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Abstract
Hypereosinophilic Syndrome (HES) is a condition related to helminthiasis, allergies, vasculitis, adverse reactions to drugs or malignant neoplasms. We report a case 
of a boy, 7 years old, presenting abdominal pain, vomiting, tachidispnea and leukocytosis with predominance of eosinophils. Bone marrow biopsy revealed intense 
granulocytic hypercellularity characterized by eosinophilia, as well as immature lymphoid cells in the interstitium, associated with trabecular bone infiltration. The 
immunohistochemical study revealed positivity for CD79a and TDT. Peripheral blood flow cytometry demonstrated 6.5% of lymphoid blasts. The diagnosis was 
Lymphoproliferative Disease associated with Hypereosinophilia: Acute Lymphoblastic Leukemia. The association presented is infrequent and its aggressiveness is 
determined by the physiological limitations imposed by the damages secondary to eosinophilia.
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Introduction
Following Schiff’s discovery in 1875 of heart rate changes on 

motor cortex stimulation, responses were also elicited from the frontal 
lobes, subcallosal gyrus, septal area, temporal pole, and cingulate 
gyrus [1]. Subsequently, ECG changes were produced on feline 
sigmoid, anterior Sylvian and extosylvian gyri stimulation [1]. In 1926 
Burdenko reported that midbrain lesioning in dogs generated scattered 
subendocardial hemorrhages, and focal myocyte disintegration [1].  In 
1933, Neuberger identified similar post-mortem changes (subsequently 
termed myocytolysis) in seizure patients [1]. 

Recently specific cardiac representation was demonstrated within 
the insular cortex. In the human, the insula lies within the Sylvian fissure 
beneath the frontoparietal operculum and the superficial temporal plane 
(Figure 1) occupying 2% of the total cortical area. It is a site of visceral 
and autonomic representation. Cardiac accelerator or decelerator effects 
identified on rat insular stimulation [2] are mediated by sympathetic 
or parasympathetic neural tone changes without adrenal involvement 
[2,3]. Additionally, human right anterior insular cortex stimulation 
elicits cardiac acceleration alone or accompanied by a pressor response, 

whereas left anterior insular stimulation, results in cardiac deceleration 
alone or accompanied by a depressor response [4]. Lesions confined 
to the right posterior insula increase heart rate and blood pressure, 
whereas left insular lesions, increase baroreceptor gain [5] indicating 
that the right insula regulates cardiac and vascular sympathetic tone, 
and the left, cardiac parasympathetic function. Furthermore, rat insular 
stimulation generates PR and QT prolongation, ST depression, QRS 
broadening, succeeded (with continuing stimulation) by ventricular 
bigeminy, progressive bradycardia, complete heart block and finally 
asystole [6] with myocytolysis apparent on autopsy (Figure 2). These 
features suggest sympathetic and parasympathetic coactivation, with 
sympathetic effects exerted on the ventricular myocardium, altering 
the characteristics of repolarization and producing myocytolysis, and 
parasympathetic activation suppressing the SA node and implementing 
a permissive effect on ventricular automaticity. Further lateralization 
effects were shown in a murine model where left (but not right) insular 
lesions significantly decreased myocardial contractility and were 
accompanied by myocytolysis [7], with a direct inverse relationship 
between insular lesion volume and contractility reduction.

The first clinical reports [8] documented an association between 
acute subarachnoid hemorrhage (SAH) QT prolongation and tall peaked 
or inverted T waves (Figure 3) mimicked by changing left ventricular 
endocardial temperature. Autopsy detailed cardiac pathology like that 
reported earlier by Neuberger.  Termed “myocytolysis”, the changes 
are seen in conditions where increased sympathetic tone predominates 
[9,10]. The histopathological spectrum was subsequently amplified 
to include focal areas of myocardial necrosis and inflammatory 
response scattered throughout the ventricle, but especially in the 
bundle of His (Figure 4); these are not centered on blood vessels but 
on nerves.  Regarding cerebrogenic ECG findings and confirming 
their non-ischemic origin, Kono et al. [11] separated SAH patients 

Figure 1. Human Insular Anatomy: The overlying opercula have been retracted exposing 
the five principal insular gyri; of is the orbitofrontal operculum; ofp is the frontoparietal 
operculum; ot is the temporal operculum; scia, circular insular sulcus-anterior; scii, circular 
insular sulcus inferior; scis, circular insular sulcus superior.
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Stroke

QT prolongation, ST elevation/depression, and U waves are 
specifically associated with acute SAH or intracerebral hemorrhage, 
but also (with lesser incidence) after ischemic stroke [12]. Comparing 
pre-stroke with admission ECG, new onset cardiac repolarization 
changes were identified in 74% compared with 14% of controls. 
There was no relationship to potassium levels or stroke occurring 
in the embolic setting of an acute myocardial infarction; 8% showed 
new onset ventricular fibrillation, although since this was derived 
from isolated ECG and not Holter data, it likely underestimates the 
incidence. Recently, ventricular arrhythmias were reported in 22% 
patients admitted without cardiac history and suffering their first 
stroke (a confounding issue clearly relates to the shared risk factors 
for stroke and cardiac ischemia) [13]. These were more common when 
comparison was made with TIA patients (sharing the same risk factors 
for cardiac ischemia) and especially so in those with right hemisphere 
stroke. Additionally, since the arrhythmias disappeared within 2 weeks 
a probable association occurred with the stroke itself rather than an 
underlying cardiac cause. Peaked or inverted T waves, ST segment 
elevation/depression were identified in 24% of acute ischemic strokes 
[14] with ectopy more frequently encountered compared with controls. 
This persisted when excluding patients with cardiac history or previous 
stroke. Regarding repolarization inhomogeneity, QT dispersion is 
increased after acute stroke compared to age-matched hospitalized 
controls, both groups without history or clinical evidence of cardiac 
disease [15]. Since this was noted only within 24 hours of stroke onset, 
it strengthens the association and interestingly, was noted specifically 
with insular infarcts [16].  Further insular association arises from the 
linkage between right insular stroke and AV block, QTc prolongation, T 
wave inversion and ventricular ectopy, (these not observed with strokes in 
other locations) and with increased mortality at 3 months [17,18]. 

Myocytolysis frequent after SAH also occurs after ischemic 
stroke (Smith cited in 2), albeit less frequently.   Treating SAH 
patients with propranolol and phentolamine [10] abolished ECG 
repolarization changes and myocytolysis, this implicating cerebrally-
derived sympathetic dysregulation in the etiology. These post-mortem 
observations have a pre-mortem expression in cardiac enzyme 

into two groups: those with and those without repolarization changes, 
all lacking cardiac history. On angiography, the coronary arteries of 
those with ECG changes were completely normal. Abildskov et al. 
(cited in 1) proposed that cerebrally-related changes primarily affect 
cardiac repolarization and since they are mimicked by stellate ganglion 
stimulation are of sympathetic origin. 

Clinical expression
The cardinal signs of cerebrogenic cardiopathy (ECG repolarization 

changes, cardiac arrhythmia, structural damage and contraction 
abnormalities) manifest after stroke, during and after seizures and 
with emotional stress. All can be associated with sudden cardiac death. 
Insular involvement may play a key role in determining these outcomes. 

Figure 2. ECG changes and Myocytolysis on Rat Insular Cortex Stimulation:  Upper Two Panels: A) coronal section through rat left ventricle  demonstrating myocytolysis following 
insular stimulation: scattered foci of myocardial fibre disruption (thick arrows) and surrounding monocytic infiltration (thin arrows); B sagittal section of the membranous septum adjacent 
to the left ventricle (LV) and  inferior to the right atrium (RA) showing a large subendocardial hemorrhage (thick arrow) close to the origin of the left branch of the bundle of His.

Figure 3. ECG changes and Intracerebral Hemorrhage: Four cases of subendocardial 
hemorrhages, and absence of coronary arterial disease. Note characteristic cerebrogenic 
repolarization abnormalities: QT prolongation,  T wave inversion in the lateral leads, U waves. 



Oppenheimer S (2017) Cerebrogenic cardiopathy

 Volume 1(2): 3-11Blood Heart Circ, 2017          doi: 10.15761/BHC.1000112

elevation indicative of structural damage. Troponin I is elevated in 
35% of acute (specifically left hemisphere) strokes [19] correlating 
with clinical severity [20].  A further association with T wave inversion 
and ST depression as well as cardiac death has been reported [21]. 
In other studies, right insular infarction associated with Troponin T 
elevation, ST depression and Q waves [22] correlating with ventricular 
contractility impairment. 

Contractility disturbance is also a pre-mortem manifestation of 
stroke-related cardiac structural damage. Apical akinesia with T wave 
inversion occurs in SAH patients lacking cardiac history or examination 
[23] (Figure 5) and in ischemic stroke with an incidence of 1.2% [24]. 
Interestingly, the majority (nearly 70%) associates with left insular 
infarction. Whereas these changes are evanescent, disappearing after a 
few days, persistence for several months has been reported [25] and is 
a harbinger of ventricular arrhythmias and sudden cardiac death [26]. 

A 1.5% annual incidence of sudden cardiac death after ischemic 
stroke is reported specifically associated with left hemisphere 

involvement, this still holding after adjustment for concomitant 
heart disease and medication [27].  In contrast, all cause as well as 
vascular mortality is increased specifically after right insular infarction 
and correlates with QTc prolongation and incident non-sustained 
ventricular tachycardia [28]. In other studies, no association between 
insular infarction and mortality was identified [29]. Focusing these data 
by removing symptomatic coronary artery disease (SCAD) patients, 
identified a specific association between left insular infarction and 
adverse cardiac outcomes and cardiac contractility reduction. Since 
the incidence of beta-blocker treatment was higher in SCAD patients 
this likely mitigated the cardiac effect of left insular stroke; additionally, 
symptomatic cardiac disease could subordinate the effect of insular 
location on cardiac outcomes; finally, ischemic preconditioning in 
those with symptomatic disease may be protective against cerebrally-
derived cardiac mechanisms. 

Sympathetic mechanisms contribute to the regulation of the 
QT interval [30] and are involved in the stroke-related phenomena 
described. Catecholamine levels are elevated after ischemic stroke 
[31] especially when involving the right insula. A shift to sympathetic 
predominance within 3 days of stroke onset [32] associated with VT 
deteriorating into VF and an 11% sudden death rate (mostly with right 
insular involvement) has been reported. 

Stroke can therefore cause cardiac repolarization changes, 
arrhythmias, damage and contractility disturbance these contributing 
to mortality. There is an association with insular location although 
lateralization is controversial possibly related to study differences in 
insular infarct volume, inclusion of patients with previous stroke 
and/or areas of involvement beside the insula, manner of treatment 
of concomitant cardiac disease, differences in endpoints and their 
ascertainment and the modifying effect of medication. When observed, 
shifts towards increased sympathetic tone likely underlie these 
cerebrogenic effects.

Stress

Stress perception is complex generally requiring cortical 
involvement. Historical reports identified significant cardiac 
arrhythmia onset in startled patients without concomitant cardiac 
disease [33,34]. In a study of normal individuals in a stressful 
environment ventricular ectopy developed in the majority associated 
with increased catecholamine levels and abolished by beta blockers 
[35]. In patients with known heart disease, the frequency and severity of 
ventricular arrhythmia [36] increased with stress intensity and reduced 
with meditation or beta blocker treatment. Mental stress increases QT 
interval independent of an effect on heart rate (kept constant by pacing) 
while also increasing cardiac sympathetic tone, indicating a specific 
effect on the ventricular myocardium [37]. Consequently, stress-
related increased plasma catecholamine levels are associated with T 
wave alternans (a measure of repolarization instability and a predictor 
of VF and SCD) [38]. In patients with cardiomyopathy this propensity 
also predicts the occurrence of ventricular tachyarrhythmias over 
3 year follow up [39].   Clinically, sudden cardiac death is associated 
with stressful psychological events [40]: when compared to myocardial 
infarction uncomplicated by an arrhythmia, those resuscitated from 
idiopathic ventricular fibrillation are significantly more likely to have 
experienced acute stress in the preceding 24 hours [41].

The threshold for ventricular extrasystole induction is significantly 
reduced when dogs are placed in a stressful environment [42] an effect 
reproduced by left stellate ganglion stimulation or catecholamine 
infusion and abolished by beta blockade indicating mediation by 

A

B
Figure 4. Myocytolysis:  A. Loss of myocardial cells (arrows) and collapse of supporting 
stroma following SAH; B: Necrotic myocardial cell with myofibrillar degeneration and 
infiltration of the necrotic debris with mononuclear cells (arrows) following SAH. Lower 
Panels: A) Serial ECGs during control rat sensorimotor cortex stimulation without 
significant changes. Stimulus artifact is identified prior to the QRS complex; B) serial 
ECGs during insular microstimulation showing: progressive ST depression, evolution of 
the U wave, QT interval prolongation and progressive degrees of heart block. Subsequently, 
interventricular conduction defects are noted, bradycardia with a ventricular escape rhythm, 
complete heart block and then asystole. Inset is a coronal section diagram through the rat 
forebrain showing insular stimulation and control sites. Filled circles indicate insular 
stimulation sites; open squares indicate sites of electrode insertion without stimulation; 
stars indicate control stimulation sites in extra-insular locations.
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sympathetic mechanisms. In pigs [43] a forebrain-originating pathway 
is involved in the development of stress-related VF and implicates 
cortical involvement. Rabbit studies [44] indicate an insular role, 
and human functional MRI studies have shown that subjects with an 
exaggerated cardiac response to stress had significantly enhanced 
insular activation compared with those manifesting a blunted 
response [45].

Takotsubo cardiomyopathy presents with significantly reduced 
ejection fraction, chest pain and dyspnea during a period of severe 
mental anguish [46]. Coronary angiography is frequently normal 
and there is often no cardiac history. Repolarization changes that 
accompany the echocardiographic findings indicate a cerebrogenic 
origin: T wave inversion, ST segment elevation, prominent U waves, 
and QTc prolongation. Cardiac enzymes are elevated and there is 
reduction of apical contractility. Although the prognosis is often 
benign, cases associated with sudden cardiac death are reported. Plasma 

catecholamines are elevated and reach levels higher than those seen 
with myocardial infarction. Additionally, increased norepinephrine 
levels have been found on direct sampling of coronary sinus blood [47]. 
This cardiomyopathy can be recreated in the rat during immobilization 
stress and prevented by pretreating the animals with sympathetic 
blockers [48]. Coronary vasodilators are without effect further 
indicating the absence of coronary spasm. Takotsubo-like changes 
have particularly been noted after left insular stroke implicating this 
region in the cardiopathy [49] (Figure 5).

Epilepsy

Seizures provide a natural model for studying the interface between 
cerebral and cardiac events. SUDEP (sudden unexpected death in 
epilepsy) is a clinically relevant aspect. Finally, animal seizure models 
have added significantly to our understanding of the mechanisms 
underlying cerebrogenic cardiopathy. 

Figure 5. Insular infarction and Takotsubo cardiomyopathy: A) MRI showing left insular infarction; B) admission ECG showing atrial fibrillation and neurogenic changes comprising T 
wave inversion, QT prolongation, ST elevation predominantly in the anterolateral leads; C) normal coronary angiogram; D) ventriculograph typical of Takotsubo cardiomyopathy, with the 
apex of the heart showing the rounded appearance contrasting with the systolic constriction of the left ventricular base.
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SUDEP occurs during/following a seizure, is unrelated to status 
epilepticus (SE), accident or other identifiable cause [50] has an 
incidence of 1/150 (24 times that in the general population) and is 
associated with bradyarrhythmias and asystole [51,53]. Video-EEG 
telemetry shows a propensity to right focally- onsetting temporal lobe 
seizures with 8% being of insular origin [52] (however many temporal 
lobe seizures are probably of insular onset). Respiratory abnormalities 
are documented implying that SUDEP is a primary apneic event with 
cardiac effects being secondary; yet no consistent association between 
ictal respiratory changes and bradyarrhythmias/asystole has been 
conclusively demonstrated [53]. In the non-SUDEP setting, cardiac 
dysrhythmias are documented with seizures originating in the insula, 
mesial temporal lobe, amygdala and marginal gyrus (reviewed in 1) 
frequently in those without concomitant heart disease. Ictal bradycardia 
is reported with left temporal (possibly insular) foci [51,53]. 

An association between right temporal lobe seizures and QTc 
prolongation has been described [54], suggesting an effect on ventricular 
depolarization independent of heart rate. Bundle branch block, QT 
prolongation, T wave changes and first degree atrioventricular block 
were found in 35% of epileptics without evidence of underlying cardiac 
disease [55]. Prolonged QRS duration, incomplete right bundle branch 
block, interventricular conduction delay, and a higher incidence of early 
repolarization is reported in SUDEP patients, compared with those 
not succumbing to this outcome [56]. The increased interventricular 
conduction time is considered to reflect fibrosis secondary to chronic 
myocytolysis.   QT and QTc dispersion are increased in epileptics this 
being independent of medication [57,58].  Nearly 50% of epileptics 
may have late potentials, unrelated to cardiac history or electrolyte 
imbalance a possible reflection of seizure-induced changes in cardiac 
ionic channels (see below) [59].  T wave alternans and asymptomatic 
ST segment depression during partial seizures have been described 
[60,61]. This may reduce the threshold for ventricular arrhythmia onset 
as shown by Bealer et al. [62] in a rat seizure model.  

Regarding cardiac pathology, Manno et al report myocytolysis in 
73% patients dying following SE [63] and this is also noted in SUDEP 
[64]. The likely pre-mortem expression of this pathology, Takotsubo 
cardiomyopathy, has been observed after seizures and is associated 
with QT prolongation and T wave inversion: endocardial biopsy in 
these cases is consistent with myocytolysis with normal cardiac arteries 
present on angiography.  Cardiac MIBG-scanning is consistent with 
increased cardiac sympathetic neural activity [65,66]. 

As mentioned, SUDEP manifests mainly with bradyarrhythmia 
and asystole and this has been shown not surprisingly to be associated 
with increased cardiac parasympathetic tone [67]. In temporal lobe 
epilepsy (TLE), MIBG studies show reduced cardiac sympathetic 
innervation [68] unrelated to co-incident cardiac disease or medication. 
Chronically, increased sympathetic tone secondary to recurrent seizures 
is considered to cause transsynaptic degeneration of sympathetic neurons 
resulting in the demonstrated decreased MIBG uptake. Furthermore, 
when compared to TLE patients without bradycardia TLE patients with 
seizure-related bradycardia and asystole have significantly reduced MIBG 
uptake [69]. Loss of peripheral cardiac sympathetic innervation likely leads 
to unopposed parasympathetic tone, which becomes pathological during 
ictal episodes and subsequently may manifest as SUDEP.  

Epilepsy models afford an opportunity to link cerebral events with 
autonomic activity. In cats with induced seizures, T wave flattening, 
U wave generation, QRS notching, Q waves, QT shortening or 
lengthening and ST elevation/depression were always preceded by 
spike activity, these changes normalizing once the spikes ceased 

[70].  As the induced spike frequency was increased, ventricular 
tachycardia occurred followed finally by asystole and death. At onset, 
spike activity was accompanied by synchronous firing in cardiac 
sympathetic and vagus nerves. Baroreflex inhibition occurred but only 
during cerebral spiking. As spike activity increased, desynchronization 
developed between different individual sympathetic nerve branches 
and between these and the vagus. This loss of synchronicity was 
suggested to induce geographical changes in ventricular myocardial 
excitability and consequent ventricular arrhythmia. At the highest 
induced spike frequencies, vagal activity markedly increased whereas 
cardiac sympathetic activity sharply decreased accompanied by 
bradyarrhythmia and subsequent asystole. In other studies, Little 
et al [71] showed that atenolol markedly decreased the incidence of 
epilepsy-associated QTc prolongation and reduction of left ventricular 
contraction, indicating an accompanying sympathetic component. It 
is therefore noteworthy that seizure-related effects can be: temporal, 
with desynchronized firing between various cardiac neural branches; 
geographic, with inhomogeneity of effect location throughout the 
ventricular myocardium; and reflex, with reduced BRS arising 
from reduced capture of vagal neural activity by peripheral blood 
pressure changes. Chronic cardiac stimulation related to epileptic 
discharge, with augmented parasympathetic and sympathetic tone 
and the inhomogeneity of ventricular repolarization reflected in QT 
dispersion, together with the changes that chronic sympathetic neural 
activity imposes on ion channels and cardiomyocyte calcium economy 
(see below) provide ample grounds for the arrhythmic basis of epileptic 
cardiopathy. 

SUDEP is not a rare event and is associated with bradyarrhythmias 
and asystole and with augmented parasympathetic tone. Evidence 
suggests left hemisphere predominance and possibly insular origin.  
Other seizure-related cardiopathic effects, including myocytolysis, 
certain ECG changes and contractility disturbance may be of 
sympathetic origin. Not all patients are susceptible to ECG changes, 
arrhythmias or SUDEP and other factors may be involved; an 
association with congenital or acquired cardiac ionic channelopathies 
has been suggested but not conclusively confirmed [72]. 

Mechanisms 
Dysregulatory cerebral states (especially those involving the insula) 

produce a tilt towards increased cardiac sympathetic tone, with the 
addition that in epilepsy significant augmented parasympathetic 
effects also occur. Recent research has increased our understanding 
of mechanisms whereby altered cerebrogenic states are translated into 
cardiac molecular and channelopathic effects thereby contributing to 
pathological outcomes.  

Sympathetic receptor- mediated mechanisms

Many of the cerebrogenic effects discussed are mediated through 
sympathetic mechanisms [73]: β-Adrenergic receptors selectively 
couple to the adenylyl cyclase stimulatory G protein (Gs). Gs-stimulated 
adenylyl cyclase increases the level of cyclic adenosine monophosphate 
(cAMP) and activates protein kinase A. Substrates phosphorylated by 
protein kinase A that may be relevant to cardiac arrhythmias include 
the L-type Ca2+ channel (LTCC), the cardiac ryanodine receptor type 
2 (RyR2), the1,4,5-triphosphate receptor (IP3R2), the α-subunit of the 
cardiac sodium channel, the cardiac isoform of the sodium-calcium 
exchanger (INa−Ca), K+ channels (IK1, HERG, and Ca2+-activated 
IKs),Ca2+-activated chloride current (ICl/Ca), andNa+/Ca2+ exchange 
current (INa−Ca). The outcome of catecholamine activation on the 
myocardium depends on several factors including the effect on cell 
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type and its location, as well as catecholamine dosage. For example, 
α1 stimulation prolongs the action potential in Purkinje cells but 
decreases this in M cells. Low catecholamine doses may lengthen 
and high doses normalize the action potential in epicardial and 
endocardial cells. Torsades de pointe is an example of a sympathetic 
neurally-induced arrhythmia associated with the long QT syndrome 
(LQTS), and its occurrence is reduced by left stellate gangliectomy or 
by β-blockade. It is postulated that this arrhythmia is secondary to 
catecholamine- induced early afterdepolarizations (EADs) and that 
geographic variability leads to repolarization inhomogeneity setting 
the ground work for the arrhythmia. In a canine model of LQT1, action 
potential duration (APD) was prolonged homogeneously in epicardial, 
endocardial and mid-myocardial cells. Isoproterenol infusion resulted 
in torsades development with prolongation of the APD in the M cells 
and shortening in epicardial and endocardial myocytes. This geographic 
inhomogeneity (and the arrhythmia), was abolished by β-blockade. 

In a rat epilepsy model, cardiac β1-receptor protein was reduced 
indicating chronic activation and Cx43 (connexin 43) levels (a 
ventricular gap junction protein which augments myocyte electrical 
coupling) elevated [74]. Increased phosphorylation of intracellular 
intermediary proteins affected by sympathetic activity was noted 
including protein kinase A (PKA), extracellular signal regulated kinase 
(ERK), calcium/calmodulin dependent protein kinase II (CaMKII) as 
well as decreased levels of the potassium channel Kv4.2 and HCN2 
(hyperpolarization-activated cyclic nucleotide-gated channel subunit 
2) whose activity is modulated by these activated kinases. Proteins 
responsible for regulating intracellular calcium levels and distribution 
were also affected including: NCX-1 (involved with Ca extrusion) which 
was downregulated, and a major sarcoplasmic binding protein (CaR) 
whose levels were elevated. Cerebral activation can therefore augment 
cardiac sympathetic tone (indicated by the increased kinase activity) with 
resulting effects on potassium channels; this may significantly affect cardiac 
repolarization. Additional effects on proteins which increase electrical 
coupling allow for the generation of arrhythmias, especially if these are not 
uniformly expressed throughout the myocardium. Whether similar effects 
occur in the human is yet unclear. 

Norepinephrine induces Cx43 transcription in cultured rat 
cardiomyocytes [75] and consequent intercellular electrical coupling. 
In vivo, isoproterenol increases Cx43 expression, heart rate, and 
cardiac output. β-adrenergic stimulation also opens existing gap 
junctions and thereby enhances coupling. It was therefore suggested 
that any geographic variability in the distribution of such upregulation 
might generate inhomogeneous depolarization and the production 
of ventricular arrhythmias, a mechanism postulated to be operating 
during seizures and other cerebrogenic cardiopathic circumstances.

Potassium channelopathies- Genetic and acquired

Potassium channels contribute significantly to cardiac 
repolarization and are reduced in some cardiomyopathies associated 
with sudden cardiac death. In a rat epilepsy model increased 
cardiovascular sympathetic tone was associated with reduced Kv4.2 
levels (a channel crucial for repolarization), increased QTc dispersion 
and Troponin I elevation, these effects being blocked by atenolol [76]. 
The exact cause of this reduction is unclear, however in vitro studies 
indicate that CaMKII (activated by β-receptors) phosphorylates 
Kv4.2 potassium channels and changes the amount present in the cell 
membrane [77]. 

It has been suggested that brain-derived effects result in cardiopathy 
only in the presence of a cardiac channel mutation. Contradicting this, 

the KCNA1 gene encoding Kv1.1 channels is found in brain and in 
vagal axonal juxtaparanodes, but not in heart muscle [78]. In KCNA1 
knock-out mice, seizures associated with prolonged periods of sinus 
bradycardia, conduction block, and frequent PVCs occur. These 
cardiac concomitants are solely of neural origin since they are blocked 
by atropine. Seizures unmask parasympathetic hyperexcitability and 
result in bradycardia and conduction block in these KCNA1 knock-out 
mice as the role of this channel is to suppress backfiring following vagal 
nerve action potential generation.  This indicates that mechanisms 
restricted to the neuraxis alone can cause cardiac effects without 
requiring an additional intrinsic cardiac channelopathy. The role of 
the brain as a promotor of arrhythmogenesis in the presence of an 
intrinsic cardiac channelopathy has also been demonstrated: LQTS1 
is associated with seizures (22% of patients) and is caused by a gene 
mutation which encodes the alpha subunit of the tetrameric voltage-
gated potassium channel KvLQT1 (Kv7.1). These mutations decrease 
the slow repolarizing Iks current. In a mouse KvLQT1 mutation model 
AF, atrial flutter, PVCs, and episodic atrio-ventricular conduction 
block occur but only when coupled with concomitant spikes indicating 
that although there is an intrinsic cardiac channelopathy a trigger in 
the form of an epileptic discharge is also required [79]. 

Sodium channelopathies- Genetic and acquired 

Cardiac sodium (Na) currents include: a fast-inward current 
accounting for the peak of the action potential and a sustained late 
component (INaL). This latter is a significant contributor to QT 
interval duration. In a rat epilepsy model, cardiac TTX-sensitive 
Na channel (Nav1.1) DNA expression was increased compared 
to controls and correlated with QTc and myocyte action potential 
prolongation [80]. Cardiomyocyte membrane TTX- sensitive Na 
channels (which augment the INaL current) were also increased and 
these are more likely to be activated at a lower threshold than normal 
cardiac Na channels (since their activation threshold is close to the 
resting potential).  Consequent delayed recovery from inactivation 
may increase the refractory period and contribute to the conduction 
block not uncommon in epilepsy (and in neurogenic ECG changes in 
general) and the bradycardia thought to underlie SUDEP. 

Mention has been made of the co-occurrence of mutated ion 
channels in the heart and brain. Kalume et al [81] explored the possible 
relative contribution of each in a mouse model of Dravet syndrome, 
an epileptic encephalopathy associated with loss of function mutation 
in the SCN1A gene encoding the brain type 1 voltage gated Nav1.1 
sodium channel. Dravet syndrome is accompanied by a high incidence 
of sudden death and since the affected channels are expressed in both 
heart and brain, it is unclear which is the principal culprit. Sudden 
death with preceding AV block occurred only after a seizure and 
with presence of the mutation in forebrain GABAergic interneurons, 
whereas cardiac-specific mutations were not associated with sudden 
death. Muscarinic antagonists prevented these deaths indicating a 
parasympathetic mechanism. The authors postulate that this is caused 
by hyperactivation of pathways from the forebrain to brainstem 
parasympathetic cardiac neurons due to loss of interneuronal 
inhibition.

Linking acquired Na channelopathies with increased sympathetic 
activation, Wagner et al [82] transfected cardiac myocytes so that 
CaMKII (activated by β-receptor stimulation) was overexpressed. 
Enhanced CaMKII phosphorylation of Na channels was found as well 
as concomitantly increased INaL and intracellular Na concentration. 
In vivo, QRS and QT intervals were prolonged, and the threshold for 
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VT development decreased. This sympathetically- mediated CaMKII 
phosphorylation of Na channels resulted in slowing of fast inward 
Na current inactivation and enhancement of the late Ina current 
thereby increasing action potential duration and generating early 
afterpotentials (EADs). The elevated Nai because of slowed inactivation 
could also result in late afterdepolarization formation. 

Camkii, Mitochondria and Calcium

Intracellular molecular effects mediating cerebrally-induced cardiac 
structural and functional changes will be discussed in this section. In 
short, sympathetic-mediated upregulation of CaMKIIδ (the cardiac 
isoform of calcium/calmodulin protein kinase) and compartmental 
shifts in intracellular calcium concentration seem pivotal. CaMKII 
has important effects on cardiac myocyte ion channel expression and 
activity, as well as intracellular Ca levels and likely plays a crucial part 
in the origin of cerebrogenic cardiopathy. 

β1-receptor stimulation activates two phosphokinases [83,84]: a) 
phosphokinase A (PKA) mediating short -term (“flight or fright”) effects 
and RyR2 (sarcoplasmic reticulum ryanodine receptor) activation with 
consequent Ca release; b) chronic sympathetic stimulation activates 
CaMKII and contributes to the pathological changes that may occur 
with stroke, stress, and seizure. Under basal conditions CaMKII is in a 
state of autoinhibition but as calcium levels increase subsequent upon 
either sarcoplasmic reticulum (SR) release or LTCC activation, calcium 
complexes with calmodulin and then binds to CaMKII releasing it 
from autoinhibition. CaMKII regulates SR Ca uptake and release [85]. 
Target proteins include: phospholamban, RyR2 and Ca channels which 
are activated and enhance excitation/contraction coupling and heart 
rate responses. 

In heart failure (in which there is sympathetic upregulation) 
phosphorylation of Kv4.3 by CaMKII reduces the repolarizing 
K current thereby prolonging the action potential plateau phase 
and consequently, the QT interval. In animal models, transgenic 
overexpression of CaMKIIδ increases the frequency of Cav1.2 channel 
opening and RyR2-mediated SR Ca release thereby prolonging 
the action potential. CaMKII phosphorylation of Nav1.5 channels 
impair their inactivation and increases intracellular Na consequently 
reversing the Na/Ca exchanger and increasing intracellular Ca; this 
contributes to the generation of afterdepolarizations [83,84] (Figure 
6). CaMKII activation phosphorylates potassium channels, decreases 
their transcription and trafficking to the cardiomyocyte membrane. 
Inhibition of myocardial CaMKII augments ischemic preconditioning 
and reduces ischemia-reperfusion cardiac damage [83,84]. Transgenic 
mice with CaMKII overexpression manifest AP and QT prolongation, 
LVH and polymorphic ventricular tachycardia. These effects were all 
blocked by CaMKII inhibitors.

Mitochondria contribute 20-30% of myocardial mass and are an 
important Ca buffer [85]. Excess intramitrochondrial Ca accumulation 
facilitates mitochondrial permeability transition pore (mPTP) 
opening, with loss of the mitochondrial transmembrane potential, 
and release of cytochrome C thus triggering apoptosis [85]. mPTP 
is a target of CaMKII which can also precipitate these events (Figure 
7). βAR1 receptor stimulation causes ventricular myocyte apoptosis 
through this mechanism which is prevented by CaMKII inhibition and 
by β1AR antagonists. Reactive oxygen species (ROS) also derive from 
mitochondria due to uncoupling of the electron transport chain, and are 
seen in animal models of failing ventricular myocardia and in human 
heart failure. ROS can convert CaMKII into its autonomously active 

Figure 6. β-adrenoceptor activated CaMKII and the mechanism of sympathetic-
induced arrhythmogenesis: CaMKII phosphorylates L-type Ca channels (CaV1.2) 
increasing the probability of channel opening, contributing to early afterdepolarization 
formation (EADs). The increased ICa thereby generated, contributes to action potential 
prolongation and delayed afterdepolarizations (DADs). CaMKII also phosphorylates 
Na+channels (Nav1.5) enhancing late INa current, promoting EADs, increasing 
subsarcolemmal [Na+]I promoting DAD development. CaMKII phosphorylation of the 
ryanodine receptor (RyR2) increases sarcoplasmic reticulum (SR) Ca2+leak, shifting the 
Na+/Ca2+ exchanger (NCX) to a forward mode, thus contributing to DAD formation. 
CaMKII contributes to the formation of injured myocardium by promoting myocyte death 
and collagen deposition.

Figure 7. CaMKII mediated cardiomyocyte apoptosis-possible mechanisms underlying 
myocytolysis and cerebrogenic cardiopathy:  the mitochondrial Ca2+ uniporter 
(MCU) is phosphorylated by activated CaMKII leading to excessive mitochondrial Ca2+ 
accumulation triggering mitochondrial permeability transition pore (mPTP) opening, 
and subsequent cell death. Mitochondrial Ca2+ overload also promotes ROS generation, 
oxidizing CaMKII (ox-CaMKII) releasing it from autoinhibition further resulting in 
intramitochondrial Ca accumulation and apoptosis.

form. Countervailing protective proteins for such oxidative stress have 
been found: MsrA, and MsrB (methionine sulphoxide diasteroisomers) 
which are in the cytoplasm, nucleus and mitochondria. These reverse 
CaMKII oxidation, and protect against cardiac cell death in animal 
models. ROS generation may therefore be another mechanism 
contributing to cerebrogenic cardiac pathology. 
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In heart failure, T- tubule system structural changes occur resulting 
in loss of close apposition of RyR2 and Cav1.2 receptors; this impairs 
Ca-dependent Ca release from the SR and excitation/contraction 
coupling resulting in reduced cardiac contractility. Such may occur 
in Takotsubo and other cerebrogenic cardiopathies.  Since β1AR 
antagonists prevent disruption of the tubular system, the sympathetic 
nervous system may be involved in triggering a disassociation between 
Cav1.2 and RyR2 receptors and consequent dysregulation of Ca release 
and reduced inotropy. 

In summary: Through a complex interweaving of intracellular 
processes, sympathetic upregulation consequent upon cerebral 
activation can affect cardiac depolarization, repolarization, 
contractility and structure. Current evidence from in vitro, as well as 
in vivo studies and from human biopsy material suggest a pivotal role 
for CaMKII upregulation secondary to β1AR activation, which in turn 
has numerous effects on K, Na and Ca channels including determining 
their number and distribution within the cardiomyocyte membrane. 
Additional effects on the mitochondria may result in release of agents 
mediating apoptosis. Distribution of cardiac sympathetic nerves 
within the ventricular myocardium may result in non-homogenous 
effects targeting for example the cardiac apex as seen in Takotsubo 
cardiopathy or allowing the possibility of re-entry. 

CAPON

CAPON (C-adaptor protein of neuronal nitric oxide synthase) is 
a chaperone protein modulating the effects of neuronal nitric oxide 
synthase (nNOS).  By competing with PSD95 (an anchor protein) for 
nNOS it uncouples the enzyme from the plasma membrane and directs 
it to other sites decreasing its membrane-related activity. CAPON is 
present in rat cardiac sympathetic neurons and by removing nNOS 
from the presynaptic terminal, Ca currents (regulated by this enzyme) 
are reduced with concomitant reduction of norepinephrine release [86]. 
Postsynaptically, CAPON modulates ion channel activity in cardiac 
myocytes where it colocalizes with nNOS, and LTCCs and with Kir3.1 
channels. CAPON upregulation shortens action potential duration by 
inhibiting Ica currents and activating Ikr. CAPON (and co-localized 
NOS) has been found in the SR and mitochondria of ventricular 
myocytes [87] and is involved with intracellular Ca handling and 
consequently regulates CaMKII activity (an important intermediary 
in cerebrogenic cardiopathic effects). CAPON polymorphisms 
could therefore render individuals particularly vulnerable to 
sympathetically-mediated cerebrogenic effects, by both neuronal and 
cardiomyocyte-mediated mechanisms and in this regard, associations 
between CAPON polymorphisms, QT interval prolongation and 
sudden cardiac death have been reported [88-90]. The effect of these 
polymorphisms is primarily to downregulate CAPON transcription 
[89] thereby increasing norepinephrine release especially in conditions 
of augmented sympathetic tone as occurs with stress, stroke and 
epilepsy contributing to the cardiopathic effects detailed above.  

The insula, psychological homeostasis and cerebrogenic 
cardiopathy 

Cortical representation of cardiovascular function provokes a 
rethinking of autonomic nervous system function. When faced with 
challenging environmental situations and a range of reaction choices, 
discrimination to initiate the right one is vital. The James-Lange 
hypothesis suggests that each choice generates an associated set of 
autonomic concomitants which feed back into the brain (reviewed in 
1). This colors the anticipated response, its ideation and its effectuation 
with a set of feelings. Without them, all responses would have the 

same validity and selection would either be random or require time-
consuming ratiocination. “Psychological homeostasis” reduces cortical 
stress perception by correct response selection and achievement of the 
anticipated outcome. Recent MRI studies indicate a key role for the right 
insula and cardiac input in this regard (reviewed in 1). Underpinning 
this is the close coupling of different areas of the brain into networks, 
which evaluate, respond to and choose these appropriate responses. 
The insula selects appropriate networks, and couples the strength of the 
interactions between different constituent components. A by-product 
is that when abnormal interactions occur as in psychiatric disorders or 
after stroke or seizures (especially when involving the insula), abnormal 
cardiac regulatory activity may result. Although there is currently little 
evidence regarding network reconfiguration in these conditions, in 
focal epilepsy changes are described in network connectivity patterns 
(including the insula) [91,92]: interictal spikes affected the connectivity 
strengths between constituent network members. Similar changes 
could occur with other forms of aberrant cortical activity (generated 
by stroke or increased stress perception for example) which might 
dysregulate cardiac neural regulatory efferent activity resulting in the 
cardiopathic effects detailed in this review. 

Conclusions 
Cerebrogenic effects can initiate cardiopathic changes either 

without underlying cardiac pathology or genetic channelopathy, 
or coupled with them in an interactive, permissive role. The insular 
cortex occupies a pivotal position in this regard likely following from 
its integrative involvement in cognitive and decision-making processes 
in which afferent and efferent insular cardiovascular influences play 
an important role. Therefore, psychological factors including stress, 
and pathological processes including stroke and epilepsy especially 
when involving the insula (or regions with which it is networked) are 
important in destabilizing cardiac function leading to both structural 
and electrophysiological effects with the ultimate clinical expression 
of sudden cardiac death. These are mediated by imbalances in cardiac 
autonomic regulation, especially involving the sympathetic nervous 
system, although parasympathetic influences are also important 
(especially in SUDEP). At the molecular level, CaMKIIδ upregulation 
is central with consequent induced sodium and potassium 
channelopathies producing Ca, K and Na ionic flux dysregulation 
and alterations in their intracellular levels. Mitochondrial dysfunction 
and reactive oxygen species generation play a role, with subsequent 
impairment of excitation/contraction coupling and cardiomyocyte 
apoptosis leading to either the subtle pathological changes of 
myocytolysis and inotropic downregulation or a more flagrant 
cardiomyopathy (for example Takotsubo). It would be imprudent to 
suggest that cerebrogenic effects predominate in the general etiology 
of cardiac disorders, but there are instances where neurophysiological 
examination could be valuable. In patients with idiopathic and 
intractable arrhythmia or cardiac contractility disorders, as well as 
those with a propensity to drug-related QT interval prolongation or 
etiologically-unclear vulnerability to cardiac arrest, in addition to 
a search for the traditional genetic channelopathies, estimation of 
CAPON polymorphisms, and of sympathovagal tone (including BRS) 
may be helpful.  Autonomic tone should not only be assessed under 
basal conditions, but also under stress (in this case psychological) 
since sympathetic-related mechanisms may only manifest under these 
circumstances. In addition, MIBG cardiac scanning may give further 
information as to the status of intracardiac sympathetic neurons which 
are affected in conditions of chronic cardiac sympathetic upregulation.  
Finally, functional MRI can provide an assessment of insular activity 
and cerebral network relationships and balance in such vulnerable 
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patients. In addition to gathering helpful information regarding the 
autonomic status of such patients, these investigations can indicate 
appropriate supplementary interventions additional to antiarrhythmic 
agents.  Cardiac MIBG scanning and cerebral functional MRI afford 
an additional means of measuring the effects of such interventions.  
The use of CaMKIIδ inhibitors should they become available, might 
be appropriate in specific instances, as may inhibitors of oxidative 
stress especially in situations where there is an interaction between 
neurological factors and genetic channelopathies (such as those 
where an arrhythmia is precipitated by stress). Clearly more research 
is needed, and this will lead to improved identification of patients at 
significant risk of SUDEP or sudden cardiac death and provide insight 
into appropriate traditional or novel means of intervention. 
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