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Sudden cardiac arrest is a leading cause of death in the United States. The

neurophysiological mechanism underlying sudden death is not well understood.

Previously we have shown that the brain is highly stimulated in dying animals and

that asphyxia-induced death could be delayed by blocking the intact brain-heart

neuronal connection. These studies suggest that the autonomic nervous system plays

an important role in mediating sudden cardiac arrest. In this study, we tested the

effectiveness of phentolamine and atenolol, individually or combined, in prolonging

functionality of the vital organs in CO2-mediated asphyxic cardiac arrest model. Rats

received either saline, phentolamine, atenolol, or phentolamine plus atenolol, 30min

before the onset of asphyxia. Electrocardiogram (ECG) and electroencephalogram

(EEG) signals were simultaneously collected from each rat during the entire process

and investigated for cardiac and brain functions using a battery of analytic tools. We

found that adrenergic blockade significantly suppressed the initial decline of cardiac

output, prolonged electrical activities of both brain and heart, asymmetrically altered

functional connectivity within the brain, and altered, bi-directionally and asymmetrically,

functional, and effective connectivity between the brain and heart. The protective

effects of adrenergic blockers paralleled the suppression of brain and heart connectivity,

especially in the right hemisphere associated with central regulation of sympathetic

function. Collectively, our results demonstrate that blockade of brain-heart connection

via alpha- and beta-adrenergic blockers significantly prolonged the detectable activities

of both the heart and the brain in asphyxic rat. The beneficial effects of combined alpha

and beta blockers may help extend the survival of cardiac arrest patients.
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FIGURE 6 | Adrenergic blockade decreases corticocardiac coherence (CCCoh). (A) CCCoh (averaged over all channel pairs) before (50 s) and after asphyxia in four

groups of rats: (a) saline, (b) phentolamine, (c) atenolol, and (d) phentolamine and atenolol. (B) The mean and SD of mean CCCoh (5–55Hz) after asphyxia in four

groups of rats. (C) Impact of drugs on hemispheric asymmetry of CCCoh in four groups of rats. Significant difference of mean CCCoh among 4 groups of rats (B) or

between the left and right side of the brain (C) are indicated using asterisks. Error bars denote SD (*p < 0.05, **p < 0.01, ***p < 0.001).

Examination of the differences of brain-heart connectivity
among six cortical channels for all four groups of rats revealed
that the connectivity was affected by the drugs differentially
at left and right side, and at the frontal and occipital regions
of the brain (Figure 9B). Within each drug group and at each
cortical location, connectivity is higher in the efferent direction
from the left hemisphere than in the afferent direction, except
the atenolol group. There was no directional asymmetry on the
right hemisphere at any of the three cortical loci and within
any of the 4 groups. Interestingly, no directional asymmetry
was found in rats injected with atenolol at any of the 6
cortical regions. These data suggest that efferent signaling to
the heart is more robust than afferent communication during

asphyxia. Robust and significant efferent dominance over afferent
connection was found at left frontal, left parietal, and left occipital
lobes in saline, phentolamine, and phentolamine/atenolol treated
rats (p < 0.05). In addition, all 4 groups of rats exhibited
higher levels of afferent connectivity at occipital lobes than
at the frontal lobes. In rats treated with both phentolamine
and atenolol, both afferent (p < 0.05) and efferent (p < 0.01)
brain-heart connectivity was suppressed on the right side of the
brain.

The adrenergic blockers resulted in directional asymmetry
(afferent vs. efferent), hemispheric asymmetry (left vs. right),
and regional specificity (frontal vs. parietal vs. occipital) of
brain-heart connectivity in the dying rats; and the effect was
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FIGURE 7 | Adrenergic blockade leads to asymmetric corticocardiac

coherence (CCCoh). (A) CCCoh raw data for each of the six EEG channels rat

before (50 s) and after asphyxia is shown for one representative control (a) and

a rat received phentolamine plus atenolol (b). LF: left frontal; RF: right frontal;

LP: left parietal; RP: right parietal; LO: left occipital; RO: right occipital.

(Continued)

FIGURE 7 | (B) CCCoh displays hemispheric asymmetry in rats treated with

drugs. The mean and SD of CCCoh (5–55Hz) after asphyxia for each of the six

EEG channels in four groups of rats. (C) Beta blocker inhibits CCCoh

specifically on the right hemisphere. Significant differences of mean CCCoh

among 6 EEG channels are indicated using asterisks in both (B,C). Error bars

denote SD (*p < 0.05, **p < 0.01, ***p < 0.001).

drug-specific. In each of the 6 cortical locations, atenolol
significantly reduced the afferent brain-heart connectivity
on both left (p < 0.01) and right (p < 0.001) hemisphere
(Figure 9Ca). Phentolamine had no effects on afferent
connectivity to any of the 6 cortical loci. In addition, atenolol
significantly suppressed efferent brain-heart connectivity in all
6 cortical regions (p < 0.01), while phentolamine displayed
no significant impact on efferent connectivity on either
hemisphere by itself (Figure 9Cb). In rats treated with both
atenolol and phentolamine, however, the efferent connectivity
was significantly higher in rats treated with both alpha-
and beta-blockers than in rats treated with the beta-blocker
alone. Importantly this effect of phentolamine on brain-heart
connectivity was limited to the efferent direction and exclusive
to the left hemisphere (Figure 9Cb).

Summary of the Findings
Our data demonstrate that (1) simultaneous blockade of
alpha- and beta-adrenergic signaling extends durations
of both cardiac and cortical functional electrical activities
and (2) beta-blocker suppresses bi-directional electrical
communications between the heart and all regions of the
cerebral cortex during asphyxic cardiac arrest. More specifically,
beta blocker (1) nearly eliminated the occurrence of ventricular
tachycardia and ventricular fibrillation induced by asphyxia,
(2) significantly (p < 0.01) suppressed the initial and rapid
decline of heart rate, (3) reduced the brain-heart coherence,
significantly (p < 0.01) only on the right hemisphere, and (4)
blocked both the efferent/feedback (brain-heart; p < 0.01)
and afferent/feedforward (heart-brain; p < 0.001) signaling.
Alpha blocker, on the other hand, (1) reduced the initial
decline of heart rate (p < 0.01), (2) prolonged the duration
of both cardiac (p < 0.05) and cortical (p < 0.05) functional
electrical activities, and (3) when used in combination with
beta blocker, reversed beta blocker-mediated significant
suppression of efferent/feedback signaling significantly only
on the left hemisphere. Importantly, when both alpha- and
beta-adrenergic receptors were simultaneously suppressed,
ECG duration as well as cortical coherence duration were both
lengthened and the combined drug effects were significantly
higher than either drug used alone. Furthermore, the
combined blockade of alpha and beta-receptors markedly
suppressed cortical coherence, specifically on the right
hemisphere.

The key findings on corticocardiac connectivity are illustrated
in Figure 10. The beta blocker atenolol markedly suppressed
brain-heart communications in asphyxic rats, by reducing
the functional corticocardiac coherence (Figure 10A) and
effective corticocardiac connectivity (Figure 10B). It is worth
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FIGURE 8 | Adrenergic blockade decreases corticocardiac directional connectivity (CCCon). (A) CCCon, measured by the Normalized Symbolic Transfer Entropy

(NSTE), shows high levels of feedback (from the brain to the heart or efferent) connectivity directed from the brain to the heart in 4 representative rats. CCCon

(averaged over six EEG channels) before (50 s) and after asphyxia in four representative rats: (a) saline, (b) phentolamine, (c) atenolol, and (d) phentolamine and

atenolol. Red trace shows feedforward (from the brain to the heart) CCCon and blue trace shows feedback (from the heart to the brain) CCCon. (B) The mean and SD

of CCCon (5–55Hz) during A3 phase (see A) in four groups of rats. Solid bars represent afferent CCCon and patterned bars represent efferent CCCon. Significant

differences of afferent CCCon among 4 groups of rats are indicated using blue asterisks, and that of efferent CCCon among 4 groups are indicated using red

asterisks. (C) Left and right asymmetry of afferent and efferent brain-heart connection in different drug groups. Significant differences between afferent and efferent

CCCon are marked by pound signs. Error bars denote SD (*,#p < 0.05, **,##p < 0.01, ***p < 0.001).

to note that atenolol’s inhibitory actions on the brain-heart
loop are significantly stronger on the right hemisphere for
both coherence (Figure 10A) and connectivity (Figure 10B)
measures and that atenolol markedly suppresses both
afferent (left panel in B) and efferent (right panel in B)
communications between the cortex and the heart. Alpha
blocker phentolamine, on the other hand, had no significant
effect by itself for brain-heart communication. However

when used together with atenolol, phentolamine reversed the
suppressive effects of atenolol on brain-heart connectivity.
Importantly, this effect was limited to efferent signaling
and unique to the left hemisphere (right panel in B). Taken
together, these data suggest that beta blocker exerts its beneficial
effects by reducing both afferent (feedforward) and efferent
(feedback) communications with stronger impact on the right
hemisphere.

Frontiers in Physiology | www.frontiersin.org 12 February 2018 | Volume 9 | Article 99

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Tian et al. Adrenergic Blockers Alter Brain-Heart Coupling

FIGURE 9 | Adrenergic blockade affects corticocardiac connectivity (CCCon) with left and right hemispheric asymmetry, directional asymmetry, and regional

specificity. (A) CCCon for each of the six EEG channels before (50 s) and after asphyxia in one representative control rat (a) and a rat received phentolamine plus

atenolol (b). Red trace shows afferent CCCon and blue trace shows efferent CCCon. (B) Regional differences on the effect of drugs on CCCon within each drug

group. (C) Impact of drugs on hemispheric asymmetry, directional asymmetry, and regional specificity of CCCon compared between different drug groups. Solid bars

represent afferent CCCon and patterned bars represent efferent CCCon. Significant differences in afferent CCCon among 4 groups of rats are indicated using blue

asterisks, while that of efferent CCCon are indicated by the red asterisks. Significant differences between FF and FB CCCon are marked by pound signs. Error bars

denote SD (*,#p < 0.05, **,##p < 0.01, ***p < 0.001).

DISCUSSION

In this manuscript, we examined the impact of sympathetic
blockers on the functional activities of the heart and the brain and
functional interaction between the two vital organs in rats during
asphyxic cardiac arrest. The results support our hypothesis (Li
et al., 2015a) that the rapid cardiac demise by asphyxia stems
from the sympathetic insult actively imposed by aroused brain.

Role of the Brain during Asphyxic Cardiac
Arrest
Currently, very few studies have focused on the impact of
the brain on the heart during cardiac arrest. We have shown
that the brain is immediately aroused when rats are exposed
to CO2 (Li et al., 2015a; this study). The brain activation,

reflected by increased cortical coherence at high gamma and
theta waves, was associated with an increased RRI (decreased
heart rate) and a subsequent brief recovery of RRI within the
first minute. Interestingly, there was no detectable electrical
communication between the heart and the cortex during this
period. A further increase of RRI was followed by a marked surge
of brain-heart coherence and connectivity that lasted for the
entire duration of ECG signals. These data lead to the following
hypotheses: (1) asphyxia-stimulated cortical signaling promotes
autonomic activation during early phase of cardiac arrest via a
homeostatic survival circuit, and the events in this early phase
is likely mediated by subcortical players; (2) when the early
rescue efforts fail, the brain mounts an intensive and sustained
sympathetic activation, as reflected by the marked surge
of corticocardiac coherence and bi-directional corticocardiac
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FIGURE 10 | Adrenergic blockers bi-directionally and asymmetrically affect functional brain-heart communication. (A) Beta-adrenergic blockade markedly suppresses

functional corticocardiac coherence (CCCoh) on the right hemisphere. (B) Beta-adrenergic blockade significantly suppresses both the afferent and efferent

corticocardiac connectivity (CCCon), especially on the right hemisphere. Alpha-adrenergic blockade increases the efferent CCCon on the left hemisphere in the

presence of atenolol. [−−: decrease, p < 0.01; −−−: decrease, p < 0.001; (+): significant increase only when atenolol was present; L: left; R: right]. The colored

curved arrows indicate the direction of brain-heart communication.

connectivity at later phase of cardiac arrest. The fact that
adrenergic blockers suppressed the expansion of RRI during the
early phase (Figure 5) supports the hypothesis #1 above. The data
demonstrating reduced cortex-heart communication by beta-
blocker atenolol during the later phase (Figures 7, 9) supports
the hypothesis #2. These data suggest that the rapid death by
asphyxia is mediated by the overstimulation of the sympathetic
system of the brain.

Animal Models for Cardiac Arrest
Cardiac arrest kills more than 300,000 Americans each year
and < 5% of out-of-hospital victims of cardiac arrest survive
(Nolan et al., 2012). Initial triggers that lead to cardiac arrest
include sudden failures of cardiovascular, neurological, and
pulmonary functions, accidents (drowning, choking, automobile
accidents, etc.), or drug overdose (Israel, 2014). Most, if
not all, of these sudden death occur in the absence of
anesthesia. Of the various animal models used for cardiac arrest
studies (intra-cardiac injection of toxins, electrical fibrillations,
trachea occlusion, and non-oxygen gases induced asphyxiation),
however, very few could be performed ethically in the absence of
anesthesia. This issue is important, as anesthesia is well known
to induce marked changes in autonomic functions (Farber et al.,
1995) and can confound the interpretation of studies. Unlike
other animal models, CO2-mediated asphyxic cardiac arrest can
be conducted easily in the absence of anesthesia and has been
widely used to euthanize small laboratory rodents. This model
has been used successfully to investigate brain-heart interactions
during asphyxia (Borovsky et al., 1998; Borjigin et al., 2013; Li

et al., 2015a) and was the model of choice for our investigation
of brain-heart communications in the present work. In future
studies, non-oxygen gases, such as nitrogen (Borovsky et al.,
1998), can be tested side-by-side with CO2 to examine the impact
of hypercapnia on brain-heart coupling. We also plan to monitor
additional physiological parameters, such as blood pressure,
pulse, and sympathetic nerve activity, in animalmodels of cardiac
arrest.

Sympathetic Toxicity and Sudden Death

Sudden death is associated with elevated sympathetic activities
(Samuels, 2007; Sörös and Hachinski, 2012; Israel, 2014).
Elevated efferent sympathetic activity, measured by increased
release of plasma norepinephrine, was detected in patients with
sleep apnea (Baylor et al., 1995), myocardial damage (Mueller
and Ayres, 1980), sustained ventricular arrhythmias (Meredith
et al., 1991), and in rats dying from CO2 inhalation (Borovsky
et al., 1998). Beta blockers reduce incidence of sudden cardiac
death, cardiovascular death, and all-cause mortality (Yusuf
et al., 1985; Al-Gobari et al., 2013). Atenolol, a blocker of
beta-adrenoceptor that does not pass through the blood-brain
barrier, is used in human patients to treat a number of conditions
including hypertension, angina, acute myocardial infarction,
supraventricular tachycardia, and ventricular tachycardia
(Patterson and Lucchesi, 1984; Draper et al., 1992). Mechanisms
for the beneficial effects of beta-blockers including atenolol,
however, remain unclear (Yusuf et al., 1985; Bourque et al.,
2007).
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CO2 results in cardiac arrest in <5min (Coenen et al.,
1995; Li et al., 2015a). When the efferent neuronal signaling
was blocked by cord transection, however, the duration of
ECG and EEG signals was extended to more than 15min in
asphyxic rats, despite the continued absence of oxygen; and
this effect was independent of atropine (Li et al., 2015a). This
data suggests that the blockade of sympathetic action may be
beneficial for prolonging the survival of both heart and brain
in dying individuals, an idea tested in a rat model in the
present work. Elevated sympathetic activity was reported in rats
dying from CO2-mediated asphyxiation (Borovsky et al., 1998).
Importantly the effect of CO2 on norepinephrine release was
shown to result from hypoxic rather than hypercapnic action
of the gas and is independent of adrenally released epinephrine
(Borovsky et al., 1998). In our studies [Li et al., 2015a; this
study], asphyxia induced a delayed surge of corticocardiac
coherence and bi-directional connectivity between the brain and
the heart. Atenolol, administered prior to asphyxia, significantly
suppressed the brain-heart communication (Figures 7–9). In
fact, the beta-blocker inhibits both efferent signaling from the
brain to the heart and afferent signaling from the heart to
the brain and extended the functional activity of both viral
organs. In support of our finding, beta-blockers were shown
to lower norepinephrine release in human subjects (Mueller
and Ayres, 1980; Vincent et al., 1984; Packer, 1998) and
rats (Berg, 2014). Thus peripherally acting beta-blocker alters
the feedback/efferent effective corticocardiac connectivity by
inhibition of norepinephrine release at the presynaptic beta1-
adrenoceptors (Berg, 2014). These data indicate that the cerebral
cortex is an essential part of a survival feedback loop and support
the notion that sympathetic storm stimulated by a sudden drop
of cardiovascular functions is the root cause of most, if not all,
sudden cardiac arrest cases.

Cerebral Asymmetry in Autonomic Control
of the Heart
Brain control of cardiac activity is lateralized, with left
hemisphere associated with parasympathetic and right
hemisphere with sympathetic functions (Wittling et al.,
1998a,b; Critchley et al., 2005; Foster and Harrison, 2006).
Consistent with the right hemisphere predominance in
sympathetically mediated cardiac control (Wittling et al., 1998b),
the beta-blocker specifically and significantly inhibited cortical
coherence (Figure 3; in combination with phentolamine) and
corticocardiac coherence (Figures 6, 7) only on the right cerebral
loci and inhibition of feedforward (afferent) corticocardiac
directed connectivity by atenolol was more significant on the
right hemisphere (p < 0.001) than the left hemisphere (p < 0.01)
(Figure 9C). Interestingly, atenolol’s suppressive effect on
brain-heart coupling was not limited to the right hemisphere
(Figure 9C); a significant (p < 0.01) inhibition of bi-directional
effective brain-heart connectivity was detected on the left cortex.
This data suggests that blockade of peripheral beta1-adrenergic
receptors leads to downregulation of central sympathetic as
well as parasympathetic signaling. These data are consistent
with known mechanisms of autonomic regulation of the heart

(Wehrwein et al., 2016). Furthermore, they support the validity
of our new approach for pharmacological dissection of signaling
mechanisms within the cardiac survival circuit, to which the
cerebral cortex is an essential player.

Dual Alpha and Beta Blockers for
Lengthening the Functional Brain and
Heart Activity
The two branches of the autonomic nervous system regulate
cardiac functions through norepinephrine released by the
sympathetic nerves and acetylcholine secreted by the vagal
nerves. An extensive and reciprocal interaction, reflected by a
prejunctional cholinergic modulation of adrenergic (Vanhoutte
and Levy, 1980) and prejunctional adrenergic modulation of
cholinergic (Akiyama and Yamazaki, 2000) neurotransmissions,
exists between the two systems (Vizi, 1974; Vanhoutte and Levy,
1980; Wehrwein et al., 2016). Specifically, norepinephrine, acting
on the presynaptic adrenergic receptors inhibits acetylcholine
release on postganglionic vagal nerve terminals, and this effect
is abolished with phentolamine (Akiyama and Yamazaki, 2000).
In the present study, phentolamine, when used together with
atenolol, had significantly more beneficial effects in prolonging
functional activities of the brain and heart than either drug
alone (Figures 1, 2). The dual blockers significantly (p < 0.001)
increased the duration of functional activities of both the
brain and the heart, and suppressed the initial expansion of
RRI. Interestingly, the effect of the alpha blocker on brain-
heart coupling was limited to the left cerebral hemisphere, in
contrast to the right dominance of atenolol’s effect. Furthermore,
phentolamine’s effect was more significant when both drugs were
used together (Figures 3B,C, 6C, 7B, 9B), and phentolamine
significantly reversed the suppressive effect of atenolol on efferent
corticocardiac connectivity, specifically on the left hemisphere
(Figure 9Cb). These data suggest that phentolamine acts on
the prejunctional alpha adrenoceptors to elevate the release of
acetylcholine from cholinergic terminals in the myocardium,
when beta1-adrenoceptors are blocked by atenolol.

Peripheral Sympathetic Blockade Alters
Cortical and Corticocardiac Connectivity
Drugs used in this study, atenolol and phentolamine, are well
known to affect cardiac functions. Consistent with their roles
in the heart, the blockers (1) suppressed occurrence of VT/VF
(Table 1 and Figure S1), (2) suppressed the initial drop of heart
rate (Figure 5Ab), and (3) extended cardiac survival time (or the
ECG duration; Figure 1B). More importantly, although having
a minimum blood-brain barrier penetration (Neil-Dwyer et al.,
1981; Nordling et al., 1981), they exerted marked impact on
the dynamics of cortical functional connectivity (Figure 3) and
corticocardiac coupling (Figures 6–9). We believe that this effect
is due to the existence of a powerful corticocardiac loop (CCL),
an extension of the autonomic nervous system that connects
the heart with the cerebral cortex. Changes at either end of the
CCL, in the heart or the cortex, can functionally influence the
outcome at the other end. Thus, emotional trauma, a largely
cerebral event, can precipitate a sudden arrest of the heart
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(Kassim et al., 2008; Sharkey et al., 2011), possibly via the efferent
branch of this interconnected CCL. Our data in this study provide
evidence for the existence of the afferent branch of the CCL:
blocking adrenergic receptors of the heart with drugs that do
not penetrate the blood-brain barrier can powerfully alter the
functional dynamics of cortical and corticocardiac connectivity.
Further investigation of this intriguing loop may help elucidate
(1) the role of the brain in cardiac diseases and (2) the impact
of cardiac events on brain function. It should be noted that
our finding that the functional connectivity within the brain
and between the brain and heart is pharmacologically sensitive
and hemispherically asymmetric alleviates the concern that ECG
signals were artefactually detected in cortical electrodes.

A New Tool for Non-invasive Investigation
of Brain-Heart Communications
Functional communications within the brain between two or
more neuronal networks have been studied successfully using
coherence (Sakkalis, 2011; Fries, 2015; Harris and Gordon, 2015)
and connectivity metrics (Lee et al., 2009, 2015; Li et al., 2015a).
Similar methods have been developed for analysis of electrical
signals encoding different forms of information. Coherence
between EMG and EEG signals, for instance, has been analyzed
as a measure for neural control of locomotion (Enders and
Nigg, 2016). We have pioneered the use of functional and
effective connectivity measures to investigate neural control of
cardiovascular functions (Li et al., 2015a). Using this method,
we have analyzed coherence and connectivity between heart
and brain electrical signals and successfully demonstrated a
surprisingly tight electrical communication between the heart
and the cortex in dying rats (Li et al., 2015a). While this mode
of communication was undetected in healthy rats from the
6 cortical loci, it should be detectable in normal individuals
when EEG electrodes are placed directly within brain regions
with known involvement in the autonomic control of cardiac
functions such as insular cortex, paraventricular nucleus, etc.

Our ongoing research in human patients also identified a surge
of corticocardiac coherence and connectivity when their cardiac
functions failed suddenly (manuscript in preparation). In the
present manuscript, we have further expanded the utility of
this novel approach to probing the signaling mechanisms of
bi-directional brain-heart communication. We plan to apply
this approach extensively in future studies to probe the
mechanisms of various cardiogenic drugs currently used in
clinic.
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