as angiography,
echocardiography, and magnetic resonance imaging (MRI). Other localized
variants affect limited regions of the LV and cannot be categorized into one of
the three previously described morphologies [4]. These areas of wall motion
abnormalities are not within the distribution of a single coronary artery [12].

Takotsubo Reverse Mid- Locallzed
type takotsubo ventricular type
type type

NWeh

Figure 2. Different forms of TTC. The most commonly reported form is the Takotsubo
type. Reprinted with permission from Journal of Cardiology [4]. Copyright, Elsevier
(2006).

Many TTC patients present with a low left ventricular ejection fraction
[37]. One review of case studies found that mean ejection fraction in TTC
patients ranged from 20-49% compared with the normal range of 60-76%
upon follow-up [38]. EKG changes were reported in a many cases. ST-
segment elevation was the most common EKG abnormality followed by T-
wave inversion [33, 39]. Other changes seen less frequently are ST-segment
depression, peaked T-wave, flattened T-waves, QT-prolongation, and Q-waves
[6, 12, 36, 39]. These changes are transient and usually resolve within a few
months. Cardiac enzymes, such as troponins, creatine Kkinase, and brain
natriuretic peptide (BNP), are usually elevated [33, 39]. One review of case
studies found 86% of patients had elevated troponins [38].

Another literature review found only 10.7% of patients had normal or
absent enzymes [39]. EKG changes in TTC cannot be readily distinguished
from EKG changes found during a myocardial infarction (MI) in the absence
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of coronary angiography. In some cases, however, cardiac enzymes in TTC
can be differentiated from MI by the amount detected with milder elevations in
enzymes seen in TTC compared to an M1 [39].

Another distinction of TTC is a preceding stress-related event, though this
may not be the sole distinguishing feature since stress has also been reported
to trigger MI and other cardiovascular events [40].

Physical and emotional stress such as death of a loved one, public
speaking, motor vehicle accidents, arguments, natural disasters, alcohol, and
surprise parties have been reported before the patient experiences symptoms of
TTC [12, 13, 41]. TTC patients have a higher prevalence of anxiety disorders,
which may predispose them to developing this disease [36]. Medical
procedures, acute medical illnesses, and opiate withdrawal can also trigger the
cardiomyopathy [12, 35].

Specific pathophysiological mechanisms leading to TTC are still a matter
of debate, though there has been a suggestion of an underlying genetic
component since only a subset of postmenopausal women are susceptible and
because familial cases have been reported [42, 43]. The American Heart
Association, however, has classified TTC as a primary acquired
cardiomyopathy [44], which deemphasizes the genetic component of this
disease.

Formal diagnostic criteria for TTC have been proposed [36]. Of these, the
Mayo Clinic diagnostic criteria appear to be the most widely accepted [45].
These criteria are defined as follows:

1. “Transient hypokinesis, akinesis, or dyskinesis of the left ventricular
mid segments with or without apical involvement. The regional wall-
motion abnormalities extend beyond a single epicardial vascular
distribution.

2. Absence of obstructive coronary disease or angiographic evidence of
acute plaque rupture.

3. New ECG abnormalities (either ST-segment elevation and/or T —wave
inversion) or elevated cardiac troponin.

4. Absence of:

e Recent significant head trauma
¢ Intracranial bleeding

e Pheochromocytoma

¢ Myocarditis

e Hypertrophic cardiomyopathy”
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Diagnostic Evaluation

The “gold-standard” for diagnosing TTC is coronary angiography and left
ventriculography [46]. Cardiac catheterization and angiography is helpful in
determining ejection fraction and stenosis of vessels. As the criteria proposed
by Prasad states, TTC patients typically do not have coronary artery disease, or
if there is mild to moderate atherosclerosis it cannot account for the wall
motion abnormalities [12, 45, 47]. If severe stenosis is present and there is
evidence of coronary artery disease (CAD), acute coronary syndrome will
more likely be an appropriate diagnosis. Cardiac catheterization has also found
vessel spasms and aberrant coronary microcirculatory function at the time of
presentation. The significance of the spasm and abnormal circulation has not
been determined [12, 39]. Left ventriculography allows visualization of wall
motion abnormalities [35, 38, 48]. EKG and cardiac enzymes levels should be
obtained in patients describing ischemic chest pain to rule out major cardiac
conditions such as ACS, STEMI, and arrhythmias. Since one of the diagnostic
criterion for TTC is transient changes in EKG and cardiac enzymes, it is also
important to perform these tests to establish a baseline and observe any
changes for diagnosis [12].

In an emergency setting, echocardiograms are the preferred imaging
modality. Echocardiograms are non-invasive and can assess potential
complications. Similar to the left ventriculograph, it shows apical ballooning
or other dyskinesis of the ventricular walls [38, 46, 48]. Cardiac magnetic
resonance imaging (CMRI) with gadolinium contrast can help to discriminate
between ACS, myocarditis, and TTC in obscure cases, such as those with
elevated cardiac enzymes and EKG changes [46]. In TTC, CMRI will not
show contrast enhancement whereas ACS and myocarditis will, due to
myocardial edema [49]. CMRI is also useful in detecting a thrombus missed
on echocardiogram [50].

Complications and Prognosis

One retrospective data analysis looked at the clinical course of 107 TTC
patients and analyzed their cardiac complications [51]. Cardiac complications
found in these patients included left ventricular outflow obstruction, mitral
regurgitation, pericardial effusion, coronary artery stenosis (that did not
account for the abnormal wall motion abnormalities), atrial fibrillation, atrial
flutter, cardiac death, pump failure, ventricular tachycardia, ventricular
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fibrillation, and atrioventricular (AV) block [51]. Apical thrombus is another
cardiac complication that has been reported in a different study. Thrombi form
in 2.5-9% and thromboemboli form in 0.8-14% of cases and are thought to be
due to hypokinesis or stasis of the left ventricle. Thromboembolism can also
lead to stroke and neurological deficits [36]. Cardiogenic shock and
thromboembolism are the most common causes of death in these cases [33].
Rupture of the septum, free wall, and papillary muscles can also occur [12,
36]. In one-third of patients right ventricle dysfunction as well as LV is
observed [12]. These patients have a worse prognosis with more severe heart
failure, longer hospital stays, and greater hemodynamic instability [12]. Non-
cardiac complications include pulmonary edema, found in 0-44% of cases, and
pneumothorax, which is rare [33, 52].

TTC is transient and has a relatively good outcome with low in-hospital
mortality. Recovery of left ventricular function and ejection fraction occurs
over days to months. Mean ejection fraction on follow-up ranged from 60-76%
[13, 38]. Prognosis appears to be dependent on ventricular function [36]. T-
wave inversion, elevated white blood cells (WBC), BNP, and c-reactive
protein (CRP) has been associated with poor outcome [36, 51]. Recurrence
rate is 2-10% within the first few years.

Treatment

There has yet to be a clinical trial for treatment of TTC; therefore, no
standardized treatment protocol is currently in place. Current practice is thus
highly variable, but appears to mostly be aimed at supportive and preventative
care. For example, in patients that were hemodynamically unstable, intra-
aortic balloon counterpulsation, fluids, beta-blockers or vasopressors have
been used [53]. Anticoagulation is recommended to reduce risk of thrombus
formation and embolization. Echocardiograms should be performed if heart
failure is worsening, before discharge, and on follow-up if left ventricular
function had not normalized at discharge [12, 36].

Epidemiology and Prevalence

A disproportionate  number of patients affected by TTC are
postmenopausal women [12, 52, 54]. According to one review, 82-100% of
patients affected by TTC were women [12]. The average age of these patients
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ranged from 61-76 years, and only a small percentage (2.7-3%) were under the
age of 50 [36, 38, 52]. Reported cases, however, ranged from 10 to 91 years
old [12, 38]. In cases that reported race, the majority of patients diagnosed
were Asian women followed by Caucasian women [33]. Caucasians more
commonly had T-wave inversion on EKG, were younger than their Asian
counterparts, presented with chest pain, and were more sensitive to emotional
stress. While Asians tended to have ST-elevations, were older (70.4 years old),
less likely to have preceding stress, and had greater mortality rate [33].
Although early cases of TTC were reported predominantly in Japanese
literature, cases have been reported worldwide [12, 33]. It is estimated that
approximately two percent of patients diagnosed with ACS may actually be
patients with TTC cardiomyopathy [55]. One study following intensive care
unit patients admitted for non-cardiac diagnosis found 26 of 92 patients had
decreased ejection fraction, and increased incidence of apical ballooning [56].

Role of Sex (Gender), Age, and Hormonal Status

As mentioned above, TTC is predominately found in female patients who
have undergone menopause [33]. In conglomerate, it has been estimated that
approximately 90% of documented TTC cases were postmenopausal women
[12, 37, 48, 50, 57-60]. Perhaps not surprisingly, this has led researchers to
suspect a connection between female hormone status and TTC susceptibility
[61-65]. Ovarian failure, when follicles in the ovaries have been eradicated
and the female can no longer enter ovulation, is a characteristic sign of
menopause. Due to the lack of follicles the female can no longer produce
estrogen and progesterone [66].

Studies in animal models have suggested that estrogen may provide some
protection from TTC [67, 68]. For example, estrogen supplementation to
ovariectomized rats has been shown to attenuate some of the symptoms
associated with TTC [63-65, 67, 68]. So far, all of these studies have been
conducted in rats by the Ueyama group. Some primate studies have been done
to examine TTC, however, these did not evaluate the role of gender or female
sex hormones (only male cynomoglus monkeys were used) [28]. Thus, there is
a need for additional animal model studies to help elucidate mechanisms.
Primates are expensive and there are many ethical concerns about their use for
stress research. Alternative large animal models such as pigs, dogs, or sheep
may prove useful, but to the best of our knowledge, these have not yet been
developed for TTC. Mid-sized animal models like the rabbit have proved
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useful for examining gender-related cardiovascular differences [69-73]. Mice
may also serve as an attractive complement to rats as a TTC model since
genetic components can be relatively easily manipulated in this model. Several
studies have shown that estrogen has significant influence over cardiac ion
channels and function in this model [74-77]. Although the effects of gender
and estrogen have not yet been carefully examined in the mouse model, Shao
et al. [27] have recently described TTC-like induction in mice following
administration of a single high dose of the beta-agonist, isoproterenol, and
have made the novel observation that lipotoxicity may be a contributing factor,
though the doses of isoproterenol required to induce TTC were extraordinarily
high. This caveat notwithstanding, there has been a reported association
between hyperlipidemia as a risk factor for TTC in human patients [78], and
the observed lipotoxicity in this mouse model may aid our understanding of
how dysregulation of lipid metabolism may affect TTC outcomes. Further
development of these and related animal models should ultimately prove
useful for elucidating the underlying mechanisms leading to the onset and
severity of TTC.

In contrast to the paucity of animal model data, there have been many
retrospective clinical studies on TTC and gender differences [79]. According
to one study, 93.5% of the patients diagnosed with TTC were female [33],
though the authors noted that once a TTC attack has taken place, the clinical
outcome appeared similar regardless of gender [33]. Male and female patients
displayed similar complications during TTC [79]. The differences concerning
TTC seem to take place before an attack occurs, and less so afterwards [80],
though this has not been uniformly established due to lack of carefully
controlled studies. Retrospective studies also suffer from relatively few male
patients for comparison. Nevertheless, the mortality rates measured between
genders showed no significant differences despite the fact there were certainly
individual differences from both gender categories [80]. Clearly, additional
research is needed to determine the true impact and consequences of TTC in
males relative to females.

A study done on TTC compared differences between male and female
patients [21]. There were no differences in the psychiatric health of the patients
for this study. The psychiatric health parameters reviewed included anxiety,
migraines, and depression. Despite this, males and females appeared to have
different triggers for TTC. Male patients with TTC previously had some type
of physical stress stimulus (surgery, embolism, or pancreatitis) [21]. On the
other hand, female TTC patients usually experienced a specific emotional
event (death of relative, divorce, or notice of debts) in their lives [33]. Another
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interesting note made through the study was the difference between treatment
regime when comparing males and females. Males presented with lower
ejection fractions than females affected by TTC. This influenced the reason(s)
males had an increase in mechanical ventilation (replaces or assistance in
natural respiration) as a treatment option during the attack. A review of 224
TTC patients in the United States indicated that male patients were able to
endure longer amounts of time with increased catecholamines before
developing TTC, while female patients developed TTC much more quickly
brought on by an apparent surge of circulating catecholamines [21].

An anatomical difference between males and females relating to TTC is
the size of the LV [33]. Males have a larger LV than females on average. This
size difference could be one reason that females are more affected by TTC
than males. When catecholamines increase in circulation the female LV is
more prone to an outflow tract obstruction than the male LV. This could cause
the base of the LV to hypercontract resulting in left ventricular outflow tract
(LVOT) obstruction. It remains to be determined how prevalent these issues
are in males and females since LVOT obstructions have been documented in
only a very small number of TTC cases to date [33].

To summarize this section, there is strong clinical evidence showing the
vast majority of TTC cases are postmenopausal women. Men and
premenopausal women tend to have different precipitating factors compared to
postmenopausal women who typically had specific emotional stressors that
triggered the TTC episode(s). Hormonal status is a likely risk factor for TTC,
and some studies have shown correlations between declining female sex
steroid hormone levels and TTC incidence. This hypothesis is supported from
animal model (rat) data showing that estrogen can attenuate TTC. Despite
much progress and attention in recent years, there remain many mysteries
regarding the roles of biological sex and sex steroid hormones with respect to
TTC. Some of the key unanswered questions include the following:

1. Does the loss of estrogen and/or progesterone truly lead to increased
TTC susceptibility?

2. Conversely, can estrogen and/or progesterone provide protection from
TTC?

3. Does testosterone provide protection from TTC?

4. How do sex steroid hormones influence TTC susceptibility? (i.e.,
what are the targets?)

5. Are TTC “triggers” truly more emotionally-induced in
postmenopausal women compared to men or premenopausal women?
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6. Are age and sex (gender) independent risk factors (e.g., from
menopausal status) for TTC?

Answers to these important questions will require additional research.
New and improved preclinical animal models of TTC would also help to
address these issues. Most clinical studies focused on TTC to date have all
been retrospective, which is a current limitation of our knowledge in this area.
In silico models hold promise for testing TTC mechanistic hypotheses, but
these work best in conjunction with patient data and/or relevant experimental
data from animal models. Aside from the issues of risk factors as they relate to
sex, menopausal status, and emotional triggers, there are even more
compelling unanswered questions regarding the acute pathophysiological
mechanisms responsible for the peculiar cardiovascular effects seen in TTC
patients. In the following section, we critically examine three distinct
competing hypotheses that have been put forward to explain the biological
basis for TTC.

Hypothesis I: Vascular Microspasms

The pathogenesis of TTC has been debated since the description of this
unique cardiovascular condition. One early hypothesis has become
controversial since it was first proposed by Sato et al., 1990 [7] stating
microvasculature dysfunction is the precipitating factor that causes TTC [6]. In
this study they showed spontaneous multi-vessel spasms in two patients, and
another two showed similar symptoms following an ergonovine provocation
test [6]. Ergonovine, as well as acetylcholine (ACh) provocation tests, are
commonly performed to diagnose patients with coronary artery spasms that
present without occlusion of coronary arteries [81]. Briefly, the tests are
performed by administering graded doses (25-100 pg) of the drug into the left
coronary artery and then the right coronary artery. If no chest pain, EKG
change, or coronary spasm is observed, the dose is increased until the
maximum dose (100 pg) is administered, followed by infusion with
nitroglycerin to ameliorate symptoms. Coronary spasm is typically defined by
reduction of the epicardial arteries by greater than 75% (Figure 3) [82].

After the initial description of coronary spasms in the affected areas of
TTC multiple case studies were published supporting this hypothesis. One
such study produced vascular spasms in 10 of 14 patients, with four patients
experiencing single epicardial coronary spasms and six experiencing
multivessel ~ coronary spasms [60]. Using myocardial contrast
echocardiography, 11 of 14 patients were assessed for and diagnosed with a
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myocardial perfusion defect within the left ventricular apical myocardium that
was ameliorated by the infusion of adenosine [83].
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Figure 3. Cartoon depiction of Ach-induced coronary vasospasm test showing how it
may lead to apical (P1) or mid (P2) ventricular ballooning. Reprinted with permission
from Texas Heart Institute Journal [9]. Copyright 2010 by the Texas Heart Institute,
Houston..

Other methods used to evaluate coronary vascular dysfunction include
Thrombolysis in Myocardial Infarction (TIMI) flow grade. This methods
utilizes the number of cineframes it takes for a dye to reach a location during
angiography [84]. In a case study of patients presenting with TTC at the Mayo
Clinic, Rochester, MN (Jan 2002-Dec 2003) all 16 patients had larger mean
TIMI frame counts in the left anterior descending, left circumflex and right
coronary arteries than matched controls (p less 0.001 for each) [85]. Similarly,
a study including 28 patients showed significantly higher TIMI frame counts
in all three arteries when evaluated with a coronary angiogram [59]. Moreover,
assessment of the TIMI myocardial perfusion grade (TMPG), dysregulation of
perfusion was measured in 29 of 42 patients (69%) in a retrospective study
conducted at Mayo Clinic, Rochester, MN [86].

Using an alternative method to evaluate coronary microvascular function,
coronary flow reserve (CFR) quantification was obtained during transthoracic
doppler echocardiography in 20 consecutive patients [87]. It was found that
CFR increased by a mean of 40% in patients between the acute phase of TTC
and recovery phase [87]. Not unlike CFR, coronary flow velocity reserve
(CFVR) was measured using a doppler guidewire in patients in the acute phase
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of TTC and at follow-up. In all patients (n=8) CFVR was increased in the
three coronary arteries at follow-up appointments as compared to initial
presentation [88].

Although these early studies proposed coronary microvascular spasms as
an underlying pathophysiological mechanism as the cause for TTC, many
subsequent reports have failed to provide substantial supporting evidence for
this hypothesis. One example of this was observed when only three of 212
(1.4%) patients examined demonstrated spontaneous multivessel epicardial
spasms, and a mere 24 of 84 (28.6%) demonstrated multivessel epicardial
spasms even after a provocation test (ergonovine and/or acetylcholine) [38].
Abe et al evaluated coronary microvascular spasms using acetylcholine
provocation testing, however, of the seven patients evaluated only one patient
showed coronary vasospasm and four demonstrated diffuse vasoconstriction.
This led the group to conclude that, “coronary vasospasm does not contribute
to the etiology” of TTC [89]. Others have repeated provocation tests with
similar results, demonstrating only two of seven patients experienced coronary
spasms and a more drastic study showed zero of 47 cases displayed
vasospasms in the epicardial coronary arteries [80, 90].

These contradicting reports have dampened early enthusiasm supporting
the hypothesis of microvascular coronary spasms as the pathogenesis of the
observed apical ballooning. While this hypothesis was the prominent etiology
most favored initially, it has declined in popularity due to discrepancies
between studies indicating that coronary vasospasms may not be the most
probable mechanism for the induction of TTC. This does not mean, however,
that coronary microspasms are not contributory in TTC. It is nearly impossible
to continuously record and capture early triggering events in patients, and so it
is also not possible to say for certain that vasospasms do not occur in most
cases. Consequently, the vasospasm hypothesis remains viable despite its
apparent decline in popularity. Further work is required to determine the extent
to which vasospasms may or may not underlie TTC mechanisms.

Hypothesis II: Differential Regional B>-receptor Expression and
Signaling (Gs/G; Switch)

An alternative theory to the pathogenesis of TTC proposed that increased
expression and stimulation of P,-adrenergic receptors in the left ventricular
apex as compared to right ventricle and the basal portions of the heart may
lead to selective myocardial stunning [10]. This hypothesis is supported, in
part, by a study that examined B-receptors in the canine heart and found there
was greater [3-adrenergic receptor sensitivity in the apex due to significantly
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greater cCAMP responses to challenge with noradrenaline or a forskolin
derivative (stimulates adenylate cyclase) were observed compared to basal
regions. Further, B-receptor densities were found to be significantly (p<0.05)
higher in the apical regions of the heart as compared to the base (Bmax =
455445 vs. 341+35, respectively, n=5) [91]. The authors speculated the
increased receptor density in apical regions may be a physiological adaptation
to compensate for lower sympathetic nerve input to the apex. Highest nerve
terminal densities in the ventricle are concentrated at the base [92]. Similar
differential apical-base responsiveness to isoproterenol was also observed in
the feline, rat, and rabbit models [93-95]. These studies suggested enhanced -
adrenergic receptor expression and/or sensitivity in apical regions of the LV
may be a conserved feature of mammalian cardiac physiology. These studies
did not examine B-receptor subtype distribution, so the relative ratio of B; to
B.-adrenergic receptors in apex versus base was not resolved in these studies.

A recent study by Paur et al. [2] did measure By-adrenergic receptor
binding in myocytes isolated from base versus apex in the rat model, and
found that apical myocytes had significantly higher B, densities than those
isolated from the base. This study also examined an adrenaline-induced shift
from G; (stimulatory G protein signaling) to G; (inhibitory G protein signaling)
in the rat heart model, and found that adrenaline, unlike noradrenaline,
produced a negative inotropic response in apical and mid, but not basal regions
of the LV [2].

The authors hypothesized this negative inotropic effect was the result of
high-dose adrenaline stimulation of [,-adrenergic receptors thereby causing
myocardial stunning (sometimes referred to as “neurogenic stunning”), a
condition whereby the myocytes cease to contract and, in fact, become
refractory to further stimulation. Under these conditions, the P,-adrenergic
receptors are thought to be phosphorylated at specific residues by both protein
kinase A (PKA) and G-protein receptor kinase (GRKS), resulting in a switch
from G; to G;. This was shown by pretreatment with pertussis toxin (PTX) to
prevent the G to G; shift, resulting in complete ablation of the negative
inotropic effects in apical and mid-regions of the LV following adrenaline
injection [2, 26].

The authors suggest that circulating adrenaline, which is typically elevated
in TTC patients, induces TTC through hyperactivation of B,-adrenergic
receptors preferentially in apical and sometimes mid-regions of the left
ventricular wall, leading to selective myocardial stunning in these areas due to
the switch from G to G; coupling mechanisms, as originally postulated in a
2008 review by Lyon et al. [10].
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This hypothesis helps to explain how stress-induced myocardial stunning
may preferentially affect apical myocardium in the LV to produce TTC-like
symptoms. There are, however, a number of inconsistencies and perplexities
that call into question the general validity of this hypothesis. One of the most
striking of these are a number of recent reports from the clinical literature
showing that accidental adrenaline overdose (e.g., from EpiPen® or similar)
can produce TTC-like symptoms, but these are characterized by hypokinesis
of the base rather than apex, leading investigators to refer to this variation as
“Reverse or Inverted TTC” [17, 96-98]. Studies have reported a higher percent
of the inverted TTC patients reported were significantly younger than mid and
apical cases of TTC [99, 100]. If there is truly a higher B,-adrenergic receptor
density at the apex, then why is basal hypokinesis seen in adrenaline-induced
cases?

Another challenge to this hypothesis stems from case reports showing that
infusion of dobutamine, a B;-selective adrenergic agonist, led to TTC as seen
in Figure 4 [5, 16]. According to the G¢/G; theory, B;-adrenergic stimulation
does not induce the switch to G;, and therefore should not lead to myocardial
stunning.

The results from the rat model showed that [B;-selective adrenergic
receptor stimulation did not induce TTC-like symptoms [2]. This may be a
limitation of the model system, but clearly there are clinical situations where
human patients develop TTC-like symptoms with dobutamine. Interestingly,
there was some evidence of coronary vasospasms in the presence of
dobutamine [5, 101], suggesting it may be working through a different type of
mechanism, perhaps more akin to that described in the first hypothesis
discussed. This raises the question that there may be more than one
mechanism that can produce TTC.

Another study showed that metoprolol, a B;-selective adrenergic receptor
antagonist, effectively attenuated symptoms associated with adrenaline-
induced TTC in cynomolgus monkeys [28]. Others have shown the increase in
heart rate after isoproterenol infusion occurs in primarily a {;-adrenergic
receptor-dependent fashion [102]. In addition, cardiac [;-receptors were
shown to be increased in ovariectomized (post-menopausal) rats [103]. As
stated previously, TTC affects primarily post-menopausal women, and
upregulation of Pj-adrenergic receptors in the heart may contribute to this
susceptibility, but it is not yet known if this happens in human patients.
Nevertheless, when considered in sum, clinical evidence certainly suggests
that B;-adrenergic receptors likely play a significant role in the development of
TTC.
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Consequently, the question of which adrenergic receptor subtype is the
key mediator for TTC remains open. Relatively few studies have even reported
adrenergic receptor expression or binding data along the apex-base axis, and to
the best of our knowledge, none of these studies have examined this in the
human heart. As mentioned earlier, there was one classic study done in a
relatively small number (five) of canine hearts that showed significant
increases in B-adrenergic receptor densities at the apex versus base of the LV
[91].

SYSTOLE

Figure 4. Case of dobutamine-induced TTC. Reprinted with permission from
International Journal of Cardiology [5]. Copyright Elsevier (2006).

This study did not examine B-receptor subtypes. At present, only one
study has shown higher densities of B,-adrenergic receptors in apical myocytes
compared to those from the base, and this was done in the rat model using
isolated myocytes rather than in situ receptor binding [2]. Thus, there is a
scarcity of hard data on the anatomical distribution of B;- versus By-adrenergic
receptor distributions along the apical-base axis of the LV, though it is well-
established that both receptor subtypes are present and functional in the heart,
with Bi-adrenergic receptors accounting for the majority (~67%) of these
[104]. Key questions will be their relative anatomical densities, sensitivities,
and functions, and how these may differ depending on age, sex, and/or
hormonal status.

Another consideration that should not be overlooked is the involvement of
a-adrenergic receptors. The blockade of the as-receptor, in combination with
B;-receptor blockers, was shown to diminish the effects on immobilization
stress (IMO)-induced cardiomyopathy in a rat model [61, 67, 105]. Further, a
calcium channel blocker, azelnidipine, has been reported to prevent TTC in a
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rat IMO model [106]. Although these are isolated reports, they nevertheless
demonstrate that TTC is complex and there may be multiple mechanisms
involved.

Hypothesis III: Differential Regional Cardiac Catecholamine
Release/Overload

A third distinct hypothesis that has been put forward to explain TTC is
that local release of catecholamines could overload adrenergic receptor
signaling systems in specific regions of the heart [1, 3]. During stress, there is
input from sympathetic nerves as well as circulating catecholamines, but there
are also autocrine/paracrine actions of catecholamines from stores within the
heart itself [3, 107-113]. As mentioned earlier, sympathetic nerve input is not
uniform throughout the LV. There is much greater nerve terminal density in
the base compared to mid or apical sections of the LV [114, 115]. Kume et al.
[1] measured catecholamines from two locations representing base (aortic root,
Ao0) and apex (coronary sinus, CS) in five confirmed cases of TTC. In all five
cases, concentrations of noradrenaline and dopamine were elevated in CS
compared to Ao, whereas adrenaline concentrations were unchanged or
slightly decreased (Figure 5) [1]. These results suggested there may indeed be
differential local catecholamine concentrations in apical and basal regions of
the left ventricular myocardium.

Norepinephrine Epinephrine
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Figure 5. Catecholamine concentrations measured in 5 TTC patients from regions in
the base (aortic root, Ao) or apex (coronary sinus, CS). Reprinted with permission
from Circulation Journal [1].

Another piece of evidence comes from recent studies in the mouse heart
showing cells marked by expression of the adrenaline biosynthetic enzyme,
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phenylethanolamine n-methyltransferase (Pnmt), were found to be
concentrated on the left side of the adult heart [3]. More specifically, Pnmt+
cells were localized to swaths or finger-like projections into left ventricular
myocardium at the apex, mid, and basal regions as shown in Figure 6 [3].
These data suggest there may be an anatomical substrate for regional
catecholamine production differences in the heart. Nearly 90% of Pnmt-
derived cells were found to be localized to the left side of the heart, which
could, in theory, help to explain why left ventricular function is selectively
influenced in TTC. Moreover, the regional variations within the LV could
likewise help to explain how those areas could be susceptible to local surges in
catecholamines. It is also possible that local presence of catecholamines in
these regions during development may influence the expression and functional
sensitivities of adrenergic receptor subtype distributions in the LV. Although
this has not been explicitly demonstrated in the heart, there are numerous
studies showing that innervation and adrenergic receptor expression is
influenced by catecholamine exposure [116-118].

— 3-D Stack

2mm

Histological
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4X Mag

Figure 6. (a) Adrenergic (Pnmt+) myocardium is stained blue with XGAL in the
mouse heart. (b) Three-dimensional reconstruction of adrenergic cell staining
throughout the LV. Note the concentrations of blue finger-like projections into the
apex, mid, and base regions of the LV (arrows). Reprinted with permission from Plos
One [3].



100 Candice Baker, Rebekah Katsandris, Chaunhi Van et al.

Figure 7. Pnmt-marked (XGAL) adrenergic cells in adult mouse LV have myocyte
characteristics as shown by from the ladder-like striations clearly visible in XGAL-
stained cells from these hearts (arrows). Left panels show phase-contrast images; Right
panels show inverted phase-contrast images of the corresponding cells shown on left.
Reprinted with permission from Plos One [3].

Notably, many of the Pnmt-derived cells in the adult mouse heart appear
to be myocytes, though neuronal-like and immature embryonic-like Pnmt-
derived cells were also identified in these regions [3]. Clear examples of
striated myocardial cells marked with XGAL to denote Pnmt expression were
observed in the LV (Figure 7) [3, 119]. These results suggest there may be
autocrine or paracrine actions of local catecholamines from non-neuronal as
well as neuronal sources. This idea is not new [120-122], but is often
overlooked in modern studies and textbooks. The classic work of Spurgeon et
al. [123] showed that cardiac adrenaline concentrations remain relatively high
in the heart following surgical and chemical (6-hydroxydopamine, 6-OHDA)
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denervation, while noradrenaline concentrations were nearly completely
eradicated by these procedures. The authors concluded that cardiac
noradrenaline content was mostly neuronal while only ~50% of the adrenaline
content was neuronal. They hypothesized that cardiac adrenaline “is held in
non-neuronal stores either in chromaffin cells, in the specialized cells
themselves or in cardiac analogs of chromaffin cells” [123]. There is ample
evidence for these from a wide variety of species [124-127], including humans
[128], suggesting their presence is highly conserved and, therefore, likely
critical for survival. It remains to be determined if these cells truly play a
significant role in TTC, but they certainly represent a potential local source of
adrenaline that could contribute to regional variations in adrenergic
stimulation within the LV.

There are still many unanswered questions about this hypothesis. We do
not know, for example, if there are changes in cardiac adrenaline content or
regional differences in the distribution or concentrations of local
catecholamine production in the heart in response to aging, sex, or hormonal
status. One conundrum with this hypothesis is the heaviest concentrations of
Pnmt-marked adrenergic cells are located at the base of the LV, yet the apical
and mid sections of the LV are much more frequently affected in clinical cases
of TTC. The base concentrations of adrenergic cells could conceivably
contribute to inverted forms of TTC, but it is still a mystery why sometimes
base and other times the mid or apex are most affected. Clearly, more work is
required to elucidate these mechanisms.

In addition, no-one has yet demonstrated that non-neuronal sources of
cardiac catecholamines are secreted during emotional or physical stress. It is
still unclear how these cells are regulated, and how they influence their local
environment, though there are several reports in rodent models showing that
cardiac Pnmt expression is upregulated by glucocorticoid hormones, which
themselves are typically elevated in the circulation during stress responses
[129, 130]. Similar concerns exist for stimulation of sympathetic nerves and
the intrinsic cardiac nervous system, which in the human heart is estimated to
contain at least 14,000 neurons [113]. Further research is required to delineate
how local sources of catecholamines from autocrine/paracrine or neuronal
inputs may impact regional myocardial function at baseline and under different
types of stressful conditions.
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Figure 8. Schematic illustrations of three distinctive models proposed to explain TTC
mechanisms. 1. Coronary Microspasms: In this model, stress-induced surges in
catecholamines trigger coronary microspasms, which then lead to decreased blood
flow and regional myocardial inactivity. 2. Increased ,-Receptor Density: This model
proposes that B,-adrenergic receptors are more concentrated at the apex compared to
the base. High concentrations of adrenaline cause these receptors to switch from G to
G, which results in myocardial stunning in affected regions that would appear as
akinetic or hypokinetic sections of LV during systole. 3. Increased Local
Catecholamine Release: In this hypothesis, adrenaline and/or noradrenaline are
released locally in the apex, mid, and/or basal regions of the LV from non-neuronal
resident adrenergic cell populations (depicted by the highlighted blue areas). This local
release overstimulates adrenergic receptors that are already near saturation from
circulating adrenaline and sympathetic nerves (NA). Abbreviations: HPA,
Hypothalamic-Pituitary-Adrenal (axis); A, adrenaline; NA, noradrenaline.

Summary, Conclusion and
Future Directions

TTC is a complex clinical condition characterized by left ventricular
regional akinesis/hypokinesis resulting in severe chest pain and ST-elevation
on EKG. Episodes are typically precipitated by acute emotional or physical
stress, and the vast majority of TTC cases have been reported in
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postmenopausal women. There is strong evidence implicating elevated
catecholamine levels as a critical factor in TTC induction, but it is not yet clear
if they are coming from the circulation (adrenal secretion), sympathetic
innervation, and/or local autocrine/paracrine sources. The relative inputs from
these different sources may vary from individual to individual, and will likely
differ depending on the type of stress impacting the individual patient. Hence,
one could imagine different sorts of “catecholamine storms” [131] that could
trigger different types of TTC.

Each of the three major hypotheses discussed in this chapter offer credible
explanations for how adrenergic hormones may influence the development of
TTC. For comparative purposes, they are each illustrated in cartoon form in
Figure 8.

Although all of these hypotheses provide reasonable explanations for
some aspects of TTC, none of them provide a full explanation of the
underlying mechanisms leading to TTC. Each is distinctive in its features, yet
they are not mutually exclusive. For example, regional variations in [,-
adrenergic receptor concentrations and/or sensitivities could result in local
fluctuations inducing vasospasms in nearby coronary vessels. These could also
be influenced by local release of catecholamines either from sympathetic nerve
terminals or non-neuronal autocrine/paracrine sources that could result in
regional overstimulation of adrenergic receptors leading to myocardial
stunning, perhaps as a result of a switch from G to G; coupling primarily at [3,-
adrenergic receptors. Further study is required determine how these different
mechanistic components of the cardiac stress response system interact to in the
context of TTC.

After nearly 25 years of research since the first formal description of TTC
in the published literature, we still have only a rudimentary picture of how this
peculiar stress cardiomyopathy materializes. Although it was “discovered”
only relatively recently, TTC has existed as an undiagnosed or misdiagnosed
clinical condition for countless years. Because of the relative “newness” of
TTC, many patients and some physicians are still largely unaware of the
conditions and potential severity of stress cardiomyopathies, yet TTC
continues to represent a real and persistent danger to susceptible individuals.
In many and perhaps even most cases, TTC can often resolve on its own
without interventional therapy within a matter of a few weeks [48]. This is not
to say, however, that dangerous complications do not arise. On the contrary,
TTC patients with manifest coronary vasospasms are increased risk for heart
attacks and strokes from thrombolytic embolisms [36]. Other studies have
demonstrated significant lengthening of the Q-T interval on EKGs from TTC
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patients [132]. Long QT intervals are known risk factor for dangerous and life-
threatening forms of ventricular arrhythmias known as Torsade de Pointes
[133-135]. Several other serious complications from TTC have been noted in
the medical and scientific literature, so it is by no means a benign disease [136,
137]. Continued research and critical evaluation of the results and ideas
emanating from these exercises will surely help to refine our understanding of
the mechanisms underlying TTC. Some of key outstanding questions include
but are not limited to the following:

1. How is emotional stress “physiologically” transmitted to the heart?

2. Do different types of stress have different impacts on cardiovascular
function (i.e., does it matter if the stressor elicits selective autonomic
nerve stimulation versus systemic adrenaline surges)?

3. Do local non-neuronal stores of catecholamines play a part in TTC? If
s0, then what regulates their activities?

4. Why are only certain regions of the LV primarily affected in TTC?

5. What controls regional variations in adrenergic receptor subtype
expression patterns?

These are just a few of the general questions about TTC that remain
answered. We have also highlighted a number of questions earlier in this
chapter pertaining to sex, age, and hormonal status. In addition, we have
discussed the merits and limitations of three independent models of TTC
mechanisms. Thus, while much progress has been made in the last 25 years on
this subject, there is still much work to be done before we have a full
understanding of the pathophysiological mechanisms responsible for this
stress-induced cardiomyopathy. The three mechanistic models reviewed here
offer strong frameworks for specific hypothesis testing, and thus each should
be useful for designing new experiments to address some of the many still
outstanding questions associated with TTC.
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