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Neurocardiovascular diseases and disturbances are a distinguished group of the 
pathological entities that demand an integrative scientific approach to be studied, 
treated and finally, cured. Brain-heart and vessels axes can be comprehended as a 
complex, bidirectional unit of utmost importance for organism survival. Harmonized 
functioning of this unit through the autonomic nervous system interface can be fatally 
compromised by stress, infection, systemic diseases, dietary habits, pharmacological 
and surgical interventions. The scope of this Research Topic is to emphasize the 
importance of the scientists’ and medical practitioners’ attention to molecular and 

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/research-topics/3918/neurocardiovascular-diseases-new-aspects-of-the-old-issues


Frontiers in Neuroscience 3 February 2019 | Neurocardiovascular Diseases: New Aspects

systemic modes of the brain-heart and vessels functioning and, often underestimated, 
neurocardiovascular pathology by a patient’s bedside. In the last couple of decades, 
this research area flourished and contributed to the general knowledge by placing 
the new milestones of neurocardiovascular physiology and pathology. We hope that 
by this modest contribution we will provide an interesting, practical and innovative 
update on the novelties in the field of neurocardiovascular research.
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Editorial on the Research Topic

Neurocardiovascular Diseases: New Aspects of the Old Issues

Concept of neuro-cardiovascular diseases (NCVD) is one fruitful approach that enables
the comprehension of the pathological processes raising along the brain-heart & blood vessel axes
from the integrative prospective. That is the reason why multidisciplinary and interdisciplinary
approaches result in novel insights into pathophysiological processes bringing new directions
for therapeutic development, both at the laboratory bench and at the clinical bedside. NCVD
comprises the group of pathologies that have as a primary pathological substrate the changes in
neurochemical, neurophysiological and neuroanatomical levels of the autonomic nervous system
(ANS) and its regulated organs (e.g., heart, blood vessels).

A striking fact is that “cardiovascular disease is the leading cause of death in the world today
and will remain so by the year 2020” (The WHO MONICA Project, Investigators, 1988) strongly
supports the need for new insights into cardiovascular regulatory mechanisms (Bojić, 2003). A
picture of the classical cardiovascular risk factors from the prospective of neural cardiovascular
control, links these factors with stress. The central topic of NCV physiology is related to
stress-induced disfunction (e.g., hypertension, Du et al., 2017), emotional stress coping-cigarette
smoking, obesity, Strickland et al., 2007) and stress-releasing strategies (exercise, Acevedo et al.,
2006; Webb et al., 2017).

Central questions of neurophysiology of stress is:

a. Identification of different brain networks activated during stress
b. Spacial and temporal patterns of their activation
c. Identification of neuronal hubs coupling cognitive-emotional neural networks with body

effectors, like the hypothalamus-pituitary-adrenal (HPA) and the sympathetic-adrenomedullary
axis (SAM) (Ulrich-Lai and Herman, 2009; Godoy et al., 2018).

The interaction of the heart and vessels with the central and peripheral nervous systems represents
the major topic of the basic neuro-cardiovascular research, with the current aim of the field
being to highlight the mechanisms of devastating effects of stress upon the cardiovascular
system. In the review of Dampney the focus was on anatomical basis and functional role of the
dorsolateral periaqueductal gray (dlPAG) in generating behavioral and autonomic responses to
real and perceived emotional stressors. Central position and integratory function of this structure,
between higher cortical regions (auditory, secondary visual, olphactory; medial prefrontal
cortex -MPC, hypothalamus and lower brainstem structures), qualifies it as a crucial, emotional
stress mediator neural hub. Though the review reports, parallel and comparative results obtained in
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different species, the guiding theme is the enlightening of the
understanding of the morpho-functional substrate affiliated with
emotional stress response in humans. Crucial for understanding
of the behavioral response to the perceived emotional stress
are the inputs from the MPC to the dlPAG. The species-
specific MPC subregion of the primate brain, the area 10m,
has the largest volume in humans with respect to other primate
species. Allman and collaborates (Allman et al., 2002) describe
this structure as a comparator of current and memorized
behavioral states, and as a consequent decision-maker about
future, potentially advantageous behavior. Its high activation
and direct interface with dlPAG points to its special role in
complex emotional responses, resulting from such comparisons.
In conclusion, dlPAG is presented as integrator of the reactions
of both the conscious and the unconscious to threatening stimuli
with dependent autonomic networks (i.e., cardiorespiratory
network) which support the behavioral response to stress and
threatening stimuli. Future studies need to address the questions
of chemical phenotyping of the dlPAG and other extensive stress
mediating brain networks; the question of morpho-functional
plasticity with respect to timing and duration of stress exposure;
association of stress-induced morpho-functional changes of
critical brain networks associated with different cardiovascular
pathologies, as well as the question of genetic predisposition to
developing of specific pathological entities like NCVD on the
order of short or long time scales.

The impact of peripheral information on neural mediation
of the cardiovascular (CVS) response can be crucial to the
development of pathologies initiated by physical stressors
like injury. When a physical stressor is recognized by the
brainstem through pain, inflammation and other signals, both
fast SAM and sluggish HPA responses are activated (Godoy
et al., 2018). Up to the present it is not known what the
role of pre-stimulus of the ANS regime is for development
of the compartment syndrome. In this line, the study that
investigated the effect of peripheral neural input to the heart
rate regulating network by Watanabe and Hotta for the
first time examined the specific cardiac autonomic changes
induced by the bio-mechanical pressure stimulation of skeletal
muscle. The authors identified sympathetic nervous system
as the effector of changes in heart rate and blood pressure.
In addition, it was demonstrated that the tonic level of pre-
stimulus sympathetic neural activity determines the direction
of induced heart rate changes and changes to blood pressure.
This data could be of particular importance for understanding
the compartment syndrome, the condition of muscle ischemic
necrosis due to excessive intramuscular pressure and blood
hypoperfusion. Future studies are necessary for revealing the
site of the interaction of peripheral muscle pressure, stretching
and contraction stimulus of the CVS neural networks (spinal
or brainstem), and chemical phenotyping for the purpose
of pharmacological intervention, and the role of tonic pre-
stimulus sympathetic neural activity, for the development of the
hemodynamic profiles that are susceptible to progression of the
compartment syndrome.

Drug targeting of spinal and brainstem autonomic neural
circuits causally involved in the genesis of different NCVD

could result with long-awaited pharmacological solutions (Pierce
et al., 2010; Zimmerman, 2011) for unexpected groups of
pathophysiological entities, like compartment syndrome and
neurogenic hypertension.

Neurogenic hypertension (NH) and vasovagal syncope (VVS)
are NCV entities representing an unsolved pathophysiological
puzzle. Novel data exists about the central molecular mechanisms
regulating the tonic activity of preganglionic sympathetic
neurons (Zimmerman, 2011), with antagonizing effects of the
angiotensin II receptor and the MAS1 receptor mediated
cascade offer a promising perspective for in silico strategies
for investigation of NH. The Information Spectrum Method
(ISM), a virtual spectroscopy method for studying the long-
range interactions between biological macromolecules (Veljković
et al., 1985), was previously successfully applied in study of
HIV (Veljković et al., 2007), anthrax (Doliana et al., 2008) and
the influenza virus (Perović et al., 2013). This widely accepted
method (Veljković et al., 2011) was applied for the first time
by Bojić et al. for the investigation of molecular targets of
NH and VVS. As the result of this study, there have been
proposed three novel therapeutic candidates for treatment of
NH (apelin-28, apelin-31 and apelin-36) and also 12 repurposed
antimuscarinic drugs potentially could be efficient in VVS
treatment. Follow up with in vitro and in vivo studies will
test the therapeutic capacities of drug candidates identified by
ISM.

Baroreflex sensitivity (BRS) represents one of the central
research topics of NCV physiology in the last few decades (Bojić,
2003; Silvani et al., 2003, 2005; Zoccoli et al., 2005; Bajić et al.,
2010; Kapidžić et al., 2014; Platiša et al.) and pathophysiology
(Parati et al., 2004; Glišić et al., 2016). BRS has been recognized
as valuable prognostic factor for the outcome of different NCVD
like myocardial infarction (La Rovere et al., 1998), heart failure
(Libbus et al., 2016) and hypertension (Subha et al., 2016).The
methodology of BRS estimation evolved from the classical
methods of BRS estimation based on induced blood pressure
changes (mechanical, pharmacological, etc.) with the related
research activity achieving considerable levels since the late 1950’s
(Ernsting and Parry, 1957; Lamberti et al., 1968; Kirchheim,
1976), up to the BRS techniques for analysis of blood pressure
and HP spontaneous fluctuations, which were introduced during
the late 1980’s (Fritsch et al., 1986; Bojić, 2003).

Major advantages of spontaneous fluctuations method are:

1. There is no administration of vasoactive compounds or
external appliances that could influence the baroreceptor
reflex by a direct action on receptor or effector sites (Coleman,
1980).

2. BRS is measured within physiological ABP ranges, allowing
the computation of the gain at ABP close to the operating
set point value, with minimal nonspecific effects from other
efferent nerves.

3. The method does not arouse subjects or animals, thereby
reducing stress induced effects.

4. In contrast with pharmacological ormechanical methods, they
are suitable to assess the BRS over prolonged periods of time
(Mancia and Mark, 1983; Oosting et al., 1997).
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Still, time and frequency domain analysis of ANS activity in
cardiovascular signals require certain conditions, with a stable
baseline as one of the most important and most difficult states
to obtain on long data segments. Li et al. propose a Multiple
Trigonometric Regressive Spectral Analysis as a novel method for
baroreflex sensibility (BRS) estimation for short (20–30’s) time
segments. The proposed method uses the oscillations of ABP
and HP instead of their original values. The method provides
reliable estimates of BRS without regard to posture change during
the short data segments of 20–30 s in length. The proposed
method solves several shortcomings of the sequence method by
increasing the accuracy and validity of BRS estimation (Ziemssen
et al., 2013), by providing a pure physiological spectrum of
ABP and HP fluctuations and by reducing the influence of non-
baroreflex drives. Further studies are necessary for evaluation of
this promising method for studying BRS and other CVS indexes
during the dynamic processes of daily life.

Atrial fibrillation (AF) presents NCVD events typically
triggered by sympathovagal discharge (Goldstein, 2001),
resulting in a dysfunctional atrial rhythm possessing as a
consequence stroke, heart failure and risk of dementia. The
electrical instability of atria, both focal and re-entrant activity,
are progressive, self-feedback processes that evolve paroxysmal
AF toward its persistent form. These classical experimental
and clinical observations were without clear evidence-based
pathophysiological explanation (Schotten et al., 2011). Ashton
et al. propose the morpho-functional remodeling of ANS, both
of its extrinsic (pre and post-ganglionic neurons) and intrinsic
components (ganglionated plexus) that innervate the heart, as
fundamentally contributing to positive feedback mechanism of
AF. The ganglionated plexus, is the network of acetylcholine and
other neurochemically distinct neurons, which play an important
role in the modulation of cholinergic transmission and can be
the site of maladaptive changes including arrhythmogenesis.
These maladaptive changes could be based on both short-term
and long-term plasticity mechanisms, with engagement of
5HT3 receptors, acetylcholine release and NO signaling in
sympathetic neurons, and nicotinic expression, NO-cGMP
signaling and NMDA receptor expression in vagal neurons. The
neurochemical profile of synaptic plasticity of both sympathetic
and vagal ganglionic transmission is promising target for future
pharmacological studies aiming to intervene in AF that is
morpho-functionally stabile as its persistent form. Traditional
ECG and HRV linear and nonlinear indexes (Kikillus et al.,
2007) could not give the answers about regulatory mechanisms
of longer time scales and their differences between healthy and
AF patients. Differences in nonlinear HP functional patterns
between healthy and AF patients could be of major importance
for the diagnosis and consequent therapy of AF forms that are of
central neural origin (Andrade et al., 2014).

This was the focus of the research of Platiša et al., where
novel Generalized Poincaré Plot (GPP) analysis of RR interval
was proposed as a sensible method for distinction of AF from
healthy subjects. GPP revealed for the first-time different system
dynamics for large time scales in AF and healthy subjects. In
the special case when GPP analysis was performed between 100
preceding and 100 following RR intervals, distinct regimes could

be observed in healthy subjects, reflecting hypothetical different
set-points of the blood pressure-heart rate baroreflex loop. In
AF patients the GPP profile of RR intervals were scattered. This
result suggests that AF patients have smaller adaptive capacity
to internal and external perturbations. Four cluster profile
of correlation maxima and their absolute values for different
correlation scales were also different in healthy and AF patients.
These results supported the hypothesis that regulatory regimes
in healthy subjects operate in fine tuned superimposed regimes
acting on different time scales-parasympathetic, sympathetic
and slow regulatory mechanisms like thermoregulation, rennin-
angiotensin-aldosterone-sodium system, hormones etc. The
AF cluster pattern was highly distorted, shifted toward
higher frequencies and with increased randomness. The new
GPP methodological approach for detection and profiling
cardiovascular regimes need future pharmacological evaluation
and potential translatory development as a diagnostic tool for AF
and other NCVD.

ANS is coupled directly to the cardiovascular system, but
also through the interface of an energy regulating system.
This is why an imbalance of energy regulation, as it is
the case in obesity, often represents the first step, or the
initial trigger of a neurally and metabolically mediated cascade
of cardiovascular complications (hypertension, generalized
atherosclerotic diathesis, dyslipidemia, diabetes mellitus type II).
Digestion, absorption and neuroendocrine activity associated
with the adoption of food has a direct effect on cardiovascular
regulating centers (de Lartigue, 2014), pointing to the vagal
subsystem as the potential target for neuromodulatory and
pharmacological interventions in treatment of obesity, and,
consequently, obesity related diseases. This important aspect
of NCVD was reviewed by Guarino et al. Even though this
comprehensive overview emphasizes the potential vagal route
for neuromodulation and pharmacological intervention, the
sympathetic route was also evaluated. This, more complex
and differently structured subsystem presents itself as less
understood and consequently is a significantly diminished
path for obesity and related NCVD treatment. Its anatomical
characteristics, i.e., approachability by external manipulations
imply that the pharmacological approach should be investigated
in the future, while the vagal route offers a good basis for
both neuromodulatory and pharmacological strategies.. Vagal
modulation, in specific transcutaneous auricular vagus nerve
stimulation is a promising method for body weight reduction
in obese patients, also resulting with significant improvements
of cardiometabolic profile. Sympathetic modulation, with
inconsistent results on body weight reduction and partial
cardiometabolic effects, from a results prospective, is a less
promising strategy.

Hyperadrenergic state is the classical hallmark of heart failure
(HF), the clinical endpoint of the number of CVD (Marwick,
2018). Toschi-Dias et al. details elaborates the neurohumoral
responses to hemodynamic stress, the common initial event of
the HF hyperadrenergic state. The HF hyperadrenergic state,
associated with different reductions of left ventricular ejection
fraction (LVEF: preserved-p, mid-range-mr, reduced-r) is also
associated with different morpho-functional remodeling of left
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ventricle, specific for its ejection functioning. This interesting
association, widely recognized as a valuable prognostic and
diagnostic parameter (Marwick, 2018) seeks for a deeper
genetic and/or environmental influence studies, due to the
hypothesis that different pathophysiological patterns might
sculpture different EF phenotypes in HF. Vascular remodeling
in HF further complicates an ANS functional profile, pushing it
toward themaintenance and/or enhancement of hyperadrenergic
state. Arterial baroreceptor (ABR) dysfunction, mostly due to the
decrease of large vessel elasticity following chronic hypertension,
distinguishes itself as an important factor in generation of
cardiac diastolic dysfunction. ABR seem to play dominant role
in sustaining hyperadrenergic state both in HFrEF (low stroke
volume) and HFpEF (increased vascular stiffness), by different
mechanisms. This issue necessitates future investigations of
the hierarchical (in sense of absolute and relative quantitative
contribution to the hyperadrenergic state) and temporal order
of cardiovascular reflexes engaged in HFmrEF and HFpEF.
It is reasonable to hypothesize that different quantitative and
temporal patterns of cardiovascular reflex response result with
different HFEF phenotypes. Cardiopulmonary reflex (CPR)
regulates the state of systemic blood volume by (a) sympathetic
modulation (low intensity changes), (b) release of atrial Na-
uretic peptide, and (c) by strengthening and enhancing ABR
action at high intensity changes. In HFrEF patients, no
reduction of sympathetic outflow is obtained by CPR unloading.
Participation of cardiac sympathetic afferent reflex and arterial
chemoreflex was thoroughly evidenced in the hyperadrenergic
state of HFrEF, while their role in HFpEF and HFmrEF needs
future evaluation.

A number of surgical and pharmacological interventions
manifest NCV disturbances as an important caveat. For that
reason, detailed and comprehensive NCV evaluation becomes
a constituent part of pre-interventional evaluation of the
patient and postintervention follow up. Coronary artery bypass
graft (CABG) surgery can induce disbalance of sympathovagal
ratio and, consequently respiratory depression, approximately
5 days after the surgery (Aronson et al., 2011; Pantoni
et al., 2014; Patron et al., 2014; Ksela et al., 2015). In
order to identify a prognostic marker, Costa et al. studied
the prognostic significance of perioperative arterial blood
pressure (ABP) variability for the occurrence of respiratory
depression following CABG. The finding of Costa et al.
that ABP variability parameters have prognostic value for
respiratory depression has both pathophysiological and clinical
significance.

Deep brain stimulation (DBS) represents an invasive,
frequent and developing intervention for the treatment of a
spectrum of neurological diseases, with Parkinson’s disease
(PD) as the most common. As reported by Chowdhury et al.,
hemodynamic perturbations, like hypertension, hypotension,
bradycardia, tachycardia and arrhythmia are frequent side-
effects of this procedure in PD patients. They can be the
consequence of (a) the independent or accompanying autonomic
co-morbidity of the main PD pathological process, (b) the
procedures associated to the surgery (semi-sitting position,
anesthetics, sedation, stress, electrode battery placement and

the stimulation of brain nuclei itself). Significant predictor
potential has only pre-operative ABP, with diastolic BP
as the marker most associated with hemodynamic event.
Hypertension, predisposing factor of cerebral hemorrhage was
noted during electrode placement and nuclei stimulation.
A prospective study is needed for detailed hemodynamic
evaluation (a) during the DBS surgery and the estimation
of (b) pre- and (c) post-operative autonomic status of
the PD patients. This approach would potentially change
protocols of presurgical evaluation and postsurgical treatment
of PD patients subjected to DBS. After heart transplantation,
the autonomic reinnervation of the transplanted heart has
important consequences on its reactivity and hemodynamical
adaptability (exercise capacity, coronary blood flow regulation
(Grupper et al., 2018). Wdowczyk et al. present a novel tool,
Transition Networks, in the case report that has potential
for distinguishing HRV increase due to reinnervation. Further
stratified longitudinal clinical studies are needed for evaluation
of this method. However, the capacity of the method to offer an
insight into dynamical inter-beat dependences of RR intervals
enounce better comprehension of the transplant functional
adoption into CVS neural network.

Pharmacological interventions in neuropsychiatric patients
often disturb autonomic balance. Li et.al. applied their method
(long-term Multiple Trigonometric Spectral Analysis, Li et al.)
combined with conventional liner parameters of HRV as a tool
for predicting fingolimod-induced bradycardia in patients with
multiple sclerosis (MS). On the basis of their analysis they
report an increased pre medication parasympathetic activity
as the predisposing factor for fingolimod induced bradycardia,
with pretreatment HR as the only predicting factor. Yuen
et al. performed the meta-analysis on clozapine induced
autonomic dysfunction in patients with schizophrenia. They
conclude that the most frequent complications were myocarditis,
orthostatic hypotension and tachycardia, prevalently due to
sympathetic overactivity. This report emphasizes the need for
introduction of post-medication NCV evaluation autonomic
tests for prevention and therapeutic coping with clozapine-
induced side-effects. In accordance with Li et al., an intuitive
direction for future investigations would be the identification
of NCV predicting parameters for clozapine induced autonomic
side effects.

Cerebral blood flow (CBF) is an issue of the upmost
importance for understanding the NCVD, from two aspects:

a. A growing corpus of data supports the standpoint that besides
the cerebral autoregulation (Silvani et al., 2004; Zoccoli et al.,
2005), sympathetic (Cassaglia et al., 2008; ter Laan et al.,
2013; Frederiksen et al., 2017), parasympathetic (Purkayastha
et al., 2018) and sensory innervations (Branston et al., 1995)
functionally participate in the regulation of CBF.

b. Compromise of CBF, especially in the neonates, can cause
serious, life threatening autonomic dysfunctions (Silvani et al.,
2004; Metzler et al., 2017; Campbell et al., 2018).

Glutamate is considered to be the neurochemical initiator and
executor of brain injury in hypoxic-ischemic brain disorder
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(HIBD). Dang et al. report “two phase” change of basal
ganglia glutamate level after HIBD, that is significantly and
negatively correlated to the brain perfusion fraction. Even
though this association is suggestive for negative electrochemical
coupling of cerebral activity (glutamate) and brain perfusion
in HIBD, further investigations are necessary for elucidating
the mechanism(s) of brain activity-blood flow coupling in
HIBD. Special emphasis should be on the role of sympathetic
nervous system in cerebral activity-blood flow regulation
in HIBD (Ainslie, 2008; Cassaglia et al., 2008; Edvinsson,
2008; Immink and Passier, 2008; Levine and Zhang, 2008;
Ogoh, 2008; Paulson and Knudsen, 2008; Prakash, 2008;
Visocchi, 2008; Yildiz, 2008; ter Laan et al., 2013). An
important protective effect of artesunate against necrosis in
cerebral infarction was reported by Shao et al., suggesting
an autophagy as the most probable mechanism. Potential
treatment by artesunate could have beneficiary effect for
autonomic dysfunction, an important caveat of neonatal
hypoxic-ischemic encephalopathy (Metzler et al., 2017; Campbell
et al., 2018).

In conclusion, the presented physiological, methodological
and pathophysiological aspects of NCVDpoint to the importance
of consideration of NCVD from integrative point of view
and as a constitutive part of different pathophysiological

entities. Application of novel mathematical methods for
molecular targeting and systemic characterizing of NCVD
enounce promising lines of future research in the translational
science. Neurocardiovascular side-effects of surgical and
pharmacological interventions emphasize the importance of
ANS evaluation before and after the intervention as the routine
procedure in the clinical work. Finally, an intriguing role of
autonomic networks, traditionally considered the cardiovascular
neural subsystem, in the regulation of cerebral blood flow
both in physiological and pathophysiological conditions
is about to open a novel aspect of cerebro-cardiovascular
integration.
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Copyright © 2019 Bojić. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org January 2019 | Volume 12 | Article 103212

https://doi.org/10.1007/s00421-016-3519-3
https://doi.org/10.1007/s00702-013-1054-5
https://doi.org/10.1016/j.coph.2011.01.001
https://doi.org/10.1142/9781860947186_0016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


REVIEW
published: 24 May 2018

doi: 10.3389/fnins.2018.00343

Frontiers in Neuroscience | www.frontiersin.org May 2018 | Volume 12 | Article 343

Edited by:

Tijana Bojić,
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The midbrain periaqueductal gray (PAG) plays a major role in generating different

types of behavioral responses to emotional stressors. This review focuses on the role

of the dorsolateral (dl) portion of the PAG, which on the basis of anatomical and

functional studies, appears to have a unique and distinctive role in generating behavioral,

cardiovascular and respiratory responses to real and perceived emotional stressors. In

particular, the dlPAG, but not other parts of the PAG, receives direct inputs from the

primary auditory cortex and from the secondary visual cortex. In addition, there are

strong direct inputs to the dlPAG, but not other parts of the PAG, from regions within the

medial prefrontal cortex that in primates correspond to cortical areas 10m, 25 and 32.

I first summarise the evidence that the inputs to the dlPAG arising from visual, auditory

and olfactory signals trigger defensive behavioral responses supported by appropriate

cardiovascular and respiratory effects, when such signals indicate the presence of a real

external threat, such as the presence of a predator. I then consider the functional roles

of the direct inputs from the medial prefrontal cortex, and propose the hypothesis that

these inputs are activated by perceived threats, that are generated as a consequence of

complex cognitive processes. I further propose that the inputs from areas 10m, 25 and

32 are activated under different circumstances. The input from cortical area 10m is of

special interest, because this cortical area exists only in primates and is much larger in

the brain of humans than in all other primates.

Keywords: periaqueductal gray, medial prefrontal cortex, Brodmann cortical area 10, cardiovascular regulation,

respiratory activity, defensive behavior, cognition

INTRODUCTION

An animal’s survival depends upon being able to respond appropriately to stimuli that may signal
a threat, such as the presence of a predator. In the course of evolution, several different defense
systems have evolved. One of themost phylogenetically old systems is subserved by neural pathways
within the basal ganglia and midbrain colliculi (homologous to the optic tectum in fish, amphibian,
reptiles and birds). This system, which is not dependent on inputs from the cortex and thus appears
to be subconscious, produces highly coordinated and stereotyped behavioral responses to visual,
auditory and somatosensory inputs, accompanied by appropriate cardiovascular and respiratory
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effects (Dean et al., 1989; Dampney, 2015, 2016; Müller-Ribeiro
et al., 2016). The particular type of stereotyped response
that is evoked (e.g., orienting, pursuit or escape) depends
upon the precise pattern of inputs that trigger the response.
This type of defense response is advantageous in a situation
where immediate action is required. On the other hand,
such responses lack the flexibility that would be essential
in a situation where the threat is sustained and changing—
in that case, cognitive appraisal of the threat is required to
ensure that the response is most appropriate to the particular
situation.

Apart from the basal ganglia and colliculi, many other
brain regions also play important roles in generating responses
to threatening stimuli in mammals. These regions include
the medial prefrontal cortex, amygdala, various hypothalamic
nuclei, and the midbrain periaqueductal gray (PAG) (Dampney,
2015). The specific roles of these different nuclei in generating
behavioral and physiological responses to threatening stimuli
have been discussed in a number of recent reviews (Dampney
et al., 2013; Fontes et al., 2014; Carr, 2015; Dampney, 2015;
LeDoux and Pine, 2016; Myers, 2017). This review, however,
shall focus on the role of the dorsolateral (dl) portion of
the PAG, which, as I shall explain in the following sections,
appears to be a critical component of the central pathways
subserving responses to inputs arising from the medial prefrontal
cortex.

ANATOMICAL AND FUNCTIONAL

PROPERTIES OF THE dlPAG

The dlPAG is one of four longitudinal columns within the PAG,
the others being the dorsomedial (dmPAG), lateral (lPAG), and
ventrolateral (vlPAG) columns. These different components of
the PAG differ greatly with respect to their functional properties,
anatomical connections and chemical properties (Carrive, 1993;
Bandler and Shipley, 1994; Bandler et al., 2000; Keay and
Bandler, 2001; Vianna and Brandão, 2003; Dampney et al.,
2013). Activation of neurons in the lPAG and dlPAG generate
active defensive behavioral responses, which are characterized
by increased somatomotor activity, and cardiovascular and
respiratory changes that have the effect of increasing the blood
flow and supply of oxygen to active skeletal muscles. Such a
response can be triggered by an escapable stimulus, such as
the presence of a predator or cutaneous pain (Bandler et al.,
2000; Keay and Bandler, 2001). In contrast, the vlPAG is critical
for the expression of passive behavioral responses, which are
characterized by decreased somatomotor activity, accompanied
by decreased arterial pressure and heart rate. Such responses
are believed to be triggered by inescapable stimuli, such as
hemorrhage or visceral pain (Bandler et al., 2000; Keay and
Bandler, 2001).

The functional differences between the different subdivisions
of the PAG are also reflected by their anatomical connections
(Figure 1). In particular, the dlPAG is distinctly different from
the other PAG subdivisions with respect to both its afferent
inputs and efferent outputs (Dampney et al., 2013). Studies in

the rat have shown that the dlPAG, but not the other PAG
subdivisions, receives direct inputs from the primary auditory
cortex and from the secondary visual cortex (Benzinger and
Massopust, 1983; Newman et al., 1989) as well as from the
superior colliculus (Rhoades et al., 1989), which in turn receives
both visual and auditory inputs (May, 2006). There are also
inputs to the dlPAG but not other PAG subdivisions from
the nucleus praepositus hypoglossi and the periparabigeminal
nucleus in the lower brainstem (Klop et al., 2005, 2006).
Both of these nuclei have a role in the control of eye
movements, and it has been suggested that inputs from these
nuclei allow neurons in the PAG to distinguish between
visual signals generated by objects that have moved into the
visual field from visual signals caused only by eye movements
(Klop et al., 2006).

A very dense input to the dlPAG, but not other PAG
subdivisions arises from the dorsal premamillary nucleus (PMD)
in the hypothalamus, especially its ventrolateral portion (Motta
et al., 2009). The ventrolateral PMD receives inputs from neurons
within the medial and basomedial nuclei in the amygdala, relayed
via the hypothalamic ventromedial nucleus (Motta et al., 2009).
The projections from these amygdaloid nuclei to the dlPAG are
believed to convey signals relating to the presence of a predator
(Motta et al., 2009). Consistent with this, blockade of neurons in
the PMD reduces the behavioral defensive response to a predator
or predator odor alone (Markham et al., 2004; Blanchard et al.,
2005; Motta et al., 2009).

There are no direct inputs to the dlPAG from any part of the
spinal cord, whereas all other PAG subdivisions receive direct
inputs from cervical, thoracic and lumbar segments of the spinal
cord (Keay and Bandler, 2001; Dampney et al., 2013). Similarly,
the lPAG and vlPAG, but not the dlPAG, receive inputs from the
spinal trigeminal nucleus and nucleus of the solitary tract (NTS),
respectively (Keay and Bandler, 2001; Dampney et al., 2013). In
summary, the dlPAG, but not other parts of the PAG, receives
direct inputs that convey visual, auditory and olfactory signals,
but do not receive direct inputs conveying signals from visceral
or somatic receptors. In contrast, the lPAG and vlPAG both
receive major inputs from visceral and somatic receptors, but not
direct inputs from brain regions that receive visual, auditory or
olfactory inputs.

Consistent with the fact that the dlPAG receives visual,
auditory and olfactory signals, exposure to a cat generates strong
c-fos expression in the dlPAG, but not in other PAG subdivisions
(Canteras and Goto, 1999). Furthermore, in conscious rats the
defensive behavioral responses of freezing or flight is evoked
with very low intensity stimulation of the dlPAG, whereas such
stimulation is ineffective in other parts of the PAG (Bittencourt
et al., 2004). Finally, in anesthetized rats, stimulation of the
dlPAG evokes increases in sympathetic activity and respiration
(Iigaya et al., 2010). Thus, the available anatomical and functional
evidence indicates that the dlPAG is a major component of the
central pathways that generate behavioral defensive responses
to an external perceived threat, supported by appropriate
autonomic and respiratory effects.

In contrast to all other PAG regions, the dlPAG is notable
for the absence of labeled neurons following injections of
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FIGURE 1 | Schematic diagram showing major inputs to the dlPAG and the proposed output pathways subserving the co-ordinated changes in sympathetic

vasomotor and respiratory activity regulated by the dlPAG. The lines with arrows indicate connections, that could be either direct (monosynaptic) or indirect

(polysynaptic). Other abbreviations: CnF, cuneiform nucleus; DMH, dorsomedial hypothalamus; lPAG, lateral part of the periaqueductal gray. Modified from Dampney

et al. (2013).

retrogradely transported tracers into the medulla or spinal
cord (Van Bockstaele et al., 1991; Cowie and Holstege, 1992;
Dampney et al., 2013; Figure 1). Instead, neurons in the dlPAG
influence autonomic and respiratory activity via direct and
indirect projections to the dorsomedial hypothalamus (Horiuchi
et al., 2009; Dampney et al., 2013; Dampney, 2015).

In humans, Ezra et al. (2015) used magnetic resonance
imaging and probabilistic tractography to determine the
functional connectivity between different PAG subregions and
other brain regions. These authors found that there was

functional connectivity between the dlPAG and two lower
brainstem regions, the parabrachial/Kölliker-Fuse complex and
the ventrolateral medulla. As Ezra et al. (2015) point out,
however, the demonstrated functional connectivity may be direct
or indirect. In fact, Ezra et al. (2015) also found that there was
functional connectivity between the dlPAG and the midbrain
cuneiform nucleus, which in rats has been shown to project to
the ventrolateral medulla (Verberne, 1995). In addition, a direct
projection from the dlPAG to the parabrachial/Kölliker-Fuse
complex has also been demonstrated in rats (Krout et al., 1998).
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Thus, the connections of the dlPAG with brainstem regions as
identified in humans by Ezra et al. (2015) is entirely consistent
with the anatomical connections of the dlPAG as demonstrated
in rats.

FUNCTIONS OF PROJECTIONS FROM THE

MEDIAL PREFRONTAL CORTEX TO THE

dlPAG

There are projections from the medial prefrontal cortex to all
PAG subregions (An et al., 1998; Floyd et al., 2000), but in the
rat projections from the anterior cingulate and caudal prelimbic
cortices terminate predominantly in the dlPAG (Floyd et al.,
2000; Gabbott et al., 2005). Similarly, it has been shown in
the macaque monkey that there are strong direct projections
from the medial prefrontal cortex to the dlPAG, specifically
from Brodmann area 10 (particularly its medial portion, area
10m), area 25 and area 32 (An et al., 1998; Freedman et al.,
2000; Figures 2B,C). In comparison, projections from these
regions to other PAG subregions are of much smaller magnitude

(Figures 2B,C). In the primate, Brodmann areas 25 and 32 are
homologous to the infralimbic and caudal prelimbic cortices in
the rat, but area 10m has no apparent homologue in the rat or in
other non-primate species (Floyd et al., 2000).

There have been few studies of the functions of the direct
projections from the medial prefrontal cortex to the dlPAG. A
recent study in mice, however, used optogenetics to selectively
manipulate the projection from the medial prefrontal cortex
to the dorsal PAG (Franklin et al., 2017). This study found
that selective inhibition of this pathway produced a behavioral
response that mimicked social defeat. In this study, the dorsal
PAG referred to the entire dorsal half of the PAG, which includes
the dmPAG, dlPAG, and lPAG, and so it is not possible on the
basis of this study to determine whether the observed behavioral
effects were due to activation of the pathway from the medial
prefrontal cortex to the dlPAG, rather than the dmPAG or lPAG.
Indeed, an earlier study by Faturi et al. (2014) found, on the
basis of studies using c-fos expression and pharmacological
manipulations that the dmPAG was an important node
for the expression of contextual responses to social
defeat.

FIGURE 2 | (A) Sagittal midline section of the human brain showing the location of cortical areas 10m, 25 and 32. (B) Relative density of labeled axonal terminals in

the dorsomedial (dm), dorsolateral (dl), lateral (l), and ventrolateral (vl) parts of the PAG, following injection of anterograde tracer into areas 10m, 25 and 32 in the

medial prefrontal cortex of the macaque. Modified from An et al. (1998), with permission; (C) Example of distribution of labeled terminals in the PAG and surrounding

areas following injection of anterograde tracer into areas 10m in one experiment. The location of the area on the right is indicated by the rectangle over a standard

section of the midbrain on the left. Modified from An et al. (1998). (D) Relative volumes of area 10m in different primate species, expressed both as an absolute

measure (in ml) or relative measure (% of brain volume). Modified from Semendeferi et al. (2001), with permission.
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Area 25 (Subgenual Cingulate Cortex)
There is considerable evidence from studies in humans that
area 25 (also called the subgenual cingulate cortex) has an
important role in regulating emotions and the physiological
response to negative emotions and threatening stimuli (Phelps
et al., 2004; Milad et al., 2007). In particular, area 25 is involved
in the extinction of a behavioral fear response to a conditioned
stimulus, which occurs when a conditioned stimulus is presented
repeatedly, without the unconditioned stimulus (Phelps et al.,
2004; Milad et al., 2007). It is also interesting to note that area
25 is metabolically overactive in patients with treatment-resistant
depression (Mayberg et al., 2000).

There are few studies in primates of the role of area 25 in
cardiovascular regulation. In the rat, however, it has been shown
that direct stimulation of the homologous region (infralimbic
cortex) attenuates the cardiovascular response (increase in blood
pressure and heart rate) evoked by air-jet stress (Müller-Ribeiro
et al., 2012). Stimulation of the infralimbic cortex does not
alter cardiovascular variables under baseline conditions (Müller-
Ribeiro et al., 2012). These observations are compatible with
the possibility that the direct projection from the infralimbic
cortex (or area 25 in primates) inhibits neurons in the dlPAG
that normally generate cardiovascular responses to threatening
stimuli. Inhibition of the infralimbic cortex has no effect on
these responses, however, suggesting that the neurons in the
infralimbic cortex that can inhibit stress-evoked responses are
not tonically active under resting conditions (Müller-Ribeiro
et al., 2012).

Area 32 (Dorsal Anterior Cingulate Cortex)
In contrast to area 25, in humans activation of area 32
(also called the dorsal anterior cingulate cortex) is correlated
with the magnitude of conditioned fear responses (Milad
et al., 2007). Consistent with this, in rats stimulation of the
homologous region (prelimbic cortex) increases conditioned fear
responses (Vidal-Gonzalez et al., 2006) whereas inactivation of
the prelimbic cortex reduces these responses (Corcoran and
Quirk, 2007).

In a neuroimaging study in humans, Critchley et al. (2000)
found that activity in area 32 correlated with increases in
blood pressure during periods of psychological stress (mental
arithmetic). This observation led to the prediction that lesions of
area 32 would impair cardiovascular responses to psychological
stress, which was tested in a group of three patients with
brain lesions that included area 32 (Critchley et al., 2003).
All three patients had average or above-average cognitive
ability as measured in a range of tests, but all three showed
reduced cardiovascular responses to psychological stress (mental
arithmetic). Thus it appears that area 32 generates physiological
responses associated with cognitive demands, but is not involved
in the cognitive process itself.

Apart from cognition, area 32 is also believed to be a
region that generates responses to pain (Etkin et al., 2011;
Shackman et al., 2011; Jahn et al., 2016). There are two general
theories concerning the role of area 32 in pain processing.
One theory, the neural alarm hypothesis, proposes that area
32 generates immediate responses to painful stimuli, without

cognitive appraisal of this stimulus (Lieberman and Eisenberger,
2015). The second theory, called the adaptive control hypothesis,
proposes that area 32 acts as a hub that processes aversive stimuli
regardless of modality (e.g., pain, or negative affect) and then
generates an appropriate behavioral response (Shackman et al.,
2011). The adaptive control hypothesis implies that cognitive
processing is required to generate an appropriate response (Jahn
et al., 2016). The results of recent studies using brain imaging
support the neural alarm hypothesis, in that they show that pain
activates a region within area 32 (Lieberman and Eisenberger,
2015; Jahn et al., 2016) that is separate from the region activated
by cognitive processing. It is conceivable that neurons within area
32 that are activated by pain also project to the dlPAG, and trigger
behavioral and cardiovascular responses via this pathway, but no
studies have been performed to test that possibility.

Area 10
Area 10 is located in the most rostral part of the prefrontal cortex
(Figure 2A), and is sometimes referred to as the frontopolar
cortex or the rostral prefrontal cortex. In recent years area 10 has
attracted much interest, for several reasons. First, as mentioned
above, it is a brain structure that either does not exist in non-
primate species, or is so rudimentary that it cannot be identified.
Secondly, the volume of area 10 (either as an absolute measure,
or as a percentage of the volume of the whole brain) is much
greater in humans than in other primates (Semendeferi et al.,
2001; Figure 2D). Thirdly, virtually all the afferent inputs to
area 10 originate from higher-order association areas, suggesting
this region has an important role in cognition (Barbas and
Pandya, 1989; Burman et al., 2011). Finally, the maturation of
area 10 occurs late in the postnatal period (Dumontheil, 2014),
suggesting that it is a region where experience may affect its
development, consistent with a role in higher-order cognition.

Less is known about the specific functions of area 10 than
other parts of the medial prefrontal cortex. Nevertheless, some
information is available. Monkeys in which area 10 was lesioned
had a deficit in their ability to explore alternative goals when
distracted during an ongoing behavioral task (Boschin et al.,
2015; Mansouri et al., 2015). Such studies have led to the
hypothesis that neurons in area 10 have an exploratory role,
i.e., monitor the environment for indications that it may be
advantageous to abandon the current ongoing task and pursue
a different task (Mansouri et al., 2017).

Brain imaging studies in human subjects have shown that
area 10 is activated when subjects perform tasks that require
them to recall specific events from the past (Lepage et al.,
2000). Furthermore, the medial part of area 10 (area 10m)
is specifically activated when subjects are presented with an
emotionally charged dilemma that require them to make a
choice between two different courses of action, each of which
may affect the welfare of others (Greene et al., 2001). On the
basis of these observations, Allman et al. (2002) have proposed
that in humans area 10 compares the current behavioral state
with past experiences, and then makes a choice with regard to
future behavior. Taken together, studies in monkeys and humans
suggest that area 10 continually compares the ongoing behavioral
state with alternative behaviors, to determine if alternative
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behaviors may be more advantageous in the light of changes in
the external environment together with past experiences. The fact
that area 10m (which has a strong direct projection to the dlPAG)
(Figures 2B,C) is specifically activated under conditions where
such comparisons generate an emotional response is particularly
interesting, given that emotional responses are associated with
autonomic and respiratory effects.

CONCLUSIONS AND FUTURE

DIRECTIONS

Cortical areas 25, 32, and 10m in the primate medial prefrontal
cortex are all involved in the regulation of behavioral responses
to threatening or emotional stimuli, either real or perceived.
Although there are differences in their precise functions, a
common property of these regions is that all three have major
direct projections to the dlPAG, but not to other PAG regions.
As discussed previously, there is strong evidence that the dlPAG
plays an important role in regulating behavioral responses to
psychological stressors, accompanied by appropriate autonomic
and respiratory changes (Dampney et al., 2013). Thus, the
anatomical and functional evidence taken together suggests
that the inputs to the dlPAG from areas 25, 32, and 10m
in the medial prefrontal cortex are major components of the
central networks coupling emotional stimuli to behavioral and
physiological responses, as previously suggested (Bandler et al.,
2000; Keay and Bandler, 2001).

As discussed above, apart from inputs from the medial
prefrontal cortex, the dlPAG also receives inputs related to
auditory, visual and olfactory signals (Figure 1) that indicate
a direct external threat such as the presence of a predator. In
summary, the available evidence indicates that the dlPAG is a
site of convergence of inputs arising from sensory receptors
indicating a direct external threat, as well as inputs from the
medial prefrontal cortex indicating a perceived threat based on
more complex cognitive processing.

There are many unresolved issues concerning the relationship
between cortical areas 25, 32, and 10m and the dlPAG. First,
while there is good evidence that areas 25 and 32 can modulate
behavioral and cardiovascular responses to emotional stimuli,
there is no direct evidence that these effects are mediated by

direct projections from these areas to the dlPAG. In the case
of neurons in area 10m that project directly to the dlPAG,
there is no information available regarding their potential role
in cardiovasculat regulation. Secondly, even if the projections
from areas 25, 32, and 10m to the dlPAG do mediate
behavioral and physiological responses to emotional stimuli, are
these projections the only route by which such responses are
generated? Finally, are the neurons within the dlPAG functionally
homogeneous, or are their subsets of dlPAG neurons that receive
differential inputs from areas 25, 32, and 10m in the medial
prefrontal cortex?

These questions may be answered, at least in part, by future
studies using optogenetics. For example, a number of recent
studies in rodents have examined the effects of selective activation
or inhibition of projections from the medial prefrontal cortex to
a specific target (e.g., the dorsal raphe nucleus, Warden et al.,
2012), or projections to specific subregions of the PAG (e.g., to
the ventral PAG from the medial preoptic area, Park et al., 2018
or the lPAG from the lateral hypothalamus, Li et al., 2018). The
same methodology could be applied to selectively activate the
projection to the dlPAG in rodents from the infralimbic cortex
(which is analogous to cortical area 25 in primates) or from the
dorsal ACC (which is analogous to cortical area 25 in primates).
Such experiments would reveal the behavioral and physiological
effects of activation or inhibition of these pathways in rodents.
In regard to human studies, recent improvements in resolution
of brain imaging technology together with new methods for
determining functional connectivity in the brain have the
potential for identifying the function of specific connections
between the medial prefrontal cortex and subregions of the PAG,
including the dlPAG (Linnman et al., 2012).

Although much remains unknown, the evidence so far
suggests that the connections from the medial prefrontal cortex
to the dlPAG have a critical role in generating behavioral,
cardiovascular and other physiological responses associated with
emotional stimuli that require cognitive appraisal.
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Heart Rate Changes in Response to
Mechanical Pressure Stimulation of
Skeletal Muscles Are Mediated by
Cardiac Sympathetic Nerve Activity
Nobuhiro Watanabe and Harumi Hotta *

Department of Autonomic Neuroscience, Tokyo Metropolitan Institute of Gerontology, Tokyo, Japan

Stimulation of mechanoreceptors in skeletal muscles such as contraction and stretch

elicits reflexive autonomic nervous system changes which impact cardiovascular

control. There are pressure-sensitive mechanoreceptors in skeletal muscles. Mechanical

pressure stimulation of skeletal muscles can induce reflex changes in heart rate

(HR) and blood pressure, although the neural mechanisms underlying this effect are

unclear. We examined the contribution of cardiac autonomic nerves to HR responses

induced by mechanical pressure stimulation (30 s, ∼10 N/cm2) of calf muscles in

isoflurane-anesthetized rats. Animals were artificially ventilated and kept warm using a

heating pad and lamp, and respiration and core body temperature weremaintained within

physiological ranges. Mechanical stimulation was applied using a stimulation probe 6mm

in diameter with a flat surface. Cardiac sympathetic and vagus nerves were blocked

to test the contribution of the autonomic nerves. For sympathetic nerve block, bilateral

stellate ganglia, and cervical sympathetic nerves were surgically sectioned, and for vagus

nerve block, the nerve was bilaterally severed. In addition, mass discharges of cardiac

sympathetic efferent nerve were electrophysiologically recorded. Mechanical stimulation

increased or decreased HR in autonomic nerve-intact rats (range:−56 to+10 bpm), and

the responses were negatively correlated with pre-stimulus HR (r = −0.65, p = 0.001).

Stimulation-induced HR responses were markedly attenuated by blocking the cardiac

sympathetic nerve (range: −9 to +3 bpm, p < 0.0001) but not the vagus nerve (range:

−75 to +30 bpm, p = 0.17). In the experiments with cardiac sympathetic efferent

nerve activity recordings, mechanical stimulation increased, or decreased the frequency

of sympathetic nerve activity in parallel with HR (r = 0.77, p = 0.0004). Furthermore,

the changes in sympathetic nerve activity were negatively correlated with its tonic level

(r = −0.62, p = 0.0066). These results suggest that cardiac sympathetic nerve activity

regulates HR responses to muscle mechanical pressure stimulation and the direction of

HR responses depends on the tonic level of the nerve activity, i.e., bradycardia occurs

when the tonic activity is high and tachycardia occurs when the activity is low.

Keywords: skeletal muscles, mechanical pressure stimulation, somatocardiovascular reflexes, heart rate, cardiac

sympathetic nerve, rats
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INTRODUCTION

Somatosensory stimulation reflexively elicits autonomic
nervous activity changes and affects cardiovascular control
(somatocardiovascular reflexes) in anesthetized animals,
in whom consciousness and emotions that are potentially
influential are eliminated by the administration of anesthesia
(Sato et al., 1997; Watanabe et al., 2015). One characteristic of
somatocardiovascular reflexes is that evoked responses differ
depending on the type of stimulation. For example, a strong
pinch of the skin (Kimura et al., 1995; Sato et al., 1997; Suzuki
et al., 2004) and noxious thermal stimulation (Kaufman et al.,
1977) generally induce tachycardiac and pressor responses. In
contrast, brushing and non-noxious thermal stimulation do
not lead to heart rate (HR) responses or provide only a small
response (Kaufman et al., 1977; Sato et al., 1997). In addition
to the skin stimulation mentioned above, some skeletal muscle
stimulations evoke cardiovascular responses (Sato et al., 1981,
1982; Kannan et al., 1988; Stebbins et al., 1988; Sato et al.,
1997). For example, static muscle contraction and stretch induce
tachycardiac and pressor responses (Coote et al., 1971; Kannan
et al., 1988; Stebbins et al., 1988), whereas vibratory stimulation
does not influence HR and blood pressure (Kannan et al., 1988;
Sato et al., 1997). These cardiovascular responses to skin and
muscle stimulation are mainly attributed to the excitation of
group III and IV afferent fibers (Sato et al., 1997). HR and blood
pressure responses to contraction and stretching of skeletal
muscles are considered important cardiovascular regulatory
mechanisms during exercise (Coote et al., 1971; Murphy et al.,
2011). As the efferent of neural mechanisms, the cardiac, renal,
and adrenal sympathetic nerve activities are enhanced by the
static contraction of the hindlimb muscles (Matsukawa et al.,
1990, 1994; Vissing et al., 1991; Koba et al., 2008).

Some mechanoreceptors in skeletal muscles are distinguished
from muscle contraction- or stretch-sensitive units based on
high sensitivity to pressure stimulation (Paintal, 1960; Mense and
Meyer, 1985). Hence, it is possible that cardiovascular responses
elicited by pressure stimulation differ from those elicited by
muscle contraction. Stebbins et al. (1988) reported that static
contraction of calf muscles in anesthetized cats increased HR
and blood pressure (by 10 bpm and 20 mmHg, respectively),
whereas the constant pressure stimulation applied externally did
not change the HR and only marginally increased the blood
pressure (5–10 mmHg). Uchida et al. (2003) reported that static
pressure to calf muscles (∼5–8 N/cm2) induced a depressor
response in anesthetized rats. In a study by Tallarida et al.
(1981), “squeeze” stimulation applied to the calf muscles caused
tachycardiac and pressor responses in anesthetized rabbits,
although the precise intensity of stimulation was not determined.
Despite studies reporting cardiovascular responses to mechanical
pressure stimulation of skeletal muscles, the neural mechanisms
underlying this effect are undetermined to date.

Abbreviations: CSNA, cardiac sympathetic efferent nerve activity; CVLM,
caudal ventrolateral medulla; 1CSNA, cardiac sympathetic efferent nerve activity
response, 1HR, heart rate response; EEG, electroencephalogram; HR, heart rate;
NTS, nucleus of the solitary tract; RVLM, rostral ventrolateral medulla.

Sustained muscle contraction generally induces a pressor
response, whereas mechanical pressure stimulation of calf
muscles can induce both pressor (Tallarida et al., 1981; Stebbins
et al., 1988) and depressor (Uchida et al., 2003) responses. Even
under controlled experimental conditions, it was reported that
electrical stimulation of muscle afferents (Sato et al., 1981),
bradykinin infusion to hindlimb muscles (Sato et al., 1982), and
acupuncture-like stimulation to hindlimbmuscles (Ohsawa et al.,
1995) could induce tachycardiac and bradycardiac or pressor
and depressor responses. The reasons for these bidirectional
cardiovascular responses have not been studied. It has been
documented that deeper anesthesia is more likely to induce
bradycardiac and depressor responses (Gibbs et al., 1989; Sato
et al., 1997). The depth of anesthesia generally affects the resting
levels of HR and blood pressure.

Therefore, there were two aims of the present study. The
first aim was to elucidate the contribution of cardiac autonomic
nerves to HR responses induced by mechanical pressure
stimulation of skeletal muscles. The second aim was to examine
whether the resting (pre-stimulus) level of HR influences the
direction of HR responses to skeletal muscle mechanical pressure
stimulation. To maintain the constant level of anesthesia through
data recordings, we used inhalation anesthesia (isoflurane) in the
present study.

MATERIALS AND METHODS

Animals
Experiments in the present study were performed on Wistar
male rats (4–7 months, n = 18) bred at the Tokyo Metropolitan
Institute of Gerontology. All study protocols were approved by
the animal care and use committee of the Tokyo Metropolitan
Institute of Gerontology and conformed to the Guiding
Principles for the Care and Use of Animals in the Field of
Physiological Sciences.

Rats were anesthetized using isoflurane (Escain, Mylan Inc.,
Canonsburg, PA, USA). Isoflurane was vaporized by gas (O2 30%,
N2 70%) using a vaporizer (Sigma Delta, Penlon Ltd., Abingdon,
UK). The inspiratory concentration of isoflurane was set at 4%
for anesthesia induction and maintained at 2.5–3.0% during
surgery. Throughout data recording, isoflurane was maintained
at 1.2–1.4%, which is sufficient to eliminate the corneal reflex.
In all rats, catheters were implanted into the common carotid
artery to continuously record arterial pressure and into the
jugular vein to administer drugs and supplemental fluids. The
trachea was cannulated and rats were artificially ventilated
(SN-480-7; Shinano Seisakusho, Tokyo, Japan). Respiration was
controlled to maintain end-tidal CO2 at∼3.0% (CapnostreamTM

20P, Covidien, Minneapolis, MN, USA). Rectal temperature was
maintained at 37.0–37.5◦C using an automatically regulated
heating pad and lamp (ATB-1100; Nihon Kohden, Tokyo, Japan).

HR was calculated based on recorded arterial pressure
waveforms with a time constant of 5 s (Spike 2; Cambridge
Electronic Design, Cambridge, England). Mean arterial pressure
was obtained by smoothing arterial pressure waveforms with
a time constant of 5 s (Spike 2). HR and blood pressure were
continuously monitored during experiment, and mechanical
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stimulation (see below) was applied after confirming that HR and
blood pressure were stable for at least 1min. The HR response
(1HR) to stimulation was determined to be themaximumwithin
1 min after termination of mechanical stimulation relative to the
average HR over 1 min before stimulation. The presence of a
response was defined as the 1HR value exceeding by twofold the
spontaneous variability during 1 min of pre-stimulus recording
(i.e., mean value± twice the standard deviation).

Mechanical Stimulation of Muscle and Skin
Mechanical pressure stimulation was applied to the calf muscles
according to previous reports (Graven-Nielsen et al., 2004;
Takahashi et al., 2005; Mizumura and Taguchi, 2016). A
stimulation probe 6 mm in diameter with a flat surface (contact
area, ∼28mm2) was applied perpendicularly to the skin over the
center of the inner calf with a weight of ∼290 g (≈10 N/cm2)
for 30 s. The stimulation intensity was based on previous studies
showing that this pressure level increases the single unit activities
of group III and IV calf muscle afferents (Berberich et al.,
1988; Hoheisel et al., 2005). In a pilot study, we confirmed that
mechanical pressure at 10 N/cm2 induced clearer HR changes
than stimulation at lower intensities (2–5 N/cm2). The fur at the
site of pressure stimulation was trimmed using a conventional
clipper. Noxious mechanical stimulation was applied to the skin
by pinching the hindpaw for 30 s using a surgical clamp (∼3 kg;
Araki et al., 1984).

Autonomic Nerve Block
To identify the nerve pathway that contributes to the HR
response evoked by calf muscle pressure stimulation, the
influence of selective autonomic nerve block was examined. To
block sympathetic nerves innervating the heart, bilateral stellate
ganglia and cervical sympathetic nerves were surgically severed
before the end of surgery in three rats. The second costal bone
was sectioned before the stellate ganglion was crushed. To block
vagus nerves, bilateral vagus nerves were surgically sectioned at
the cervical level in 6 rats. In another rat, vagus efferents were
pharmacologically blocked by intravenous administration of the
blood–brain barrier impermeable muscarinic receptor blocker
atropinemethyl nitrate (2mg/kg; Overton, 1993) purchased from
Sigma-Aldrich (St. Louis, MO, USA). We confirmed that the
dose of atropine was enough to prevent bradycardiac responses
induced by electrical stimulation of vagus efferent nerve (Hotta
et al., 2010b) at the end of the experiment. The vagotomy
was performed before experiment in one rat. In the other rats,
vagus nerves were blocked during experiment, and effects of
mechanical stimuli were examined both before and after blocking
of the vagus nerve.

Cardiac Sympathetic Efferent Nerve
Activity Recording
Cardiac sympathetic efferent nerve activity was recorded in
four rats by methods described in our previous study (Hotta
et al., 2010a). In brief, anesthetized rats were placed in
the supine position and the right second costal bone was
sectioned. The right inferior cardiac sympathetic nerve was
exposed, sectioned as close to the heart as possible, and

isolated from surrounding connective tissue. The dissected
nerve was covered with paraffin oil. The central cut end
of the nerve was placed on platinum–iridium bipolar hook
electrodes and mass discharges were recorded. To prevent noise
contamination due to muscle contraction, rats were immobilized
by intravenous administration of gallamine triethiodide (20
mg/kg). For CSNA recording, the vagus nerves were sectioned
to prevent contamination of vagus nerve activity.

Nerve activity was amplified 1000× (MEG-6100, Nihon
Kohden, Tokyo, Japan), filtered (bandpass filter: 150Hz–3 kHz),
andmonitored visually on an oscilloscope and auditorily through
loudspeakers. The amplified signals were digitized at 20 kHz
(Micro 1401 mkII; Cambridge Electronic Design) and stored on
a personal computer for offline analyses. Spikes of the nerve were
discriminated from background noise based on the amplitude
of signals, and the number of the spikes was counted every 5 s
(Spike 2).

Statistical Analyses
HR and mean arterial pressure values obtained before and
after the onset of stimulation were compared by paired t-test
or Wilcoxon matched-pairs signed rank test depending on the
normality of the data distribution (Prism 6; GraphPad Software
Inc., La Jolla, CA, USA). Difference in variance of pre-stimulus
HR and 1HR under autonomic block conditions were examined
by the F-test. Correlation strength was analyzed by calculating
Spearman’s coefficient. Statistical significance was set at p <

0.05. Data are expressed as mean ± standard deviation unless
otherwise stated.

RESULTS

HR and Blood Pressure Responses to
Mechanical Pressure Stimulation of the
Calf Muscles
Resting HR of anesthetized rats (n = 9) prior to applying
mechanical stimulation ranged from 259 to 459 bpm. Resting
HR is relatively stable, but exhibited periodic step-like changes
to higher or lower levels of HR (Yli-Hankala and Jäntti, 1990).
In these 9 rats, 22 trials of mechanical pressure stimulation were
applied to the calf. HR increased in 9 trials and decreased in
12 trials, with no change in one trial. Overall, HR significantly
decreased in response to calf pressure stimulation (from 356.3 ±
59.1 to 346.8 ± 48.9 bpm, p = 0.049 by paired t-test, range −56
and+10 bpm).

Examples of increasing and decreasing responses are shown in
Figures 1A,B, respectively. In response to pressure stimulation,
HR increased slightly (e.g., maximal 1HR = 10 bpm in
Figure 1A) from relatively low pre-stimulus HR (e.g., 288 bpm
in Figure 1A) or decreased more substantially (e.g., maximal
1HR = −54 bpm in Figure 1B) from a relatively high pre-
stimulus HR (e.g., 415 bpm in Figure 1B). The maximal increase
or decrease was attained within a minute following the cessation
of stimulation. Bradycardiac responses of >40 bpm were evoked
when pre-stimulus HR was >390 bpm and smaller HR responses
were produced when HR was <390 bpm. There was a significant
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FIGURE 1 | Heart rate (HR) changes in response to calf muscle pressure stimulation in nerve intact (A–C), sympathetic nerve blocked (D–F), and vagus

nerve blocked (G–I) conditions. (A,B) Bidirectional changes in heart rate (HR) in response to calf pressure stimulation in anesthetized rats with intact autonomic

innervation of the heart (Nerve intact). (C) Correlation between pre-stimulus HR and HR responses (1HR). Each individual maximal 1HR is plotted as an open circle.

(D–F) Data obtained in rats with sympathetic nerve blocked (Sympathetic n. blocked). (G–I) Data obtained in rats with vagus nerve blocked (Vagus n. blocked).

r = Spearman’s correlation coefficient.
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negative correlation between pre-stimulus HR and 1HR (r =

−0.65, p= 0.001; Figure 1C).
We also applied mechanical pressure stimulation directly to

muscle (three trials in a rat) after carefully removing the overlying
skin. Both increasing (from 342 to 349 bpm) and decreasing
(from 349 to 328 bpm and from 339 to 305 bpm) responses
were observed. The correlation between pre-stimulus HR and
1HR was maintained. Thus, cutaneous afferents are not solely
responsible for these HR responses.

On average, mean arterial pressure decreased in response to
stimulation (from 113.8 ± 38.6 to 103.7 ± 30.9 mmHg, p =

0.033 byWilcoxonmatched-pairs signed rank test, 22 trials). Pre-
stimulus mean arterial pressure level was negatively correlated
with mean arterial pressure changes (r = −0.72, p = 0.0002).
In majority of trials, HR and mean arterial pressure changed
in the same direction (i.e., tachycardiac and pressor responses
in Figure 1A and Supplementary Figure 1A or bradycardiac
and depressor responses in Figure 1B and Supplementary Figure
1B). There was a significant positive correlation between HR
and mean arterial pressure changes (r = 0.83, p < 0.0001,
Supplementary Figure 1C).

Influence of Autonomic Nerve Block on
Pre-stimulus HR and Response to Calf
Pressure Stimulation
In three rats, cardiac sympathetic nerves were blocked and
12 trials of mechanical pressure stimulation were conducted.
Overall, HR did not change in response to mechanical
stimulation (from 340.3 ± 15.5 to 340.3 ± 14.4 bpm, p =

0.97 by paired t-test). Spontaneous fluctuations of HR during
the pre-stimulus period were quite small in this condition
(Figures 1D,E); thus, even very small changes in HR were
distinguishable (e.g., from 357 to 359 bpm in Figure 1D and
from 359 to 350 bpm in Figure 1E). Under sympathetic nerve
block, both the range of pre-stimulus HR (317–360 bpm) and the
1HR (−9 to +3 bpm) were significantly smaller than those in
rats with intact autonomic nerves (both p < 0.0001 by F-test).
There was no significant correlation between pre-stimulus HR
and HR response (r = −0.46, p = 0.13; Figure 1F), implicating
sympathetic nerve in these HR responses to mechanical pressure
stimulation of calf muscle.

In seven rats, the vagus nerve was blocked and 17 trials of
mechanical pressure stimulation to calf muscle were performed.
In this condition, bidirectional HR responses (range: −75 to
+30 bpm; Figures 1G–I) were observed and the range of 1HR
was not different from that in rats with intact autonomic
nerves (p = 0.17 by F-test). A significant negative correlation
between pre-stimulus HR and 1HR remained (r = −0.50, p
= 0.043; Figure 1I), although the range of pre-stimulus HR
(311–431 bpm) was narrower than that in autonomic nerve
intact rats (p = 0.048 by F-test). Bradycardiac responses of
>40 bpm were produced when pre-stimulus HR was >370
bpm. This inverse correlation between pre-stimulus HR and
1HR was also observed in one of the seven rats in whom
the vagus efferent nerve was pharmacologically blocked by
atropine administration rather than transection. Results obtained

from this atropine-treated rat are grouped together with those
obtained from the vagus nerve-severed rats (Figure 1I). When
averaged, HR did not change in response to mechanical
stimulation (from 380.9 ± 36.0 to 369.7 ± 31.2 bpm, p = 0.14
by paired t-test).

Response of Cardiac Efferent Nerve
Activity to Calf Muscle Pressure
Stimulation
The results presented above suggest that HR responses to calf
pressure stimulation aremediated primarily by changes in CSNA.
Hence, we electrophysiologically recorded CSNA and obtained
nerve responses to calf muscle pressure stimulation. In four rats,
CSNA was recorded during 17 trials of mechanical pressure
stimulation. Similar to HR responses, CSNA responses (1CSNA)
were bidirectional, increasing in 10 trials and decreasing in
6 trials with one no response trial. Sample CSNA recordings
with simultaneous HR monitoring from the same rat are
shown in Figures 2A,B. In Figure 2A, CSNA started to increase
immediately after the onset of the calf pressure stimulation
and peaked at 172.2% of pre-stimulation value. In Figure 2B,
CSNA decreased immediately after the onset of stimulation
to 41.9% below pre-stimulus value at 20 s after cessation of
stimulation. In both cases, the direction of the HR change
paralleled that of CSNA, and there was a strong positive
correlation between 1HR and 1CSNA (r = 0.77, p = 0.0004;
Figure 2C).

To identify factors influencing the direction of the CSNA
response to pressure stimulation, the correlations of pre-stimulus
CSNA level with1HR and1CSNA were examined. To pool pre-
stimulus CSNA data from different rats, CSNA was normalized
to the highest frequency value across all trials within each
individual (and set to 1). The normalized pre-stimulus CSNA
was significantly and negatively correlated with both 1HR and
1CSNA responses to calf muscle pressure stimulation (r =

−0.62, p = 0.0062 and r = −0.62, p = 0.0066, respectively;
Figures 3A,B). Thus, mechanical pressure stimulation of skeletal
muscle produces decreased HR and CSNA when tonic CSNA is
high and increased HR and CSNA when tonic CSNA is relatively
low.

Correlation between Pre-stimulus HR and
HR Response to Pinch Stimulation of the
Hindpaw
We then examined whether HR responses to pinch stimulation
were also influenced by the level of pre-stimulus HR. In 6
rats with intact autonomic nerves, 14 trials were performed.
Overall, HR and mean arterial pressure significantly increased
(from 340.3 ± 53.4 to 374.2 ± 50.5 bpm, p = 0.0004, and
from 96.3 ± 37.9 to 125.1 ± 27.3 mmHg, p = 0.0052,
respectively, by Wilcoxon matched-pairs signed rank test).
As shown in Figure 4A, HR increased immediately after
the onset of pinch stimulation and remained above the
pre-stimulus level for more than 3 min after the cessation
of stimulation in most trials. In 13 of 14 trials, HR
increased in response to pinch stimulation (Figures 4A,C).
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FIGURE 2 | Direct association between bidirectional heart rate (HR) and cardiac sympathetic efferent nerve activity (CSNA) changes in response to

calf pressure stimulation. (A,B) Sample records showing increased (A) or decreased (B) CSNA with parallel changes in HR. The histogram illustrates the nerve

discharge rate every 5 s. Raw signals are shown in the upper to lower rows. Insets in (A,B) show enlarged views of nerve activity. (C) Positive correlation between

1CSNA and 1HR. r = Spearman’s correlation coefficient.

FIGURE 3 | Negative correlations between pre-stimulus cardiac sympathetic efferent nerve activity (CSNA) and changes in heart rate (1HR, A) and

sympathetic nerve activity (1CSNA, B) in response to calf muscle pressure stimulation. The highest frequency value of CSNA across all trials was used to

normalize the level of CSNA within each rat and expressed as 1. r = Spearman’s correlation coefficient.

In the other trial, HR increased immediately after the
onset of pinch stimulation and exhibited a larger decrease
following the termination of the stimulation (Figures 4B,C).
Like muscle stimulation, there was a significant negative
correlation between pre-stimulus HR and the 1HR
responses to pinch stimulation (r = −0.75, p = 0.0029;
Figure 4C).

DISCUSSION

The present results demonstrate that (1) calf muscle pressure
stimulation induces tachycardiac or bradycardiac responses by
regulating CSNA because HR responses to pressure stimulation
in cardiac sympathetic nerve blocked condition were marginal
and the direction of the HR change paralleled that of CSNA and
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FIGURE 4 | Heart rate responses (1HR) to hindpaw pinch stimulation. (A,B) HR increase (A) and decrease (B) in response to pinch stimulation. (C) Negative

correlation between individual 1HR values (closed circles) and pre-stimulus HR. r = Spearman’s correlation coefficient.

(2) the direction of the HR change is dependent on the tonic level
of CSNA, i.e., bradycardia occurs when the tonic activity is high
and tachycardia occurs when it is low.

HR Responses to Mechanical Pressure
Stimulation of the Calf Muscle Were
Mediated by Cardiac Sympathetic Nerves
The present observations that HR responses to calf muscle
pressure stimulation were suppressed by cardiac sympathetic
nerve block and strongly correlated with CSNA indicate
that these responses are mediated predominantly by changes
in CSNA. Furthermore, similar results were observed with
direct muscle pressure after skin removal, implicating muscle
mechanoreceptor afferent in this response and precluding a
necessary contribution from cutaneous afferents. Moreover, since
HR and blood pressure usually changed in the same direction, the
HR responses likely originated from sensory inputs from the calf
muscle rather than from a secondary response to blood pressure
changes (i.e., baroreflexes).

In contrast to sympathetic nerve, the contribution of vagus
nerve appeared negligible because there was no significant
influence of vagus nerve transection on the HR response.
Tallarida et al. (1981) reported that pressure stimulation of the
calf muscles increased HR and this tachycardiac response was
blocked by the catecholamine release inhibitor guanethidine
in anesthetized vagotomized rabbits. Although, the influence
of vagotomy was not reported in their study, presence of
the tachycardiac response under vagotomy and blockade by
inhibition of postganglionic sympathetic norepinephrine release
are fundamentally consistent with our results. However, there
remains a possibility that the vagus nerve may contribute
to HR responses in the unanesthetized condition because
cardiac vagus nerve is more susceptible to anesthetics than

sympathetic nerve (Sato et al., 1997). In conscious humans,
mechanical muscle stimulation by stretch is considered to
increase HR through vagal withdrawal (Gladwell et al.,
2005).

Tonic Level of Cardiac Sympathetic Nerve
Activity Determines the Direction of the HR
Response
The directions of changes in HR and blood pressure induced by
muscle stimulation are reported to be affected by experimental
conditions such as the depth of anesthesia (Ohsawa et al.,
1995; Sato et al., 1997). However, the inhaled concentration of
isoflurane was kept constant during data recording in the present
study, indicating bidirectional HR responses (bradycardia or
tachycardia) to the mechanical pressure stimulation were not
due to shifts in anesthesia level. Rather, response direction was
dependent on the pre-stimulus HR, which is a function of
CSNA. Under isoflurane anesthesia, the resting HR periodically
shifted (“step-like changes”) during electroencephalogram (EEG)
signal pattern changes, i.e., HR increases when EEG bursts occur
and decreases when EEG suppression occurs (Yli-Hankala and
Jäntti, 1990). Thus, the resting level of neuronal activity in the
cardiovascular center may also change periodically as manifested
by the resting (pre-stimulus) HR level changes observed in
the present study. However, a fundamental cause of the large
variability in resting HR observed in the present study has
not been determined. The range of the resting HR obtained
in the present study was similar to that obtained in conscious
unstrained rats (Delaunois et al., 2009; Albrecht et al., 2014; Sharp
et al., 2014).

Destruction of the sympathetic inputs to the heart
markedly reduced pre-stimulus HR variation, although
the vagus nerve block had little effect. Thus, sympathetic
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inputs are the primary contributor to HR variation under
these conditions. A substantial influence of sympathetic
nerve block on pre-stimulus HR may be related to the
inhibition of noradrenaline release from the postganglionic
sympathetic terminals by the cardiac vagus nerve (Vanhoutte
and Levy, 1980; Manabe et al., 1991). Thus, eliminating the
tonic activity of cardiac sympathetic nerve may suppress a
modulatory mechanism for resting HR driven by the vagus
nerve.

We assume that the HR responses to the calf pressure
stimulation are a supraspinal reflex (Sato et al., 1997). The
tonic activity of sympathetic nerves innervating cardiovascular
organs is thought to be generated by a core network consisting
of neurons in the rostral ventrolateral medulla (RVLM),
caudal ventrolateral medulla (CVLM), nucleus of the solitary
tract (NTS), hypothalamus, and spinal cord (Campos and
McAllen, 1997; Dampney et al., 2003; Horiuchi et al., 2004;
Guyenet, 2006). Although, the central projections of pressure-
sensitive muscle afferents have not been determined, muscle
afferent information reportedly reaches the RVLM, CVLM, NTS,
and hypothalamus (Terui et al., 1987; Kannan et al., 1988;
Degtyarenko and Kaufman, 2006; McCord and Kaufman, 2010).
Further, electrical stimulation to muscle afferents excited CVLM
neurons and subsequently inhibited RVLM neurons (Ruggeri
et al., 1995). Therefore, the direction of the HR response may
be determined by the balance of excitatory and inhibitory effects
on RVLM neurons. For example, at a relatively high level of
RVLM neuron activity and concomitantly high CSNA, further
enhancement of RVLM neuron activity by muscle afferent input
may be limited due to a ceiling effect. This assumption is
supported by the present result that the tachycardiac response
to pinch stimulation was attenuated when pre-stimulus HR
was relatively high (Figure 4). Hence, inhibition on RVLM
neurons via CVLM neuron excitation can be dominant, leading
to decreases in CSNA and HR. Conversely, when RVLM neuron
activity and CSNA are low, pressure stimulation may be more
likely to increase RVLM excitation, resulting in higher CSNA
and HR.

It has been reported that resting HR level may also influence
the bradycardiac response to acupuncture stimulation. Although,
the afferent types may differ from those activated by mechanical
pressure, there may be common mechanisms. Imai and Kitakoji
(2003) showed that the degree of bradycardia induced by
acupuncture stimulation in healthy volunteers was greater while
sitting than when in the supine position, and sitting is associated
with higher resting HR. On the other hand, an inhibitory
effect of acupuncture-like stimulation on HR was attenuated
by hypercapnia, which increases the tonic level of CSNA
(Uchida et al., 2010). Therefore, HR response to somatosensory
stimulation may differ, depending on the tonic CSNA level and
resting HR.

Types of Somatosensory Stimulation
Elicited by Calf Mechanical Pressure
In the present study, mechanical stimulation was applied to the
calf over the skin. Although, this would also activate cutaneous

mechanoreceptors, HR responses were inducible even when the
skin over the calf was removed. Also, mechanical skin stimulation
(including noxious stimulation) applied around the calf induced
only a small increase in HR (Kimura et al., 1995). In addition,
the pressor response to calf mechanical pressure stimulation
was diminished by severing the sciatic nerve (Stebbins et al.,
1988), which is the main sensory transmission pathway from
calf muscles. A possibility remains that afferents responding
to blood vessel distortion elicited by the pressure stimulation
may contribute to the cardiovascular responses (Cui et al.,
2012).

Based on single unit recordings of group III and IV muscle
afferents, the stimulation intensity used in the present study
(10 N/cm2) could be considered either noxious (Berberich
et al., 1988) or non-noxious (Hoheisel et al., 2005). Taguchi
et al. (2005) stated that it was not possible to classify muscle
afferents into low and high thresholds because the mechanical
threshold of pressure stimulation is continuous. Hence, we are
unable to define the stimulation used in the present study as
noxious or non-noxious stimulation. Clinically, the intensity of
touch-pressure stimulation for diagnosing myalgia of patients
with temporomandibular joint disorders is 1 kg with a finger
(Schiffman et al., 2014), estimated at 1 kg/cm2 (≈10N/cm2).
Also, the pressure pain threshold on the head in healthy
adults is ∼4 kg/cm2 (Antonaci et al., 1998). Taken together,
the stimulation intensity used in the present study may be
non-noxious in animals without injuries. However, caution is
necessary when extrapolating data obtained in humans to rats
because pressure stimulation to deep tissues may be influenced
by the thickness of subcutaneous tissues (Takahashi et al.,
2005).

Physiological Significance
We suggest that these cardiovascular responses to mechanical
pressure stimulation of skeletal muscles may help control
intramuscular pressure through regulation of the blood supply.
In this aspect, the role of pressure sensitive mechanoreceptors
may differ from those of contraction- and stretch-sensitive
mechanoreceptors that increase HR and blood pressure
during exercise because an adequate stimulus for each type
of mechanoreceptors is different. For example, compartment
syndrome is a condition that causes muscle ischemic necrosis
resulting from an excessive increase in intramuscular
pressure. Because 100mmHg is approximately equivalent
to 1.3 N/cm2, force loading on muscle tissues is much
greater under mechanical pressure stimulation used in the
present study. Thus, such a cardiovascular response may
protect muscles from potential damage by limiting blood
perfusion partly due to regulating cardiac output, thereby
preventing muscle edema and subsequently an abnormal
intramuscular pressure. This potential function warrants further
study.

In summary, the present results suggest that pressure
stimulation applied to the calf excites muscle mechanoreceptors,
that activate or inhibit CSNA, resulting in changes to
HR. The direction of HR responses (tachycardia or
bradycardia) to calf stimulation is determined by the
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tonic level of CSNA, suggesting that this mechanical
stimulation-induced cardiovascular reflex participates
in bidirectional feedback regulation of muscle blood
supply.
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Belgrade, Serbia, 2Center for Multidisciplinary Research-180, Institute of Nuclear Sciences Vinča, University of Belgrade,
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Neurocardiovascular diseases (NCVD) are the leading cause of death in the developed

world and will remain so till 2020. In these diseases the pathologically changed

nervous control of cardiovascular system has the central role. The actual NCV

syndromes are neurogenic hypertension, representing the sympathetically mediated

disorder, and vasovagal syncope, which is the vagally mediated disorders. Vasovagal

syncope, the disease far from its etiological treatment, could benefit from recruiting

and application of antimuscarinic drugs used in other parasympathetic disorders. The

informational spectrum method (ISM), a method widely applied for the characterization

of protein-protein interactions in the field of immunology, endocrinology and anti HIV

drug discovery, was applied for the first time in the analysis of neurogenic hypertension

and vasovagal syncope therapeutic targets. In silico analysis revealed the potential

involvement of apelin in neurogenic hypertension. Applying the EIIP/ISM bioinformatics

concept in investigation of drugs for treatment of vasovagal syncope suggests that

78% of tested antimuscarinic drugs could have anti vasovagal syncope effect. The

presented results confirm that ISM is a promissing method for investigation of molecular

mechanisms underlying pathophysiological proceses of NCV syndromes and discovery

of therapeutics targets for their treatment.

Keywords: in silico analysis, neurocardiovascular diseases, neurogenic hypertension, protein-protein interaction,

vasovagal syncope

INTRODUCTION

NCVD are the syndromes where autonomic nervous system (Zoccoli et al., 2001; Bojic, 2003)
dysfunction plays a dominant etiological role (Goldstain, 2001; Bojic et al., 2012a,b). NCV disorders
can be classified as sympathetically mediated disorders (i.e., neurogenic hypertension, NH) vs.
vagally mediated disorders (i.e., vasovagal syncope, VVS), though in many disorders both systems
are dysfunctional (Goldstain, 2001).

NH is characterized by an increased level of sympathetic nervous activity (SNA) (Fisher
and Paton, 2011). SNA is in reciprocal interaction with the number of important systems for
the pathophysiological profile of NH, like inflammation, angiotension II system and vascular
dysfunction. Recently, due to its potential causal role in the genesis of NH, an emphasis was put
on the role of oxidative stress in brain stem structures.
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Reactive oxygen spices (ROS) in the brain can be generated
in angiotesin II dependent and angiotensin II independent
manners. The most studied mechanism for investigating the
potential causal treatment of NH is Ang 1-7-MAS receptor-NO
mechanism (Zimmerman, 2011). This mechanism counteracts
prohypertensive actions of ROS and represents a good choice
for investigation of therapeutic candidate by Informational
SpectrumMethod (ISM).

In the case of VVS, Nucleus Tractus Solitarii (NTS) in the
brain stem is stimulated either directly (central VVS) or indirectly
(peripheral VVS), provoking an enhancement of vagal tone and
withdrawal of SNA tone. This dual response causes a continuum
of cardiovascular phenotype responses. At the “vagal end” it leads
to the cardioinhibitory type of VVS (bradicardia as a dominant
cause of the VVS), while on the “sympathetic end” causes the
vasodepressor type of VVS (hypotension as a dominant cause of
the VVS). Mixed type of VVS is on themidway between these two
extremes.

The treatment of VVS involves a layered approach with
a combination of lifestyle changes, physical maneuvers,
medications, and implantable devices. The vast majority of
patients with VVS can be adequately controlled with non-
pharmacological approaches and do not require pharmacological
treatment (Raj and Coffin, 2013). There is, however, the minority
of patients with refractory and recurrent VVS who can benefit
from effective pharmacotherapy.

Since the majority of the VVS patients suffer from mixed and
cardioinhibitory type of VVS, we took under consideration the
modulation of vagal tone as the in silico strategy for the new anti
VVS drugs.

The therapy of NH and VVS is far from efficient etiological
treatment. The development of new drugs for treatment of NH
and VVS is time and money consuming process, which can be
accelerated by in silico screening of the molecular libraries for
candidate novel drugs and by repurposing of approved drugs.

FIGURE 1 | Basic steps of ISM method. Sequence → Transformation of primary protein sequence into sequence of numbers, by assigning of EIIP to each amino

acid → Numerical presentation → Discrete Fourier transformation → Informational spectrum (IS).

The aim of this study was to apply EIIP/ISM approach to
identify candidate neuropeptides and small-molecules for the
potential therapeutics of NH andVVS. The studymay lead to new
insights in the field of neurocardiovascular pharmacotherapy and
pathophysiology.

METHODS

The Long Range Molecular Interactions
Current concepts of intermolecular interactions in biological
systems are based on the surface complementarity between
interacting biomolecules and assumption that the first contact
between interacting molecules is achieved accidentally by the
thermal motions that cause molecular wander. If proteins are
considered as spheres of 18 Å radius (typical of a small
protein), and if spheres associate with every contact, without
regard to orientation, the diffusion-limited association rate
constant, calculated according to Smoluchowski’s equation
(Smoluchowski, 1916) is 7 × 109 M−1s−1. However, before
chemical bond formation takes place, reacting molecular regions
must be positioned close enough (at a distance of ∼2 Å) and
the appropriate atoms must be held in the correct orientation
for the reaction that is to follow, because the attractive forces
involved in the recognition and binding of molecules include all
the weak non-covalent forces. It means that the protein’s binding
site is only a small fraction (∼0.1%) of the surface area. Taking
into account this limitation, the diffusion-limited association
rate constant, predicted from a three-dimensional (3D) “random
diffusion” model and calculated according Smoluchowski’s
equation is∼106 M−1s−1 for a protein-ligand and∼103 M−1s−1

for a protein-protein interaction. Northrup and Erickson have
noted that protein-protein association generally occurs at rates
that are 103–104 times faster than would be expected from simple
considerations of collision frequencies and strict orientation
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effects which assume that productive binding occurs only when
the molecules collide within 2 Å of their final binding site
(Northrup and Erickson, 1992).

Electron-Ion Interaction Potential (EIIP)
In order to overcome the discrepancy between theoretically
estimated values and real values of the associated rate constant
for a intermolecular interactions in biological systems, the long-
range intermolecular interactions (distances between 5 and 1000
A) between interacting molecules was proposed (Veljkovic,

1980). It has been showed that the EIIP and the average
quasivalence numbers (AQVN) Z∗ represent essential molecular
descriptors which determines the long-range properties of
biological molecules (Veljkovic, 1980). These two molecular
descriptors are defined by the following equations:

Z∗

=

m∑
niZi/N (1)

Where:
i, Type of the chemical element;

FIGURE 2 | Informational spectrum (IS) of (A) MAS1, (B) angiotensin 1-7, (C) apelin 28, and consensus informational-spectrum (CIS) of (D) MAS1 and

angiotensin 1-7 and (E) MAS1 and apelin.
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Z, Valence of the ith chemical element;
n, Number of the ith chemical element atoms in the compound;
m, Number of types of chemical elements in the compond;
N, total number of atoms.

EIIP = 0.25Z∗sin(1.04πZ∗)/2π (2)

The EIIP values calculated according to the Equation (2) are in
Rydbergs (Ry= 13.6 eV).

Informational Spectrum Method (ISM)
The ISM a virtual spectroscopy method for calculation of the
long-range properties of biological macromolecules, is based on

FIGURE 3 | (A) Consensus informational spectrum (CIS) of primates MAS1; (B) Informational spectrum (IS) of MAS1 of Macaca mulatta; (C) CS of Macaca mulatta

MAS1 and angiotensin 1-7 and (D) CS of Macaca mulatta MAS1 and apelin 28, (E) CS of Macaca mulatta MAS1 and apelin 31 (F) CS of Macaca mulatta MAS1 and

apelin 36.
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Bojić et al. Novel Candidates for Neurocardiovascular Diseases

a model that assigns to each amino acid a defined parameter
describing a physico-chemical property involved in the biological
activity of the protein and corresponding to electron-ion
interaction potential (EIIP) (Veljkovic et al., 1985).

ISM method consists in three basic steps:
1. Transformation of alphabetic code of primary protein

structure into a sequence of numbers representing EIIP of
each component.

2. Conversion of numerical sequence by fast Fourier
Transformation into information spectrum, which reveals
dominant freqency peaks of the whole organic molecule.

3. Consensus Information Spectrum (CIS) analysis between
information spectrums of two potentially similar or interactive
molecules, which reveales functional locus of the interaction of
two molecules.

Peak frequencies in CIS are common frequency components for
the analyzed sequences. A measure of similarity for each peak
is the signal-to-noise ratio (S/N), the ratio between the signal
intensity at one particular IS frequency and the main value of the
whole spectrum.

Schematic Presentation of ISM is given in Figure 1.
The strong connection between EIIP and Z* molecular

descriptors of small molecules and their biological activities
(carcinogenisity, antibiotic activity, antiviral activity, toxicity,
etc.) has been documented (for review see Veljkovic et al., 2011
and references therein).

The method has been successful in identification of functional
protein domains representing candidate therapeutic targets
for anti-HIV drugs (Veljkovic et al., 2007), anthrax (Doliana
et al., 2008), and human influenza viruses (Veljkovic et al.,
2009a,b; Perovic et al., 2013). It is recognized and used in
more than 100 research centers worldwide (Veljkovic et al.,
2011).

Sequences and Molecular Formulas of
Compounds
Sequences were retrieved from UniProt Database with following
accession numbers: (a) sequences of primates MAS1: Homo
sapiens P04201, Pan troglodytes H2QU00, Macaca mulatta
F7GJU7, Pongo abelii H2PL76GN, Chlorocebus sabaeus
A0A0D9RJ10, Gorilla gorilla gorilla G3R4L5, Papio anubis
A0A096NZT0. (b) sequences of primates Angiotensin 1-7:
Homo sapiens P01019, Pan troglodytes H2Q1B7, Macaca
mulatta G7MFR4, Gorilla gorilla gorilla Q9GLP6. (C) sequences
of primates Apelin: Homo sapiens Q9ULZ1, Macaca mulatta
F7GX01, Gorilla gorilla gorilla G3S9L8, Chlorocebus sabaeus
A0A0D9R7Q2. Sequences are shown in Data Sheet 1.

Molecular formulas of compounds: muscarinic modulators
from US Patent 7786308, US Patent 7378447US, and Patent
Application 20100311746A1.

RESULTS

The primary structure of proteins encodes the information
represented by the informational spectrum (IS) frequencies
that correspond to the protein biological function. Mutually
interacting proteins share common information represented by
peaks in their cross-spectrum (Veljkovic et al., 2008). IS of human
MAS receptor (MAS1) is presented on Figure 2A. It contains
characteristic peak at the frequency F(0.240).

MAS1 sequences are highly homologous among primates [see
Supplementary Material: Data Sheet 1 and Exported Multiple
Sequence Alignment (Edgar, 2004) of MAS1 as artwork using
Jalview (Waterhouse et al., 2009; Image 1)]. Informational
spectrum (IS) of MAS1 of Macaca mulatta (Figure 3B) and
consensus informational spectrum (CIS) ofMAS1 of primates are
shown in Figure 3A. It can be seen that information represented
by the CIS frequency F(0.240), is evolutionary conserved among

FIGURE 4 | Schematic presentation of the EIIP/AQVN criterion for selection of candidate antimuscarinic drugs with potential therapeutic effect on

VVS. Active domain (red): AQVN (2.25–2.65), EIIP (0.074–0.096). Chemical space (blue) AQVN (2.40–3.30) EIIP (0.000–0.116) EIIP/AQVN domain of homologous

distribution of >90% compounds from PubChem Compound Database. Statistics: inside the active domain: 21 (78%), outside the active domain: 6 (22%). Asterisk

(*)-position of atropine and propentheline bromide, known anti VVS drugs, within AQVN/EIIP active domain.
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proteins having the same biological function, as it was shown
previously (Glisic et al., 2008).

The sequences of peptides Angiotensin 1-7 and Apelins
of other primates are the same as the sequences of human
peptides (Data Sheet 1) and consequently spectra are the
same.

Figure 2B represents IS of the of humanAngiotensin 1-7 (Ang
1-7). By performing cross-spectral analysis (CS) of MAS receptor
and Ang 1-7 we have identified that these two molecules share
common information corresponding to the IS frequency F(0.057)
(Figure 2D). To confirm the reliability of our findings we have
performed CS analysis of Macaca mulatta MAS1 and Ang 1-
7 and identified the same frequency F(0.057) as dominant and
evolutionary conserved (Figure 3C).

We further apply ISM analyses to identify new peptide
interactors of human MAS1 representing potential candidate
therapeutic agents. To identify peptides which share the common
information represented by the frequency component F(0.057),
270 human peptides of the Human Neuropeptide sequence
database (Kim et al., 2011) were screened by ISM and peptide
apelin 28 (Figure 2C) was found to be among the peptides
with the highest amplitudes and Signal/Noise values at the

frequency F(0.057) in CIS with MAS1 (Figure 2E). Similar results
were obtained for apelin-31 and apelin-36. In further analysis
it was shown that the information represented by CS frequency
for Macaca mulatta MAS receptor and apelins is the same
(Figures 3D–F). According to the IS criterion these peptides are
the potential candidate interactors of MAS1. Presented results
indicate apelin as potential modulator of MAS1 receptor and
novel candidate for treatment of NH.

With respect to the muscarinic antagonists applied in
the therapy of VVS (atropine, propanteline bromide, and
scopolamine), on the basis of AQVN/EIIP analysis we analyzed
the distribution of other muscarinic antagonists which are not
tested for their efficacy in the treatment of VVS (Figures 4, 5).
The analysis revealed that 78% of tested drugs are in the active
AQVN/EIIP domain, implying that there is consistent number
of known antimuscarinic drugs that might have a therapeutic
impact on VVS.

We also analyzed muscarinic receptor modulators from three
patents which are randomly selected among more than 30,000
patents from the patent database (http://www.freepatentsonline.
com), in order test the suitability of the proposed EIIP/AQVN
filter. Results of this analysis are presented in Table 1. As can

FIGURE 5 | The list of antimuscarinic drugs tested for their AQVN/EIIP. Shaded fields- antimuscarinic drugs within the active domain (Figure 3), white

fields-antimuscarinic drugs out of the active domain, bordered fields- antimuscarinic drugs tested for their therapeutical effect on VVS. Probability for the anti VVS

activity of muscarinicdrugs, assessed by EIIP/AQVN criterion, is represented with the gray scale (black-the highest probability, white-the lowest probability).
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be seen, all patented compounds are located within the active
EIIP/AQVN domain (Figure 4).

DISCUSSION

Brain oxidative stress/status defines the state of
sympathoexcitation (increased level of ROS) or
sympathoinhibition (the effect of NO), via angiotensinergic
neurons (Zimmerman, 2011). Since oxidative injury contributes
also to the progressive development of NH, targeting oxidative
stress may represent one of promising therapeutic strategies for
NH treatment.

The ISM analysis identified three forms of apelin as the
potential candidates-interactors of MAS receptor on neurons in
brainstem sympathetic centers and indicated apelin as potential
modulator of MAS1 receptor and novel candidate for treatment
of NH (Figure 6). There is lot of recent evidence of the role
of apelin as therapeutic agent in protection of the brain against
ischemic/reperfusion injury (Yang et al., 2015b), promotion
of neurological function recovery after ischemic brain injury
(Gu et al., 2013) and potential to cure acute and chronic
neurological diseases (Cheng et al., 2012). Synthetic and biased
agonists of apelin have been also developed and latter have
shown in proof-of-concept studies clinical potential (Yang et al.,
2015a). Apelin is adipokine secreted by peripheral tissues but
also present in the hypothalamic neurons, having a major
impact on the genesis and progression of diabetes (Drougard

et al., 2014). This impact is obtained through ROS impact on
sympathetic neuronal centers in the diencephalon which cause
sympathoexcitation and consequently, the liver glycogenolysis
and glusoneogenesis. Our data for the first time point on the
potential role of apelin in the development of NH, again,
through the action of ROS on sympathetic neuronal centers.
Differently from other studies that investigate majorly apelin-
APJ receptor signaling pathway (Chun et al., 2008; Yu et al.,
2014) our analysis points on the novel mechanism, the apelin-
MAS receptor dependent mechanism that could counterbalance
sympathostimulating action of ROS. On the basis of the data
in the literature (Chun et al., 2008; Yu et al., 2014) and on
the basis of our results, there is high probability that apelin
has sympathoinhibiting, anti ROS action also on the brainstem
level. Further in vitro and in vivo studies that would elucidate
the functional significance of apelin-MAS receptor interaction
are needed. This finding could be of importance in designing a
novel therapeutics for NH, but also for better understanding and
treatment of the states like metabolic syndrome, where diabetes,
hypertension, obesity, and obstructive sleep apnea occur in a
cluster (Katsiki et al., 2014).

Muscarinic antagonists that were already tested for their
efficacy in the treatment of VVS were:

1. atropine(i.v.), shown to be fully effective in the cardio-
inhibitory form of tilt-induced vasovagal reflex, but with
limited action in the vasodepressor form (Santini et al.,
1999),

TABLE 1 | EIIP/AQVN values of patented muscarinic modulators: Muscarinic modulators (US Patent 7786308), Muscarinic agonists (US Patent 7378447),

and Modulators of muscarinic receptors (US Patent Application 20100311746A1).

EIIP [RY] AQVN Chemical formula Compound

Patent title: Muscarinic modulators (US Patent 7786308

0.0845 2.590 C23H31FN2O4 ethyl 3-(4-(4-fluorophenyl)(methoxycarbonyl)

amino)piperidin-1-yl)-8-azabicyclo[3.2.1]octane-8-carboxylate

0.0886 2.562 C23H33FN4O3 3-{4-[1-(4-Fluoro-phenyl)-3,3-dimethyl-ureido]-piperidin-1-yl}-8-aza-bicyclo[3.2.1]octane-8-carboxylic

acid ethyl ester

0.0946 2.500 C27H38FN3O3 3-{4-[Cyclohexanecarbonyl-(4-fluoro-phenyl)-amino]-piperidin-1-yl}-8-aza-bicyclo[3.2.1]octane-8-

carboxylic acid ethyl

ester

0.0985 2.444 C23H35N3O2 3-[4-(ethyl-phenyl-amino)-piperidin-1-yl]-8-azabicyclo[3.2.1]octane-8-carboxylic acid ethyl ester

0.0899 2.552 C21H30FN3O3 4-[Acetyl-(4-fluoro-phenyl)-amino]-[1,4′]bipiperidinyl-1′-carboxylic acid ethyl ester

Patent title: Muscarinic agonists (US Patent 7378447)

0.0985 2.618 C19H29N3O4 Carbamic acid tert-butyl ester (R)-(6-(1-(morpholin-4-yl)ethylideneamino)-2(R)-hydroxyindan-1-yl)amide

0.0963 2.431 C22H36BrN3O3 Biphenyl-4-carboxylic acid

(R)-(6-(1-(2-methoxyethyl)methylamino)ethylideneamino)-2(R)-hydroxyindan-1-yl)amide

0.0863 2.579 C31H39N3O3 Biphenyl-1-carboxylic acid

(R)-(6-(1-(2-pentoxyethyl)methylamino)ethylideneamino)-2(R)-hydroxyindan-1-yl)amide

0.0958 2.622 C31H37N3O3 Biphenyl-4-carboxylic acid

(R)-(6-(1-(2-tert-butoxyethyl)methylamino)ethylideneamino)-2(R)-hydroxyindan-1-yl)amide

Patent title: Modulators of muscarinic receptors (US Patent Application 20100311746A1)

0.0758–0.0985 2.390–2.638 1041 compounds
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FIGURE 6 | Proposed mechanism of antagonizing effect of apeline-MAS receptor and Angiotensin II-ATR1 molecular signaling pathways on

preganglionic sympathetic neurons in the brainstem (adapted from Northrup and Erickson 1992.) Ang II, angiotensin II; ATR1, angiotensin 1 receptor; MAS

R, MAS receptor; O2, superoxide; NO, nitric oxide; nNOS, neural nitric oxide synthase; SNA, sympathetic nervous activity; MAP, mean arterial pressure.

2. propantheline bromide (p.o.), shown to be highly effective
in preventing VVS. In addition, propantheline bromide’s
effectiveness is present in the vasodepressor VVS and supports
a role of direct cholinergic control of vascular tone (Yu and
Sung, 1997),

3. scopolamine (t.d.), which showed no effect on VVS (Lee et al.,
1996).

An AQVN/EIIP approach for new candidates in
pharmacotherapy of VVS reveals that on the basis of their
molecular properties, the majority of antimuscarinic drugs (78%
of investigated substances) might have therapeutical potential
for VVS (Figures 4, 5). More, the remaining 22% were out of
AQVN/EIIP active domain, together with scopolamine, the drug
that failed to show anti VVS therapeutical effect (Figure 4).
Best candidates, identified by AQVN/EIIP approach, for future
clinical studies are hydroxysine and cyclopentoate (Figure 5).
The suitability of our method was further confirmed by the
finding that all muscarinic modulators patented in three patents
randomly selected among more than 30,000 patents from
the patent database (http://www.freepatentsonline.com) have
AQVN/EIIP values within AQVN/EIIP active domain (Table 1,
Figure 4).

CONCLUSION

Computer-aided design techniques based on the long-range
intermolecular interactions offer an insight into therapeutical
and pathophysiological aspects of NH and VVS. These
bioinformatics approaches also open a promising path for
molecular investigation of other NCVD and could be of help in

design of in vitro and in vivo animal and clinical studies of these
diseases.
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Objective: As the multiple trigonometric regressive spectral (MTRS) analysis is

extraordinary in its ability to analyze short local data segments down to 12 s, we wanted

to evaluate the impact of the data segment settings by applying the technique of MTRS

analysis for baroreflex sensitivity (BRS) estimation using a standardized data pool.

Methods: Spectral and baroreflex analyses were performed on the EuroBaVar dataset

(42 recordings, including lying and standing positions). For this analysis, the technique of

MTRS was used. We used different global and local data segment lengths, and chose

the global data segments from different positions. Three global data segments of 1 and

2min and three local data segments of 12, 20, and 30 s were used in MTRS analysis

for BRS.

Results: All the BRS-values calculated on the three global data segments were highly

correlated, both in the supine and standing positions; the different global data segments

provided similar BRS estimations. When using different local data segments, all the

BRS-values were also highly correlated. However, in the supine position, using short

local data segments of 12 s overestimated BRS compared with those using 20 and 30 s.

In the standing position, the BRS estimations using different local data segments were

comparable. There was no proportional bias for the comparisons between different BRS

estimations.

Conclusion: We demonstrate that BRS estimation by the MTRS technique is stable

when using different global data segments, and MTRS is extraordinary in its ability

to evaluate BRS in even short local data segments (20 and 30 s). Because of the

non-stationary character of most biosignals, the MTRS technique would be preferable

for BRS analysis especially in conditions when only short stationary data segments are

available or when dynamic changes of BRS should be monitored.

Keywords: baroreflex sensitivity, multiple trigonometric regressive spectral analysis, baroreflex function, data

segment, autonomic nervous system
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INTRODUCTION

The arterial baroreflex is of fundamental importance for
cardiovascular homeostasis, and its impairment may play an
adverse role in several diseases (Ziemssen et al., 2013). There is
an inverse relation between baroreflex sensitivity (BRS) and the
risk of mortality after myocardial infarction, and interventions
that improve BRS had beneficial clinical impact on cardiovascular
mortality (La Rovere et al., 1988, 2002; La Rovere, 2000).

Numerous non-invasive techniques that analyze the
sensitivity of spontaneous baroreflex control of heart rate
and blood pressure (BP) have been developed (Bertinieri et al.,
1985; Blaber et al., 1995; Ducher et al., 1995; Di Rienzo et al.,
2001; Laude et al., 2004; Westerhof et al., 2004; Bernardi et al.,
2010; Porta et al., 2013; Svacinova et al., 2015). They differ
in their general approaches (analysis in time, frequency, or
information domains; causal vs. non-causal analyses) and the
applied statistical details (length of data segment analyzed,
window technique, number of single BRS-values for analysis).
Because of their considerable differences, studies comparing the
performance of these methods are needed.

The EuroBaVar study compared 21 methods of BRS analysis
(Laude et al., 2004). The multiple trigonometric regressive
spectral analysis (MTRS) technique for BRS evaluation had
an excellent performance in comparison with the sequence
methods and the spectral analysis based on fast Fourier
transform. In addition, due to the short local data segments,
MTRS is able to analyze BRS in short dynamic ECG and BP
recordings.

BRS-values are non-stationary and profoundly variable. We
therefore shorten the window for BRS analysis. For the MTRS
technique, there are two relevant types of data segments, the
local and the global data segments. Each trigonometric regressive
spectral analysis (TRS) spectrum is only performed within a
local data segment; analyses of local data segments are repeated
in successive segments shifted by one, two, or more beats
within the whole global data segment (multiple TRS analysis,
so called MTRS) (Rüdiger et al., 1999; Ziemssen et al., 2013).
In a local data segment of 25 s, even the longest oscillation of
the low frequency (LF) band can be reliably determined, but
additional longer oscillations could not be accurately detected.
Certainly, oscillations in the high frequency (HF) band can be
well characterized in this time window. However, because of
their short wavelengths, oscillations in the HF band or ultra-
high frequency (UHF) band can slightly change in frequency and
amplitude using a local data segment of 25 s. Therefore, there is
always a compromise in the selection of the local data segment
length. We have applied different lengths of local and global data
segments according to the research conditions (Wright et al.,
2009; Friedrich et al., 2010; Reimann et al., 2010, 2012, 2013;
Gasch et al., 2011; Viehweg et al., 2016; Li et al., 2017). The
most commonly used lengths of local and global data segments
were 30 s and 2min, respectively, but shorter lengths have also
been applied. Until now, the effect of the lengths of local and
global data segments on the BRS estimation remains unclear, and
the reproducibility of selecting different global data segments in
the same recording is unknown. In the present study, we aimed

to investigate the influence of different local and global data
segment settings on BRS assessment using the EuroBaVar dataset,
which is comprised of a heterogeneous population.

SUBJECTS AND METHODS

The EuroBaVar Dataset
At first, this dataset was used as part of the EuroBaVar
study to compare estimates of the BRS obtained by different
research laboratories, each using its own software (Laude et al.,
2004). The dataset included 46 recording files obtained from a
heterogeneous population of 21 subjects. There are four duplicate
recording files from two subjects (two lying recordings and two
standing recordings). Thus a total of 42 recordings were analyzed
in the present study. The participants (17 women, 4 men)
were composed of 12 normotensive outpatients (including one
diabetic patient without cardiac neuropathy, 2 treated patients
with hypercholesterolemia, and one 3-month pregnant woman),
one untreated hypertensive patient, two treated patients with
hypertension, four healthy volunteers, and two patients with
evident cardiac autonomic failure (one patient with diabetic
neuropathy and the other patient recently underwent heart
transplantation). All the participants underwent continuous non-
invasive BP monitoring and ECG recording. These recordings
were made for 10–12min both in the supine position and in
the upright position. Data were provided as the BP and ECG
signals sampled at 500Hz with a 16-bit resolution. This is a
heterogeneous population characterized by a large range of BRS-
values, and can thoroughly evaluate the performance of different
BRS calculation methods. This challenging dataset is appropriate
for measuring the consistency of BRS obtained by MTRS using
different local and global data segment settings. The EuroBaVar
data are from the EuroBaVar study, and publicly available for
methodological studies on BRS analysis. The study was approved
by the Paris-Necker committee and all the subjects had given
informed consent.

The MTRS Analysis
In 1999, Rüdiger and colleagues introduced TRS, which detects
true, physiological oscillations and guarantees an optimal
assessment of the measured RR intervals and other parameters
(Rüdiger et al., 1999). All oscillations are captured based on the
following condition

∑
(RRI(t(i)) − Reg(t(i)))2 => minimum,

with RRI(t(i)) being the original RR intervals and Reg(t(i)) =
A ∗ sin (ωt(i) + ϕ(i)) being a trigonometric function of the
parameters A (amplitude), ω (frequency), and φ (phase shift).
This trigonometric function cannot be solved as none of the
three parameters in the regressive function is known. Therefore,
it is necessary to set one parameter, in general the frequency
ω. By the variation of this frequency ω, oscillations can be
calculated with an optimal variance reduction for all target
frequencies.

Computation of BRS Using MTRS
The baroreflex provides a rapid feedback loop to keep
cardiovascular homeostasis. For example, an increased BP
reflexively leads to a decrease of the heart rate in order
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to keep the homeostasis of BP. This feedback loop works
continuously during the constant fluctuations of heart rate and
BP. This is the theoretical foundation of MTRS based BRS
measurement.

Asmentioned above, theMTRS technique uses the oscillations
of SBPs and RRIs instead of their original values which are used
in the sequence methods. Therefore, coherent pairs of SBP and
RRI oscillations are identified, which can be correlated with one
another (Gasch et al., 2011; Ziemssen et al., 2013) (Figure 1).
The frequency distribution of individual BRS-values within two
different 2-min global data segments are shown in Figure 2. The
coherence of RRI and SBP oscillation pairs was determined by
their frequencies and phase shifts. Using the TRS technique,
oscillation pairs are considered coherent when the frequency
difference is ≤0.025Hz.

Let V_SYS (i) the variance reduction of the i-th coherent
systolic BP oscillation and V_RR (i) be the variance reduction of
the i-th coherent RR interval oscillation, then a variance ratio can
be defined according to the following equations:

Ratio(i) = V_RR(i)/V_SYS(i) for V_RR(i) <= V_SYS (i) or

Ratio(i) = V_SYS(i)/V_RR (i) for V_RRr (i) > V_SYS (i)

This ratio can be defined for each coherent oscillation pair (i),
0 <Ratio <= 1. With all the oscillation ratios, BRS can be
determined.

During the shift of the local data segments by one, two or
more beats, these coherent oscillation pairs change in frequency
and amplitude. Therefore, with a local data segment of 25 s,
all oscillations other than the VLF band are contained at least
once, and the number of individual values can be significantly
increased by shifting this small data segment over a global data
segment of one or more minutes.

This MTRS technique has been further developed and
improved after its application in the EuroBaVar study (Ziemssen
et al., 2008). In the calculations of BRS in the EuroBaVar study, all
individual values have been arithmetically averaged; a weighted
mean is now determined according to the following relationship:

BRS_opt =

(∑
BRS(i)∗V_ratio(i)²)/

∑
V_ratio(i)²

With the squaring function, an even stronger weight is placed
on values close to V_ratio = 1. This reduces the influence of
inconsistent BP and RR interval fluctuations (such as small BP
fluctuations corresponding with large RR interval fluctuations)

FIGURE 1 | Illustration of the BRS calculation process using TRS. Spontaneous oscillations of RR intervals and systolic blood pressure (A) are replaced by theoretical

TRS oscillations (B). Calculation of BRS as the slope of the regression line (D) originates from coherent oscillation pairs of RR interval and systolic blood pressure (C).

Points 1 and 2 are two examples of coherent oscillation pairs of RR intervals and systolic blood pressures. [Taken from Gasch et al. (2011)].
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FIGURE 2 | (A,B) Individual BRS-values within two different 2-min global data segments (2a and 2b, respectively) in the same recording. It is noted that although

there was some degree of variability of individual local BRS-values between these two global data segments, these two mean global BRS-values were quite close.

on the BRS calculation, because this phenomenon apparently
does not reflect a baroreflex.

BRS Analyses Using Varying Local and
Global Data Segments:
We used different local and global data segment settings for
each recording. To assess the influence of different local data

segment lengths, we calculated the BRS of a common 1-min
global ECG and BP segment (1a) using local data segments of
12, 20, and 30 s, respectively. To explore the influence of the
length of global data segments, we additionally computed BRS
from a 2-min global data segment (2a) which extended 1min
from the aforementioned 1-min global data segment (1a) (the
1-min segment 1a was included in the 2-min segment 2a). To
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test the stability of BRS analysis using MTRS, we calculated BRS
from another 2-min ECG and BP data segment (2b), which had
no overlap with the other two global data segments (1a and
2a). We used a common length (30 s) of local data segments
when comparing BRS-values computed from different global
data segments (1a, 2a, and 2b).

Statistical Analysis
All statistical analyses were performed using SPSS for Windows
(Version 23.0. Armonk, NY: IBM Corp). Data are presented
as mean ± standard deviation unless stated otherwise. The
Kolmogorov–Smirnov test was used to evaluate data normality.
Repeated measures ANOVA or Friedman’s test was employed
to test differences between BRS-values obtained with different
settings of data segments.

To compare the BRS estimates from different local and
global data segments, we performed Spearman correlation and
the Bland-Altman plot. The differences between the pairs of
measurements (e.g., BRS2a−BRS2b) on the vertical axis were
plotted against the means of each pair [e.g., (BRS2a+BRS2b)/2].
The Bland-Altman analysis requires that the differences should
be normally distributed. Logarithmic (ln) transformation of
the original BRS data was used if the differences of the
BRS-values were not normally distributed and the logarithmic
transformation solved this problem. To determine the potential
proportional bias, we performed the Spearman correlation
between the differences of the pairs and their means. We
also calculated the 95% confidence intervals of the differences
(also called limits of agreement) (Bland and Altman, 1986;
Giavarina, 2015). P ≤ 0.05 were considered statistically
significant.

RESULTS

Comparisons between BRS Obtained
Using Different Local and Global Data
Segments
Friedman’s test was used for comparisons between different
data segment settings. The mean BRS-values of different global
data segments (using a common local data segment length of
30 s) were 10.44 ± 8.83, 11.58 ± 11.79, and 11.07 ± 11.34
ms/mmHg for 1a, 2a, and 2b in the supine position, and 5.82
± 3.13, 5.65 ± 3.09, and 5.39 ± 3.57 ms/mmHg in the standing
position, respectively. There was no significant difference
between the BRS-values obtained using different global data
segments.

The mean BRS-values calculated with different local data
segment lengths (using the common global data segment 1a) were
12.84± 11.42, 11.27± 9.24, and 10.44± 8.83ms/mmHg for local
data segment lengths of 12, 20, and 30 s in the supine position,
and 6.01 ± 3.56, 5.84 ± 3.31, and 5.82 ± 3.13 ms/mmHg in the
standing position, respectively. There were significant differences
between 12 s and the other two local data segments in the supine
position (p = 0.013 for 12 s vs. 20 s and p < 0.001 for 12 s
vs. 30 s), while BRS-values obtained with local data segments
of 20 and 30 s were similar. The BRS-values obtained in the

standing position were similar across different local data segment
settings.

Correlation Analyses between BRS-Values
Obtained Using Different Data Segment
Settings
There were significant correlations between all the BRS calculated
using different global data segments and BRS calculated using
different local data segment lengths, and all the p-values were
<0.001. The correlation coefficients are shown in Table 1.

Bland-Altman Analyses of the BRS-Values
Obtained Using Different Parameters
Comparing the BRS-values calculated using different global data
segments showed no fixed bias or proportional bias, either in the
supine or standing position. In addition, most of the differences
between these BRS-values were relatively small regarding the
corresponding mean values (Figure 3).

However, when calculating BRS using the common 1a global
data segment in the supine position, the BRS computed using the
local data segment of 12 s was higher than those using local data
segments of 20 and 30 s (fixed bias). BRS estimations using local
data segments of 20 and 30 s in the supine position were similar.
There was no significant fixed bias comparing BRS calculated
by different local data segments in the standing position. No
proportional bias was found when comparing BRS using different
local data segments in the supine or standing position (Figure 4).

DISCUSSION

This is the first study evaluating the influences of local and
global data segment settings on BRS analysis by MTRS. We
found very close correlations between BRS-values calculated
using different global and local data segments. Both in the supine
and standing positions, using different global data segments
did not significantly affect the BRS estimation. However, in the
supine position, local data segments that are too short, such as
12 s, lead to overestimation of BRS.

MTRS solves several shortcomings of the widely used
sequence method and spectral analysis using fast Fourier
transform. The sequence method requires consecutive
concordant changes of BP and heart rate, thus sometimes
not enough BP and heart rate pairs can be obtained for accurate
BRS calculation. In the EuroBaVar study, a large proportion
of the methods using the sequence approach failed to detect
autonomic failure (Laude et al., 2004). The fast Fourier transform
based spectral analysis requires interpolation between real RRIs
which affect the accuracy of the BRS assessment, and demands a
long stationary data segment of at least 5min which restrict its
usage in dynamic processes (Rüdiger et al., 1999; Ziemssen et al.,
2013). MTRS has overcome these problems using a trigonometric
regression and short local data segments.

On one hand, using the coherent RRI and SBP oscillations
determined by TRS other than the original RRI- and SBP-values
(like in the sequence methods) could substantially increase the
number of single BRS-values per time. This substitution could
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TABLE 1 | Spearman’s correlation coefficients between different BRS-values.

G1a L30

Supine Standing Supine Standing

L12 vs. L20 L12 vs. L30 L20 vs. L30 L12 vs. L20 L12 vs. L30 L20 vs. L30 G1a vs. G2a G1a vs. G2b G2a vs. G2b G1a vs. G2a G1a vs. G2b G2a vs. G2b

Rho 0.98 0.95 0.97 0.95 0.89 0.93 0.97 0.88 0.92 0.93 0.91 0.87

G1a, BRS calculated using the global data segment 1a.

G2a, BRS calculated using the global data segment 2a.

G2b, BRS calculated using the global data segment 2b.

L12, BRS calculated using the local data segments of 12s.

L20, BRS calculated using the local data segments of 20s.

L30, BRS calculated using the local data segments of 30s.

FIGURE 3 | The Bland-Altman plot of the differences and means of the logarithmic transformed BRS-values using different global data segments. There was no

significant fixed or proportional bias. G1a, BRS calculated using the global data segment 1a; G2a, BRS calculated using the global data segment 2a; G2b, BRS

calculated using the global data segment 2b.

improve the statistical power and validity of BRS estimation
(Ziemssen et al., 2013). On the other hand, the algorithm
of TRS analysis provides a pure physiological spectrum using
trigonometric regression in contrast to a mathematical spectrum
by using the Fast Fourier transform, thus avoiding interpolation
and promote the accuracy of BRS evaluation (Ziemssen et al.,
2013). Figure 2 presents an illustration of the BRS analysis
of two separate global data segments. Figure 2A shows the
frequency distribution of individual BRS-values in a data segment
of 2min (2a) of the recording of a subject in the supine
position. There are plenty of individual BRS-values detected,
and the values with the greatest reliability (variance ratio
≥ 0.7) concentrated around the vertical line of the value
3.22 ms/mmHg. Figure 2B shows the individual BRS-values’
distribution of another global data segment of 2min (2b) in the
same recording. The averaged “optimal” BRS estimate was 3.31
ms/mmHg, which was quite close to that of the global data

segment 2a. Furthermore, as mentioned in the method section,
our improved MTRS analysis (after the EuroBaVar study) gives
more weight on the “real” coherent SBP and RRI pairs for BRS
estimation. This improvement reduces the influence of non-
baroreflex mediated random fluctuations of SBP and RRI on BRS
analysis. This upgrade enhances the reliability and stability of
BRS analysis by MTRS, and may be part of the reason of the
high consistency of BRS estimations using different global data
segments.

In our study, supine BRS analysis using local data segments
of 12 s produced significantly higher BRS-values compared with
those using local data segments of 20 and 30 s. Because the longest
LF oscillation has a wavelength of 25 s, 12 s might be too short to
accurately assess the oscillations in the LF band. Increasing the
local data segment length to 20 s would solve this problem and
obtain similar results as those using local data segments of 30 s.
Therefore, for MTRS, a local data segment length of 20–30 s is
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FIGURE 4 | The Bland-Altman plot of the differences and means of the logarithmic transformed BRS-values using different lengths of local data segments.

BRS-values obtained using local data segments of 12 s were higher than those using local data segments of 20 and 30 s (fixed bias). There was no significant

proportional bias. L12, BRS calculated using the local data segments of 12 s; L20, BRS calculated using the local data segments of 20 s; L30, BRS calculated using

the local data segments of 30 s.

considered to be optimal for BRS analysis in the supine position.
In a local data segment of TRS analysis, the oscillations must also
remain constant similar to the fast Fourier transform. However,
fast Fourier transform requires a stationary segment with the
length of at least 5min. For TRS, a stable local segment length
of only 20–30 s seems to be enough. Therefore, MTRS can be
utilized in BRS analysis during a dynamic process. Wright and
colleagues conducted an analysis with a global data segment of
30 s and local data segments of 20 s, which is a good example
of MTRS for a relatively short cardiovascular recording (Wright
et al., 2009). In contrast to the BRS in the supine position, BRS-
values applying different lengths of local data segments did not
differ significantly in the standing position. The reason might
be that BRS decreased during orthostasis (Friedrich et al., 2010;
Reimann et al., 2010), and the difference also shrank to be
non-significant.

A limitation of the MTRS analysis on BRS is that it could not
distinguish the two directions of interactions between heart rate
and SBP. Heart rate and BP can influence each other, thus form a
closed loop. The change of BP would regulate heart rate through
baroreflex (a feedback process), while heart rate also affects BP via
the Frank–Starling mechanism and the runoff phenomenon (a
feedforward non-baroreflex process) (Baselli et al., 1988; Taylor
and Eckberg, 1996; Javorka et al., 2017). Recent studies have
shown that causal analyses could discriminate the effect of SBP on
heart rate (the feedback process, mediated by baroreflex) from the

effect of heart rate to SBP (the feedforward process) (Porta et al.,
2011, 2013; Svacinova et al., 2015; Javorka et al., 2017). Although
MTRS based BRS analysis is a non-causal analysis, it showed good
performance in the EuroBaVar study and agreed well with the
modified Oxford method which was viewed as the gold standard
of BRS estimation (Gasch et al., 2011). Future studies comparing
causal analysis, MTRS and modified Oxford method would be
helpful to clarify this issue.

In conclusion, BRS estimation by MTRS using different global
data segments could acquire highly consistent results. However,
too short local data segments such as 12 s would overestimate
BRS in the supine position, and the optimal lengths of local data
segments should be 20–30 s.
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Synaptic plasticity is defined as the ability of synapses to change their strength

of transmission. Plasticity of synaptic connections in the brain is a major focus of

neuroscience research, as it is the primary mechanism underpinning learning and

memory. Beyond the brain however, plasticity in peripheral neurons is less well

understood, particularly in the neurons innervating the heart. The atria receive rich

innervation from the autonomic branch of the peripheral nervous system. Sympathetic

neurons are clustered in stellate and cervical ganglia alongside the spinal cord and extend

fibers to the heart directly innervating the myocardium. These neurons are major drivers

of hyperactive sympathetic activity observed in heart disease, ventricular arrhythmias,

and sudden cardiac death. Both pre- and postsynaptic changes have been observed to

occur at synapses formed by sympathetic ganglion neurons, suggesting that plasticity at

sympathetic neuro-cardiac synapses is a major contributor to arrhythmias. Less is known

about the plasticity in parasympathetic neurons located in clusters on the heart surface.

These neuronal clusters, termed ganglionated plexi, or “little brains,” can independently

modulate neural control of the heart and stimulation that enhances their excitability

can induce arrhythmia such as atrial fibrillation. The ability of these neurons to alter

parasympathetic activity suggests that plasticity may indeed occur at the synapses

formed on and by ganglionated plexi neurons. Such changes may not only fine-tune

autonomic innervation of the heart, but could also be a source of maladaptive plasticity

during atrial fibrillation.

Keywords: atria, innervation, ganglionated plexi, synapse plasticity, atrial fibrillation, LTP

INTRODUCTION

Cardiac arrhythmias are devastating disorders in which normal sinus rhythm is disrupted, resulting
in the heart beating too rapidly, slowly, or erratically, thereby impairing cardiac function. The most
common cardiac arrhythmia is atrial fibrillation (AF): AF affects 2.5–3.2% of people worldwide,
with∼5 million new cases reported annually (Chugh et al., 2014). In AF, atrial electrical activation
is rapid and disorganized leading to irregular and often rapid ventricular rhythm. AF disrupts the
reservoir and contactile functions of the atria, which impairs ventricular filling and also results in
stasis of blood in the left atrium in particular (Staerk et al., 2017). The prevalence of AF increases
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with aging (Benjamin et al., 1994; Chugh et al., 2014) and it has
significant clinical consequences including a 5-fold increase in
stroke, a 3-fold increase in heart failure and a doubling of risk
for dementia (Benjamin et al., 1994; Chugh et al., 2014).

The hallmark of AF is rapid activation of the atria from
one or more localized sources, which can be either focal
discharges or self-sustaining circuits of re-entrant activity. Atrial
myocardium distal to the arrhythmia source cannot follow the
high frequency driver and consequently conduction becomes
slow and irregular (Schotten et al., 2011). The progressive nature
of this rhythm disturbance is acknowledged in the observation
that “AF begets AF” (Wijffels et al., 1995). Repeated episodes of
paroxysmal AF, which terminate spontaneously in hours, lead
eventually to persistent AF. In persistent AF, atrial electrical
and structural remodeling amplifies the electrophysiological
instability that drives AF and the re-entrant substrates that
sustain it (Iwasaki et al., 2011). It is well established that
the autonomic nervous system contributes significantly to this
process (Esler, 1992; Chen et al., 2014; Linz et al., 2014; Ardell
and Armour, 2016). Sympathovagal discharge is a common
trigger for paroxysmal AF (Tan et al., 2008; Chou and Chen,
2009). Specifically, it is thought to be proarrhythmic by
enhancing delayed afterdepolarisation related ectopic activity
through increasing β-adrenoceptor-dependent diastolic Ca2+

leak (Dobrev et al., 2011), and stabilizing re-entrant activity
by reducing atrial action potential duration through increased
acetylcholine-dependent K+ current (Kneller et al., 2002). Atrial
sympathetic hyperinnervation and remodeling of the autonomic
nervous system are both contributors to positive feedback
loops that promote persistent and recurrent AF (Gould et al.,
2006; Tan et al., 2008; Chou and Chen, 2009; Iwasaki et al.,
2011). There is evidence of imbalance between sympathetic and
parasympathetic components of the autonomic nervous system
at both effector and end-organ levels (Chen and Tan, 2007; Czick
et al., 2016; Kuyumcu et al., 2017). Furthermore, it is argued that
progressive remodeling of the atrial neural plexus in persistent
AF contributes to the maintenance of electrical instability (Chen
et al., 2010, 2014; Shen et al., 2012). Despite this, we lack detailed
knowledge of the structure and function of synapses formed on
and by neurons within the atrial neural plexus and how these
change with AF.

Extrinsic and Intrinsic Innervation of the
Atria
The atria receive rich innervation from the autonomic branch
of the peripheral nervous system (Hillarp, 1960; Skok, 1973;
Pardini et al., 1989; Tan et al., 2006; Choi et al., 2010; Chen
et al., 2014; Linz et al., 2014). Specifically, the autonomic
sympathetic and parasympathetic nervous systems control
normal heart rhythm and the heart’s susceptibility to atrial
and ventricular arrhythmias (Armour, 2008; Choi et al., 2010;
Gibbons et al., 2012; Chen et al., 2014; Linz et al., 2014).
Sympathetic nerves mediating control of cardiac function
originate within the intermediolateral column of the spinal
cord and extend to paravertebral ganglia situated from levels

C1 to T5, which include the superior cervical ganglia as well
as the cervico-thoracic (stellate) ganglia and thoracic ganglia
(Kawashima, 2005). Cardiac nerves originating from these
ganglia track to the base of the heart along the brachiocephalic
trunk, common carotid and subclavian arteries as well as
the superior vena cava (Kawashima, 2005). Parasympathetic
cardiomotor neurons are situated in medial regions of the
medulla oblongata (nucleus ambiguus and dorsal motor nucleus)
and issue fibers to the atria via the bilateral vagus nerves (Spyer,
2011).

Most of the sympathetic efferent fibers directly innervate
the myocardium or form synapses with neurons in cardiac
ganglia located throughout the heart (Armour et al., 1997;
Tan et al., 2006; Linz et al., 2014). These synapses consist of
presynaptic axonal varicosities invaginated by the postsynaptic
cardiomyocyte membrane which contains high densities of
adrenergic receptors, adhesion and scaffold proteins (Landis,
1976; Shcherbakova et al., 2007). Hyperactive sympathetic
activity is a major feature of heart disease, significantly
contributing to the high arrhythmia burden and sudden cardiac
death (Chen et al., 2001; Shanks et al., 2013; Ajijola et al.,
2015), and recent research has revealed that this is predominantly
driven by the postganglionic sympathetic neurons (Larsen
et al., 2016a,b). Specifically, hypertension induces increases in
membrane calcium currents, intracellular calcium, and cyclic
nucleotide signaling in sympathetic stellate neurons, resulting
in an increase in noradrenaline release (Shanks et al., 2013;
Larsen et al., 2016a,b). Stimulation of sympathetic neurons can
redistribute postsynaptic adrenergic receptors on the surface
of cardiomyocytes (Shcherbakova et al., 2007). Together these
data show that both pre- and post-synaptic changes can
readily occur in transmission at sympathetic neuro-cardiac
synapses.

Parasympathetic fibers form synapses with clusters of cardiac
ganglia neurons located on the surface of the heart (Figure 1;
Armour, 2008; Linz et al., 2014; Wake and Brack, 2016).
These clusters are termed ganglionated plexi (GP), or “little
brains” (Armour, 2008), and they are proposed to act as local
coordinators of cardiac electrical and mechanical properties
(Horackova and Armour, 1995; Choi et al., 2010; Linz et al.,
2014; Ardell and Armour, 2016). In humans, approximately
14,000 GP neurons are located on the heart surface, with many
clustered around the pulmonary veins (Armour et al., 1997).
Increasing evidence supports the hypothesis that GP neurons can
independently modulate neural control of the heart (Horackova
and Armour, 1995; Arora et al., 2003; Heaton et al., 2007; Choi
et al., 2010; Gibbons et al., 2012; Chen et al., 2014; Linz et al.,
2014). For example, GP neurons are proposed to play a critical
role in the development and propagation of arrhythmias such as
AF (Choi et al., 2010; Gibbons et al., 2012; Chen et al., 2014; Linz
et al., 2014), and AF can be induced by direct stimulation of GP
sites (Lim et al., 2011; Gibbons et al., 2012). In addition, changes
in parasympathetic tone (which increase the risk of arrhythmias,
heart failure and mortality), have been proposed to occur in GP
(Bibevski and Dunlap, 1999; Arora et al., 2003; Heaton et al.,
2007).
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FIGURE 1 | Structure of the intracardiac plexus and synaptic connections

within: (A) Drawing of a posterior view of the human heart and major vessels

showing the locations of posterior atrial ganglionated plexi (GP) and

interconnecting nerves. This schematic representation of the plexus is derived

from example reconstructions of acetylcholinesterase positive nerves and

ganglia on the surface of juvenile atria (Pauza et al., 2000). Sympathovagal

nerves enter the heart by coursing down the aorta and superior vena cava

(SVC) to innervate the superior atrial GP. The locations of the pulmonary

arteries (PA), left superior pulmonary vein (LSPV), left inferior pulmonary vein

(Continued)

FIGURE 1 | (LIPV), right superior pulmonary vein (RSPV), right inferior

pulmonary vein (RIPV), left ventricle (LV), right ventricle (RV), and inferior vena

cava (IVC) are shown. (B) Schematic representation of interconnectivity in

cardiac ganglia showing types of synapses seen in electron microscopy

studies (Shvalev and Sosunov, 1985; Armour et al., 1997; Pauziene and

Pauza, 2003): (a) axo-dendritic synapse formed by adrenergic nerve terminal;

(b) adrenergic varicosity without glial sheath; (c) axo-axonal synapses; (d) two

axons forming axo-dendritic synapses on a single dendrite; (e) axo-dendritic

synapse on dendritic spine; (f) cholinergic varicosity without glial sheath; (g) a

single axon forming axo-dendritic synapses on two dendrites; (h) afferent

nerve ending; (i) axo-dendritic synapse on small spine like protrusion from

soma; (j) axo-somatic synapse; (k) contact of afferent nerve terminal with SIF

cell; (l) efferent (soma-axonal) synapse made by SIF cell with cholinergic nerve

terminal; (m) synapse formed between cholinergic nerve terminal and process

of SIF cell; (n) afferent (axo-somatic) synapse made between SIF cell and

cholinergic nerve terminal; (o) synapse formed between process of SIF cell and

neuronal dendrite; (p) sensory neuron afferent nerve ending; (q) axo-dendritic

synapse between neurons within the GP; (r) axo-dendritic synapse between

sensory neuron and other neuronal types. Modified from Shvalev and Sosunov

(1985).

GANGLIONATED PLEXI

GP Structure and Neuron Function
Although initially defined as clusters of cholinergic neurons,
GP neurons show significant heterogeneity in their morphology,
chemical composition, and physiology (Edwards et al., 1995;
Horackova et al., 1999; Richardson et al., 2003; Rimmer and
Harper, 2006; Tan et al., 2006; McAllen et al., 2011; Wake
and Brack, 2016). Immunocytochemical analysis has revealed
multiple neurochemical subtypes of GP neurons: while choline
acetyltransferase (ChAT) is expressed in all principal neurons,
subpopulations express other transmitters and neuropeptides
including nitric oxide, serotonin, and neuropeptide Y (Mawe
et al., 1996; Horackova et al., 1999; Singh et al., 1999; Richardson
et al., 2003; Adams and Cuevas, 2004; Wake and Brack,
2016). Small clusters of catecholaminergic neurons, termed
SIF (small intensely fluorescent) cells, constitute 5% of GP
neurons (Horackova et al., 1999; Slavíková et al., 2003) where
they modulate synaptic transmission of the cholinergic neurons
(McGrattan et al., 1987; Gagliardi et al., 1988; Adams and
Cuevas, 2004). The presence of multiple neurochemical variants
suggests differential roles for peptides and neurotransmitters in
modulating GP neuron function. Distinct subtypes of neurons
within GP have also been defined electrophysiologically based on
action potential kinetics, ability to fire bursts of action potentials,
rectification properties and synaptic input (Edwards et al., 1995;
McAllen et al., 2011). This heterogeneity within GP suggests the
neurons play different roles in controlling electrical signals to
the heart (Ardell and Armour, 2016). Moreover, the ability of
GP neurons to modulate the level of parasympathetic activity to
the heart also suggests that synaptic communication from GP
neurons can be altered. These synaptic changes may not only
fine-tune autonomic activation of the heart, but could also likely
be a source of maladaptive changes including arrhythmogenesis
(Choi et al., 2010; Gibbons et al., 2012; Chen et al., 2014; Ajijola
et al., 2015; Ardell et al., 2016).
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Clinical Importance of GP Neurons
Clinically, AF is treated pharmacologically with rate and rhythm
controllers (Lafuente-Lafuente et al., 2015; Hanley et al., 2016;
which have variable efficacy and trigger ventricular arrhythmias),
and by the pulmonary vein isolation procedure. In this technique,
an interior ring or “firebreak” is created within each pulmonary
vein to stop aberrant electrical impulses that can trigger AF
from reaching the heart (Haissaguerre et al., 1998; Lancaster
et al., 2016). This procedure has been most effective in reversing
paroxysmal AF compared with persistent AF, however initial
success rates at 12 months drop significantly beyond 2 years
(Kron et al., 2010; Weerasooriya et al., 2011; Calkins et al.,
2012; Zheng et al., 2013). Ablation of the GP sites has
been combined with pulmonary vein isolation, and these two
procedures appear to increase the numbers of patients free of AF,
however results are variable, and long-term efficacy is unknown
(Scherlag et al., 2006; Pokushalov et al., 2009; Kron et al., 2010;
Katritsis et al., 2011; Calkins et al., 2012; Zheng et al., 2013).
Moreover, GP neurons also innervate the ventricles andmodulate
ventricular function, raising concern of increased susceptibility
to ventricular arrhythmias after ablation procedures (Pappone
et al., 2004; Osman et al., 2010; Buckley et al., 2016; Jungen
et al., 2017). It is critical that in order to advance GP ablation
techniques and increase their reproducibility and success rates
that we gain a detailed understanding of the physiological
properties of the GP neurons in the aged or arrhythmic states,
and how changes in their function may trigger and drive AF.

BEYOND THE BRAIN – DOES SYNAPTIC
PLASTICITY OCCUR IN NEURONS
INNERVATING THE HEART?

“Plasticity” is defined as the ability of neurons to alter their
strength of communication at synapses (Bliss and Lomo, 1973;
Dudek and Bear, 1992; Genoux and Montgomery, 2007; Nabavi
et al., 2014). Synapse plasticity is a critical process in the brain,
and a major area of neuroscience research as it has been shown
to underlie learning and memory, as well as changes in sensory
and motor functions (Genoux and Montgomery, 2007; Huang
et al., 2007; Lee et al., 2014; Nabavi et al., 2014; Leighton and
Lohmann, 2016). High-frequency stimulation paradigms induce
increases in synaptic efficacy that last for seconds (i.e., short-
term plasticity; Dobrunz et al., 1997; Jackman and Regehr, 2017),
or from minutes to hours or days, referred to as long-term
potentiation (LTP; Bliss and Lomo, 1973). Alternatively, low
frequency stimulation paradigms induce long term depression
(LTD) of synaptic efficacy (Dudek and Bear, 1992). The induction
of LTP and LTD is dependent on activation of NMDA-type
glutamate receptors (Harris et al., 1984;Morris et al., 1986; Dudek
and Bear, 1992). The mechanisms underpinning the expression
of these changes in synaptic strength vary between brain
regions. Specifically, LTP/LTD paradigms can induce changes
in postsynaptic receptor surface number, conductance, and
distribution, the probability of presynaptic transmitter release,
and/or ultrastructural changes in synaptic protein localisation
(Hayashi et al., 2000; Montgomery et al., 2001; Castillo et al.,

2002; Mellor et al., 2002; Ehlers et al., 2007; Volk et al., 2015; Tang
et al., 2016). However, in contrast to the brain, less is known about
the mechanisms of short and long-term synaptic plasticity in the
neurons that innervate the heart.

Synaptic Plasticity in Cardiac Sympathetic
Ganglia
Both short and long-term plasticity mechanisms have been
described in the peripheral synapses within sympathetic ganglia.
In the stellate and superior cervical sympathetic ganglia that
innervate the heart, short-term increases in the strength of
synaptic transmission occur in response to a single action
potential or a short train of impulses (Bennett et al., 1976; Lin
et al., 1998), and longer bursts of high frequency stimulation of
the preganglionic nerve result in enhancement of postsynaptic
responses and heart rate (Alonso-deFlorida et al., 1991; Bachoo
and Polosa, 1991; Aileru et al., 2004). Conversely, low frequency
stimulation can induce LTD (Alkadhi et al., 2008). Induction
of ganglionic LTP and LTD (gLTP/gLTD) is not dependent on
transmission via nicotinic, adrenergic, muscarinic or adenosine
receptors, but requires activation of 5-HT3 receptors by
serotonin, potentially released from SIF cells (Alkadhi et al., 1996,
2008). Both pre- and postsynaptic expression mechanisms have
been implicated in gLTP (Alkadhi et al., 2005), with increases
in evoked acetylcholine (ACh) release (Briggs et al., 1985) and
postsynaptic sensitivity to ACh observed (Bachoo and Polosa,
1991). More recently, both pre- and postsynaptic intracellular
calcium changes have been shown to contribute equally to gLTP
(Vargas et al., 2011), and the potential involvement of nitric
oxide signaling (Altememi and Alkadhi, 1999) supports a trans-
synaptic form of gLTP (Vargas et al., 2011) that can be enhanced
by neurotrophins to regulate sympathetic tone (Arias et al., 2014).

The mechanisms underpinning gLTP likely contribute to
the enhanced sympathetic drive seen in conditions associated
with heart disease and AF (Alkadhi and Alzoubi, 2007). In
spontaneously hypertensive rats (SHRs), synaptic transmission
is augmented as shown by increased ACh release (Magee and
Schofield, 1992, 1994), greater recruitment of postganglionic
neurons (Magee and Schofield, 1992), and faster spike frequency
adaptation in SHR ganglia (Yarowsky and Weinreich, 1985).
Increased sympathetic stimulation may increase presynaptic
activity to induce gLTP observed in vivo in sympathetic ganglia
in SHRs (Alzoubi et al., 2010). Additional evidence of gLTP
in vivo is the inhibition of baseline ganglionic transmission by
5-HT3 receptor antagonists in sympathetic ganglia from SHRs
but not age-matched controls (Alkadhi et al., 2001). Further
gLTP cannot be induced, indicating occlusion of the plasticity
mechanism (Alkadhi andAlzoubi, 2007). Chronic treatment with
5-HT3 receptor antagonists also reduces blood pressure in SHRs
(Alkadhi et al., 2001) but its effect on atrial arrhythmia burden in
this model is unknown.

Synaptic Plasticity in the Intracardiac
Plexus
Within GP, the cholinergic and catecholaminergic neurons
possess large numbers of asymmetrical axodendritic synapses and
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project axons to neurons within the same or different ganglion
(Figure 1; Armour et al., 1997; Klemm et al., 1997; Horackova
et al., 1999; Richardson et al., 2003; Tan et al., 2006; Armour,
2008), suggesting that significant synaptic communication
occurs between networks of GP neurons. Electrophysiological
recordings from synapses within the intracardiac plexus
are hampered by difficulty accessing GP neurons given
their proximity to the heart and great vessels, and the
extensive connective tissue surrounding the ganglia. Intracellular
recordings from GP neurons have been performed in the
working heart-brainstem preparation (McAllen et al., 2011).
These recordings revealed the presence of subthreshold synaptic
potentials and silent synapses, indicating that significant
capacity exists for increasing synaptic strength within GP,
which could alter and/or restore vagal tone (McAllen et al.,
2011). Multiple studies have measured changes in postsynaptic
neuronal excitability as an indication of synaptic efficacy in the
intracardiac plexus following chronic spinal cord stimulation or
myocardial infarction, suggesting altered neurotransmission in
the intracardiac plexus contributes to altered parasympathetic
control of the heart (Bibevski and Dunlap, 1999; Ardell
et al., 2014; Hardwick et al., 2014; Rajendran et al., 2016;
Smith et al., 2016). After myocardial infarction, the observed
overall reduction in network connectivity (Rajendran et al.,
2016) suggests depression of synaptic transmission (i.e., LTD)
within the intracardiac nervous system, however this may
differ at afferent versus efferent synaptic inputs. With regards
to AF, enhanced interaction at the level of the GP network
through changes in local circuit neuron function have been
proposed to be a factor contributing to AF substrate (Beaumont
et al., 2013; Ardell et al., 2016). Possible factors altering
ganglionic neurotransmission include changes in postsynaptic
nicotinic receptor expression (Bibevski and Dunlap, 2011) and
dysfunctional NO-cGMP signaling in postganglionic neurons
(Heaton et al., 2007). Intriguingly, NMDA receptors are
abundantly expressed in the atrium, including in the GP (Gill
et al., 2007), and their activation is associated with increased
arrhythmogenesis, AF inducibility, and atrial fibrosis (Shi et al.,
2014, 2017). NMDA receptors are critical for the induction of
synaptic plasticity in the brain, suggesting that NMDA receptors
in the heart also play a role in inducing plasticity within GP, and
contribute to autonomic dysfunction in arrhythmias such as AF.

Significant evidence indicates the neuropeptide pituitary
adenylate cyclase-activating polypeptide (PACAP) is involved in
plasticity at GP synapses. PACAP is localized to parasympathetic
preganglionic fibers (Calupca et al., 2000; Richardson et al.,
2003) and GP neurons express PAC1 receptors (Braas et al.,
1998). PACAP modulates nicotinic neurotransmission in the
ciliary ganglion by enhancing presynaptic quantal ACh release
via trans-synaptic action of NO (Pugh et al., 2010; Jayakar et al.,
2014). Postsynaptically, PACAP increases the agonist affinity of
GP nicotinic receptors through G-protein signaling (Liu et al.,
2000). High frequency stimulation of nerve bundles within the
intracardiac plexus results in a slow postsynaptic depolarisation

and a sustained increase in excitability of GP neurons that is
thought to be at least partially mediated by PACAP (Tompkins
et al., 2007). This increase in excitability is driven by enhanced
current through hyperpolarization-induced nonselective cationic
(Ih; Tompkins et al., 2009) and T/R-type calcium channels
(Tompkins et al., 2015). The enhanced excitability of GP neurons
likely contributes to the PACAP induced AF seen in dogs (Hirose
et al., 1997) and guinea pigs (Chang et al., 2005).

FUTURE DIRECTIONS

The detailed knowledge of plasticity mechanisms in the brain has
resulted from precise imaging and electrophysiological analysis
of synaptic properties (e.g., Hayashi et al., 2000; Montgomery
et al., 2001; Ehlers et al., 2007; Fourie et al., 2014; Tang
et al., 2016). To gain comparable knowledge of short and long-
term plasticity mechanisms in the innervation of the heart,
similar high-resolution techniques need to be applied to synapses
formed on and by cardiac parasympathetic and sympathetic
neurons, especially in human tissue where some aspects of GP
circuitry and cell composition appear to differ (Armour et al.,
1997; Pauziene and Pauza, 2003; Hoover et al., 2009). Animal
models of AF are also important, as recording changes in GP
neuron and synapse function during and after the onset of
arrhythmia will provide evidence of whether plasticity does
occur at GP synapses with changes in heart rhythm. In more
intact systems, such as the working heart-brainstem and the
innervated heart preparations (Brack et al., 2004; Ng et al., 2007;
McAllen et al., 2011; Ashton et al., 2013), this would enable
researchers to determine whether changes in synaptic strength
can increase or decrease autonomic tone to the heart, and
play a major role in generating the aberrant electrical impulses
in the GP around the pulmonary veins that can trigger and
drive AF.
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Classical Poincaré plot is a standard way to measure nonlinear regulation of

cardiovascular control. In our work we propose a generalized form of Poincaré plot where

we track correlation between the duration of j preceding and k next RR intervals. The

investigation was done in healthy subjects and patients with atrial fibrillation, by varying

j,k ≤ 100. In cases where j = k, in healthy subjects the typical pattern was observed

by “paths” that were substituting scatterplots and that were initiated and ended by

loops of Poincaré plot points. This was not the case for atrial fibrillation patients where

Poincaré plot had a simple scattered form. More, a typical matrix of Pearson’s correlation

coefficients, r(j,k), showed different positions of local maxima, depending on the subject’s

health condition. In both groups, local maxima were grouped into four clusters which

probably determined specific regulatory mechanisms according to correlations between

the duration of symmetric and asymmetric observedRR intervals.We quantifiedmatrices’

degrees of asymmetry and found that they were significantly different: distributed around

zero in healthy, while being negative in atrial fibrillation. Also, Pearson’s coefficients

were higher in healthy than in atrial fibrillation or in signals with reshuffled intervals. Our

hypothesis is that by this novel method we can observe heart rate regimes typical for

baseline conditions and “defense reaction” in healthy subjects. These data indicate that

neural control mechanisms of heart rate are operating in healthy subjects in contrast

with atrial fibrillation, identifying it as the state of risk for stress-dependent pathologies.

Regulatory regimes of heart rate can be further quantified and explored by the proposed

novel method.

Keywords: Poincaré plot, autonomic nervous system, heart rate, atrial fibrillation, indexes of asymmetry, neural

control regimes

INTRODUCTION

Standardized Poincaré plot of the first order is a graphical representation of temporal correlations
within time series of inter-beat intervals in which an RR interval is plotted against its first
predecessor. Generally it is the measure of nonlinearity in heart rate (HR) neural regulatory
systems. Classically, a standardized Poincaré plot can quantitatively be evaluated by two measures
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of variability, i.e., two measures of standard deviation: SD1, the
measure of variability across the line of identity, measuring how
big the difference in duration of two successive RR intervals can
be; SD2, on the other hand, is the measure of variability along the
identity line, measuring how dispersed successive RR intervals
of equal or similar durations can be (Guzik et al., 2006; Porta
et al., 2008). Theirmajor contribution is in the field of recognition
of different types of cardiac arrhythmias (Zhang et al., 2015),
dilated cardiomyopathy (Voss et al., 2012), and in the research
of physiology of aging and gender (Voss et al., 2015).

Nonlinearity is a well-known characteristic of HR regulatory
systems. In physiological circumstances, different cardiovascular
(Eckberg, 1980; Ottesen and Olufsen, 2011) and extra
cardiovascular systems (Wu et al., 2005; Kapidžić et al., 2014)
influence its dynamics. In physiological situations (Delaney and
Brodie, 2000), and pathophysiological situations, like heart rate
arrhythmias, nonlinearity of HR changes in a specific manner,
making it possible to distinguish different types of arrhythmias.
Poincaré plot is a typical example of presenting how these
nonlinearities are manifested (Zhang et al., 2015).

Atrial fibrillation (AF) is a sympathovagally triggered disease
with dominant vagal role in the initiation of a paroxysmal episode
(Chou and Chen, 2009). It is one of the pathophysiological
models where altered neural control can be observed and
evaluated. Once initiated, it is characterized by multifocal atrial
electrical activity that irregularly passes through atrioventricular
conductive pathway and depolarizes the ventricules. Atrial
fibrillation is a typical neurocardiovascular disease with specific
heart rate rhythm pattern but the specificities of autonomic
remodeling that takes place in this pathology are still unknown.
It is known that increased sympathetic innervation is present in
patients with persistent AF, testifying that autonomic remodeling
is present. In order to evaluate common functional modulation
of both sympathetic and parasympathetic branches of cardiac
autonomic nervous system, in the sense of a “black box” system,
we applied a novel generalized modality of Poincaré plot in
healthy and AF subjects. This is the first time that the generalized
Poincaré plot (gPp) is proposed and in order to test its potential,
we applied it on healthy subjects and AF patients.

METHODS

Subjects
Ethic Committee of the Faculty of Medicine, University of
Belgrade approved this study. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.
Ambulatory patients with permanent atrial fibrillation (mean age
73; range 51–89) were included. Control subjects were gender
matched, 10 men and 3 women. Control group were healthy
middle aged subjects (mean age 41; range 35–45 years).

Data Acquisition
Measurements were done in the morning between 9.00 and
12.00 a.m. Subjects were supine with spontaneous breathing
during 20min of ECG measurements (without moving and
verbal communications). The ECG was acquired with sampling
frequency of 1 kHz by BiopacMP100 systemwith AcqKnowledge

3.9.1. software (BIOPAC System, Inc., Santa Barbara, CA, USA).
ECG data were collected using 100C electrocardiogram amplifier
module, leads and on subjects applied AgCl electrodes—Lead
I. RR(t) inter-beat intervals was extracted from ECG using
OriginPro 8.6 (OriginLab Corporation, USA), visually checked
and manually corrected if necessary.

Generalized Poincaré Plots
Further analysis was done with our original programs developed
within MATLAB 6.5 (MathWorks Inc., Natick, MA 01760-2098
United States). In the following text, RRn−j refers to summed
duration of previous successive j RR intervals, while RRn+k
denotes the same quantity for the next successive k intervals.
Both quantities were calculated by simply adding the durations
of the corresponding intervals around a chosen R wave which
was moving along the ECG signal. However, a natural limitation
imposed on the number of points in these generalized Poincaré
plots had to be observed: for an ECG signal with a total of N
RR intervals, only N – j – k points could be drawn. In order
to differentiate results obtained with specific values of j and k,
for a pair of number of intervals, (j,k), we propose the term
“order of the gPp.” Increased complexity of gPp scatter grams,
compared to classical Poincaré plots, allows one to study their
different properties. In this work we concentratedmostly on their
visual characterization and on the resulting Pearson’s coefficients
of linear correlation r(RRn−j,RRn+k).

While in case of classical Poincaré plots only one value for
each ECG recording is obtained, here we were dealing with
matrices r(RRn−j,RRn+k) which we briefly denoted as r(j,k).
Out of many possible characteristics of these matrices, we were
interested in the asymmetry of their element values, since we
noticed that this property was very sensitive to the state of
patient’s health. In order to quantify it, we introduce a normalized
asymmetry index (NAI), which for a m × n type matrix is
defined as

NAI =
1

m× n

1

r

m∑

j= 1

n∑

k=j+ 1

(
r(k, j)− r(j, k)

)

where r(j,k) represents matrix element, while

r =
1

m× n

m∑

j= 1

n∑

k= 1

∣∣r(j, k)
∣∣ .

By introducing this particular type of normalization, we were
able to compare asymmetry indexes calculated from matrices of
different range of their element values, as well as their different
sizes.

Another property of these Pearson’s matrices which drew our
attentionwas the appearance and positions of local maxima, since
each local maximum of correlation could potentially signify a
temporal range in which a neurocardial regulatory mechanism
is operating. However, one should be very careful to verify that
a physiological mechanism is lying beneath the appearance of
a particular maximum, rather than any of numerous artifactual
causes. It is not easy to separate these two causes, both for

Frontiers in Neuroscience | www.frontiersin.org February 2016 | Volume 10 | Article 3858

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Platiša et al. Generalized Poincaré Plots

FIGURE 1 | Visualization of the system dynamics with generalized Poincaré plot for j = k = 100 RR intervals, in patient with atrial fibrillation (A) and

healthy subject (B). SD1 and SD2, drawn with solid lines, are measures of dispersion of 100 successive summed RR intervals along and away from the identity line.

asymmetry and local maxima, but one of the approaches
described in the literature is the method of random reshuffling of
the detected RR intervals, which we adopted in this work (Guzik
et al., 2006; Burykin et al., 2014). More, for each individual, r(j,k)
matrices obtained for 10 repeated reshufflings were averaged
and the corresponding NAIsh indexes calculated. Finally, the
corrected version of an asymmetry index, NAIC, was obtained as
their difference: NAIC = NAI−NAIsh.

Statistics
Mann Whitney U test was used to compare indexes of
asymmetry, NAIsh and NAIC, between healthy subjects and AF
patients as well as their values in every group. To identify groups
with different values of the Pearson’s correlation coefficients
maxima, a k-means clustering analysis was performed. As each
local maximum was characterized by three coordinates: its
position on the (j,k) plane and its value r(j,k), three dimensional
clustering was performed according to these variables. The
number of clusters was determined by two-step clustering
procedure. Pearson’s coefficients, as the third coordinate of
cluster centroids, were compared between AF patients and
healthy subjects, also by using theMannWhitney U test. The data
are given as mean values ± standard errors. A value of p < 0.05
was considered significant. Statistical analyses were performed
using the software package SPSS Statistics (version 17.0, SPSS
Inc., USA).

RESULTS

Characterization of Generalized Poincaré
Plots
As the first step of our analysis we calculated generalized Poincaré
plots where j = k and (j,k) = 1, . . . , 100. In healthy subjects,
as the order of gPp increased, classical Poincaré plots slowly
changed into a more organized pattern. They were characterized
by trajectories that were substituting scatterplots and which were
initiated and ended by “hanks” or clustered points. This was not
the case for AF patients, where Poincaré plots maintained their
scattered forms (Figure 1).

FIGURE 2 | Interpretation of elements of a generalized Poencaré plot in

healthy. (A) Tachycardic “hank”; (B) Bradycardic “hank”; (a) longer RR

intervals entering the analysis; (b) shorter RR intervals exiting the analysis.

In healthy subjects, in basal conditions, two subregimes can
be observed in a gPp (Figure 2). One zone, denoted with (A),
corresponds to a tachycardic regime, while the other one (B)

corresponds to bradycardic regime. A two-phase transition from
(A) to (B) is also visible: along (a) longer RR intervals enter the
analysis, while along (b) shorter RR intervals exit the analysis
window.

Analysis of r(j,k) Matrices
The analysis was expanded to j 6= k, resulting in a matrix
of Pearson coefficients r(j,k). The reshuffled data were also
analyzed and compared with measured data, generating rsh(j,k)
matrices. Examples of two typical r(j,k)matrices, their reshuffled
counterparts, rsh(j,k) and their differences r(j,k) − rsh(j,k), are
presented on Figures 3, 4.

For two groups of subjects we studied the distribution of
index of asymmetry of reshuffled dataNAIsh and corrected index
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FIGURE 3 | (A) Examples of three matrices of Pearson’s correlation coefficients (r) between k following and j preceding RR intervals: physiological (B), reshuffled (C),

and corrected (D) for generalized Poincaré plot of the 100th order in patient with atrial fibrillation.

FIGURE 4 | (A) Examples of three matrices of Pearson’s correlation coefficients (r) between k following and j preceding RR intervals: physiological (B), reshuffled (C),

and corrected (D) for generalized Poincaré plot of the 100th order in healthy subject. Physiological and corrected matrices appear as one surface because rsh(j,k) ≈ 0.

of asymmetry NAIC, for j,k ≤ 100. In AF subjects the two
distributions were sharply different (p = 0.007, Z =−2.691): for
reshuffled data mean values ofNAIshwere 0.0063± 0.0084, while
all NAIC values were negative and asymmetrical in shape with
mean values −0.047 ± 0.014 (Figure 5). As expected, the NAIsh
was not different between groups (p = 0.801, Z = 0.778), but

NAICwas (p < 0.001, Z=−4.283) (Figure 5). Their mean values
for healthy were 0.0025 ± 0.0063 for NAIsh; 0.0138 ± 0.0056 for
NAIC.

From Figures 3, 4 it could be observed that local maxima
of Pearson coefficients matrix were present, with different
amplitudes and distributions both in AF patients and healthy
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FIGURE 5 | Distributions of NAIsh (normalized index of asymmetry for

rsh(j,k) matrices) and NAIC (corrected normalized index of asymmetry

for r(j,k) matrices) in subjects with AF and healthy control H.

subjects. Coordinates of all detected local maxima, from 13 AF
patients, as well as from their 13 averaged reshuffled data, were
measured and pooled. These data are presented as points in
Figures 6A,C,E, while the same data for healthy subjects are
drawn on Figures 6B,D,F. Coordinates of pooled local maxima
for physiological (not reshuffled) data that were subjected to four
cluster k-means algorithm are presented on Figures 7A–C.

The first cluster is located at position corresponding to a
relatively low order of the Poincaré plot for both groups ((j,k) =
1,. . . , 50 in AF and (j,k) = 1, . . . , 30 in healthy subjects) but
the values of local maxima of Pearson’s coefficients in AF were
significantly different from these values obtained in healthy
subjects (Table 1). High values in healthy subjects and low values
of r in AF indicate that correlation between summed durations of
RR intervals in AF diminished in this short-range of observation.
In healthy subjects, maxima with the highest values of Pearson’s
coefficients were located at j,k = 1 which corresponds to values
for standardized Pp (not shown in Table 1). There is no statistical
difference in maxima of Pearson coefficients between groups
in the third cluster which is characterized by low correlation
between large values of k and small values of j. Contrary, in
the opposite second cluster, estimated for small values of k
and larger values of j, significant correlation existed only in
healthy subjects. Statistically significant difference between AF
and healthy subjects was also found for maxima of Pearson’s
coefficients in the fourth cluster determined for j,k = 50, . . . , 100
(Table 1).

Method Validation Using Synthetic Signals
In order to validate our method, a special MATLAB program was
designed to generate a series of synthetic RR intervals in such
a way that maximal correlation should be achieved for a given
pair (j,k) of j preceding and k following intervals. When choosing
initial parameters of this synthesis, we tried to imitate as much as
possible the physiological values that were present in our subjects.
By observing a typical histogram of measured RR intervals (not
shown), we generated in our algorithm first j+k RR intervals as

uncorrelated, by using a normal distribution, within the range
0.75–1.2 s (“randn” command in MATLAB). Next, an iterative
scheme was programmed so that, with each step, duration of the
next included interval was calculated so that the value of summed
next k intervals tends to compensate the change in duration of the
previous j intervals. However, if this compensation resulted in a
value that violated the adopted range (0.75–1.2 s), the limitation
posed by this range was applied as stronger, therefore introducing
a desired degree of variability within the system.

We generated two series of data, by setting maximal
correlation for j = 5, k = 10 (case where j < k) in the first
synthetic signal, and j = 20, k = 15 (j > k) in the second
example (Figure 8). Each signal was subjected to the same
analytical procedure as our physiological data, and the results are
presented on Figures 8A–D. As observed, in both cases maximal
correlation was detected precisely at those values of j and k
which were set prior to the analysis. Regarding the sign of NAI,
as expected, it was negative (−0. 0723) in the first case, where
maximal r was positioned above the identity diagonal, while
a positive value (0.0380) was obtained in the second synthetic
signal, where it was situated below this line.

DISCUSSION

It is well-known that blood pressure–heart rate baroreflex
operates under different regimes, depending on the metabolic
demand and different level of “central command” input (Sagawa,
1983; Rowell, 1993; McIlveen et al., 2001; Zoccoli et al., 2001;
Bojić, 2003). This “baroreflex resetting” is visible both under the
exercise (dominantly metabolic demand) and “defense reaction”
(dominantly central command; Bauer et al., 1988; Jansen et al.,
1995). These aforementioned drives change independently both
the heart rate and arterial blood pressure set point (Sagawa,
1983; Bauer et al., 1988; McIlveen et al., 2001). By our novel
analysis we are able to visualize different regimes (or “set
points”) of heart rate control in the form of loops, which
are delineating the areas of different regimes present in the
conditions of basal metabolic demands. These regimes of HR
regulation are connected with transitional “paths” connecting
one HR regime with the other (Figure 2). It is plausible that
in our baseline metabolic condition the HR regulatory system
passes through different regimes due to different attentional
and emotional states, psychological stress or even “defensive
behavior” (in physiological terms—different levels and patterns
of “central command”; Dampney et al., 2008; Peressutti et al.,
2012). The parasympathetic control of heart rate, which is the
dominant mechanism of heart rate control in basal conditions
(Rowell, 1993) is shown to relate to emotional and attentional
state of the subject (Porges, 1992; Suess et al., 1994; Thayer
et al., 2009). The fact that “the regimes” were not registered in
AF patients speaks for the presence of lower HR adaptiveness
in these patients, especially in the circumstances of increased
central command in different attentional and emotional states.
The dominant adaptive mechanism to “defensive reaction”
in AF patients is an increase of stroke volume by an
increased cardiac contractility, while HR increase is less present
(Goldstain, 2001). This maladaptive pattern creates the diathesis
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FIGURE 6 | Distribution of pooled local maxima of Pearson’s correlation coefficient matrices – max r(j,k) in patients with atrial fibrillation (A) and

healthy subjects (B) and their corresponding reshuffled data. AF, AF patients; AFrsh, AF reshuffled; H, healthy; Hrsh, H reshuffled. Contour plots are given with

corresponding maxima points for patients with AF (C) and their reshuffled data (E), and healthy subjects (D) and their reshuffled data (F). Contour plots are surface

graphs of (j,k, max r(j,k)) data where ranges of max r(j,k) values are distinguished by different colors.

FIGURE 7 | Clusters of subjects’ pooled local maxima of Pearson’s correlation coefficients matrices – max r(j,k) in patients with atrial fibrillation and

healthy subjects (A), and corresponding contour plots with local maxima points in patients with AF (B) and healthy subjects (C). Contour plots are

surface graphs of (j,k, max r(j,k)) data where ranges of max r(j,k) values are distinguished by different colors.
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to hypertrophic cardiomiopathy and subsequent degenerative
changes of myocardium (Goldstain, 2001). The maladaptive
mechanism of AF in defensive reaction is dominantly an increase
of cardiac contractility (an increase of stroke volume) and less
an increase of heart rate. An increase of cardiac contractility
by activation of beta adrenergic receptors increases intracellular
concentration of calcium by an increase of voltage gated CaV1.2
channels. An increase of intracellular calcium through different
intracellular mechanisms in time results with an increase in size
of cardiomyocites and consequently, the thickening of the heart
muscle. This condition, known as hypertrophic cardiomyopathy
is characterized by serious structural and electrical abnormalities
of the heart. It is known that hypertrophic cardiomyopathy
coexists with AF (Kumar et al., 2015). The fact that distinct HR
regimes lack in AF patients make this group of patients especially
vulnerable for the more severe development of hypertrophic

TABLE 1 | Mean values and standard errors of Pearson’s correlation

coefficients (r) between k and j intervals in clusters determined for

patients with atrial fibrillation (AF) and healthy subjects.

Clusters AF Healthy Z p

N r N r

1st 121 0.161± 0.016 50 0.627±0.021 −9.692 0.001

2nd 21 0.084± 0.017 18 0.428±0.027 −5.324 0.001

3rd 41 0.227± 0.033 7 0.388±0.014 −1.738 0.082

4th 46 0.296± 0.034 20 0.4768±0.0013 −5.302 0.001

cardiomyopathy with respect to subjects with normal cardiac
rhythm. This is especially valid if the AF patients are exposed to
repeated and continuous stressful circumstances. Future studies
need to address the question whether the absence of different
heart rate regimes can be considered as the data having an AF
diagnostic value.

Regarding the distribution of NAIsh and NAIC indexes
presented on Figure 5, where AF patients exhibited negative
and significantly lower NAIC values than in case of healthy or
reshuffled data, it would be interesting to give at least a technical
interpretation of the results. Let us observe the r(j,k) matrix and
its identity diagonal (j = k). According to the NAI definition
equation, NAI is negative if the sum of r(j,k) below the identity
diagonal is less than the sum of r(j,k) above it, in the system
of reference where j is on abscissa, k on the ordinate. In that
case average correlation for k > j should be greater than the
one for k < j. In other words, since k > j refers to shorter
preceding and longer following summed RR intervals, negative
NAI means that shorter preceding intervals are more correlated
with longer following intervals than the other way round. An
attempt to give this fact a physiological interpretation, on the
other hand, is much more difficult. Probably some kind of
memory mechanism is involved here, but details of this remain
to be explored in our future studies. The fact is that both our
groups were registered in basal conditions where, in healthy
patients, 75% of heart rate control is under vagal influence.
In AF patients we have strong sympathoexcitatory background
even in basal conditions. We can only hypothesize that the
asymmetry of NAI in AF can represent different dynamics of

FIGURE 8 | Matrices of Pearson’s correlation coefficients (r) between j preceding and k following RR intervals, obtained for two synthetic signals. The

first signal was generated in such a way that maximal correlation is to be achieved when summed j = 5, k = 10 intervals are being observed (case where j < k, A and

B), while in case of the second one the values were j = 20, k = 15 (j > k, C and D). As presented, in both cases the analysis was able to detect correctly positions of

rmax .
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sympathetic withdrawal (negative NAI, shorter preceding and
longer following summed RR intervals) versus the effect of
sympathetic stimulation on heart rate control. It is necessary
to emphasize that both branches of autonomic nervous system
act in synergy and that vagal contribution to this phenomenon
cannot be excluded. Further pharmacological studies are needed
for pathophysiological evaluation of NAI.

According to distance between the observed number of
RR intervals and local maxima of their Pearson’s correlation
coefficients, four different clusters were recognized. In the first
cluster, in healthy subjects, two such maxima were found, one
for j, k = 1 and one for j, k ≈ 10. Since these findings
were lacking in reshuffled data, we deduced that they were
the result of physiological mechanism(s). These phenomena
correspond to the dynamics of two dominant neural control
mechanisms - parasympathetic and sympathetic. It is known
that high values of Pearson’s coefficients of correlation, in case
of standardized Poincaré plots (j, k = 1), correspond to
strong correlation between each two successive RR intervals,
independently of their duration (equally for pairs of shorter or
longer RR intervals). Parasympathetic control acts fast, is quite
powerful (efficient) and can change heart rate within one heart
beat (Eckberg, 1980; Levy and Martin, 1996). Due to different
dynamics of neurotransmitter release, different intracellular
effector molecular mechanisms and different mechanisms of
neurotransmitter removal from neuromuscular synaptic cleft,
sympathetic nervous system acts slowly with respect to the
parasympathetic system (with delay of ∼10 s, Rowell, 1993;
Zoccoli et al., 2001; Bojić, 2003). On the basis of these data
we hypothesize that the two positions of local maxima of
Pearson’s correlation coefficients might correspond to the zones
of control of parasympathetic (j, k = 1) and sympathetic
control (j, k ≈ 10). In healthy subjects these two maxima
are well defined, implying that both heart rate neural controls
are operative, while in AF patients they are diminished. In
the second cluster of Pearson’s correlation coefficient maxima,
defined for small values of k and larger values of j, significant
correlation existed only in healthy subjects, while there was
no significant difference between healthy and AF subjects in
the third cluster characterized by weak correlations between
small values of j and larger values of k. Again, absence
of these correlations in reshuffled data and especially their
asymmetry in AF patients indicates their physiological origin.
According to the duration of observed RR intervals belonging
to the third cluster, we can only conclude that here regulatory
mechanisms with a slower response (in the range of a few
minutes) are involved, which are again disturbed by AF. The
fourth cluster of pooled subjects’ local maxima of Pearson’s
coefficient was also influenced by AF and probably quantify very
slow regulatory mechanisms with a response longer than 3min,
which include termoregulatory mechanisms, renin-angiotesin
system, hormonal, metabolic, vagal influence, etc. (Task Force,
1996). In the absence of pharmacological identification of
underlying functional mechanisms we can only speculate on
the identity and characteristics of the AF Pearson’s correlation
coefficient maxima, but our approach clearly showed that the
pattern of heart rate neural regulation in AF patients is highly

distorted, shifted toward higher frequencies and acquired some
characteristics of random pattern. However, it is important to
emphasize that our results showed that high irregularity of
heart rhythm in AF patients was present only in the range
of short time scales (approximately shorter than 30 RR) when
correlation between RR intervals didn’t exist. But, in the range
of larger scales (approximately larger than 30 RR intervals)
correlations between RR intervals appeared. Correlations were
asymmetrically distributed and in general smaller then in healthy
subjects. The last feature indicates existence of specific residual
determinism in AF patients’ heart rhythm which probably
originated from some kinds of slower regulatory mechanisms.
Future pharmacological identification studies need to be done in
order to clear these findings.

One more important limitation of our study is the fact that
the control group and the experimental group were not age
matched. The lack of age-matching could be serious bias in
heart rate variability study. We could not age match the groups
because it was impossible to create the control group in the
range 51–89 years without some cardiovascular pathology. This
finding is in accordance with World Heart Federation statement
that cardiovascular disease becomes increasingly common with
age (http://www.world-heart-federation.org). Inclusion of age
matched control subjects with cardiovascular pathology would
surely bias the results of our analysis, while, on the other side,
we had an interest in heart rate pattern of AF, and there were
no data in the literature that the AF pattern is age dependent.
We created the control group that was in age category as close as
possible to the age catergory of the experimental group. With this
precaution on mind, we believe that we obtained the comparison
of AF pattern with clear physiological pattern of control subjects
and that obtained results can be interpreted as the result of
physiological regulatory mechanisms in control group and their
pathophysiological modulation due to AF in the patient group.

In our study, by a newly developed generalized Poincaré
plot analysis, we gave some new insights into regulation
mechanisms of heart dynamics. The proposed method revealed
two phenomena: first, transient regimes of system dynamics in
summed heart period time series of healthy subjects; second,
asymmetry of correlations between RR intervals in patients with
atrial fibrillation.
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Obesity is reaching epidemic proportions globally and represents a major cause of

comorbidities, mostly related to cardiovascular disease. The autonomic nervous system

(ANS) dysfunction has a two-way relationship with obesity. Indeed, alterations of the

ANS might be involved in the pathogenesis of obesity, acting on different pathways. On

the other hand, the excess weight induces ANS dysfunction, which may be involved

in the haemodynamic and metabolic alterations that increase the cardiovascular risk

of obese individuals, i.e., hypertension, insulin resistance and dyslipidemia. This article

will review current evidence about the role of the ANS in short-term and long-term

regulation of energy homeostasis. Furthermore, an increased sympathetic activity has

been demonstrated in obese patients, particularly in the muscle vasculature and in

the kidneys, possibily contributing to increased cardiovascular risk. Selective leptin

resistance, obstructive sleep apnea syndrome, hyperinsulinemia and low ghrelin levels

are possible mechanisms underlying sympathetic activation in obesity. Weight loss is

able to reverse metabolic and autonomic alterations associated with obesity. Given

the crucial role of autonomic dysfunction in the pathophysiology of obesity and its

cardiovascular complications, vagal nerve modulation and sympathetic inhibition may

serve as therapeutic targets in this condition.

Keywords: autonomic nervous system, obesity, gut hormones, adipose tissue, energy expenditure, weight loss,

vagal nerve stimulation, vagal nerve blockade

INTRODUCTION

Obesity is a challenge for global public health. The worldwide prevalence of obesity has nearly
doubled in the past decades (World Health Organization). Obesity may induce the onset of
other conditions leading to overt cardiovascular disease, such as glucose intolerance, dyslipidemia,
impaired glucose tolerance and type 2 diabetes, hypertension, and kidney failure (Martin-
Rodriguez et al., 2015; Soares et al., 2015).

In this framework, there is a strong need to reach a deeper understanding of the basic
mechanisms coupling energy balance with glucose homeostasis (Flier, 2001; Obici and Rossetti,
2003), in order to develop new treatments able to counteract obesity and thus decrease the
risk of cardiovascular disease. The autonomic nervous system (ANS) plays a major role in the
integrated regulation of food intake, involving satiety signals and energy expenditure: thus ANS
dysregulation might favor body weight gain. Conversely, obesity might trigger alterations in the
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sympathetic regulation of cardiovascular function, thus favoring
the development of cardiovascular complications and events.
This article is aimed at reviewing the role of ANS in the
pathophysiology of obesity, and thus to identify possible
new therapeutic targets for the treatment of obesity and its
complications.

ROLE OF THE ANS IN ENERGY

HOMEOSTASIS

Body weight is regulated by a complex homeostatic system,
whose main components are the modulation of appetite and
satiety and the modulation of energy expenditure and energy
storage in the adipose tissue. This homeostatic system is aimed
at maintaining a stable body weight and requires the existence of
a network of signals conveying information from the periphery
to the central nervous system (CNS), where these signals are
integrated and contribute to long-term and short-term regulation
of body weight (Cummings and Schwartz, 2003). Peripheral
signals involved in energy homeostasis can be classified as short-
acting signals, such as gastric distension and gut hormone release,
which are acutely affected by ingested nutrients and modulating
satiety, and long-acting signals, such as leptin and insulin, which
regulate overall body weight and adiposity.

It is clear that any dysfunction in the pathways involved in
maintaining body weight homeostasis may lead to weight gain
and obesity. The ANS plays a central role in the communication
between the CNS and the gastrointestinal system either in short-
term or in long-term regulation of body weight (Figure 1). Going
into detail, vagal afferents to the brain are crucial for information
transfer from gut hormones and CNS and as a mediator of sense
of satiety after gastric distension.

ANS and Short-Term Regulation of Body

Weight
The main mediators of short-term regulation of body weight
through the sensation of satiety are:

- Gastric distension (mediated by vagal afferents) (Figure 1);
- Gut hormones release. Indeed the gastrointestinal tract, in
addition to its primary role in digestion and adsorption
of nutrients, regulates food ingestion by gut hormones.
Interestingly, part of their action is mediated by vagal afferents.
The action of gut hormones on vagal afferent neurons is now
recognized to be an early step in controlling nutrient delivery
to the intestine by regulating food intake and gastric emptying.
Therefore, gut hormones and vagal afferent neurons have been
considered playing an important role in the pathogenesis of
obesity (Dockray, 2014).

Satiety is a result of neuro-humoral stimuli generated during
food intake, leading to control of meal size and termination
(Woods et al., 1998): thus it is not surprising that an altered
sense of satiety has been involved in the pathogenesis of
obesity. The main hypothalamic areas involved in the control
of both hunger and satiety are the arcuate nucleus (ARC),
the paraventricular nucleus, the dorsomedial and ventromedial

FIGURE 1 | Peripheral signals of satiety and gastric emptying reach the

nucleus of the solitary tract/area postrema complex (NST/AP) via afferent vagal

nerves (red line). The NTS projects to the dorsal motor nucleus (DMN). This

pathway modulates intestinal motility and secretion, glucose production and

pancreatic secretion via efferent vagal nerves (blue line). The suggested site of

action of vagal nerve stimulation (VNS) is indicated by the dotted green lines,

while mechanism of weight loss hypothesized vagal nerve blockade includes

decrease in gastric emptying, increase in gut hormones release and inhibition

of pancreatic esocrine secretion (dotted orange lines).

hypothalamus, and the lateral hypothalamic area. These areas
are influenced by different peripheral signals coming from the
liver and gut, the endocrine pancreas and the adipocytes, which
could act directly on neurons in the CNS or through afferent
neurons. Indeed, the afferent vagal pathways are probably the
most important link between the gut and the brain for satiety
signal modulation (Berthoud, 2008a). Vagal afferent neurons
receive post-ingestive information from the gastrointestinal tract
by mechanoreceptor stimulation (Ikramuddin et al., 2014) in
response to gastric distension, by gut hormone release in
response to nutritional composition of food consumed, and
by direct action of some nutrients, such as short chain fatty
acids (Baskin et al., 1999; Obici et al., 2002; Brown et al., 2006;
Capasso and Izzo, 2008; Shin et al., 2009; Scherer et al., 2011;
Iwasaki et al., 2013). Finally, vagal afferents receive metabolic
information by chemoreceptors located in the hepatoportal
system (Yi et al., 2010; Figure 1). Signals from peripheral
receptors reach via vagal afferents the nucleus of the solitary
tract/area postrema (NTS/AP) complex in the brain stem, which
integrates sensory information from the gastrointestinal tract and
abdominal viscera and taste information from the oral cavity
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(Travers et al., 1987). NTS projects back to the gut via vago-
vagal autonomic reflexes through the dorsal motor nucleus. The
stimulation of this pathway leads to gut responses, including
control of intestinal transit time and motility (i.e., delayed gastric
emptying) (Forster et al., 1990), absorption rate and exposure
of enteroendocrine cells (EECs) to nutrients, with changes in
gastrointestinal hormones and pancreatic secretion, involved in
satiety (Li and Owyang, 1994; Berthoud, 2008b).

ANS and Gut Hormones
Cholecystokinin (CCK)
Cholecystokinin (CCK) is an anorectic hormone secreted by
different tissues, including the I-cells of the small intestine (Buffa
et al., 1976), with the main effect of reducing meal size and
duration (Kissileff et al., 2003). Its release pattern suggests that
CCK plays a role in meal termination and early phase satiety
(Burton-Freeman et al., 2002).

CCK binds A-type receptors, found either in the periphery
or in the brain, and B-type receptors, found only in the brain
(Fink et al., 1998). CCK may act directly on the CNS (Blessing,
1997) and/or peripherally via vagal afferent fibers (Corp et al.,
1993; Burdyga et al., 2003). Some authors reported that the
main mechanism trough which CCK regulates food intake is
the inhibition of gastric emptying (Moran and Kinzig, 2004).
Furthermore, Wank (1995) and Granger et al. (1980) CCK
induces gastrointestinal vasodilation acting on CCK-A receptors
placed on abdominal vagal afferents projecting to NTS. This
pathway involves also caudal and rostral ventrolateral medulla
neurons, thus leading to suppression of sympathetic vascular
tone (Sartor and Verberne, 2002, 2006, 2008). The role of
alteration of CCK secretion in obesity is uncertain: indeed,
obese patients exhibit higher CCK plasmatic levels that lean
individuals, either in fasting conditions or after a high-fat meal
(Little et al., 2005).

Peptide YY (PYY)
Peptide YY (PYY) is released by the L-cells of the gastrointestinal
tract, in response to a meal in proportion to calories, and to
luminal content of fatty acids, fibers and bile acid (Adrian
et al., 1985; Onaga et al., 2002). Its actions in the brainstem
and in the gut are mediated by Y1 and Y2 receptors (Yang,
2002). PYY acts mainly via the Y2 receptor (Dumont et al.,
1995), identified on both intestinal vagal afferents and within
the ARC: both pathways may thus be involved in the anorectic
effects of Y2 receptor activation (Fetissov et al., 2004; Koda
et al., 2005). Central and peripheral specific binding sites of
PYY have been identified in NTS/AP and in dorsal motor
nucleus (Parker and Herzog, 1999), as well as in in enterocytes,
myenteric and submucosal neurons (Cox, 2007a,b). PYY release
in the post-prandial period seems to be induced also by the
indirect stimulation of endocrine L-cells through vagal neural
pathways (Fu-Cheng et al., 1997; Lin and Taylor, 2004). In
animal models, PYY release was blocked by atropine, a nicotinic
ganglionic blocker (Lin and Taylor, 2004), while intravenous
administration of bethanechol (a muscarinic cholinergic agonist)
stimulated PYY release (Dumoulin et al., 1995). PYY acts
also as a counterregulatory hormone for ghrelin release via

growth hormone secretagogue receptor, expressed in the nodose
ganglion of vagal nerves (Neary et al., 2003) and in the ARC.
PYY plasma concentrations are lower in obese in comparison
to lean individuals either in the fasting period (Batterham et al.,
2003) or in the post-prandial period (le Roux et al., 2006).
The latter phenomenon could be responsible of impaired satiety
signal in obesity, since PYY infusion reduces caloric intake
both in obese and lean individuals (Batterham et al., 2003).
Experimental data suggest that electrical vagal stimulation may
increase PYY secretion from the isolated ileum in pigs (Sheikh
et al., 1989).

Pancreatic Polypeptide (PP)
Pancreatic Polypeptide (PP) is secreted by cells located at the
periphery of the pancreatic islets, in the esocrine pancreas and
distal gut (Track, 1980; Ekblad and Sundler, 2002) in response to
food intake. PP has inhibitory effects on gastric emptying, and
delays the post-prandial rise in insulin (Schmidt et al., 2005).
The vagal nerve controls both PP basal and post-prandial release.
Surgical or pharmacological vagal blockade causes a marked
reduction in meal-induced PP release in dogs (Niebel et al., 1987)
and humans (Meguro et al., 1995).

The role of PP in obesity pathogenesis is controversial. Some
authors reported a blunted post-prandial PP increase in obese
individuals (Lassmann et al., 1980; Glaser et al., 1988), and no
differences have been reported in circulating PP between obese
subjects and lean individuals (Jorde and Burhol, 1984). However,
since plasma PP concentrations are almost exclusively under
vagal control, they can be used as an indicator of vagal activity in
a number of experimental settings (Schwartz, 1983; Arosio et al.,
2004).

Glucagon-Like Peptide-1 (GLP-1)
Glucagon-like peptide-1 (GLP-1) is an anorectic hormone,
member of the incretin family. It is cleaved from preproglucagon
within the intestine, where it is released by endocrine L-cells of
the distal gut (Wettergren et al., 1997). GLP-1 levels rises post-
prandially in response to a meal and fall in the fasting state.
GLP-1 release is proportional to the calories ingested (Kreymann
et al., 1987; Orskov et al., 1994) and it is particularly responsive
to carbohydrates (Lavin et al., 1998) and fats (Frost et al., 2003).
Some authors have suggested that circulating GLP-1 levels are
reduced in obesity and normalized with weight loss (Verdich
et al., 2001). GLP-1 mediates glucose-dependent insulinotropic
effects in a number of species, including humans (Holst et al.,
1987; Mojsov et al., 1987). Furthermore, it inhibits gastric acid
secretion and gastric emptying (Imeryuz et al., 1997; Edvell and
Lindstrom, 1999; Sheikh, 2013). The effects of GLP-1 on appetite
regulation are mediated by the GLP-1 receptor. GLP-1 receptors
are found not only in peripheral tissues (Bullock et al., 1996) but
also in CNS areas (Kastin et al., 2002) involved in the regulation
of satiety and induction of taste aversion, such as NTS/AP and
ARC (Turton et al., 1996). In animal models GLP-1 actions on
CNS seem to be mediated by afferent vagal fibers (Ronveaux
et al., 2015). Indeed, vagotomy attenuates the satiating effect of
GLP-1 (Nakabayashi et al., 1996; Abbott et al., 2005). Recent
data showed that an intact vagal nerve is necessary for the
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inhibition of food intake by intravenous GLP-1 in human patients
undergoing vagotomy and pyloroplasty (Plamboeck et al., 2013).
Furthermore, some evidence suggest that GLP-1 crosses the
blood brain barrier to act directly on CNS receptors (Kastin et al.,
2002).

Ghrelin
Ghrelin is an orexigenic hormone, primarily secreted by
endocrine cells in the oxyntic mucosa of the stomach. Ghrelin
stimulates eating behavior and is involved in meal initiation;
ghrelin suppression after a meal is crucial to provide a feedback
signaling to brain and stop food intake (Kojima et al., 1999;
Cummings et al., 2001; Tschop et al., 2001). Thus it is not
surprising that obese individuals, though exhibiting lower fasting
ghrelin levels than lean individuals, lack the physiological ghrelin
suppression in the post-prandial phase: this phenomenon could
lead to increased food consumption and, finally, obesity (English
et al., 2002).

Ghrelin suppression after meals, which is crucial to reduce
caloric intake, is induced by several factors include changes
in plasma insulin, intestinal osmolarity, and enteric neural
signaling, but a key role for vagal signaling has been also
hypothesized (Date et al., 2002; Lee et al., 2002). Indeed in
healthy humans vagal stimulation, achieved by modified sham
feeding technique (in which nutrients are chewed and tasted
but not swallowed) has an inhibitory effect on ghrelin release
comparable to real feeding (Arosio et al., 2004; Heath et al.,
2004).

Ghrelin plays also a role in long-term body weight regulation,
acting as an adiposity signal, communicating the state of energy
stores to the brain. Thus fasting ghrelin levels are reduced in
obese individuals, and increase after weight loss (Cummings,
2006). However, gastric bypass is associated with markedly
suppressed ghrelin levels: this phenomenon possibly favor a
greater weight loss after this surgical procedure (Cummings et al.,
2002).

Insulin
Insulin, beyond its established role in glucose (Obici et al.,
2002) and lipid metabolism (Scherer et al., 2011), is also
involved in satiety pathway acting on CNS. Chronic or acute
intracerebroventricular administration of insulin reduces food
intake and body weight in a variety of species. Insulin receptors
are expressed in the CNS neurons, especially in the ARC
(Plum et al., 2005), and participate in the food intake control
(Baskin et al., 1999; Brown et al., 2006). On the other
hand, insulin could act on its peripheral receptors located
in the nodose ganglion (Iwasaki et al., 2013). Hyperphagia
and obesity could be, at least in part, caused by impaired
response to insulin of nodose ganglion neurons (Iwasaki et al.,
2013).

Chronic hyperinsulinemia is a feature of obesity, aimed
at restoring energy balance and limiting weight gain in a
compensatory fashion. However, it may act as a maladaptive
mechanism, inducing sympathetic overactivity (Landsberg,
1986).

Leptin
Leptin is a hormone released by the white adipose tissue (WAT),
whose main actions are to suppress appetite and to regulate
glucose metabolism (Elmquist et al., 1998; Elias et al., 2000).
However, leptin pathways are involved also in energy expenditure
control, as reviewed below. Leptin plasma levels decrease
during fasting and increase after overfeeding, whereas leptin
administration decreases food intake in animals and humans
(Campfield et al., 1995; Heymsfield et al., 1999). The ARC is the
most important site involved in leptin-related food intake (Satoh
et al., 1997; Haynes, 2000). Within the ARC, two antagonistically
acting neuronal populations, the neuropeptide Y (NPY) and
proopiomelanocortinergic (POMC) neurons, were identified as
immediate downstream targets of leptin. Even though leptin
receptors are expressed on both neuronal populations, leptin
stimulation of NPY neurons decreases their firing and attenuates
food intake, whereas its actions on POMC neurons are opposite
(Pandit et al., 2017).

While genetic syndromes characterized by leptin deficiency
present hyperfagia and obesity (Zhang et al., 1994), most obese
individuals rather have hyperleptinemia (Schwartz et al., 1997),
due to desensitization of its own receptor (Considine et al., 1996).

SNS is involved in regulation of secretory function of
WAT, especially for leptin secretion. Indeed, acute treatment
with catecholamines in in vitro experimental human studies
reduces circulating leptin through β1 and β2 receptors (Scriba
et al., 2000). Furthermore, sympathetic activation induced by
cold exposure induces not only increased metabolic rate and
mobilization of free fatty acids, but also a rapid decrease in
leptin gene expression and plasma leptin levels (Trayhurn et al.,
1995).

ANS and the Long-Term Regulation of

Body Weight
The ANS seems to play a role, though not entirely clear, in energy
expenditure and storage. In humans, the energy is stored mainly
in the WAT under the action of insulin, from where can be
mobilized mainly by activation of SNS. Furthermore, SNS might
increase energy expenditure by acting either on brown adipose
tissue (BAT) thermogenesis or on the cardiovascular system: this
neuronal pathway is modulated by leptin (Pandit et al., 2017)

The Role of SNS in Lipolysis
It is well known that lipolysis in theWAT is regulated by SNS and
insulin, the principal initiator of lipolysis and a potent inhibitor
of lipolysis respectively (Goodridge and Ball, 1965; Prigge and
Grande, 1971). Indeed, sympathetic nerve stimulation results in
fatty acid release (Rosell, 1966), while sympathetic or ganglionic
blockade inhibits lipid mobilization (Gilgen et al., 1962). On the
other hand, adrenal medullary catecholamines have no effects on
lipid mobilization (Takahashi and Shimazu, 1981), confirming
that lipolysis is induced by increased SNS outflow directed to
WAT (Rebuffe-Scrive, 1991). Kreier et al. (2002) hypothesized
also a parasympathetic innervation of WAT in animal models,
possibly modulating insulin-mediated glucose uptake and free
fatty acid metabolism in an anabolic way, thus promoting lipid
accumulation. According to this hypothesis, lipid accumulation
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in obesity could be due either to a decrease in SNS activity
or by an increase in parasympathetic activity (Bartness, 2002).
However, other studies failed to demostrate parasympathetic
innervation in WAT (Giordano et al., 2006).

The Role of SNS in Energy Expenditure
Total energy expenditure is composed of resting metabolic
rate (including cardiorespiratory work and the maintenance
of transmembrane ion gradients at rest), physical activity
and thermogenesis (shivering and non-shivering), and the
termic effect of food. SNS activation induces total energy
expenditure, either increasing cardiorespiratory work or
increasing thermogenesis.

It is well known that the SNS plays a pivotal role in both blood
pressure andmetabolic homeostatic control by regulating cardiac
output, peripheral vascular resistance, and heat production,
which account for a large fraction of resting metabolic rate
(Goran, 2000). Indeed, pharmacological adrenergic blockade is
able to reduce resting energy expenditure (Welle et al., 1991;
Monroe et al., 2001; Shibao et al., 2007).

At variance to what was previously thought, BAT is not
present only in children, but also in lean and obese adult humans
(Virtanen et al., 2009). Its main function is to increase energy
expenditure by inducing cold- or diet-stimulated heat production
(van der Lans et al., 2013), and by uncoupling oxidative
phosphorylation from ATP synthesis through the uncoupling
protein-1 in BAT mitochondria (Cannon and Nedergaard,
2004; Saito, 2013). Functional BAT in adults is detectable after
exposure to mild cold (Saito et al., 2009) and its activity is
inversely related to body mass index and body fat percentage
(van Marken Lichtenbelt et al., 2009). Lean subjects increase
energy expenditure in response to mild cold, whereas obese
subjects have a blunted cold-induced thermogenesis (Wijers
et al., 2010).

BAT thermogenesis is regulated by sympathetic nerves. As
previously stated, sympathetic activation results in mobilization
fromWAT of fatty acids, which are then used by BAT to dissipate
energy as heat (Figure 2). As far as sympathetic control is
concerned, patients with surgical unilateral sympathectomy show
a detectable uptake of 18F-f luorodeoxyglucose (18F-FDG) in
BAT by positron emission tomography on the unaffected side, but
not on the side of surgical sympathectomy (Lebron et al., 2010).
Administration of β-adrenergic receptor blockade reduces BAT
18F-FDG uptake (Soderlund et al., 2007) in patients with known
or suspected cancer as well as in a patient with paraganglioma, a
condition characterized by a massively increased metabolic BAT
activity, induced by excess circulating catecholamines (Cheng
et al., 2012). The role of α-receptors and α-blockade is less clear.
In a patient with catecholamine-secreting paraganglioma, BAT
18F-FDG uptake was suppressed after α-blockade (Sondergaard
et al., 2015). The sympathomimetic drug ephedrine activates
BAT in lean but not in obese subjects, though the degree of
activation is substantially lower than observed after cold exposure
(Carey et al., 2013). Conversely, the effect of parasympathetic
nervous system on BAT appears to be indirect. Indeed, in animal
models, the suppression of NE release in BAT, induced by ghrelin
infusion, is abolished after vagotomy (Mano-Otagiri et al., 2009).

FIGURE 2 | Cold- or diet-stimulated sympathetic activation results in

mobilization of free fatty acids (FFA) by white adipose tissue (WAT) and

regulation of brown adipose tissue (BAT) thermogenesis. The principal

substrate for BAT is constituted by fatty acids to increase energy expenditure

inducing heat production. Chronic sympathetic nervous system (SNS)

activation also induces the conversion of “beige” adipose tissue in WAT, which

also contribute to adaptive thermogenesis.

The authors hypothesized that the vagal nerve mediates the
peripheral action of ghrelin, thus inhibiting sympathetic traffic
directed to BAT. The interaction between vagal and BAT activity
was confirmed in patients undergoing vagal nerve stimulation
(VNS) for refractory epilepsy: VNS induced a BAT-mediated
increase in energy expenditure (Vijgen et al., 2013).

Furthermore, chronic sympathetic activation produces a
remarkable induction of uncoupling protein1-positive brown-
like adipocytes in white fat pads, called “beige” adipose tissue,
which also contribute to adaptive thermogenesis and body fat
reduction (Cousin et al., 1992; Inokuma et al., 2006; Figure 2).
In humans it has been suggested that BAT is mostly composed
of beige cells and is inducible in response to appropriate
sympathetic stimulation. In healthy human participants, with
undetectable or low BAT activity, daily 2-h cold exposure at
17◦C for 6 weeks resulted in increased BAT activity. Changes
in BAT activity and body fat content were negatively correlated
(Yoneshiro et al., 2013).

It is important to note that leptin has a crucial role in
regulation of energy expenditure through SNS. Indeed, leptin
has been shown to increase energy expenditure acting both
on the cardiovascular system and BAT thermogenesis via the
hypothalamus (Pandit et al., 2017). The ARC represents the
main site of action of leptin on SNS. In particular, CNS leptin
administration does not affect sympathetic nerve activity after
ARC destruction (Haynes, 2000). However, Fischer showed
that leptin may increase energy expenditure by inducing
a pyrexic increase in body temperature by reducing heat
loss, rather than affecting BAT thermogenesis (Fischer et al.,
2016).
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On the other hand, in animal studies leptin administration in
different CNS areas increases sympathetic outflow to the kidneys,
the adipose tissue, the skeletal muscle vasculature and adrenal
glands (Dunbar et al., 1997; Elmquist et al., 1997; Haynes et al.,
1997), thus causing an increase in energy expenditure (Woods
and Stock, 1996) and in sympathetic vasomotor activity (Marsh
et al., 2003). The latter mechanism is involved in pathogenesis
of obesity –induced hypertension, as explained later (see Section
Sympathetic Overactivity in Obesity).

Taken together, these results suggest that BAT thermogenesis
is an appealing target in obesity treatment. However, while
promising evidence in experimental animals demonstrate that it
is possible to impair BAT thermogenesis (i.e., by beta-adrenergic
blockade), no intervention has so far been able to increase it
(Tupone et al., 2014).

SYMPATHETIC OVERACTIVITY IN OBESITY

An increased SNS activity has been demonstrated in obese
patients, particularly in the muscle vasculature and in the
kidneys, possibily contributing to increased cardiovascular
risk. Though SNS activation is similar in hypertensive and
normotensive obese individuals, sympathetic contribution to
blood pressure via vasoconstriction is greater in the hypertensive
ones, confirming a role for sympathetic activation in the
pathogenesis of obesity-related hypertension. Conversely,
sympathetic overactivity is not effective in favoring energy
expenditure and thus weight loss. Selective leptin resistance,
obstructive sleep apnea syndrome, hyperinsulinemia and low
ghrelin levels are possible mechanisms underlying sympathetic
activation in obesity. Weight loss is able to reverse metabolic and
SNS alterations associated with obesity.

Patterns of SNS Activation in Obesity
It is well known that excess weight is associated with ANS
dysfunction, and particularly with increased sympathetic traffic.
Landsberg was the first researcher speculating that increased SNS
activity in response to weight gain is an adaptive mechanism
to increase resting energy expenditure and promote restoration
of the antecedent weight (Landsberg, 1986, 2001), while other
authors suggested that prolonged sympathetic overactivity might
induce weight gain, due to reduced capacity to dissipate excessive
calories, mediated by downregulation of β adrenoceptors (van
Baak, 2001; Feldstein and Julius, 2009; Figure 3). On the other
hand, some authors suggested that a reduced sympathetic activity
is rather implied in obesity pathogenesis, inducing a lower
rate of thermogenesis and a positive energy balance (Bray,
1991). However, several studies conducted with sophisticated
techniques supported the Landsberg’s hypothesis of SNS
overactivity in obese individuals, with or without hypertension
(Landsberg, 1986).

It is important to underline that obesity causes a selective
and differentiated increase in sympathetic activity rather
than generalized SNS activation. This crucial issue has been
investigated by techniques such as microneurography, which
allows recording directly spontaneous efferent activity of post-
ganglionic SNS fibers controlling muscle vascular tone (Vallbo

FIGURE 3 | Mechanisms responsible for the occurrence of sympathetic

activation in obesity-related hypertension. Prolonged sympathetic nervous

system (SNS) overactivity might induce weight gain, due to downregulation of

beta-adrenoceptors, thus reducing the capacity to dissipate excessive

calories.

et al., 2004), and regional NE spillover, which is crucial
in order to investigate organs like heart and kidney, whose
efferent nerve traffic is not directly recordable in humans.
Several studies highlighted that obesity is characterized by SNS
overactivity directed to the muscle vasculature by means of
microneurography (Grassi et al., 1995, 2004; Alvarez et al., 2004).
In obese individuals, increasedMSNA is obtained by recruitment
of additional nervous fibers, as demonstrated by single fiber
recordings, at variance to the increased firing frequency observed
in essential hypertension (Lambert et al., 2007). MSNA values,
although increased in both central and peripheral obesity, are
greater in individuals with an abdominal or central distribution
of body fat (Grassi et al., 2004), particularly with visceral obesity
(Alvarez et al., 2004). Several reflex abnormalities were shown
in obesity, such as impaired baroreflex sensitivity (Grassi et al.,
1995), central chemoreflex hypersensitivity (Narkiewicz et al.,
1999a) and blunted muscle metaboreflex (Negrao et al., 2001);
conversely, MSNA responses to mental stress and cold pressure
test were similar in obese and in lean subjects (Kuniyoshi et al.,
2003).

Furthermore, an increased adrenergic tone in the renal district
was also demonstrated, while the sympathetic outflow to the
heart is not elevated or even reduced, as demonstrated by
cardiac norepinephrine spillover (Esler et al., 2006). It has been
hypothesized that cardiac sympathetic tone is reduced in human
obesity in response to volume overload (Messerli et al., 1983), in
part induced also by sodium retention mediated by high renal
SNS activity (DiBona, 1992). An altered autonomic modulation
of heart rate has been also demonstrated by the technique of
spectral analysis of heart rate variability (Hirsch et al., 1991;
Tonhajzerova et al., 2008), with conflicting findings (Matsumoto
et al., 1999; Antelmi et al., 2004).

An impaired autonomic regulation in the post-prandial phase
has also been suggested. As mentioned above, SNS inhibition
is the physiological response to fasting, in order to limit
weight loss during starvation (Young and Landsberg, 1977),
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while food ingestion, particularly of carbohydrate-rich food,
induces an increase in SNS activity (Young and Landsberg,
1977; Welle, 1995). This physiological response is blunted in
obese individuals in comparison to lean individuals, though
energy expenditure was similar and no correlation between SNS
activity and the thermic effect of the food has been demonstrated
(Tentolouris et al., 2003). The blunted post-prandial increase in
sympathetic tone, demonstrated also in adult obese individuals
(Xu et al., 2014) may thus represent a mechanism of inhibition of
post-prandial thermogenesis, thus favoring weight gain, though
conflicting data exist (Emdin et al., 2001). However, these results
do not allow drawing firm conclusions, since only autonomic
modulation of heart rate has been explored, which may not
represent sympathetic traffic directed to the adipose tissue.

Finally, it is important to note that sympathetic overactivity
characterizing obesity has deleterious cardiovascular
consequences, including the development of hypertension,
but it is not effective in increasing energy expenditure and
favoring weight loss as expected (see Section Role the ANS in
Energy Homeostasis). Indeed, acute ganglionic blockade (Shibao
et al., 2007), did not change energy expenditure in individuals
with central obesity, supporting the Landsberg’s hypothesis
of sympathetic activation in obesity as a compensatory
but ineffective strategy induced by weight gain. However,
preliminary data suggest that contribution of SNS after gastric
bypass might be very small: this fact might make more difficult
to maintain weight loss after surgery (Curry et al., 2013).

Mechanisms of Sympathetic Activation in

Obesity and Obesity-Related Hypertension
Adrenergic activation plays an important role in
pathophysiological mechanisms underlying the development,
maintenance, and progression of essential hypertension (Grassi
et al., 2015) and is suspected to contribute in particular to the
development of hypertension in obese humans (Hall et al., 2012).
Julius et al. first proposed that increased sympathetic activity in
hypertension was the primary defect leading to insulin resistance
and weight gain in obese adults (Julius et al., 2000). In young
overweight individuals, SNS activity is directly related to the
degree of cardiac, renal, and vascular dysfunction, suggesting
that sympathetic neural drive may be a major player in CV risk
development (Lambert et al., 2010).

Mechanisms underlying obesity-related hypertension are not
fully understood. Indeed, a great importance has been given
to activation of renal sympathetic nerves, causing sodium
retention, increased renin secretion, and impaired renal-
pressure natriuresis (Hall et al., 2012). Though renal NE
spillover is similar in normotensive and hypertensive obese
individuals, an exaggerated effect of SNS activation has been
reported. Indeed Shibao and coauthors demonstrated that after
ganglionic blockade with trimethaphan, hypertensive obese
patients exhibited a greater BP fall than the normotensive ones
(Shibao et al., 2007). Central mechanisms may be relevant in
obesity-related hypertension and include activation of leptin
and POMC pathway, and obstructive sleep apnea syndrome,
with activation of chemoreceptor-mediated reflexes related to

intermittent hypoxia (Figure 3). Furthermore, among peripheral
mechanisms of sympathetic activation, hyperinsulinemia might
play a role.

Leptin
As already mentioned, leptin has central sympathoexcitatory
effects, demonstrated in a number of experimental studies
(Haynes et al., 1999; Lim et al., 2013). Indeed, obese mice
with leptin or leptin-receptor deficiency showed no increase in
arterial pressure (Mark et al., 1999). The sympathoexcitatory
and hypertensive effect of leptin seems to be mediated by
melanocortin-4 receptor (MC4R) (Tallam et al., 2005). These
findings were confirmed also in MC4R deficient humans, who
show a low prevalence of hypertension, despite the presence of
severe obesity (Greenfield et al., 2009).

Based on this piece of evidence, Mark et al. suggested that
some forms of obesity may be characterized by a “selective
leptin resistance,” limited to its favorable metabolic effects
(satiety and weight loss), while its sympathoexcitatory effects
on the cardiovascular system are maintained (Correia et al.,
2002; Mark et al., 2002; Rahmouni et al., 2005). In humans,
a number of studies confirmed the association between leptin
and hypertension. Human leptin deficiency was associated with
early-onset morbid obesity and metabolic syndrome without
SNS activation or hypertension (Ozata et al., 1999). Conversely,
higher leptin levels in obese hypertensive in comparison to
obese normotensive individuals have been reported (Kunz et al.,
2000; Golan et al., 2002). Furthermore, in the Copenhagen City
Heart Study increased plasma leptin levels predicted the risk of
developing hypertension (Asferg et al., 2010). However, acute of
chronic administration of leptin in humans failed to induce a
sustained BP or SNS activity increase, thus the role of leptin in
causing sympathetic activation in obesity still need to be fully
clarified (Mark, 2013).

Obstructive Sleep Apnea Syndrome (OSAS)
OSAS is a condition characterized by repetitive episodes of upper
airway narrowing or occlusion, causing chronic intermittent
hypoxia and sleep fragmentation (Dempsey et al., 2010).
Obesity is a major risk factor for OSAS, which in turn
may induce BP increase not only during nighttime but also
during daytime (Brooks et al., 1997). The role of OSAS as a
determinant of sympathetic overactivity has been reported not
only in obese (Somers et al., 1995; Narkiewicz et al., 1998)
but also in lean subjects (Grassi et al., 2005). Interestingly,
some authors suggest that obesity per se is not associated to
increased sympathetic traffic to the muscle vasculature, but
this alteration is present only when obesity is accompanied by
OSAS (Narkiewicz et al., 1998). Mechanisms of hypertension
development during OSAS include sympathetic activation due to
chemoreflex activation, secondary to repetitive hypoxic episodes
at nighttime, but also alterations in vascular function and
structure caused by oxidative stress and inflammation (Bruno
et al., 2013). A sustained reduction in MSNA was demonstrated
in normotensive patients with OSAS after both 6 and 12 months
of continuous positive airway pressure therapy (Narkiewicz et al.,
1999b).
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Insulin
Some authors suggest that chronic hyperinsulinemia may act
as a maladaptive mechanism, inducing SNS overactivity in
obesity (Landsberg, 1986, 2001). However, this hypothesis
has not been supported by later studies. Indeed, insulin
administration has a direct vasodilatory effect during acute
euglycemic hyperinsulinemic clamp: thus the increase in MSNA
and norepinephrine levels reported in healthy individuals and
hypertensive patients may be a consequence of baroreflex
activation (Rowe et al., 1981; Anderson et al., 1991, 1992).
However, a modest increase in BP was observed in healthy
individuals when supraphysiological insulin concentrations are
obtained (Rowe et al., 1981). Interestingly, in elderly subjects
with normal BP, acute elevations of plasma insulin during
hyperinsulinemic/euglycemic clamp caused vasoconstriction,
accompanied by a blunted increase in norepinephrine and
heart rate, as compared to young individuals, while no
changes in BP were observed in either group. The authors
suggested that the insulin-induced vasoconstriction is not due
to exaggerated insulin-induced sympathetic activation but rather
to a reduction in the vasodilator action of insulin (Hausberg
et al., 1997). Despite hyperinsulinemia, intracerebroventricular
administration of insulin antagonists did not affect renal
sympathetic nerve activity in experimental animals, adding to the
evidence that insulin does not promote obesity hypertension by
chronically stimulating the SNS (Lim et al., 2013).

Ghrelin
Beyond its established role in appetite regulation, ghrelin has
beneficial effects on blood pressure (BP) and cardiovascular
function (Virdis et al., 2016), possibly modulating ANS activity.
In experimental animals, intracerebral infusion of ghrelin
reduced BP; however, it is still not clear whether this effect was
mediated by modulation of sympathetic traffic (Matsumura et al.,
2002; Prior et al., 2014). Lambert et al. investigated the effects of
supraphysiological doses of intravenous ghrelin in lean and obese
individuals. Ghrelin did not influence SNS activity controlling
resting calf vascular tone; however, ghrelin infusion blunted BP
and muscle sympathetic nerve activity (MSNA) responses to
acutemental stress after short-term ghrelin infusion either in lean
or obese individuals (Lambert et al., 2011).

Effect of Weight Loss on the SNS
Several studies have shown that sympathetic activation reported
in obese subjects is reversed by weight loss (Muscelli et al., 1998;
Nault et al., 2007; Perugini et al., 2010). This topic is extensively
reviewed elsewhere (Lambert et al., 2015). Straznicky reported
a marked sympathoinhibition secondary to diet-induced weight
loss, evaluated byMSNA andwhole-body plasma norepinephrine
spillover rate (Straznicky et al., 2005). However, bariatric surgery
is the most effective treatment for obesity, allowing to achieve
up to 70% of excess weight loss (Buchwald et al., 2004).
It is also well known that bariatric surgery improves the
main defects responsible for obesity-associated hyperglycaemia,
namely insulin resistance and beta-cell dysfunction (Ferrannini,
1998; Nannipieri et al., 2011). Few data explored the role of
bariatric surgery in reduction of SNS activity. Pontiroli et al.

showed a restoration of sympathovagal balance evaluated by
heart rate variability in 24 subjects with severe obesity 6 months
after gastric banding (Pontiroli et al., 2013), while Lips et al.
showed an improvement in heart rate variability, although
explored only in the time domain, after 3 months very low-
calorie diet or gastric bypass (Lips et al., 2013). However,
these two studies, using spectral analysis of RR interval, did
not provide a measure of sympathetic activity. In 23 severely
obese, non-diabetic, individuals,MSNAwasmeasured before and
after 10% weight loss induced by laparoscopic adjustable gastric
band. Noteworthy, a significant reduction in BP, MSNA, fasting
insulin and creatinine clearance was found, whereas cardiac
and sympathetic baroreflex sensitivity were improved (Lambert
et al., 2014). Seravalle et al. evaluated the effect of weight loss
secondary to sleeve gastrectomy or caloric-restricted diet on the
ANS. Six months after surgery, waist circumference, leptin levels
and MSNA were reduced in the surgery group, which persisted
12 months after surgery (Seravalle et al., 2014). Conversely,
insulin sensitivity, evaluated by Homeostatic Model Assessment
(HOMA) index, was reduced after 6 months, but returned to
pre-surgery values after 12 months, suggesting that sympathetic
deactivation induced by weight loss might not influence insulin
sensitivity (Seravalle et al., 2014). However, this conclusion is
limited by the fact that HOMA index is a rough index of insulin
sensitivity; furthermore, since it is derived from fasting insulin
and glucose levels, it is related to hepatic insulin sensitivity rather
than peripheral insulin sensitivity, which is conceivably more
influenced by changes in sympathetic tone.

SNS activity after gastric bypass surgery seem to be lower
than those of obese individuals and thus might blunt energy
expenditure, with negative consequences for weight maintenance
(Curry et al., 2013). We do not know whether different
interventions, i.e., sleeve gastrectomy might lead to the same
phenomenon.

Finally, it is important to note that the surgical procedure
per se might have a direct impact on the autonomic innervation
of the gastrointestinal tract. During surgery, sleeve gastrectomy
and Roux-en-Y gastric bypass (RYGB) may damage the gastric
branches of the vagal nerve in a different manner. Infact in the
sleeve gastrectomy the stomach is cut longitudinally, damaging
the very distal branches of the gastric vagal nerve, while in the
RYGB the stomach is cut transversely, resulting in a damage of
the gastric vagal branches very close to their origin from the
esophageal plexus (Ballsmider et al., 2015). Thus, it is conceivable
that the effects of bariatric surgery on brain-gut axys may
be influenced by the surgically-induced anatomical alterations,
which may affect the integrity of vagal innervation between the
hindbrain feeding centers and the gastrointestinal tract.

THE ANS AS A THERAPEUTIC TARGET IN

OBESITY

Based on the physiopatological background above described, it
is clear the modulation of ANS may induce weight loss and/or
reduce cardiovascular risk in obese patients. VNS, achieved
by implantable or transcutaneous devices, has been associated
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with a significant weight loss in small, non-randomized pilot
studies. Vagal nerve blockade yelded either neutral or positive
effects in term of weight loss in small sham-controlled studies,
but even in this case further evidence is needed. Sympathetic
inhibition accompanied weight loss achieved by diet or surgery.
Interventions targeting SNS are able to improve cardiometabolic
profile in obese individuals.

Vagal Modulation
Since vagal afferents convey to the CNS the gastric distension
signal and satiety signals evoked by gut hormones, it is not
surprising that vagal stimulation has been proposed as a weight
loss intervention. Several studies, carried out in obese animals,
showed that VNS suppressed food intake and weight gain.
Bugajski et al. suggested that VNS, achieved by implantable
electronic devices, mimics activation of gastric mechanoceptors
and jejunal chemoceptors, thus resulting in decreased food intake
and weight loss in obese rats (Bugajski et al., 2007; Figure 1). The
limitations of this study are the monolateral VNS and the use of
constant voltage stimulation (Bugajski et al., 2007). Bilateral VNS
with constant current stimulation induced stable weight loss in
obese minipigs (Val-Laillet et al., 2010). Furthermore, patients
treated with vagal stimulation for severe depression experienced a
relevant weight loss (Pardo et al., 2007) (Table 1). However, this
approach is limited by its high cost and invasiveness, potential
need for reintervention for mechanical failure and/or battery re-
placement, and side effects (Ventureyra, 2000). More recently,
transcutaneous auricular VNS (taVNS) has been proposed to
treat disorders such as epilepsy (Miro et al., 2015) and depression,
drawing inspiration from auricular acupuncture of traditional
chinese medicine (Rong et al., 2016). The rationale for using
taVNS is that anatomical studies showed that the ear is the

only place on the surface of the human body where afferent
vagal nerve distribution is present (Wang et al., 2014). Indeed,
a branch of the vagal nerve provides sensory innervation of the
“cymba conchae” of the external ear (Peuker and Filler, 2002).
Thus, the direct stimulation of the afferent vagal nerve fibers on
the ear may produce similar effects as classic VNS without the
burden of surgical intervention (Henry, 2002). Indeed, cymba
conchae stimulation of auricolar vagal branch activated the
NTS and other vagal projections within the brainstem and
forebrain in healthy adults (Frangos et al., 2015). Furthermore,
in a pilot randomized clinical trial, Huang et al reported an
improvement of in the 2-h glucose tolerance and systolic BP in
after a 12-week treatment with taVNS in comparison with sham
technique (Huang et al., 2014) (Table 1). Finally, taVNS is able
to acutely reduce MSNA and shift cardiac autonomic function
toward parasympathetic predominance in healthy volunteers
(Clancy et al., 2014). These promising findings suggest that in
obese and glucose-intolerant individuals, taVNS may not only
restore insulin resistance and secretion, but also counteract
obesity-related autonomic dysfunction (Lambert et al., 2010;
Seravalle et al., 2014) and thus play a role in reducing its
cardiovascular burden.

On the other hand, gastric emptying is under the control of
vagal efferent fibers. Vagotomy, in experimental animals (Smith
et al., 1983) as well as in humans (Kral, 1978) is able to
delay gastric emptying and impair gastric accommodation to
food, thus inducing weight loss. Since pancreatic secretion is
under vagal control, interruption of vagal efferent fibers induces
malabsorption (Camilleri et al., 2008). Furthermore, vagotomy
in rats prevents the physiological ghrelin increase in fasting
conditions (Williams et al., 2003). Thus, intermittent electric
stimulation of vagal fibers, inducing blockade of the neural

TABLE 1 | Human studies investigating the role of VNS in weight loss and glucose control.

Study Population VNS duration Clinical endpoint Results

Pardo et al., 2007 14 patients with resistant depression 6–12 months Change in level of depression

and weight loss

Mean weight loss—7 kg; BMI

change—2 kg/m2

Huang et al., 2014 70 IGT subjects randomly assigned to the

taVNS group or sham taVNS group 30 IGT

controls without device

6–12 weeks 2-h plasma glucose levels (2hPG)

OGTT at 6 weeks and 12 weeks.

Reduction in 2 hPG in taVNS vs sham

taVNS p = 0.004

TABLE 2 | Human studies investigating the role of vagal nerve blockade (VBLOC) in weight loss, glucose control and caloric intake.

Study Population VBLOC

duration

Clinical endpoint Results

Camilleri et al., 2008 31 obese subjects 6 months % excess weight loss

(%EWL) and caloric intake

EWL 14.2% vs. baseline (p < 0.001)

Caloric intake decreased by 30%

(p < 0.01)

EMPOWER study Sarr

et al., 2012

192 obese subjects with VBLOC 102 obese

subjects with device with a lower charge

delivery

12 months % excess weight loss

(%EWL)

EWL 17 ± 2% in VBLOC vs. 16 ± 2% in

device with a lower charge delivery

(p = ns)

Shikora et al., 2013 26 obese subjects with type 2 diabetes with

VBLOC

12 months % excess weight loss

(%EWL) and glucose control

EWL 25 ± 4% (p < 0.0001) and mean

HbA1c reduction −1 ± 0.2% (p < 0.02)

vs. baseline

ReCharge study Ikramuddin

et al., 2014

162 morbid obese subjects with VBLOC 77

morbid obese subjects with sham device

12 months % excess weight loss

(%EWL)

EWL 24,4% in VBLOC vs. 15,9% in sham

device (p = 0.002)
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transmission, has been tested as a novel weight-loss intervention
(Table 2).

The EMPOWER study evaluated the effects of intermittent,
bilateral blockade of bilateral subdiaphragmatic vagal nerves to
stop both ascending and descending neural traffic, speculating
its involvement in satiety, reduced food intake and weight loss
in morbid obese individuals (Figure 1). However, despite the
solid scientific background linking vagal activity and obesity,
extensively described in the previous sections, the EMPOWER
study yelded negative results: vagal blockade induced a similar
weight loss than the control group, which had the same device
with a lower charge delivery; interestingly, weight loss was related
to device use time in both groups, suggesting that what was
supposed to be a sham therapy was active as well (Sarr et al.,
2012). This hypothesis is confirmed by the ReCharge study, in
which vagal nerve blockade was obtained by using a device that
delivered at least 12 h of therapy per day and was compared a
sham control device that had no possibility of delivering therapy.
Individuals undergoing vagal blockade therapy achieved a greater
weight loss than the sham control group, although the pre-
established efficacy outcomes were not achieved (Ikramuddin
et al., 2014) (Table 2).

Sympathetic Modulation
Given the above-described role of SNS in the pathophysiology
of obesity and its cardiovascular consequences, SNS inhibition is
considered a potential therapeutic target in obesity. As reviewed
above, it is important to underline that interventions aimed at
inducing weight loss by diet or surgery are able to achieve a
significant reduction in SNS tone, in particular in the muscle
vasculature (Lambert et al., 2015).

Indeed, a number of mechanistic studies demonstrated that
acute pharmacologic ganglionic blockade by trimetaphan is able
to reduce blood pressure (Shibao et al., 2007), to improve insulin
sensitivity (Gamboa et al., 2014) and to reverse endothelial
function (Gamboa et al., 2016) in obesity, in particular if
associated with hypertension. However, ganglionic blockers
cannot be used chronically, given their unfavorable profile in
terms of adverse effects.

A significant antihypertensive effect of a combined α and
ß-blockade has been reported in dietary mediated obesity in
dogs consuming high fat diets (Hall et al., 2001) and in obese
individuals in which a greater reduction in BP in comparison to
lean subjects was reported after 1 month of treatment (Wofford
et al., 2001). Adrenergic blockade produced a significantly greater
decrease in BP in obese than in lean patients with hypertension
(Wofford et al., 2001), in line to the results reported with
ganglionic blockade (Shibao et al., 2007). A study suggested
also that the use of a BP-lowering central sympatholytic drug,
moxonidine, might induce a small but significant weight loss,
together with a reduction in blood pressure, triglycerides and
fasting blood glucose (Chazova and Schlaich, 2013), though
another study failed to demonstrate any impact on insulin
sensitivity (Masajtis-Zagajewska et al., 2010). In contrast, β-
blockers may exert negative or neutral effects on body weight
and lipid and glucose profile (Lambert et al., 2015). However,
some authors suggest that β-blockers may be first-choice drug in

the treatment of hypertension in young adults, which is mainly
linked to sympathetic overactivity due to overweight and obesity
(Cruickshank, 2017).

In the past decade, great interest has been placed in device-
based therapies targeting SNS for the treatment of refractory
hypertension, such as renal denervation and baroceptor
activating therapy (Bruno et al., 2013). Given the presence
of sympathetic activation in obesity and its possible role in
pathogenesis of obesity-associated hypertension, as described
above, it may be expected that sympathetic inhibition might have
a relevant impact in obese patients. Indeed, renal denervation
seems able to restore insulin sensitivity in obese dogs (Iyer et al.,
2016) but not in obese hypertensive mice (Asirvatham-Jeyaraj
et al., 2016). Bilateral renal denervation greatly attenuated
sodium retention and hypertension in obese dogs fed a high-fat
diet (Kassab et al., 1995).

Glucose tolerance and glycemic control was significantly
improved 3 and 6 months after renal denervation in 10 patients
with resistant hypertension and OSAS: in this study, BP, but not
BMI, was significantly reduced (Witkowski et al., 2011). This
finding was confirmed in a larger cohort of resistant hypertensive
patients, in whom renal denervation induced a reduction in
blood fasting glucose, insulin, and HOMA-IR after 3 months
(Mahfoud et al., 2011). However, the BP-lowering effect of such
procedures has been recently questioned; furthermore, obese
patients seem to benefit less of renal denervation in terms of BP
reduction (Id et al., 2016).

CONCLUSIONS

In conclusion, obesity is accompanied by increased morbidity
and mortality, mostly related to cardiovascular disease, and
represents a major issue for global healthcare. Thus, the
study of mechanisms underlying its pathogenesis is crucial
to identify novel targets for its treatment. The ANS plays a
major role in the integrated short-term regulation of weight,
modulating the satiety signal and energy expenditure. The
afferent vagal pathways are probably the most important
link between the gut and the brain and interact in a
complex way with gut hormones. SNS has the physiological
function of increasing lipolysis and energy expenditure, through
sympathetic innervation in white and brown adipose tissue;
thus it is abnormally activated in obesity in a compensatory
but ineffective fashion. Sympathetic activation may favor
the development of hypertension and organ damage in
obesity and lead to overt cardiovascular disease. Though
preliminary clinical trials exploring autonomic modulation as
a treatment for obesity yelded contrasting results, mechanistic
and physiopathological studies strongly support this therapeutic
strategy as an appealing and promising approach for obesity
treatment.
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Heart failure (HF) is a complex syndrome representing the clinical endpoint of many

cardiovascular diseases of different etiology. Given its prevalence, incidence and social

impact, a better understanding of HF pathophysiology is paramount to implement more

effective anti-HF therapies. Based on left ventricle (LV) performance, HF is currently

classified as follows: (1) with reduced ejection fraction (HFrEF); (2) with mid-range EF

(HFmrEF); and (3) with preserved EF (HFpEF). A central tenet of HFrEF pathophysiology

is adrenergic hyperactivity, featuring increased sympathetic nerve discharge and a

progressive loss of rhythmical sympathetic oscillations. The role of reflex mechanisms

in sustaining adrenergic abnormalities during HFrEF is increasingly well appreciated and

delineated. However, the same cannot be said for patients affected by HFpEF or HFmrEF,

whom also present with autonomic dysfunction. Neural mechanisms of cardiovascular

regulation act as “controller units,” detecting and adjusting for changes in arterial blood

pressure, blood volume, and arterial concentrations of oxygen, carbon dioxide and pH,

as well as for humoral factors eventually released after myocardial (or other tissue)

ischemia. They do so on a beat-to-beat basis. The central dynamic integration of all

these afferent signals ensures homeostasis, at rest and during states of physiological or

pathophysiological stress. Thus, the net result of information gathered by each controller

unit is transmitted by the autonomic branch using two different codes: intensity and

rhythm of sympathetic discharges. The main scope of the present article is to (i) review

the key neural mechanisms involved in cardiovascular regulation; (ii) discuss how their

dysfunction accounts for the hyperadrenergic state present in certain forms of HF;

and (iii) summarize how sympathetic efferent traffic reveal central integration among

autonomic mechanisms under physiological and pathological conditions, with a special

emphasis on pathophysiological characteristics of HF.

Keywords: heart failure, autonomic nervous system, sympathetic nerve activity, cardiovascular variability

82

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
https://doi.org/10.3389/fnins.2017.00162
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00162&domain=pdf&date_stamp=2017-03-30
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:nicola.montano@unimi.it
https://doi.org/10.3389/fnins.2017.00162
http://journal.frontiersin.org/article/10.3389/fnins.2017.00162/abstract
http://loop.frontiersin.org/people/387804/overview
http://loop.frontiersin.org/people/201375/overview
http://loop.frontiersin.org/people/18477/overview
http://loop.frontiersin.org/people/77915/overview
http://loop.frontiersin.org/people/42596/overview


Toschi-Dias et al. Autonomic Reflexes and Heart Failure

“Most of our faculties lie dormant because they can rely upon Habit,

which knows what there is to be done and has no need of their

services.”

Marcel Proust

INTRODUCTION

Almost all cardiovascular disease conditions eventually
culminate in heart failure (HF), a complex and multifactorial
syndrome that remains the main cause of morbidity and
mortality worldwide (Ponikowski et al., 2016). HF stems
from progressive structural and functional deterioration of
the myocardium, due to chronic hemodynamic stress, whose
initial trigger could be of ischemic or non-ischemic origin
(Brede et al., 2002; Triposkiadis et al., 2009). Regardless of
its etiology, neurohumoral activation represents a major
contributor of HF pathophysiology. The neurohumoral
activation arises as a compensatory response in order to adjust
cardiac performance in the face of increased workload. However,
persistent hemodynamic stress results in chronic release of
neurohormones, particularly from sympathetic efferents and
the adrenal medulla (Lymperopoulos et al., 2013), which play a
major role in the progressive deterioration of cardiac function
during HF (Brede et al., 2002). A hyperadrenergic state can be
found in clinical conditions such as hypertension (Miyajima
et al., 1991), coronary artery disease and myocardial infarction
(Graham et al., 2002). As mentioned above, presence of a chronic
hyperadrenergic state paves the way for HF (Notarius et al.,
2007), yet also serves as a major index in the prognosis of HF
(Barretto et al., 2009) and as a central therapeutic target.

Depending on the status of left ventricular (LV) performance,
HF is currently classified in three clinically distinct syndromes
(Ponikowski et al., 2016). Patients exhibiting signs and/or
symptoms of HF that display LV ejection fraction (LVEF)
<40% are categorized as HF patients with reduced ejection
fraction (HFrEF) (Ponikowski et al., 2016). HF patients with
preserved systolic function (LVEF >50%), but with diastolic
dysfunction (LV end-diastolic volume index <97 ml/m2) are
now defined as HF patients with preserved ejection fraction
(HFpEF) (Ponikowski et al., 2016; van Heerebeek and Paulus,
2016). Finally, based on more recent international guidelines on
HF, a third group of HF subjects has now been identified. Those
patients who display symptoms of HF with moderately reduced
systolic function (LVEF between 40 and 50%) are now classified
as HF with mid-range EF (HFmrEF) (Ponikowski et al., 2016).

Clinically, dyspnea and exercise intolerance are fundamental
symptoms of HF. They arise at the onset of disease, and progress
according to the severity of cardiac dysfunction (Ponikowski
et al., 2016). Complex neuro-hormonal alterations are at the
foundation of these symptoms, and act in concert with increased
pulmonary venous pressure, decreased peripheral blood flow,
endothelial dysfunction and skeletal muscle abnormalities
(Floras and Ponikowski, 2015). It is well established that
perturbed reflex mechanisms sustain sympathetic hyperactivity
during HFrEF. However, substantial efforts are needed to identify
changes in neural-cardiovascular regulatory pathways in HFpEF
patients. Indeed, these patients also have prominent autonomic

dysfunction (Verloop et al., 2015). However, little is known
about the role of neural mechanisms that govern the amplitude
or frequency of bursts of autonomic activity, or the pattern of
active fiber discharge. Likewise, the central pathways that affect
sympathetic burst generation inHFmrEF andHFpEF patients are
not fully understood.

In this article, we will review and discuss old and new
acquisitions on (i) the principal neural/reflex mechanisms
accounting for cardiovascular homeostasis, (ii) how
perturbations in these “controller units” account for the
hyperadrenergic state characterizing HF; and (iii) how these
mechanisms interact under physiological conditions as well as in
subjects affected by HF of different categories.

HYPERADRENERGIC STATE IN HEART
FAILURE

Under physiological conditions, several regulatory mechanisms
work in concert in order to modulate the activity of the
autonomic nervous system. By regulating heart rate, blood
pressure and peripheral blood flow, the autonomic nervous
system dynamically adjusts the functions of the cardiovascular
system to ensure adequate levels of cardiac output will meet
the perfusion and metabolic requirements of peripheral organ
systems (Salman, 2016).

The past few decades have seen a growing research interest in
the studying of neural mechanisms of cardiovascular regulation.
This investigative attention was, and still is, justified by the
recognition that these autonomic reflex controls are critical in the
detection and correction of spontaneous changes in arterial blood
pressure, thoracic blood volumes and pressures, humoral factors
produced during myocardial ischemia and changes in arterial
concentration of oxygen, carbon dioxide and pH. These reflexes
are indeed essential to maintain whole-body homeostasis at rest
(Salman, 2016), or during ordinary physiological events, such as,
(i) changes in posture (i.e., clinostatic vs. orthostatic; Montano
et al., 1994), (ii) alterations in the sleep-wake cycle (Narkiewicz
et al., 1998; Tobaldini et al., 2017), (iii) in response to exercise
(Negrão et al., 2001), or (iv) during emotional stress (Durocher
et al., 2011).

However, during disease states affecting the cardiovascular
system, the disturbance in regulatory mechanisms may cause
autonomic dysfunction, in one or more of these neural/reflex
mechanisms, ultimately resulting in an overall sympathetic
hyperactivation and/or vagal impairment. When chronically
sustained, the resulting autonomic imbalance triggers a complex
“vicious cycle” that contributes to the onset of cardiovascular
disease (Floras and Ponikowski, 2015).

As mentioned above, a hallmark of HF is the hyperadrenergic
state, characterized by an exacerbated sympathetic nerve
discharge and a progressive loss of rhythmical sympathetic
oscillation (van de Borne et al., 1997; Barretto et al., 2009)
(Figure 1). In particular, patients with HFrEF, display eccentric
LV remodeling and systolic dysfunction, yet cardiac output
and tissue perfusion pressures are maintained. The latter two
are maintained, at least initially, by the sustained activation
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FIGURE 1 | Representative tracings of muscle sympathetic nerve activity (MSNA), blood pressure (BP) and respiration rate (RR) in a healthy subject, a

patient with heart failure with preserved ejection fraction (HFpEF) and a patient with heart failure with reduced ejection fraction (HFrEF), at rest. Note

the difference in the discharge patterns of the sympathetic outflow between healthy control subjects vs. HFpEF vs. HFrEF patients. Representative tracings of MSNA,

BP and RR are unpublished material.

of the sympathetic nervous system (SNS) and the renin-
angiotensin aldosterone system (Roig et al., 2000; Notarius
et al., 2007). Conversely, HFpEF patients exhibit LV concentric
hypertrophy, interstitial fibrosis and capillary rarefaction, with
themain functional defect contributing to diastolic dysfunction is
impaired cardiomyocyte relaxation (Paulus and Tschope, 2013).
Sympathetic overdrive has been documented in these patients as
well. Verloop and colleagues recently concluded that the current
availability of knowledge does not permit a distinguishment
on whether enhanced sympathetic activity results in HFpEF, or
HFpEF results in enhanced sympathetic activity (Verloop et al.,
2015). Moreover, whether patients with HFmrEF present with
a hyperadrenergic state, and the eventual magnitude of this
alteration, remains to be documented clinically.

Arterial Baroreflex Control
Arterial baroreflex (ABR) control is an integrated negative-
feedback system whose main role is to stabilize arterial blood
pressure in response to changes of circulatory homeostasis,
in the short-term (Salman, 2016). Stretch-sensitive receptors
located in specialized regions of the aortic arch and carotid
sinus are innervated by branches of the IX and X cranial
nerves. They discharge in response to an increase in arterial
pressure. The central projections of baroreceptor afferents
terminate primarily in the intermediate portion of the nucleus
tractus solitarii (NTS) that form asymmetric (excitatory)
synaptic contacts through glutamatergic receptors with caudal
ventrolateral medulla (CVLM) (Figure 2A). In turn, CVLM
efferent terminals form symmetric (inhibitory) synaptic contacts
through GABAergic receptors with reticulospinal and adrenergic

neurons of the rostral ventrolateral medulla (RVLM), thus
inhibiting sympathetic outflow (Pilowsky and Goodchild, 2002)
(Figure 2A). In parallel, other second-order NTS neurons
form asymmetric synaptic contacts with the dorsal motor
nucleus of the vagus nerve, maintaining an excitatory influence
upon preganglionic parasympathetic neurons (Pilowsky and
Goodchild, 2002) (Figure 2A).

Thus, an elevation in arterial blood pressure triggers an
increase in the baroreceptor firing rate to medullary nuclei
of central integration, leading to an increased discharge of
vagal efferent fibers and a decreased sympathetic outflow. The
physiological response of these combined effects results in
bradycardia and a decrease in cardiac contractility, peripheral
vascular resistance, and venous return, all acting to counter the
rise in arterial blood pressure (Kirchheim, 1976; Tank et al.,
2005). Conversely, a decrease in arterial blood pressure results in
a reduced baroreceptor firing rate. Culminating in sympathetic
excitation and parasympathetic withdrawal, thus leading to
tachycardia, increased cardiac inotropy, vascular resistance, and
venous return (Kirchheim, 1976; Tank et al., 2005).

During each beat, the ABR control is the main modulator of
the activity of the autonomic nervous system during short-term
variation of arterial pressure (Pagani and Malliani, 2000; Tank
et al., 2005). Classical studies in humans and animals have clearly
proved that the hyperadrenergic state of HFrEF is accompanied
by blunting of ABR (Ferguson et al., 1992; Grassi et al., 2001)
(Table 1).

As we learned before, in HFrEF patients that display eccentric
remodeling and systolic dysfunction, cardiac output and tissue
perfusion pressure are maintained via sustained neurohormonal
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FIGURE 2 | Classical schematic diagram of arterial baroreflex control (A), cardiopulmonary reflex (B), cardiac sympathetic afferent reflex (C), and arterial

chemoreflex (D). NTS, nucleus tractus solitarii; NA, nucleus ambiguus; DMV, dorsal motor nucleus of the vagus; CVLM, caudal ventrolateral medulla; RVLM, rostral

ventrolateral medulla; PVN, paraventricular nucleus of the hypothalamus; A5, noradrenergic neurons of the ventrolateral pons; RTN/pFRG, retrotrapezoid

nucleus/parafacial respiratory group; VRC, ventral respiratory column; BötC, Bötzinger complex; pre-BötC, pre-Bötzinger complex; Rvrg, rostral ventral respiratory

group; eSN, efferent sympathetic nerve; PN, phrenic nerve; VN, vagus nerve.

TABLE 1 | Autonomic reflex control of sympathetic nerve activity in

patients with heart failure.

HFrEF HFpEF

Arterial Baroreflex Blunted –

Cardiopulmonary Reflex Paradoxical –

Cardiac Sympathetic Afferents Reflex Exacerbateda –

Arterial Chemoreflex Exacerbated Exacerbateda

HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mid-range

ejection fraction; HFpEF, heart failure with preserved ejection fraction.
aOnly in animal model.

activation (Zucker et al., 2004). In the heart, chronic sympathetic
activation promotes myocardial hypertrophy and vascular
remodeling (Zucker et al., 2004; Floras and Ponikowski, 2015).
Moreover, vascular remodeling could play an important role
in the maintenance of sympathetic drive in HF, by affecting
the afferent branch of ABR. In rats with ischemia-induced HF,
the gain of afferent aortic depressor nerve is reduced (Rondon
et al., 2006). Thus, arterial stiffness could impair the mechanical
transduction of baroreceptors, therefore affecting afferent traffic.

No studies, to our knowledge, have directly examined the
impact of ABR control on sympathetic nerve activity in patients
with HFpEF and HFmrEF (Table 1). However, data from an
experimental study suggest that baroreflex dysfunction of heart
rate is associated with cardiac diastolic dysfunction in rats,
independent of other present risk factors (Mostarda et al., 2011).
Moreover, patients with HFpEF are generally older, more often
female, and have a high prevalence of comorbidities, such as
chronic hypertension, obesity, metabolic syndrome and type 2
diabetes mellitus (Paulus and Tschope, 2013; van Heerebeek
and Paulus, 2016). All these conditions have been associated,
in part, with baroreflex dysfunction (Matsukawa et al., 1991,
1994; Trombetta et al., 2010; Holwerda et al., 2016). In particular,
an association exists between hypertension and vascular injury
(Dao et al., 2005), affecting the elastic properties of the large
vessels (Humphrey et al., 2016; Smulyan et al., 2016). This, in
turn, could impact the efficiency of ABR control in patients with
HFpEF. Therefore, myocardial remodeling and arterial stiffness
can affect ABR arc function through different pathophysiological
mechanisms, leading to sympathetic hyperactivation both in
HFrEF and HFpEF patients.
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Cardiopulmonary Reflex
The cardiopulmonary reflex arc is liable for detecting filling
pressure in low-pressure cardiac chambers. In doing so, it
contributes to the control of volemic conditions through the
interaction between negative- and positive-feedbackmechanisms
(Salman, 2016). Several receptor subtypes, located in the heart
and lungs, contribute to this reflex arc. They are mechano-
sensitive and closely linked to neuronal pathways via overlapping
brainstem networks. Whereas, most of these receptors are
innervated by unmyelinated afferents of the vagus nerve (Type
C) and are activated at higher intensities, a smaller portion is
made of myelinated fibers of the vagus nerve (Type A) and are
activated at lower intensities (Salman, 2016). Cardiopulmonary
vagal afferents are mainly involved in neurohumoral regulation
of systemic blood volume. When stimulated, they convey
information to medullary nuclei of central integration (i.e., NTS)
that form a trisynaptic intramedullary pathway similar to that
described for the ABR (Salman, 2016) (Figure 2B).

Firstly, fluctuations of lower intensities activate sensory
afferent fibers (Type A) located in the walls of the atria and
in the atrial-caval junction, determining tachycardia through
sympathetic activation. Atrial stretch results in the release
of atrial natriuretic peptide by atrial myocytes, which act to
increase renal blood flow and Na+ diuresis, reducing volume and
keeping cardiac output relatively constant during the increase of
venous return (Salman, 2016). In stark contrast, fluctuations of
higher intensities activate Type C sensory afferent fibers located
in cardiac chambers, strengthening and enhancing the action
of ABR by means of similar negative-feedback mechanisms.
However, during hypovolemia, the neurohormonal response acts
to reduce heart rate (bradycardia) and urinary volume in order to
correct the initial drop in venous return (Salman, 2016).

In 1990, Seals and colleagues observed that during controlled
tidal breathing (30% of inspiratory capacity at 12 breath/min),
approximately 65% of the sympathetic bursts occur during
the expiratory phase, suggesting an influence of breathing on
sympathetic outflow (Seals et al., 1990). In turn, increasing
the depth of breathing (e.g., 70% of inspiratory capacity at 12
breath/min) has great influence on the within-breath modulation
of muscle sympathetic nerve activity (MSNA), producing near
complete sympathoinhibition from onset-mid inspiration to
early-mid expiration (Seals et al., 1990).

The effects of cardiopulmonary reflex activation and
deactivation on sympathetic outflow has been evaluated
in humans via MSNA recording during lower body
negative/positive pressures. Previously demonstrated,
deactivation of cardiopulmonary reflex during application
of non-hypotensive lower body negative pressure (LBNP)
showed an increase in the sympathetic efferent traffic in
healthy subjects (Millar et al., 2015). Conversely, activation of
cardiopulmonary reflex during application of non-hypertensive
lower body positive pressure (LBPP) was associated with a
decrease in sympathetic activity in healthy subjects (Millar et al.,
2015).

Alterations of the autonomic neural reflex responses due to
changes in cardiopulmonary loading conditions have been well
documented in HFrEF patients (Azevedo et al., 2000; Floras and

Ponikowski, 2015). Recently, Millar and colleagues reported that
despite a preserved response of MSNA during deactivation of
the cardiopulmonary reflex arc, non-hypertensive LBPP does not
change the burst frequency of sympathetic outflow in patients
with HFrEF (Millar et al., 2015). This paradoxical sympathetic
activation in response to increasing filling pressure suggests that
cardiopulmonary reflex contributes to the complex generation of
autonomic dysregulation of HFrEF. Similar evidence in HFpEF
and HFmrEF patients is lacking (Table 1).

Cardiac Sympathetic Afferent Reflex
The cardiac sympathetic afferent reflex (CSAR) is a positive
feedback mechanism involved in the central transmission of
nociceptive information from the heart (Chen et al., 2015). The
receptors of this reflex arc are the cardiac sympathetic afferent
endings that innervate the superficial epicardial layers of the
ventricles. Although the exact neural pathways of CSAR are not
yet well understood, there is a growing consensus of opinion that
the central projections of sympathetic afferents located in the
dorsal root ganglia of the C8–T9 spinal segments (especially T2–
T6) form excitatory synapses in the hypothalamic paraventricular
nucleus (PVN), NTS and RVLM. These stations in turn centrally
process the peripheral information and, when stimulated,
induce an increase in sympathetic outflow (Chen et al., 2015)
(Figure 2C). Thus, mechanical distension of the ventricles
and/or endogenous humoral factors produced in myocardium
during myocardial ischemia, such as bradykinin, adenosine and
reactive oxygen species (ROS), can stimulate cardiac sympathetic
afferents, thereby increasing the sympathetic outflow directed
to the heart, arteries and kidneys (Chen et al., 2015). All these
mechanisms take part in the excessive sympathetic outflow that
characterizes HF (Malliani and Montano, 2002; Zhu et al., 2004;
Wang et al., 2014) (Table 1). Furthermore, once overtly dilated,
the heart tends to utilize more oxygen, owing to increased
cardiac wall tension. This need renders the heart more prone
to “relative ischemia,” a functional feature often observed in HF
patients. In turn, this condition is accompanied by the release of
endogenous substances such as bradykinin and adenosine that
stimulate the ventricular sympathetic afferents endings, resulting
in increased sympathetic outflow due to positive feedback
mechanism. Furthermore, chronic myocardial stretch due to
volume overload can cause an upregulation of the kallikrein-
kinin system, followed by an increase in bradykinin content in
the interstitial fluid that ultimately mediates mast cell infiltration
and extracellular matrix loss (Wei et al., 2012).

In a clinical context, it is well known that patients with acute
decompensated HF are very sensitive to volume overload because
they have volume intolerance, regardless of the magnitude of
residual LVEF. Moreover, during acute decompensated HF and
pulmonary congestion, both arterial pressure and heart rate
are frequently more elevated (De Luca et al., 2007). It is still
unclear how the positive feedbackmechanismmediated by CSAR
would eventually prevail over the negative one mediated by
the vagal afferents. However, there is an attractive corollary
hypothesis to consider (Malliani and Montano, 2002). For
example, afferent vagal fibers from the atria normally display
a burst of impulses per cardiac cycle. In the case of Type A
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receptors, this event occurs in coincidence with atrial systole
(Paintal, 1971). In central structures, rhythmic afferent bursts
can prompt a sequence of excitatory and inhibitory postsynaptic
potentials (Spyer, 1982). During volume loading, Type A atrial
vagal receptors also discharge during diastole (Recordati et al.,
1976), and this more continuous firing may blunt the capability
of generating inhibitory postsynaptic potentials in the central
circuitry. Similar changes in firing patterns may characterize the
majority of vagal cardiopulmonary receptors, thus explaining
their reduced efficacy in exerting an efficient reflex restraint
on the sympathetic outflow (Malliani and Montano, 2002).
Conversely, under normal conditions, sympathetic afferent fibers
do not display bursts of impulses. Rather, at most, they exhibit a
more sparse and spontaneous activity with one action potential
per cardiac cycle (Malliani, 1982). Thus, independent of its
rhythmic relationship with the cardiac cycle, an increased afferent
sympathetic barrage would retain its capability of exciting the
sympathetic outflow (Malliani and Montano, 2002).

Arterial Chemoreflex
In response to environmental challenges, the maintenance of
homeostasis depends also on the integration between neural
mechanisms that adjust arterial levels of oxygen (O2), carbon
dioxide (CO2) and potential of hydrogen (pH). To this end,
the arterial chemoreflex control comprises central chemoreceptors
in the brainstem that respond to hypercapnia and respiratory
acidosis; and peripheral chemoreceptors in the carotid bodies
(located near the internal carotid arteries) that respond primarily
to hypoxia (Guyenet, 2000; Barnett et al., 2017).

During hypercapnia and respiratory acidosis, chemosensitive
neurons located in retrotrapezoid nucleus/parafacial respiratory
group (RTN/pFRG) are stimulated, sending excitatory inputs to
the pre-sympathetic neurons of the RVLM that form excitatory
synaptic contacts with noradrenergic neurons (A5 group) in the
ventrolateral pons (Barnett et al., 2017) (Figure 2D). In parallel,
second-order neurons of RTN/pFRG send excitatory inputs to
the pre-Bötzinger complex–a cluster of neurons responsible
for generating the breathing rhythm located in the ventral
respiratory column (VRC). Here, they form excitatory synaptic
contacts with the rostral ventral respiratory group (rVRG) and
project to motor neurons that give rise to the phrenic nerve
(Barnett et al., 2017) (Figure 2D).

During hypoxia, the central projections of peripheral
chemoreceptor afferents (cranial nerve IX) terminate primarily
in the commissural portion of the NTS that, by means of second-
order neurons, then form excitatory synapses with RVLM,
RTN/pFRG and the pre-Bötzinger complex (Guyenet, 2000;
Barnett et al., 2017) (Figure 2D).

Therefore, the stimulation of chemoreflex by hypoxia and/or
hypercapnia induces a simultaneous increase of sympathetic
outflow and ventilation, thus optimizing tissue perfusion and
blood gas uptake/delivery (Guyenet, 2000; Barnett et al., 2017)
(Figure 2D).

In HFrEF, reduction in organ perfusion due to reduced
cardiac output, promotes changes in oxygen delivery, thereby
impairing peripheral chemoreflex function in HFrEF patients.
In turn, chemoreflex dysfunction contributes to sympathetic

hyperactivity, hyperventilation and the associated breathing
instability typically found in HFrEF subjects (Schultz et al., 2015).
Accordingly, Di Vanna and collaborators demonstrated that the
activity of muscle sympathetic nerves in response to central and
peripheral chemoreceptor stimulation is exacerbated in patients
with HFrEF (Di Vanna et al., 2007) (Table 1).

In addition, it has been postulated that oxidative stress (i.e.,
increased ROS emission mainly from enhanced NADPH oxidase
activity) is also central in activating chemoreceptors of the carotid
bodies (Morgan et al., 2016). Oxidative stress is known to activate
the carotid body in HF (Schultz et al., 2015). We now know
that both circulating and local tissue levels of the pro-oxidant
angiotensin II peptide are elevated in HF (Li et al., 2006).
Angiotensin II activates NADPH oxidase to enhance superoxide
production, which in turn enhances the excitability of the carotid
body glomus cells and central autonomic neurons via the AT1
receptor (Li et al., 2007). The angiotensin II-superoxide pathway
augments the sensitivity of the carotid body chemoreceptors, at
least in part, by inhibiting oxygen-sensitive potassium channels
in the carotid body glomus cells (Schultz et al., 2015).

Regardless of the low cardiac output, diverse comorbidities
such as hypertension (Touyz, 2004), diabetes (Henriksen et al.,
2011), and obstructive sleep apnea (Lavie, 2015) are associated
with increased oxidative stress that may lead to carotid body
chemoreceptor dysfunction. These comorbidities are frequent in
patients with HFpEF or HFmrEF, thus suggesting the presence
of chemoreflex dysfunction in these patients. In fact, Toledo
and colleagues recently reported that the central chemoreflex
is enhanced in HFpEF (Toledo et al., 2017). These authors
observed that the activation of the central chemoreflex pathway
by hypercapnia exacerbates sympatho-vagal imbalance in HFpEF
rats, and that sympathetic blockade with propranolol attenuates
the response of cardiac sympathetic modulation. In addition,
these authors showed that neuronal activation in the RVLM was
increased in HFpEF rats compared with sham rats (Toledo et al.,
2017). However, further studies are needed to better understand
the mechanistic intricacies of these new findings.

Further to this, to the best of our knowledge, there are
no studies testing sympathetic nerve activity in response to
chemoreceptor stimulation in patients with HFpEF or HFmrEF.

Central Integration of Autonomic Reflexes
Autonomic reflexes are considered as distinct controllers units.
However, multiple sites of interaction among these reflex arcs
have been documented (Du and Chen, 2006; Chen et al.,
2015). They are outlined in Figure 3. NTS is the first synaptic
station of the afferents in the central nervous system. It plays
a pivotal role in the modulation of the autonomic efferent
activity directed to the cardiovascular system (Machado et al.,
1997). In order to produce a proper autonomic response,
information from several relay stations must be processed at
the NTS level, where all the projections of many and complex
neural networks are then organized in different hierarchical
levels (Smith et al., 2009; Chen et al., 2015). For instance,
activation of CSAR depresses ABR and enhances the arterial
chemoreflex via central integration (Du and Chen, 2006; Chen
et al., 2015) (Figure 3A). The afferent pathways of these
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FIGURE 3 | Hypothetical representation of the reflex mechanisms considered as “controller units,” and their complex and dynamic interaction in a

physiological condition (A) and during heart failure (B). CSAR, cardiac sympathetic afferents reflex; PVN, paraventricular nucleus of the hypothalamus; SN,

sympathetic nerve; VN, vagus nerve. Note that the sustained hyperadrenergic state in patients with HF occurs due to the predominance of inputs of excitatory

mechanisms on inhibitory mechanisms.

reflex mechanisms project to the NTS, and numerous lines of
investigation attests that baroreflex dysfunction of the MSNA is
the consequence of and not the cause of the reflex sympathetic
excitation seen in HF patients (Du and Chen, 2006; Despas
et al., 2012) (Figure 3B). In this regard, an experimental
study showed that electrical stimulation of the central end
of the left cardiac sympathetic nerve blunts ABR sensitivity

by 42% (Figure 3A), and this effect is abolished after intra-
cerebroventricular injection of losartan (Gao et al., 2004).
This evidence suggests that stimulation of cardiac sympathetic
afferents reduces ABR sensitivity via central AT1 receptors (Gao
et al., 2004).

AngII is expressed in the NTS, and one of the signaling
mechanisms by which AT1 receptors influence the NTS neurons
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involves the production of ROS by NADPH oxidase. NADPH
oxidase activation in turn enhances voltage-gated L-type Ca2+

currents in the medial NTS neurons, thereby contributing to the
deleterious effects exerted by AngII in the cardiovascular system
(Wang et al., 2004, 2006). As such, we cannot rule out a priori
that AngII, via the AT1 receptor, plays a pivotal role in both
inhibitory and excitatory reflexes in the central nervous system
during HF. Accordingly, the augmented cardiac sympathetic
afferent input can contribute to the exacerbated chemoreflex
function in HF in a AT1 receptor-dependent manner in the
NTS (Wang et al., 2008). Indeed, AT1 receptors in the NTS
are upregulated, and blockade of these receptors normalized the
exaggerated response of the chemoreflex/CSAR in HF (Wang
et al., 2008).

In another study, Gan and colleagues observed that the
CSAR is enhanced not only in HF rats, but also in rats with
HF harboring bilateral vagotomy and ABR denervation (Gan
et al., 2011). However, vagotomy and baroreceptor denervation
augmented basal and AngII-stimulated CSAR response in the
PVN (Gan et al., 2011). This study revealed that the activity
of arterial baroreceptor and vagal afferents inhibit the CSAR
(Figure 3B), while enhancing the CSAR discharge in response to
AngII in the PVN of HF rats (Gan et al., 2011).

When the interaction between the chemoreflex and ABR is
concerned (Figure 3A), we know that isocapnic hyperventilation
(i.e., ventilation > 35 l/min at 15 breath/min) stimulates the
chemoreflex and blunts ABR gain (van de Borne et al., 2000).
On the other hand, the cardiovascular effect of chemoreflex
stimulation also encompasses a rise in arterial blood pressure,
which in turn, stimulates the arterial baroreceptors, while
blunting the chemoreflex response (Somers et al., 1991)
(Figure 3A).

Interestingly, Despas and colleagues have shown that elevated
chemosensitivity attenuated ABR control of sympathetic nerve
activity, and that deactivation of carotid chemoreceptors
increased the ABR gain in patients with HFrEF (Despas et al.,
2012) (Figure 3B). Together, this evidence suggests that the
chemoreflex-related rise in sympathetic activity is not only
mediated by an oxygen sensing mechanism, but also indirectly
(i.e., through the involvement of ABR in patients with HFrEF;
Despas et al., 2012). In stark contrast, the central integration
among autonomic reflexes in patients with HFpEF and HFmrEF
remains to be decodified.

QUESTIONS TO PONDER FOR FUTURE
STUDIES

The relevance of the role and the modalities by which altered
autonomic reflexes contribute to sympathetic hyperactivation
in HFrEF are becoming increasingly clear. In contrast, little
knowledge is currently available regarding this aspect in
subjects with HFpEF or HFmrEF. Therefore, the new HF
classification is likely to bring to the table additional, important
questions concerning the role of autonomic control/reflexes
in HF onset and progression. Notwithstanding, there are still
major, general questions that pertain to the role of autonomic

reflexes in HF pathophysiology, irrespective of its etiology or
clinical classification. First and foremost, it is still unknown
what is the cutoff and saturation point of the autonomic
nervous system in the effector organ. As mentioned earlier,
the information emanating from the central integration of
many reflex mechanisms is transmitted by the autonomic fibers
using intensity and rhythm of firing as codes. Importantly,
certain clinical conditions can lead to the collapse of the
autonomic nervous system and to the loss of rhythmicity of
cardiovascular variability (Montano et al., 2009). Due to random
distribution of spikes during time, the sympathetic afferent can be
expressed in terms of phasic and tonic activities, thus reflecting
the dynamic integration of the reflex mechanisms controlling
cardiovascular functions. The tonic and phasic activities of
cardiovascular variabilities are coupled and synchronized in
healthy individuals. However, HFrEF patients with NYHA
functional classes III and/or IV can have a paradoxical pattern
of sympathetic outflow, with a marked increase in tonus in
the absence of low frequency oscillations, not only in heart
rate variability, but also in sympathetic nerve variability (van
de Borne et al., 1997). Thus, the interpretation of oscillatory
patterns of sympathetic activity, together with the analysis of
heart rate and arterial pressure variability’s, could shed new
light on the saturation of the autonomic nervous system;
not only in HFrEF patients, but also in those suffering from
HFpEF or HFmrEF patients. Another aspect that warrants
further investigation is the interpretation of both codes. More
specifically, an additional approach should be envisioned to
obtain a distinctive profile of autonomic nervous control on the
effector organ (autonomic modulation), or put differently, on
the ability of autonomic nervous system to induce variations
(i.e., heart rate and/or arterial pressure). The clinical significance
of this ability is not yet completely understood, but it appears
to have clinically relevant implications. In contrast to HFrEF,
no clinical trials have documented an effective treatment for
patients with HFmrEF and/or HFpEF. Therefore, due to the
new classifications of HF, revisiting the autonomic reflexes
and hyperadrenergic state in these new categories of HF
patients could certainly offer new angles into the exploration of
autonomic nervous system and therapeutic perspectives for these
patients.
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Objectives: Surgical stress induces alterations on sympathovagal balance that can be

determined through assessment of blood pressure variability. Coronary artery bypass

graft surgery (CABG) is associated with postoperative respiratory depression. In this

study we aimed at investigating ICU blood pressure variability and other perioperative

parameters that could predict the nadir of postoperative respiratory function impairment.

Methods: This prospective observational study evaluated 44 coronary artery disease

patients subjected to coronary artery bypass surgery (CABG) with cardiopulmonary

bypass (CPB). At the ICU, mean arterial pressure (MAP) was monitored every 30min for 3

days.MAPvariabilitywasevaluatedthrough:standarddeviation (SD),coefficientofvariation

(CV), variation independent of mean (VIM), and average successive variability (ASV).

Respiratory functionwasassessed throughmaximal inspiratory (MIP) andexpiratory (MEP)

pressures and peak expiratory flow (PEF) determined 1 day before surgery and on

the postoperative days 3rd to 7th. Intraoperative parameters (volume of cardioplegia,

CPB duration, aortic cross-clamp time, number of grafts) were also monitored.

Results: Since, we aimed at studying patients without confounding effects of

postoperative complications on respiratory function, we had enrolled a cohort of low

risk EuroSCORE (European System for Cardiac Operative Risk Evaluation) with <2.

Respiratory parameters MIP, MEP, and PEF were significantly depressed for 4–5 days

postoperatively. Of all MAP variability parameters, the ASV had a significant good positive

Spearman correlation (rho coefficients ranging from 0.45 to 0.65, p < 0.01) with the

3-day nadir of PEF after cardiac surgery. Also, CV and VIM of MAP were significantly

associated with nadir days of MEP and PEF. None of the intraoperative parameters had

any correlation with the postoperative respiratory depression.

Conclusions: Variability parameters ASV, CV, and VIM of the MAP monitored at ICU

may have predictive value for the depression of respiratory function after cardiac surgery

as determined by peak expiratory flow and maximal expiratory pressure.

ClinicalTrials.gov Identifier: NCT02074371.

Keywords: CABG, blood pressure variability, ICU, autonomic nervous system, respiratory function, perioperative

parameters
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INTRODUCTION

Blood pressure variability reflects different physiological
phenomena and represents a subject of actual investigation as
potential prognostic value and risk stratification (Boggia et al.,
2014). Novel indices of blood pressure variability, as assessed by
24-h ambulatory monitoring have been proposed to provide a
more accurate and elaborate estimation of cardiovascular risk
(Campos et al., 2013). Blood pressure variability is controlled by
neurohumoral factors and it has frequently been used as marker
of autonomic tone and sympathovagal balance (Charkoudian
and Wallin, 2014).

Surgical stress induces alterations of blood pressure variability
as result of neurohumoral and autonomic reactions to stress
(Souza Neto et al., 2004). Perioperative blood pressure variability
has been associated with 30-day mortality after cardiac surgery
(Aronson et al., 2011), possiblemechanisms including autonomic
imbalance (Pantoni et al., 2014), sympathetic overdrive, and
parasympathetic withdrawal (Patron et al., 2014; Ksela et al.,
2015).

Autonomic system controls both cardiovascular and
respiratory systems through a single neural system conceiving
a reciprocal interaction between the respiratory and autonomic
control. This reciprocal interaction between the autonomic
cardiovascular and respiratory control systems postulates
the principle of cardiorespiratory coupling (Dick et al., 2014).
Alterations in the cardiorespiratory coupling appear after surgery
(Murray et al., 2009; Politano et al., 2013). In fact, among the
most serious postoperative adverse events commonly occurring
in cardiac surgery is respiratory depression, which can potentially
lead to subsequent pulmonary complications and death (Pompei
and Della Rocca, 2013). Such pulmonary complications include
alveolar atelectasis, acute lung injury/pulmonary edema, acute
cardiogenic pulmonary edema (CPE), pulmonary embolism or
infection (Neves et al., 2013).

In this study, we hypothesized that the blood pressure
variability at the post surgery intensive care unit (ICU)
that may reflect the perioperative neurohumoral challenges
and autonomic alterations of cardiorespiratory coupling could
further predict the respiratory depression occurring after the
postoperative ICU period. Postoperative respiratory depression
was investigated after coronary artery bypass graft (CABG) since
it has been described as a decrease in respiratory pressures
(maximum inspiratory pressure—MIP and maximum expiratory
pressure—MEP) and peak expiratory flow (PEF) in comparison
to preoperative values (Westerdahl et al., 2005; Stein et al.,
2009; Hirschhorn et al., 2012). The primary endpoint of this
study was to investigate whether the blood pressure variability
in the intensive care unit (ICU) is correlated with the nadir of
postoperative respiratory function impairment after CABG with
cardiopulmonary bypass (CPB).

Abbreviations: CABG, coronary artery bypass surgery; CPB, with
cardiopulmonary bypass; ICU, intensive care unit; MIP, maximal inspiratory
pressure; MEP, maximal expiratory pressure; PEF, peak expiratory flow; MAP,
mean arterial pressure; SD, standard deviation; CV, coefficient of variation; VIM,
variation independent of mean; ASV, average successive variability.

METHODS

A prospective observational study was conducted on 44 patients
with coronary artery disease submitted to elective CABG with
CPB at Hospital SaoMarcos, Teresina, Brazil. Data were collected
preoperatively, intraoperatively and up to the 7th postoperative
day.

The study was approved by the Research Ethics Committee
of the Faculty of Medical Sciences, State University of Piauí, and
by the Ethics Committee of Hospital São Marcos, in accordance
with Resolution 466/12 of the National Health Council (Ministry
of Health) for research on human beings (Permit No. 128/11).
Written informed consent was obtained from all patients before
enrollment.

The CABG surgery and perioperative medication and
monitoring management were standardized according with the
2011 ACCF/AHA Guideline for Coronary Artery Bypass Graft
Surgery (Hillis et al., 2011).

The patient inclusion criteria were: patients of both sexes older
than 18 years of age submitted to CABG with CPB with coronary
disease confirmed by coronary angiography, with no chronic or
acute pulmonary disease, with bypass graft of the left internal
thoracic artery and/or saphena, who remained in spontaneous
ventilation on the first postoperative day, discharged from ICU
in the 3rd day followed by 7 days stay at the postoperative
unit, and with an EuroSCORE (European System for Cardiac
Operative Risk Evaluation) of <2. EuroSCORE is a well-
established method of calculating predicted operative mortality
for patients undergoing cardiac surgery. It includes patient-
related factors (age, sex, chronic pulmonary disease, extracardiac
arteriopathy, neurological dysfunction disease, previous cardiac
surgery, serum creatinine over 200µmol/l, active endocarditis,
and critical preoperative state), cardiac factors (unstable angina
on intravenous nitrates, reduced left ventricular ejection fraction,
recent myocardial infarction and pulmonary hypertension), and
operation-related factors (emergency, major cardiac procedure
other than isolated coronary surgery, thoracic aorta surgery
and surgery for postinfarct septal rupture; Nashef et al., 1999).
EuroSCORE has been utilized in quality control in cardiac
surgery and offers risk stratification for the prediction of hospital
mortality and the assessment of quality of care (De Maria et al.,
2005).

Exclusion criteria were: intraoperative change of the surgical
technique, surgical complications, or complications occurring in
the ICU, emergency reoperation, renal failure, failure to agree to
continue in the study, presence of other types of heart disease,
and of pulmonary diseases.

The respiratory function of all patients was assessed by
measuring MIP (cmH2O), MEP (cmH2O), and PEF (l/min)
determined 1 day before the surgical procedure and during the
period from the third to the seventh postoperative day. To
evaluate maximal respiratory muscle force, the MIP and the
MEP were measured with a digital pressure manometer WIKA-
MV300 (WIKA Brasil Indústria Comércio, Iperó, Brazil), and
PEF (l/min) determined with Assess peak flow meter (Philips
Respironics). During the postoperative period in the ICU, the
blood pressure of the patients was monitored at intervals of

Frontiers in Neuroscience | www.frontiersin.org January 2016 | Volume 9 | Article 50693

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Costa et al. ICU Blood Pressure Variability

30min for 3 days and the mean arterial pressure (MAP) was thus
obtained. MAP variability was determined on the basis of the
standard deviation (SD), coefficient of variation (CV), variation
independent of mean (VIM), average successive variability (ASV;
Dolan and O’Brien, 2010).

The following time frame of outcome measures was
followed:

1. preoperative: demographic, clinical EuroSCORE and
respiratory measures (day-1)

2. intraoperative: volume of cardioplegia, CPB duration, aortic
cross-clamp time, number of grafts

3. postoperative ICU (from surgery to 3rd day): blood pressure
monitoring

4. postoperative (from 3rd to the 7th postoperative day):
respiratory measures (day 3 to 7).

STATISTICAL ANALYSIS

Data were tested for normality using the D’Agostino &
Pearson omnibus normality test. Data normally distributed
are represented by mean (SE), and data that are not normally
distributed are represented by median (interquartile range).
Differences between different day-groups of respiratory
parameters were examined using nonparametric test followed
by Dunn’s multiple comparisons against the group of the day
before surgery (p < 0.05 was regarded as being statistically
significant). Spearman’s correlation coefficient r was used to
quantify a relationship between two or more variables; a two-
tailed p-value< 0.05 was considered statistically significant. Data
were analyzed using statistical software (Prism 6 for Mac OS X).

RESULTS

Demographic, Euroscore, and
Intraoperative Parameters
The study sample was composed of 44 patients with mean age
of 62 ± 8.2 years. Demographic, clinical and surgical parameters
were normally distributed within the study group (Table 1).
None of the intraoperative parameters (cardioplegia volume,
extracorporeal circulation time, aortic clamping time, number of
grafts) was related to postoperative respiratory depression (data
not shown).

Respiratory Parameters MIP, MEP and PEF
are Significantly Depressed
Postoperatively
Respiratory parameters MIP, MEP, and PEF were assessed
preoperatively (day-1) and from the third to the seventh
postoperative day (post-ICU) (Figure 1). A marked reduction
in lung function was present the first week after surgery,
which was consistent with previous findings (Savci et al., 2011).
Comparisons of respiratory parameters in the postoperative
days after the ICU to those in the preoperative day revealed
a significant depression on days 3–4 for MIPs (which reflects
the strength of the diaphragm and other inspiratory muscles),

TABLE 1 | Demographical, clinical, and intraoperative data for patients

undergoing GABG.

VARIABLES

Age (years) 62 ± 8.2

Sex (Male/Female, %) 75%/25%

BMI (kg/m2) 26 [24–29]

Euroscore (%) 0.68 [0.54–0.77]

COMORBIDITIES

Hypertension (%) 30.23

Diabetes (%) 6.98

Dyslipidaemia (%) 2.33

Hypertension + Diabetes (%) 16.28

Hypertension + Dyslipidaemia (%) 18.60

Hypertension + Diabetes + Dyslipidaemia (%) 2.33

Smoking (%) 6.82

INTRAOPERATIVE VARIABLES

Volume of cardioplegia (ml) 1374 ± 440

CPB duration (min) 95 ± 29

Aortic cross-clamp time (min) 67 ± 27

Number of grafts (%)

1 9.09

2 15.91

3 52.27

4 20.45

more than 4 2.27

Data are presented as Mean ± SD, median [interquartile range].

days 3–4 for MEPs (which reflects the strength of the abdominal
muscles and intercostal muscles) and days 3–5 for PEF (which is
considered as a measure of pulmonary physiology and is being
used as a surrogate for the more sensitive measurement of forced
expiratory volume in 1 s; Slieker and van der Ent, 2003; Figure 1).
As determined by MIP, MEP and PEF, the nadir of respiratory
depression during the first week after cardiac surgery is the
critical period when most of the respiratory complications occur
(Albu et al., 2010).

ICU Blood Pressure Variability Parameters
Associations with Respiratory Parameters
Of all the parameters of MAP variability, ASV showed a stronger
positive and significant Spearman correlation (coefficients of
0.45–0.65, p < 0.01) with the aggravation of depression expressed
by PEF up to the fifth day after heart surgery (Table 2).

VIM MAP correlated with only the first day (of 2) of
postoperative MEP nadir and the first 2 days (of 3) of
postoperative PEF nadir (Table 2).

CVMAP was associated with the 2 days of postoperative MEP
nadir but also with the 3rd day of MEP depression (Table 2).
Also, CV MAP correlated with the first 2 days but not the 3rd
day of postoperative PEF nadir.

SD of MAP at the ICU was not correlated with any respiratory
parameter at any time (Table 2).

DISCUSSION

The main findings of this study are that the MAP variability
monitored at ICUmay have predictive value for the depression of
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FIGURE 1 | Depression of respiratory function after CABG surgery: (A)

maximal inspiratory pressure (MIP); (B) maximal expiratory pressure

(MEP); (C) peak expiratory flow (PEF). Day-1, day before surgery; Day 3–7,

days after surgery ICU (days 1–3 were at ICU). Statistical significance is in

comparison to the day before surgery: *p < 0.05; **p < 0.01; #p < 0.001.

respiratory function after ICU as determined by peak expiratory
flow and maximal expiratory pressure. The ASV of ICU MAP
correlated with the nadir of peak expiratory flow in all 3 days of

TABLE 2 | Spearman’s rank correlations (ρ) between the ICU MAP

variability parameters (ASV, average successive variability; VIM, variation

independent of mean; CV, coefficient of variation; SD, standard deviation)

and respiratory parameters (PEF, peak expiratory flow; MEP, maximal

expiratory pressure; MIP, maximal inspiratory pressure).

Day -1 Day 3 Day 4 Day 5 Day 6 Day 7

PEF PEF PEF PEF PEF PEF

ASV 0.32 0.49* 0.56* 0.67* 0.53 0.30

VIM −0.01 0.64* 0.46* 0.32 0.08 −0.50

CV 0.10 0.44* 0.48* 0.35 0.34 0.50

SD 0.15 0.36 0.42 0.32 0.33 0.50

MEP MEP MEP MEP MEP MEP

ASV 0.05 0.34 0.25 0.37 0.15 0.06

VIM −0.18 0.49* 0.38 0.27 0.26 0.11

CV −0.06 0.49* 0.55* 0.52* 0.39 −0.21

SD 0.00 0.39 0.49 0.46 0.30 0.32

MIP MIP MIP MIP MIP MIP

ASV 0.27 0.19 0.21 0.44 0.16 0.07

VIM 0.10 0.19 0.11 0.13 0.01 0.00

CV 0.16 0.15 0.27 0.20 −0.10 −0.60

SD 0.21 0.12 0.34 0.20 −0.14 −0.60

Gray shadowed cells correspond to the day when nadir of respiratory parameter

depression occurs; *, significant Spearman’s rank correlation p < 0.05.

depression in the week following ICU after cardiac surgery. The
ICU blood pressure variability measures reflecting a sum-up of
the perioperative measures producing neurohumoral challenges
may predict respiratory outcomes after cardiac surgery.

The pathophysiological determinants of the cardiac surgery-
induced cardiovascular and respiratory dysfunction are subject
of actual research and comprise a complex combination of
intraoperative factors such as general anesthesia (Hachenberg
et al., 1993), surgical injury caused by sternotomy (Berrizbeitia
et al., 1989), damage of phrenic nerve (Mok et al., 1991),
mechanical ventilation (Roosens et al., 2002), cardiopulmonary
bypass (Babik et al., 2003), and postoperative airway narrowing
(Babik et al., 2003; Albu et al., 2010). Cardiac surgery-induced
respiratory function can be afflicted not only directly through
mechanisms described above but also through systemic reactions
including sympathetic stress response, pain (Ledowski et al.,
2012), and inflammation (Paparella et al., 2002).

Cardiovascular and respiratory systems have vital functions
in the general adaptation to stress, and both are coordinated by
the autonomic nervous system. Surgery-associated stress induces
a dysautonomia that afflicts cardiovascular and respiratory
functions (Garcia et al., 2013). Cardiovascular and respiratory
activities are intricately coupled through highly overlapping
brainstem autonomic control centers. This cardiorespiratory
coupling involves multiple mechanisms mediating the
bidirectional influences between the cardiovascular and
respiratory activity (Dick et al., 2014). The intraoperative
blood pressure variability is a strong predictor of 30-day
postoperative mortality after CABG surgery (Aronson et al.,
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2010). On the other hand, inspiratory muscle fatigue may
increase sympathetic vasomotor outflow (Katayama et al., 2012).
These interrelations may contribute to the pathophysiology of
cardiorespiratory coupling, and indicate a possible bidirectional
connection between alterations of respiratory function and
blood pressure variability. Indeed, our study suggests that
MAP variability assessment during ICU, which may reflect the
autonomic and neurohumoral reaction to perioperative stress,
is a good predictor of the nadir of respiratory depression that
occurs in the first postoperative week of CABG surgery. These
complex mechanisms involved in the surgery-associated stress
induced by composite intraoperative factors affecting autonomic
nervous system and cardiorespiratory coupling may explain
the predictive nature between cardiovascular and respiratory
functions observed in our study.

Predictive biomarkers should be considered to recognize and
manage postoperative complications (Gonzalez et al., 2014).
Perioperative assessment of surgery is important in order
to minimize the surgical risks and to prevent postoperative
complications (Task Force et al., 2013). Our findingsmay indicate
ICU MAP variability as a measure in order to initiate inspiratory
muscle training programs (Westerdahl et al., 2005; Savci et al.,
2011) or physiotherapy programs (Stein et al., 2009; Hirschhorn
et al., 2012) for faster recovery and improved pulmonary function
after CABG.

In summary, our study evidenced a predictive value of
ICU MAP variability on postoperative respiratory depression.
Further studies may uncover if there may be additional benefit
in also reducing MAP variability to prevent postoperative
cardiovascular events (Dolan and O’Brien, 2010).

Some limitations must be considered.
Since we aimed at studying patients without confounding

effects of postoperative complications on respiratory function, we
had enrolled a cohort without intraoperative complications and
of low risk EuroSCORE (European System for Cardiac Operative
Risk Evaluation) with <2. Therefore, there were no prolonged

stay of intensive care and no postoperative complications were
observed in the investigated period. Nevertheless, the timeframe
of the investigation did not allow further monitoring in order to
observe influences on clinical outcomes. Thus, we don’t know
if the respiratory depression further translated or not in clinical
events.

Another limitation is the small sample size of the study. Also,
since exclusion criteria were very strict, the results cannot be
generalized to a broader range of patients such as the ones with
perioperative complications. This strict selection process was
intended to control several biases thatmay otherwise have limited
the validity of the analysis. Our results are likely to be transferable
to cardiac surgery patients without perioperative complications
and further studies with broader inclusion criteria and longer
timeframe of investigations are necessary.
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Background: Hemodynamic perturbations can be anticipated in deep brain stimulation

(DBS) surgery andmay be attributed tomultiple factors. Acute changes in hemodynamics

may produce rare but severe complications such as intracranial bleeding, transient

ischemic stroke and myocardium infarction. Therefore, this retrospective study attempts

to determine the incidence of hemodynamic perturbances (rate) and related risk factors

in patients undergoing DBS surgery.

Materials and Methods: After institutional approval, all patients undergoing DBS

surgery for the past 10 years were recruited for this study. Demographic characteristics,

procedural characteristics and intraoperative hemodynamic changes were noted. Event

rate was calculated and the effect of all the variables on hemodynamic perturbations was

analyzed by regression model.

Results: Total hemodynamic adverse events during DBS surgery was 10.8 (0–42) and

treated in 57% of cases.

Conclusion: Among all the perioperative variables, the baseline blood pressure

including systolic, diastolic, and mean arterial pressure was found to have highly

significant effect on these intraoperative hemodynamic perturbations.

Keywords: deep brain stimulation, Parkinson disease, cardio-vascular changes, sub-thalamic nucleus

INTRODUCTION

Deep brain stimulation (DBS) has become an established surgical therapy for patients with
Parkinson’s disease (PD) who are refractory to standard medical management, as well as being used
for other chronic neurological conditions (Shindo et al., 2013). This procedure requires precise
stimulation of different thalamic and sub thalamic nuclei, intraoperative neurological monitoring
and patient’s cooperation to perform certain neurological examinations (Camerlingo et al., 1990).

Hemodynamic perturbations can be anticipated in this type of surgery due to a number of
reasons including age related factors, anxiety, semi sitting position, surgical procedure (electrode
insertion), presenting disease (autonomic dysfunctions), presence of other comorbidities and effect
of concurrent medications (Haapaniemi et al., 2001; Mata et al., 2012; Vigneri et al., 2012). The
effects of stimulation of different thalamic and sub thalamic nuclei on cardiovascular changes are
still a matter of investigation (Jain et al., 2012; Zrinzo et al., 2012). A recent study highlighted that
cardiovascular changes (carotid stenosis or ECG changes) usually precedes motor symptoms or
these may be independent predictors of PD (Chakrabarti et al., 2014). Added to these, the use of

98

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
https://doi.org/10.3389/fnins.2017.00477
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00477&domain=pdf&date_stamp=2017-08-28
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:tumulthunder@gmail.com
https://doi.org/10.3389/fnins.2017.00477
http://journal.frontiersin.org/article/10.3389/fnins.2017.00477/abstract
http://loop.frontiersin.org/people/246612/overview


Chowdhury et al. Hemodynamic Perturbations in DBS Surgery

anesthetic agents for conscious sedation can also affect the
hemodynamic changes adversely (Green et al., 2010). Acute
changes in hemodynamics may produce some unwanted
complications such as intracranial bleeding, transient ischemic
stroke, myocardium infarction etc. (Hyam et al., 2012). However,
the literature revealing hemodynamic disturbances in this type of
surgery is still largely unknown.

Therefore, this retrospective study attempts to determine the
incidence of total hemodynamic perturbances (rate) and related
risk factors in patients undergoing DBS surgery.

MATERIALS AND METHODS

After the local institutional ethics committee [HS15730]
approval, all patients undergoing DBS surgery from April
1, 2000 to July 31, 2012 were recruited for this study. For
retrieving the data, the Canadian Classification of Health
Interventions (CCI) codes (1.AN.53.SZ.JA or 1.AN.53.SE.JA)
and the International Classification of Diseases (ICD)
code (ICD-9-CM code 02.93) were used. Demographic
characteristics including patient’s characteristics, disease and
risks factors characteristics, procedural characteristics and
intraoperative hemodynamic changes were noted. Event rate
(total hemodynamic perturbations in relation to total anesthesia
time) was calculated and the effect of all the variables on
hemodynamic perturbations was analyzed by regression model.

Hemodynamic perturbations- These are defined (number
of episodes) as below. Hypotension- less than 90 mm Hg
systolic BP:

Hypertension-more than 140 systolic and 90 mm Hg of
diastolic BP
Bradycardia-Heart rate less than 50 bpm
Tachycardia-Heart rate more than 90 bpm
Any ECG changes other than normal sinus rhythm

These events were noted during two-phases: first during electrode
(nuclei) stimulation, and second-during the battery placement.
During the electrode stimulation, hemodynamic events were
again noted in two phases, specifically, the right and left sided
electrode (nuclei) stimulation related. The total hemodynamic
events were calculated as events during electrode stimulation
plus events during battery placement. To match the accuracy of
data, neurophysiologist was asked to provide the time at which
he started to stimulate the electrode (nuclei) and hemodynamic
events during 20 min from the start of simulation time (as
reported by the neurophysiologist) was taken for the calculation
purpose. Events were noted every 5 min.

Anesthesia Protocol
Standard monitors including EKG, pulse oximetry and invasive
blood pressure monitoring (IBP) were applied and for the initial
phase (placement of burr hole) of DBS surgery, all patients
received monitored anesthesia care (midazolam 1–2mg or/and
propofol 25–50 mcg/kg/min and/or remifentanil 0.02–0.05
mcg/kg/min and/or fentanyl 25–50 mcg bolus). The infusions
were stopped approximately 30 min before the actual testing and
re-started once the testing was completed.

For the battery placement procedure, all patients were
given general anesthesia with tracheal intubation. As per the
anesthesiologist discretion, the standard induction technique
involved combination of remifentanil/fentanyl/sufentanil plus
propofol plus rocuronium. The anesthesia was maintained with
volatile anesthetics (desflurane or sevoflurane) and opioids as
needed. At the end of procedure, the muscle relaxant was
reversed with the reversal (neostigmine and glycopyrrolate) and
the trachea was extubated after ascertaining four twitches on train
of four monitor as well as full recovery of consciousness. All the
patients were transferred to post-anesthesia care unit for further
observation.

Surgery Protocol
The DBS procedure was performed either in one stage (both the
electrode placement and the battery placement on the same day)
or two stage (the battery placement on other day). The same
surgeon performed all the procedures from 2003 till 2012. On
the morning of the operation, a rigid head frame (Leksell) was
placed on the patient by the surgeon utilizing local anesthesia
(0.25% bupivacaine 5–10 ml) and magnetic resonance imaging
was performed in order to delineate the x, y, and z coordinates
of defined structures. After this, the patient was transferred to
the operating room where he/she was positioned in semi-sitting
position. The stimulation involved certain thalamic/subthalamic
nuclei [ventralis intermedius nucleus (VIM), the sub-thalamic
nucleus (STN), and the globus pallidus (GPI)]. The whole
procedure consisted of three parts: first, localization; second,
insertion of electrodes and stimulation, and third, internalization
of leads and battery placement. The first two procedures were
done under monitored anesthesia care and third procedure
(battery placement) was performed under general anesthesia.

Neurophysiology Protocol
After scalp opening and burr hole placement, microelectrode
recordings were carried out using the FHC electronic Microdrive
and micro/macro electrode (Frederic Hare Corp., USA) and
the Lead point recording/stimulation system (Medtronic Corp.).
Target acquisition was obtained fromAC-PC coordinates derived
from preoperativeMRI sequences in conjunction with the Leksell
frame system and a custom targeting software. Microelectrode
impedances were acceptable between 0.5 and 2 M�. A survey
of electrical activity was conducted from 10 mm above to 5mm
below the putative target. The depths of the top of the target
nucleus (usually STN) and the bottom were noted and the
appropriate changes in aggregate cellular activity observed for
transitions into and out of the target nucleus. Monopolar test
stimulation was conducted for each electrode trajectory above
and below the putative target. The stimulus parameters were
pulse duration of 0.06 ms, frequency of 130 Hz and stimulus
amplitude ranging from 0.1 to 5 mA. During test stimulation,
relief of parkinsonian symptoms was noted as well as any side
effects due to activation of neighboring structures, the most
common of which was the internal capsule or sensory apparatus.
Stimulus thresholds for evoking side effects were noted and
compared to the clinical benefit. Generally, a side effect produced
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FIGURE 1 | Distribution of hemodynamic events among various steps of deep brain stimulation surgery.

by stimuli of≤ 3 mA indicated unacceptable electrode proximity
and an alternate trajectory was conducted.

Statistical Analysis
Rate ratios and their confidence intervals were estimated via
negative binomial regression models. SAS version 9.3 (SAS
Institute, Cary NC) was used for all analyses. Since each subject
was under anesthesia for varying lengths of time, we did not
compare the raw number of events during surgery between
groups. Instead, we calculated event rates with minutes of
anesthesia as the denominator, and used this as the outcome. The
raw numbers were used to describe various hemodynamic events
only in Figure 1. The continuous variables are reported as mean,
min-max, and standard deviation. The p-value less than 0.05 is
considered as statistically significant for this study purpose.

RESULTS

Data from 79 procedures were included for the final analysis.
Among various characteristics noted, male patients (64.6%),
Parkinson disease (50.6%), history of smoking (25.3%),
hypertension (33%), bilateral electrode placement (73.4%) and
same day battery placement (58.2%) were found to be more
common variables in their respective groups (Table 1). Total
hemodynamic adverse events during DBS surgery was 10.8
(0–42) and treated in 57% of cases. Baseline blood pressure
including systolic, diastolic and mean arterial pressure was
found to have highly significant effect [14, 31, and 19%
greater chance of adverse hemodynamic event per 10 mm Hg
increase in value respectively] on intraoperative hemodynamic
perturbations (Table 2). DBP had the greatest impact among
all the hemodynamic parameters. Other variables including
type of disease, duration of symptoms, number of medications
used, type of nuclei stimulated, laterality of DBS implants and
battery placement on the same day had no significant effect on
hemodynamic perturbations during DBS surgery (Table 3). The
distribution of hemodynamic events among various steps of
DBS surgery is shown in Figure 1. It is evident that most of the

TABLE 1 | Demographic characteristics of patients.

Characteristics Frequency/Mean (n = 79) Percentage/Range

Age (years) 57.0 21–80

GENDER

Male: Female 51: 28 64.6: 35.4

BMI 28.0 19.5–57.5

ASA GRADE

1 10 12.6

2 36 45.6

3 33 41.8

COMORBIDITIES

Hypertension 33 41.8

Diabetes 14 17.7

Coronary disease 7 8.9

Asthma 3 3.8

RISK FACTORS

Smoking 20 25.3

Alcohol 13 16.5

OSA 7 8.9

MAJOR DIAGNOSES

Parkinson 40 50.6

Essential Tremor 25 31.7

Dystonia 10 12.6

Multiple sclerosis 4 5.1

Duration of symptoms (years) 13.0 3–47

Number of Medications 3.4 0–8

OSA, Obstructive sleep apnea.

hemodynamic events were noted during battery placement. The
hypotension was the most common hemodynamic perturbation
observed during battery placement while hypertensive episodes
were common events during both electrode placement
and nuclei stimulation. Two patients had intracranial
hemorrhage and one patient developed ST elevation during
the electrode placement. No mortality was noted during the
procedure.
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TABLE 2 | Disease and procedure related characteristics.

Characteristics Frequency (n = 79) Percentage

TYPE OF NUCLEI STIMULATED

STN 40 50.6

VIM 30 38.0

GPi 9 11.4

DBS IMPLANTS SITE

Unilateral 21 26.6

Bilateral 58 73.4

BATTERY PLACEMENT DAY

Same 46 58.2

Other 33 41.8

Complications 32 40.5

BASELINE HEMODYNAMICS (mm Hg)

Systolic BP 140.0 104–200

Diastolic BP 75.4 54–110

Mean BP 95 65–140

Total no of events 10.8 0–42

Drugs for hemodynamic 45 57.0

Total duration surgery (min) 384.8 200–590

Total duration anesthesia (min) 451.1 260–630

Total duration battery (min) 116.3 70–194

STN, Sub thalamic nucleus; VIM, Ventral intermediate, GPi, Internal globus pallidus; BP,

Blood pressure.

DISCUSSION

Cardiovascular changes in DBS surgery are complex and
multifactorial in origin. Three common factors can be delineated
as the plausible causes. First, the neurological diseases including
PD, multiple sclerosis (MS), and essential tremors may present
with autonomic dysfunctions and these changes can be
detected by various parameters including variability in heart
rate (R-R variability), postural changes in blood pressure,
Valsalva maneuver, cold pressor test, head-up tilt test, and
other continuous robust monitoring methods; however, being
a retrospective study, we just presented the hemodynamic
parameters (Acevedo et al., 2000; Micieli et al., 2003; Jain and
Goldstein, 2012). Secondly, the semi-sitting position combined
with anesthetics may produce negative hemodynamic changes
(Cicolini et al., 2011). And thirdly, the use of sedation
as well as general anesthesia itself can also cause these
perturbations. In addition, there are other contributing factors
including procedure, side effects of anti-Parkinson medications,
anxiety, pain, fatigue, and pre-existing comorbidities (diabetes,
hypertension etc.) (Nicholson et al., 2002). We tried to note the
effect of various pre/intraoperative variables on hemodynamic
perturbations; however, our study did not show any association
with these.

The main finding of our present study is that out of 79
DBS procedures, approximately 82% showed hemodynamic
events, and there were approximately 11 hemodynamic events
per DBS procedure. Importantly, more than half of these
events were treated, therefore suggesting clinically significant
cardiovascular alterations. On the regression analysis model,
only the pre-operative blood pressure and its all components

TABLE 3 | Regression model; event rate predicated by various demographic

variables.

Factor Rate ratio 95% confidence interval p-value

Age per 10 y 1.16 0.96-1.40 0.13

Sex

F/M 0.90 0.54–1.51 0.69

BMI per 5 Kg 0.91 0.74–1.11 0.38

Duration of

symptoms (Per 10 y)

0.95 0.73–1.23 0.70

ASA GRADE

Gr1/Gr2 1.28 0.60–2.70 0.52

Gr1/Gr3 0.78 0.36–1.65 0.51

Gr2/Gr3 0.61 0.36–1.01 0.05

COMORBIDITIES (ABSENCE/PRESENCE)

Hypertension 0.63 0.39–1.02 0.06

Diabetes 1.05 0.56–1.98 0.88

RISK FACTORS

Smoking 1.32 0.76–2.31 0.34

Alcohol 0.95 0.50–1.83 0.89

MAJOR DIAGNOSES (ABSENCE/PRESENCE)

Parkinson 0.71 0.44–1.16 0.18

Essential tremor 1.06 0.63–1.79 0.82

Dystonia 1.66 0.74–3.72 0.24

Multiple sclerosis 1.59 0.51–4.92 0.44

(SBP, DBP, and MAP) have shown significant association with
these hemodynamic perturbations (Table 4). Among all the
components, the DBP shows the greatest association for causing
adverse hemodynamic events. A study by Tsukamoto et al. has
shown that patients with PD can present wide fluctuations in
blood pressure readings (more than 100 mm HG difference)
in a day, and contrary to common observation of orthostatic
hypotension in such disease, these patients may also experience
very high SBP (200 mmHg or more) (Tsukamoto et al., 2013).
Therefore, it is imperative to stabilize the blood pressure swings
in such patients.

One of the most serious complications of DBS surgery is
intracranial bleed and its incidence can vary from 0.5 to 5%
(Jain et al., 2012). Though it is a rare event it can be associated
with permanent neurological deficit or even death (Jain et al.,
2012; Wang et al., 2017). In our study, two patient developed
neurological deficits due to intracranial hemorrhage. In a large
case series and systemic review, age and hypertension are linked
with increased incidence of intracranial bleed during functional
neurosurgery (Sansur et al., 2007; Jain et al., 2012). In our study,
approximately 75% of the patients having battery placement, 53%
during electrode placement and 13% during nuclei stimulation
showed hemodynamic perturbations. Strikingly, procedures
involving electrode placement and nuclei stimulation were
commonly associated with hypertensive episodes. One patient
who had an intracranial bleed in our study showed hypertensive
episodes during both the electrode placement and the stimulation
phases. Themechanism of hypertension is not clearly understood
yet; however, in a small case series (Green et al., 2010), the precise
stimulation of periaqueductal gray matter incited cardiovascular
changes including BP and HR changes (Hyam et al., 2012).
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TABLE 4 | Regression model: event rate predicted by laterality of procedure and

day of the procedure.

Factor Rate ratio 95% confidence interval p-value

TYPE OF NUCLEI

GPi/STN 0.57 0.25–1.31 0.19

GPi/VIM 0.70 0.30–1.63 0.40

STN/VIM 1.21 0.72–2.03 0.46

BASELINE HEMODYNAMICS (PER 10 mmHg)

Systolic BP 1.14 1.03–1.28 0.01

Diastolic BP 1.31 1.08–1.60 0.01

Mean BP 1.19 1.02–1.37 0.02

Baseline HR 1.23 0.94–1.60 0.11

LATERALITY OF DBS IMPLANTS

Unilateral/Bilateral 0.99 0.57–1.72 0.98

BATTERY PLACEMENT DAY

Same/Other 0.84 0.51–1.37 0.49

STN, Sub thalamic nucleus; VIM, Ventral intermediate; GPi, Internal globus pallidus; BP,

Blood pressure.

Similarly, the STN stimulation may also cause hemodynamic
perturbations that include a rise in HR (25 bpm) and BP (20
mm Hg). Our study also supports these findings. However, the
laterality of these stimulations does not effect these changes
(Sauleau et al., 2005) as also noted in our study. On the other
hand, the battery placement was linked with more hypotensive
and bradycardia episodes. These negative hemodynamic changes
could be due to the combined effect of general anesthesia and
autonomic dysfunctions related to neurodegenerative diseases.
In our study, the day of battery placement did not reveal any
association with such adverse events.

Limitation
This is a retrospective study and the clinical correlation of the
findings would be more justifiable if a prospective study could
be done with a continuous hemodynamic monitoring during
various surgical steps. Further to this, tests to detect autonomic
changes can be applied to detect the actual nature and cause of
these hemodynamic events.

CONCLUSION

This study is the first detailed description of hemodynamic
perturbations associated with DBS surgery in relation to

influencing preoperative and intraoperative factors. Among all
the factors, the baseline blood pressure does significantly affect
the hemodynamic perturbations during the procedure and
the DBP component has the highest impact on these events.
Management of preoperative as well as intraoperative blood
pressure is crucial to prevent major catastrophes during DBS
procedure.
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We present a heart transplant patient at his 17th year of uncomplicated follow-up.

Within a frame of routine check out several tests were performed. With such a long and

uneventful follow-up some degree of graft reinnervation could be anticipated. However,

the patient’s electrocardiogram and exercise parameters seemed largely inconclusive

in this regard. The exercise heart rate dynamics were suggestive of only mild, if any

parasympathetic reinnervation of the graft with persisting sympathetic activation. On the

other hand, traditional heart rate variability (HRV) indices were inadequately high, due

to erratic rhythm resulting from interference of the persisting recipient sinus node or

non-conducted atrial parasystole. New tools, originated from network representation of

time series, by visualization short-term dynamical patterns, provided a method to discern

HRV increase due to reinnervation from other reasons.

Keywords: heart transplantation, heart rate variability, cardiac autonomic modulation, reinnervation, arrhythmias,

hearth rhythm dynamics

1. INTRODUCTION

In patients with end-stage heart disease, heart transplantation (HTx) is associated with significant
improvement in survival and in quality of life. However, after HTx multiple adverse events may
occur, including acute rejections, graft failure, infections, allograft vasculopathy and arrhythmias
including atrial fibrillation, all of which adversely affect long term survival. Complete denervation
of the transplant significantly affects reactivity of transplanted heart and hemodynamics of
circulation (Willmann et al., 1963).

Cardiac reinnervation, both sinus and myocardial, was extensively studied with a variety of
methods, including heart rate variability (HRV), PET with C-11 hydroxyephedrine, MIBI-SPECT
and others, and proved non-uniform and occurring at variable time (Kaye et al., 1993; Uberfuhr
et al., 2000; Vanderlaan et al., 2012; Imamura et al., 2014). Higher HRV indices were associated with
graft reinnervation by many authors (Uberfuhr et al., 2000; Cornelissen et al., 2012; Vanderlaan
et al., 2012). On the other hand, low HRV values were associated with hypertension and increased
incidence of graft vasculopathy, even in pediatric patients (Giordano et al., 2013). Moreover, HRV
values in HTx patients can be confounded by certain transplant-specific factors, such as type of
the surgery and time passed after the surgery (Uberfuhr et al., 2000). Nevertheless, HRV analysis is
commonly assumed as providing insight in both sympathetic and parasympathetic allograft sinus
reinnervation, which was demonstrated to improve outcome (Vanderlaan et al., 2012).
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We present a HTx patient at his 17th year of uncomplicated
follow-up. Within a frame of routine check out several tests were
performed. With such a long and uneventful follow-up some
degree of graft reinnervation could be anticipated. However,
the patient’s ECG Holter and exercise parameters seemed
largely inconclusive in this regard. The exercise heart rate (HR)
dynamics were suggestive of only mild, if any parasympathetic
reinnervation of the graft with persisting sympathetic activation
via plasma catecholamines. On the other hand, traditional HRV
indices were inadequately high, due to erratic rhythm resulting
from interference of the persisting recipient sinus node or non-
conducted atrial parasystole.

To elucidate post-HTx HRV values (e.g., to discern
between HRV increase due to post-HTx rhythm alterations
such as non-conducted atrial parasystole, recipient sinus
activity or true reinnervation effect), new tools are clearly
needed. Here we represent the short-term dynamics of
nocturnal RR-intervals by the novel complex network tools
(a transition network and its adjacency matrix, Donner
et al., 2010; Makowiec et al., 2014, 2015) and explore
the visualization of this representation in assessment
of HRV.

2. BACKGROUND

2.1. Case Presentation
A 68-year-old male patient 17 years after heart transplant
was referred to our outpatient clinic for a regular follow-
up. The patient was transplanted by biatrial method due
to end-stage heart failure following a viral infection in
July 1997. The Donor was a 37-year-old male without
known risk factors. Postoperative course was uneventful under
immunosuppression therapy with cyclosporin with no rejection
episodes. The patient’s post-HTx history included well controlled
hypertension, mild chronic kidney disease, and prostatic
hypertrophy.

Physical examination revealed good overall clinical condition,
with normal blood pressure of 140/90 and a regular heart
rate of 85/min. Standard laboratory findings were within
reference ranges except for creatinine level of 1.5 mg/dL
and GFR of 45 mL/min. Standard ECG demonstrated a
regular sinus rhythm of 85 bpm, QRS duration within normal
range and no ST segment deviation or T-wave abnormalities.
Echocardiography revealed normal left ventricular function with
EF of 60% and mild left ventricular hypertrophy of the graft
that was noted during follow-up. Coronary angiography (2
years prior) showed normal coronary arteries without features
of graft vasculopathy. Last myocardial biopsy performed in
2013 showed no signs of cellular rejection (ACR Grade 0
R). Standard graded cycle ergometry exercise test limited by
exhaustion was performed (target HR was not used). Resting
heart rate (82 beats/min) and BP values (140/84 mmHg),
slowly increased up to 100 beats/min and 185/90 mmHg,
respectively over 7 min. Maximal workload achieved was
75 W. During recovery phase a delayed HR recovery was
noted, with HR gradually returning to its baseline value over
9 min.

2.2. HRV analysis
24-h Holter monitoring was performed. The recording was first
analyzed using Del Mar Impresario Software. Time domain and
frequency domain analysis of HRV was carried out, preceded
by visual inspection of the automatic ECG recording. All
supraventricular and ventricular extrasystoles were excluded. The
nocturnal 6-h part was determined following the evident day-
night switch in the length of RR-intervals. Highly irregular sinus
rhythm pattern erratic rhythm - together with values of basic
indices of HRV can be seen in Figure 1 (by Kubios HRV Pro
V 2.0, Tarvainen et al., 2014). Close ECG examination revealed
non-conducted atrial parasystole and P wave originated from the
recipient sinus rhythm resulting in inappropriately high values of
time and frequency measures. Non-linear analysis methods were
also used. Long-term fractal scaling exponent measured by the
detrended fluctuation analysis method in long-term RR-interval
fluctuations and the shape of Poincare plot of each RR-interval
vs the next, demonstrated increased randomness of heart rate
patterns.

For additional analysis, a transition network—a novel network
tool of time series representation (Donner et al., 2010; Makowiec
et al., 2014, 2015), was applied to changes in subsequent
RR-intervals, called RR-increments. The transition network is
constructed from ordered RR-increments (called vertices) which
are connected by an edge if two RR-increments are adjacent
in time. Repetitive edges are represented by a weight of an
edge. In consequence, each vertex has the weight (a total of
weights of adjacent edges) whichmeans probability of a given RR-
increment. In Figure 2, the probabilities of RR-increments are
shown. Additionally, there are given probabilities obtained for a
healthy typical coeval, a typical HTX patient early after surgery,
and the same patient but 7 years earlier. The noticeable over-
presence of large accelerations (larger than 100 ms) and large
deceleration (larger than 100ms) in the signal of the considered
patient explains huge values of standard HRV indices.

An adjacency matrix is a mathematical representation of
weights of edges in a transition network. It shows probability that
a pair of RR-increments appears consecutively in a time series. In
Figure 3, the adjacency matrices are shown as density plots of the
same signals as in Figure 2. These plots present the probabilities
of physiologically justified accelerations and decelerations (RR-
increments smaller than 100 ms). The resulting density plot
organization in the patient at 17th year post-HTx is markedly
different from the respective plots in a recently transplanted HTx
patient (1 year post-HTx) or in a healthy sexagenarian volunteer.
It is also clearly different from previous examinations of our
patient (conducted at the 10th year post-HTx).

3. DISCUSSION

Following HTx, the loss of autonomic input to the allograft,
(with greater impact of reduced parasympathetic activity),
results in persistently elevated resting heart rate and decreased
chronotropic reserve (Willmann et al., 1963). This is illustrated
by the highly condensed adjacencymatrix in a patient 1 year post-
transplant (see, Figure 3). Decreased HRV indices at various time

Frontiers in Physiology | www.frontiersin.org March 2016 | Volume 7 | Article 79105

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Wdowczyk et al. RR-Signal After Heart Transplant

FIGURE 1 | Elements of standard and non-linear HRV analysis: plot of RR-intervals time series, Poincare Plot, and values of the main HRV indices

obtained from the 6-h nocturnal RR-signal of the patient under study. Estimates were performed by Kubios HRV Pro V2.0 (Tarvainen et al., 2014).

FIGURE 2 | A comparison of the distribution of increments

1RR(t) = RR(t)−RR(t− 1) for the nocturnal 6-h signal obtained from the

patient under study when he was 17 years after HTx to distributions of

RR-increments obtained from nocturnal recordings of a typical

sexagenarian, the patient under study when he was 10 years after HTx

and a typical HTx patient when a person was a year after HTx.

points of the post-transplant period suggest that the transplanted
heart may have not be reinnervated. However, a degree of
vagal reinnervation as assessed by HF power spectral analysis
was demonstrated as early as in the first 6 months post-HTx
(Imamura et al., 2014). Sympathetic reinnervation (as assessed by
increased LF/HF and total power) has also been documented over
the first 18 months post-HTx, though it is not simply a function
of time. Reinnervation was shown to be more likely at younger
age, after short uncomplicated surgery, and with low rejection
rates (Bengel et al., 2002). Moreover, HRV indices can potentially

be misleading due to interfering recipient sinus activity or non-
conducted arrhythmias in some patients. Nevertheless, HRV
analysis was used extensively to assess autonomic reinnervation
in HTx recipients as it still is themost accessible clinical surrogate
of reinnervation (Bengel et al., 2001; Imamura et al., 2014).

In our patient, HR response to workload during the first
minutes of exercise was restored to some extent, not only due
to some degree of reinnervation but also it continues to respond
to plasma catecholamines (Kaye et al., 1993). Also, his baseline
HR was close to 80 bpm, which is similar to resting HR reported
by Imamura in patients with presumed post-HTx reinnervation
(Imamura et al., 2014) as opposed to those lacking innervation in
whom resting HR was at the level of 90 bpm (Wilson et al., 2000).
HR recovery, however, was suggestive of poor parasympathetic
reinnervation in our patient (Imamura et al., 2015).

When the biatrial method of heart transplantation is used,
several specific heart rhythm alterations may occur. Activation of
the recipient atrial tissuemay be evident on ECG. In combination
with graft P waves the native P waves may mimic atrial
flutter (Elsik et al., 2012). Reestablishment of conduction across
atrial anastomosis may produce recipient-to-donor conduction
of sinus beats, atrial parasystole or tachycardia because of
fibrillatory activity in the recipient atrium. Sinus activity of
the recipient atrium may also escape into the donor atrium
intermittently. Thus, in addition to reinnervation, an increasingly
conduction of the suture line between the recipient atrium and
the donor atrium could produce atrio-atrial on/off mechanism,
predisposing to erratic rhythm and falsely increased HRV. The
scars in the atria act as conduction barriers and can also
predispose to atrial flutter (Elsik et al., 2012). In this case part
of the heart rate variability (HRV) arises from a biatrial surgical
technique and interference of the persisting recipient sinus node,
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FIGURE 3 | Adjacency matrices of transition networks obtained from increments 1RR as probability density plots (in log[%]) of the core parts of

networks, (i.e., when accelerations and decelerations 1RR are smaller than 100 ms ) for: (A) the patient under study when he was 17 years after HTx ,

(B) the patient under study when he was 10 years after HTX, (C) a typical sexagenarian, and (D) a typical HTx patient a year after HTx.

see Figure 2. This situation makes it questionable whether any
type of analysis of the HRV allows conclusions about the degree
of reinnervation.

Sleep, in general, can be assumed as a period of human activity
which is free of external stimulation. Therefore, the nocturnal
part of a 24-h Holter recording provides a good possibility of
observing the state of the autonomic baseline (Stein and Pu, 2012;
Chouchou and Desseilles, 2014; Makowiec et al., 2015). A recent
review (Stein and Pu, 2012) advocates using nocturnal records for
HRV analysis. However, as sleep is organized in cycles, switches
between non-REM (with high vagal activity) and REM (increased
sympathetic stimulation) sleep may contribute to the observed
erratic patterns.

As shown in Figure 3, signals from a healthy volunteer result
in transition networks with many dynamics patterns playing an
equivalent role. Signals from a typical HTx patient in the early
post-transplant period provide networks in which accelerations

are more probable to be followed by decelerations and vice verse.
Moreover, the transitions are concentrated around the smallest
RR-increments possible.The similar structure, but extended to
RR-increments of larger size, can be read from the plot of
the patient 10 years after HTx. Such a picture can be seen
as the increase of direct autonomic regulation resulting from
the emergence of reinnervation. However, the signal from our
patient recorded 17 years post-HTx shows strange asymmetry
between accelerations and decelerations suggesting that the basic
dynamical pattern is distinct from both a healthy sexagenarian
and a healthy post-HTx patient.

4. CONCLUDING REMARKS

We have presented a case of a patient, many years after
heart transplant, with good functional status, and discussed
if dynamics of RR-intervals and RR-increments as assessed
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by tools based on complex network analysis applied to 24-h
ECG recording, could provide more insight into physiological
background of the standard HRV measures. Especially we
expected to find means for assessing the reinnervation process.
However, we have found a strong presence of erratic rhythms
which dominated the classic HRV information and gave the false
description about the activity of autonomic system. Nevertheless,
this finding is important for the patient as it could switch further
to supraventricular arrhythmia.

The method used—graphs of adjacency matrices of transition
networks, can be compared to the technique of Poincare
plots, now applied to signals of RR-increments. By its very
nature it offers insight into dynamical interbeat dependencies:
are they stochastic like (rhythm of sexagenarians) or fixed (a
year after HTx) or structured irregular (with erratic rhythms).
Obviously, our analysis can be extrapolated to larger group of
subjects, especially, in a follow-up study because development of
arrhythmias increases with time passed after the HTx (Thajudeen
et al., 2012). We work on a full paper regarding validity of the
method in which we compare groups of patients at different
stages after HTx.

Further research based on augmented pool of data is needed,
to assess clinical applicability of the new tools and their
potential to provide additional insight in graft electrophysiology
beyond standard surrogate measures of reinnervation, such as
classical HRV analysis and HR response to workload. High
vigilance and advanced diagnostic tools to assess allograft
status are mandatory to allow for appropriate intervention in

allograft-related syndromes that may emerge with improved
survival of patients after transplantation.
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(2013). Heart rate variability arterial hypertension in young heart-transplanted
recipients: association progression of cardiac allograft vasculopathy? Pediatr.
Transplant. 17, 441–444. doi: 10.1111/petr.12105

Imamura, T., Kinugawa, K., Fujino, T., Inaba, T., Maki, H., Hatano, M.,
et al. (2014). Recipients with shorter cardiopulmonary bypass time achieve

improvement of parasympathetic reinnervation within 6 months after heart
transplantation. Int. Heart J. 55, 440–444. doi: 10.1536/ihj.14-111

Imamura, T., Kinugawa, K., Okada, I., Kato, N., Fujino, T., Inaba, T., et al. (2015).
Parasympathetic reinnervation accompanied by improved post-exercise heart
rate recovery and quality of life in heart transplant recipients. Int. Heart J. 56,
180–185. doi: 10.1536/ihj.14-292

Kaye, D. M., Esler, M., Kingwell, B., McPherson, G., Esmore, D., and Jennings, G.
(1993). Functional and neurochemical evidence for partial cardiac sympathetic
reinnervation after cardiac transplantation in humans. Circulation 88, 1110–
1118. doi: 10.1161/01.CIR.88.3.1110

Makowiec, D., Wejer, D., Kaczkowska, A., Zarczynska-Buchowiecka, M.,
and Struzik, Z. R. (2015). Chronographic imprint of age-induced
alterations in heart rate dynamical organization. Front. Physiol. 6:201.
doi: 10.3389/fphys.2015.00201.

Makowiec, D., Struzik, Z. R., Graff, B., Żarczyńska-Buchowiecka, M., and
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Objective: It is well-known that initiation of fingolimod induces a transient decrease of

heart rate. However, the underlying cardiac autonomic regulation is poorly understood.

We aimed to investigate the changes of autonomic activity caused by the first dose of

fingolimod using a long-term multiple trigonometric spectral analysis for the first time. In

addition, we sought to use the continuous Holter ECG recording to find predictors for

fingolimod induced bradycardia.

Methods: Seventy-eight patients with relapsing-remitting multiple sclerosis (RRMS)

were included. As a part of the START study (NCT01585298), continuous

electrocardiogram was recorded before fingolimod initiation, and until no <6 h post

medication. Time domain and frequency domain heart rate variability (HRV) parameters

were computed hourly to assess cardiac autonomic regulation. A long-term multiple

trigonometric regressive spectral (MTRS) analysis was applied on successive 1-h-length

electrocardiogram recordings. Decision tree analysis was used to find predictors for

bradycardia following fingolimod initiation.

Results: Most of the HRV parameters representing parasympathetic activities began

to increase since the second hour after fingolimod administration. These changes of

autonomic regulations were in accordance with the decline of heart rate. Baseline heart

rate was highly correlated with nadir heart rate, and was the only significant predicting

factor for fingolimod induced bradycardia among various demographic, clinical and

cardiovascular variables in the decision tree analysis.

Conclusions: The first dose application of fingolimod enhances the cardiac

parasympathetic activity during the first 6 h post medication, which might be the

underlying autonomic mechanism of reduced heart rate. Baseline heart rate is a powerful

predictor for bradycardia caused by fingolimod.

Keywords: fingolimod, multiple sclerosis, cardiac autonomic function, multiple trigonometric regressive spectral

analysis, bradycardia, heart rate variability (HRV)
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INTRODUCTION

Fingolimod is highly effective for the treatment of relapsing-
remitting multiple sclerosis (RRMS; Cohen et al., 2010; Calabresi
et al., 2014). Its therapeutic effect is mediated by the modulation
of sphingosine-1-phosphate (S1P) receptors in the lymphocytes
and neural cells. Besides, S1P receptors also exist in cardiac
myocytes (Brinkmann et al., 2010; Camm et al., 2014). Therefore,
the first dose of fingolimod can lead to a transient decrease of
heart rate (HR), which has been a major concern in the first years
after its approval (Camm et al., 2014). A lot of clinical data have
proven the cardiac safety of fingolimod in the real world until
now (Limmroth et al., 2017; Ziemssen et al., 2017). That is why
a specific first dose monitoring procedure should be included in
the risk-management plan of fingolimod (Thomas et al., 2017).

HR is regulated by the autonomic nervous system. Spectral
analysis of heart rate variability (HRV) is a valuable tool for
the quantitative evaluation of the fluctuations of HR, and
can reflect the parasympathetic activities of cardiac autonomic
function (Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology,
1996). Unlike the well-known HR change caused by fingolimod,
the alteration of cardiovascular autonomic function following
fingolimod initiation has been less described. Recently, Simula
et al. (2017) and Hilz et al. (2017) reported the sequence
of cardiovascular autonomic parameter changes following
fingolimod initiation. These two studies showed that HRV
parameters representing parasympathetic modulation increased
after fingolimod initiation, but there are some inconsistencies
between them and both studies enrolled a relatively small
sample of patients with RRMS. It should be noted that they
applied different approaches, Simula et al. employed an hourly
spectral analysis with fast Fourier transform on continuous ECG
recordings of several hours and Hilz et al. utilized a spectral
analysis with trigonometric regressive spectral (TRS) analysis on
short ECG and beat-to-beat blood pressure recording segments
of 2 min.

Most commonly, a power spectral analysis of HRV is
performed through the fast Fourier transform, which requires
equal distance between adjacent heart beats (RR interval, RRI).
However, RRIs are non-equidistant and therefore interpolation
is needed. The interpolation for the fast Fourier transform
can affect the accuracy of spectral analysis (Rudiger et al.,
1999; Ziemssen et al., 2008, 2013). Unlike the fast Fourier
transform, TRS analysis does not need interpolation on non-
equidistant RRIs. Alternatively, it analyzes the original RRI
and blood pressure data and obtains the spectral components
more accurately by using a trigonometric regression (Rudiger
et al., 1999; Ziemssen et al., 2013). Its excellent performance
has been verified by the EuroBaVar study (Laude et al., 2004).
TRS analysis has not been employed in the analyses of the
hourly HRV changes following the first dose of fingolimod using
continuous Holter ECG recordings so far. Furthermore, TRS
analysis is traditionally applied on the manually chosen 1–2
min electrocardiogram (ECG) segments (Reimann et al., 2010,
2012). In the present study, we are the first to use a long-term
spectral analysis technique via TRS to calculate hourly HRV

parameters using Holter ECG recordings. To achieve this aim,
we developed a strategy of analyzing all the successive 1-min-
length ECG segments of the entire ECG time window, and then
we can generate the hourly averaged HRV parameters. This
approach would make full use of the recorded continuous ECG
information and yield more stable results.

In clinical practice, a predictor for fingolimod induced
bradycardia would help physicians select appropriate patients
and decide proper monitoring strategies. Several studies explored
the relationship between autonomic function testing before
fingolimod administration and the fingolimod-induced HR
response. Simula et al. (2016) demonstrated that the percentage
of successive normal RR intervals differing by >50 ms
(pNN50) calculated by the 24-h ECG recording at baseline
was associated with HR decline caused by fingolimod. Rossi
and colleagues revealed the correlation between Valsalva ratio,
HR variation in metronomic deep breathing and bradycardia
resulted from fingolimod (Rossi et al., 2015). Hilz et al.
(2015) demonstrated that a comprehensive autonomic battery
could detect autonomic dysfunction in patients with delayed
HR recovery after fingolimod intake. Although these studies
used a small sample size, they suggested that HRV might
be promising in predicting fingolimod induced HR decline.
But their approaches require a professional autonomic testing
laboratory or a 24-h ECG recording before medication. A
continuous ECG monitoring after the first dose of fingolimod
is recommended by the European Medicine Agency (EMA) and
commonly used in clinical practice. We assumed that the HRV
parameters obtained from continuous ECG might facilitate the
identification of patients with high risk for bradycardia after
fingolimod initiation, and might provide a convenient predictor
for daily clinical use (Thomas et al., 2017).

This study sought to demonstrate the change of HRV
parameters within 6 h after fingolimod intake, and tried to find
convenient predictors for bradycardia induced by fingolimod in
a relatively large patient sample.

METHODS

Participants
Eighty-one patients with RRMS were consecutively included in
this study as a Dresden sub-study of the multicenter START
study (NCT01585298; Limmroth et al., 2017). The diagnosis
of RRMS was based on the McDonald criteria (Polman et al.,
2011). Fingolimod was prescribed at a daily dose of 0.5mg
according to the label set by the EMA. The patients were
either with highly disease activity despite an adequate treatment
with at least one disease modifying therapy, or with rapidly
evolving severe RRMS. Only patients older than 18 years
were enrolled. Exclusion criteria included: using antiarrhythmic
medication or other drugs which may reduce HR; with a
history of second degree Mobitz Type II or higher-degree AV
block, sick-sinus syndrome, sinoatrial heart block, significant QT
prolongation, symptomatic bradycardia or recurrent syncope;
with known ischemic heart disease, cerebrovascular disease,
myocardial infarction, hypokalemia, congestive heart failure,
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cardiac arrest, uncontrolled hypertension, or severe sleep apnea.
Demographical and clinical information including the Expanded
Disability Status Scale (EDSS) scores of the patients was collected.

The study was in accordance with relevant guidelines and
regulations, and approved by the Institutional Review Board of
University Hospital Carl Gustav Carus. This study was carried
out according to the Declaration of Helsinki. All the subjects gave
written informed consent prior to participation.

Study Procedures
Fingolimod was administered before 10:00 in the morning.
The patients’ brachial blood pressure (using the mercury
sphygmomanometer) and HR were measured before medication
and every hour for at least 6 h after medication. Continuous 12-
lead ECG recording was performed using CardioMed CM3000-
12 (Getemed, Teltow, Germany) since 1 h before medication,
and until no <6 h post medication. In general, the patients were
in a sedentary state in the waiting room of our hospital during
the ECG monitoring, although their physical activity was not
restricted and they breathed freely. All the ECG recordings were
checked by a cardiology expert for any abnormalities.

Heart Rate Variability Analysis
Mean HR was computed from mean RRI of each hour, and
bradycardia was defined as a HR < 60 bpm (Camm et al., 2014).
Time domain parameters including the standard deviation of
normal RR intervals (SDNN), the root mean square of successive
differences of RR-intervals (RMSSD), and pNN50were calculated
hourly according to well-accepted standards (Task Force of
the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996). The frequency
domain parameters were computed by the long-term multiple
trigonometric regressive spectral (MTRS) analysis.

In general, TRS analysis is working with a single time window
(local data segments) in the range of 20–60 s. The regression
function in TRS has a general form: Reg (t) = A∗sin(ωt+ψ);
A is the amplitude, ωt is the angular frequency, and ψ is the
phase shift of the trigonometric regression function Reg (t). To
determine the function Reg (t), we need to make the deviations
of Reg (t) from the original values minimal: F= 6 (RRI (t) –Reg
(t))2 = Min and /or dF = 0. By pursuing a minimal deviation of
Reg (t), we can determine the variables A, ω, and ψ with the help
of partial differential quotients through the following equations:
dF/dA= 0; df/dω = 0; df/d ψ = 0. Then optimal oscillations can
be found by variation of the frequency for a maximal adaption
to the original RR intervals (Rudiger et al., 1999; Ziemssen et al.,
2013).

By shifting these local data segments with one, two or more
beats, it is possible to measure the time variability over a
global ECG data segment of 1–3min (consisting of multiple
local data segments). In this case TRS analysis is called MTRS
analysis. This procedure guarantees a statistically representative
spectral analysis for the global data segment (Rudiger et al.,
1999; Ziemssen et al., 2013). Traditionally, we manually chose
a stable segment of 1–2 min as the global data segment, within
which local data segments of 30 s were analyzed and shifted
beat by beat to determine the frequency domain parameters of

the selected global data segment (Reimann et al., 2010, 2012).
In the present study, we also used a local time window of
30 s, and this was shifted beat by beat within a global data
segment of 1 min. After that, spectral results obtained from these
global 1-min segments (60 global segments in an hour) were
averaged over the entire hour. Artifacts and extrasystoles were
manually identified and corrected. Low frequency power of HRV
(LF), and high frequency power of HRV (HF) were calculated
through the long-term MTRS analysis. LF power is the spectral
component between 0.04 and 0.15 Hz, and HF power is the
spectral component between 0.15 and 0.4 Hz. LF and HF were
expressed as absolute values, as well as relative values which were
the proportions (in percent) of LF and HF powers in the total
power. HF represents mainly the parasympathetic cardiovagal
tone, while there are controversies in the interpretation of LF.
The Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology (1996)
considered LF as a parameter that included both sympathetic
and vagal influences, while some researchers disagree with this
opinion (Reyes del Paso et al., 2013).

Statistical Analysis
All statistical analyses were performed using SPSS for Windows
(Version 23.0. Armonk, NY: IBM Corp). Data are presented
as mean ± standard error of the mean (SEM) unless
stated otherwise. Normality of variables was assessed by the
Kolmogorov–Smirnov test. Logarithmic (ln) transformation was
used in right-skewed variables if applicable. Changes of the
measurements across different time points were tested by the
repeated measures ANOVA. Greenhouse-Geisser correctional
adjustment was applied if the assumption of sphericity was
violated. To explore potential modifying factors, sex was included
as a between-subjects factor, while age and EDSS were added
as covariates. For variables with a non-normal distribution,
Friedman test was performed to assess the changes between
different time points. Post-hoc analyses were adjusted by the
Bonferroni method.

Based on the data distribution, Pearson (normal) or
Spearman’s (non-normal) correlation was used to explore
the associations between demographic and clinical variables,
cardiovascular parameters and the nadir HR. Decision tree
analysis is a powerful statistical tool for prediction, and
can effectively subdivide continuous variables into subgroups
(Song and Ying, 2015). The exhaustive Chi-squared automatic
interaction detection method (CHAID) was utilized. Nadir HR
after fingolimod intake and the categorical variable whether the
patient had bradycardia were used as the dependent variables.
The independent variables were demographic and clinical
information, and cardiovascular parameters prior to fingolimod
intake. A 10-fold cross-validation was adopted. The maximum
tree depth was set as three levels, the minimum parent and child
node sizes were 10 and five, respectively. The significance level
for splitting was 0.05. Bonferroni correction was applied during
the decision tree analysis. For all the above analyses, results were
considered statistically significant when p < 0.05.
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RESULTS

Study Population
Three of the recruited patients lacked part of the required time
window of continuous ECG monitoring and were excluded for
further analyses. Finally, 78 patients with RRMS were included
for the analyses. Their demographic and clinical characteristics
are shown in Table 1. The mean (SEM) age of the male and
female patients were 38.7 (2.2) and 39.9 (1.6) years, and there
was no significant difference between their ages (t = −0.442, p
= 0.66). One patient underwent an extended monitoring of 2 h
due to delayed HR recovery. There was no rebound arrhythmia
in the included participants. All the patients’ concomitant
diseases were in a stable state. Patients with depression were
mainly treated by selective serotonin reuptake inhibitors or
serotonin norepinephrine reuptake inhibitors. Three patients
with hypertension underwent angiotensin-converting enzyme
inhibitor monotherapy, one hypertensive patient took Ramipril
and hydrochlorothiazide, and the other hypertensive patient
took telmisartan and amlodipine. The patients diagnosed with
hypothyroidism were treated with L-thyroxin. There was no
patient with diabetes mellitus.

Changes of Cardiovascular Parameters
after Fingolimod Administration
The changes of HR, systolic and diastolic blood pressure, SDNN,
pNN50, RMSSD, absolute and relative values of LF and HF
powers, and LF/HF ratio were presented in Figures 1, 2. The
mean HR was lowest at the fourth hour after medication,
and the nadir HR was 65.4 ± 0.8 bpm. Bradycardia (HR <

60 bpm) appeared in 19 patents. The decrease of HR from
baseline to nadir was 11.5 ± 0.7 bpm. Except for SDNN, blood
pressure, absolute values of LF and HF powers, all the other
variables showed a consistent trend: the value deviated from
baseline since the second hour after fingolimod intake, arrived
at their peaks or nadirs at the fourth, fifth, or sixth hour after
medication. Although the time points of their peaks/nadirs were
not exactly the same, the pairwise comparisons between the
fourth, fifth and sixth hours obtained non-significant results in

TABLE 1 | Demographic and clinical features of the participants.

Number of patients 78

Sex (female/male) 47/31

Age (years) 39.4 ± 1.3

Disease duration since RRMS diagnosis (years) 6.9 ± 0.6

EDSS 3.1 ± 0.2

Height (cm) 172.1 ± 1.1

Weight (kg) 73.5 ± 1.7

Concomitant diseases (number of patients)*

Depression 8

Hypertension 5

Hypothyroidism 5

Values are presented as mean ± SEM. *The concomitant diseases which occurred in

at least two patients are displayed. EDSS, Expanded Disability Status Scale; RRMS:

relapsing-remitting multiple sclerosis.

all these parameters. SDNN decreased at the first hour post
medication, and then began to increase since the second hour
after fingolimod initiation. Post-hoc pairwise comparison did
not reveal a significant decrease of systolic blood pressure after
medication, while diastolic blood pressure during the third and
fifth hour was significantly lower than baseline. Absolute LF
power increased after fingolimod initiation, with a significant
difference from baseline at the third and fourth hour. Absolute
HF power also increased after fingolimod administration, with a
significant difference from baseline at the third, fourth, and fifth
hour. Sex, age, and EDSS had no significant interaction with the
effect of fingolimod in these parameters. Sex had a significant
main effect in frequency domain parameters, female patients had
a lower relative value of LF power and LF/HF ratio than male
patients (all p < 0.001), and a higher relative value of HF than
male patients (p= 0.002; Figure 3).

Correlation Analysis
The results of the correlation analyses between nadir HR during
the 6 h after fingolimod administration and various demographic,
clinical, and cardiovascular parameters are shown in Table 2.
Age, weight, baseline HR, and time domain parameters were
significantly correlated with nadir HR. In particular, baseline HR
had the strongest association with the nadir HR, while other
variables had only weak associations.

Decision Tree Analysis
In the decision tree analysis, the demographic, clinical, and
cardiovascular variables in Table 2 were used as independent
variables. Because the aim was to find predicting factors for
fingolimod induced bradycardia, two patients with a baseline HR
lower than 60 bpm were excluded. The models using nadir HR
after fingolimod intake and whether the patient had bradycardia
caused by fingolimod obtained similar results. Baseline HR was
the only significant predicting factor (Figure 4). According to
baseline HR, the patients were divided into three groups: 85.7%
of the patients with a baseline HR < 65.3 bpm had bradycardia
during post medication monitoring, 43.8% of the patients with
a baseline HR between 65.3 and 71.3 bpm had bradycardia, and
only 7.5% of the patients with a baseline HR higher than 71.3 had
bradycardia within 6 h after fingolimod initiation.

DISCUSSION

This is the first study which implemented long-term MTRS
analysis in successive 1-h-length ECG segments analysis. Our
results disclosed the consistent changes of HR and HRV
parameters after fingolimod initiation, and indicated that
baseline HR was the strongest predictor for nadir HR among
various cardiovascular parameters.

Because the changes of cardiac parameters after fingolimod
intake is a dynamic process over several hours, manually
choosing or recording a several-minute-length ECG segment
from each hour for analysis might be affected by subjectivity of
the selection and inconsistency of the exact position of chosen
segments between patients, thus could increase systematic bias.
This is also the case for delineating slower alterations such as
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FIGURE 1 | Changes of heart rate and blood pressure after fingolimod administration. BL, baseline; DBP, diastolic blood pressure; H1, H2, H3, H4, H5, H6, the first,

second, third, fourth, fifth, and sixth hour after fingolimod intake; SBP, systolic blood pressure. Values are presented as mean ± SEM. **p < 0.01 compared with

baseline, ***p < 0.001 compared with baseline.

circadian changes of cardiac autonomic regulation (Parati et al.,
1990; Bilan et al., 2005). Automatically calculating the hourly HR
and HRV parameters can solve these problems. Previous long-
term spectral analyses of HRV were mainly performed with the
fast Fourier transform. The most commonly used time windows
for long-term spectral analyses of HRV were 1 and 24 h. There
has been two main approaches: viewing the target time window
as a whole data segment or averaging the spectral results of
all the shorter segments (e.g., 2 min) within the whole time
window. Generally, these two approaches yield similar results for
LF and HF power components and the averaging process is more
popular (Rottman et al., 1990; Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996; Kleiger et al., 2005). In addition, long-
term spectral analysis especially for 24 h can be used to evaluate
cardiac autonomic regulations during normal daily activities,
and is valuable for prognosis prediction (Task Force of the
European Society of Cardiology and the North American Society
of Pacing and Electrophysiology, 1996; Kleiger et al., 2005). To
some extent, the comparison between 24-h long-term and short-
term spectral analysis is similar as the comparison between 24-h
ambulatory and clinic blood pressure measurements (Chobanian
et al., 2003). However, there are some shortcomings of the long-
term spectral analysis. Cardiac autonomic regulations underlying
LF and HF power components cannot be deemed as stationary in
long-term spectral analysis. Additionally, the averaging process
integrate the dynamic alterations of autonomic tone within
the specified time window, which prevents assessing autonomic
function fluctuations in this time widow. Nevertheless, long-term
spectral analysis have been widely applied and considered useful
in evaluating cardiac autonomic function changes in various
conditions and risk stratifications in cardiovascular diseases
(Pagani et al., 1988; Parati et al., 1990; Tsuji et al., 1994, 1996;
Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology, 1996;
Rossinen et al., 1997; Bilan et al., 2005; Kleiger et al., 2005), In this
study, we utilized the long-term MTRS analysis using a strategy
that averaged the results of 60 one-minute global segments within
an hour, and applied this long-term MTRS in estimating HRV
change for the first time.

The present study showed that parameters reflecting
parasympathetc function such as RMSSD, pNN50, and HF

power increased after fingolimod intake, while HR, LF power
and LF/HF ratio decreased after medication. This phenominan
can be explained by the vagomimetic effect of fingolimod.
During the first several hours after fingolimod administration,
this medication activates the S1P G protein-gated potassium
channels in the myocytes, which is a vagomimetic effect and
similar to the action of acetylcholine on muscarinic receptors
(Camm et al., 2014; Vanoli et al., 2014). This can explain
our findings that parameters representing parasympathetic
activities initially increased after fingolimod intake, and heart
rate decreased accordingly. Then several hours later, the
down-regulation of S1P receptors in the myocytes mediates
the restoration of the cardiovascular autonomic function
(Camm et al., 2014; Vanoli et al., 2014). This S1P receptor
down-regulation accounts for the decline of parasympathetic
HRV parameters since the fifth or the sixth hour after fingolimod
intake in our study.

In the present study, heart rate and most of the HRV
parameters showed a consistent deviation from baseline since the
second hour after fingolimod application. This is incompatible
with the study by Simula et al. (2017). In their study, the time
points when RR interval and HRV parameters deviated from
baseline varied. The significant change occurred at the first,
second or third hour after fingolimod administration (Simula
et al., 2017). In that study, only 27 patients were recruited,
and post-hoc multiple pairwise comparisons were not corrected.
Since we enrolled a much larger sample size, and used the
Bonfferoni correction during pairwise comparisons to avoid false
positivities, our results of this concordant change of the above
cardiac parameters are more trustworthy.

Hilz et al. (2017) showed the changes of cardivascular
autonomic parameters after fingolimod initiation also using TRS.
In that study, they analyzed eight 2-min ECG and blood pressure
data segments from baseline to 6 h after medication. In their
study, RRI, SDNN, RMSSD began to deviate from baseline since
the first hour after fingolimod adminiatration, and achieved their
peak 5, 2, and 4 h after medication respectively. The absolute
values of LF and HF both increased 1 h after fingolimod intake.
Then the absolute value of HF continued to increase until its peak
4 h after medication, while the absolute value of LF underwent a
transient significant increase 1 h after fingolimod intiation and
then went back to the baseline value. In addition, the normalized
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FIGURE 2 | Changes of the cardiovascular parameters after fingolimod administration. BL, baseline; H1, H2, H3, H4, H5, H6, the first, second, third, fourth, fifth, and

sixth hour after fingolimod intake; HF_abs, absolute value of high frequency power; HF_rel, relative value of high frequency power; LF_abs, absolute value of low

frequency power; LF_rel, relative value of low frequency power; pNN50, percentage of successive normal RR intervals differing by >50 ms; RMSSD, the root mean

square of successive differences of RR-intervals; SDNN, the standard deviation of normal RR intervals. Values are presented as mean ± SEM. *p < 0.05 compared

with baseline, **p < 0.01 compared with baseline, ***p < 0.001 compared with baseline.

values of LF and HF began to deviate from baseline since 3 h after
medication, and achieved their peak/nadir 4 h after medication.
The length of data analyzed affects time domain and frequency

domain HRV parameters, especially SDNN is vulnerable to the
influence of data length (Task Force of the European Society
of Cardiology and the North American Society of Pacing and
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FIGURE 3 | Change of frequency domain parameters in male and female patients after fingolimod administration. BL, baseline; H1, H2, H3, H4, H5, H6, the first,

second, third, fourth, fifth, and sixth hour after fingolimod intake; HF, relative value of high frequency power; LF, relative value of low frequency power. Values are

presented as mean ± SEM. psex, the significance of sex as a main effect.

TABLE 2 | Correlation analysis between demographic, clinical, and cardiovascular

parameters and nadir heart rate.

Correlation coefficient with

nadir heart rate

p-value

Age −0.249 0.028

Weight −0.238 0.036

BMI −0.151 0.188

EDSS* −0.063 0.581

Disease duration since

RRMS diagnosis*

0.014 0.903

Baseline heart rate 0.709 <0.001

Baseline SBP −0.084 0.465

Baseline DBP 0.148 0.197

Baseline SDNN −0.354 0.001

Baseline RMSSD −0.333 0.003

Baseline pNN50 −0.288 0.010

Baseline LF 0.179 0.118

Baseline HF −0.168 0.141

Baseline LF/HF ratio 0.157 0.170

*For EDSS and disease duration since RRMS diagnosis, Spearman correlation was

employed. For other variables, Pearson correlation was adopted. BMI, body mass index;

DBP, diastolic blood pressure; EDSS, Expanded Disability Status Scale; HF, relative value

of high frequency power; LF, relative value of low frequency power; pNN50, percentage

of successive normal RR intervals differing by >50 ms; RMSSD, the root mean square of

successive differences of RR-intervals; RRMS, relapsing-remitting multiple sclerosis; SBP,

systolic blood pressure; SDNN, the standard deviation of normal RR intervals. Significant

correlations are shown in bold font.

Electrophysiology, 1996). Although, the exact time points of
changes of these paramters were not the same as our study,
considering themethodological differences, the trends of changes
were similar in RRI (HR in our study), RMSSD, LF/HF ratio of
RRI, and LF and HF powers in our study and the study by Hilz
et al. The absolute value of HF reflects parasympathetic activity
and the absolute value of LF contains both parasympathetic and
sympathetic regulations, this might partially explains the increase
of absolute LF power after fingolimod intake in both studies (due
to the increase of its parasympathetic component).

It is noteworthy that the decrease of SDNN in the first hour
after fingolimod intake was not consistent with other parameters
in the present study. In the study by Simula et al. (2017), SDNN
was similar to baseline in the first hour after medication, while

FIGURE 4 | Decision tree of predictors for bradycardia caused by fingolimod.

BL, baseline. In node 1, 2 patients already had bradycardia before fingolimod

intake were not included.

other time domain HRV parameters consistently increased since
the first hour after fingolimod intake. In the study by Hilz et al.,
SDNN increased 1 h after medication together with RRI and
RMSSD, but the time points of their peaks were different. One
of the reason of this inconsistency is that SDNN represents all
the cyclic components responsible for variability of analyzed RRI
(Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996), its
underlying mechanism is different from the other cardiovascular
autonomic parameters in our study and the study by Simula
et al. Another reason of this inconsistency change of SDNN
during the first hour post medication might be the emotional
excitement of receiving a new oral treatment for their disease. It
is reported that emotional change could affect HRV parameters
(Pagani et al., 1989; Appelhans and Luecken, 2006; Hilz et al.,
2017). Whether and how emotional response to the initiation of
fingolimod affect cardiovascular autonomic function in patients
with multiple sclerosis warrant further investigation.

The diastolic blood pressure decreased significantly in the
third and fifth hour after fingolimod administration in our
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study. Previous studies including very large patient samples
demonstrated that fingolimod could slightly decrease blood
pressure in the first several hours (Camm et al., 2014). However,
studies enrolling small patient samples reported inconsistent
results (Hilz et al., 2017; Simula et al., 2017). It is common that
a small sample size is not sensitive to detecting minor differences.

A previous study showed that pNN50 might predict the
HR decrease caused by fingolimod (Simula et al., 2016).
However, in our study, baseline HR was the strongest predictor
for bradycardia caused by fingolimod. Time domain HRV
parameters also had significant correlations with nadir HR, but
their associations were much weaker than baseline HR. The
results of decision tree analysis also underlined the importance
of baseline HR, which was the only dominant predicting
factor among various demographic, clinical and cardiovascular
variables. Patients with a baseline HR higher than 71.3 bpm
had the lowest risk for bradycardia. This result is reasonable,
as the mean maximum decrease of HR due to fingolimod
was 11.5 bpm in the present study. The mean maximum HR
decrease in preceding studies was between 8 and 12 bpm (Cohen
et al., 2010; Calabresi et al., 2014; Camm et al., 2014). It is
also intuitive that patients with a lower baseline HR are at
high risk for fingolimod induced bradycardia. Although our
sample is not very large, and decision tree analysis might not
be highly stable in this case (Song and Ying, 2015). Considering
the significance of baseline HR in both the correlation and
decision tree analyses, baseline HR is themost powerful predictor
for nadir HR after fingolimod initiation in our study. In
future studies trying to find predictors for finglimod induced
bradycardia, we suggest that comparison between potential
predictors with baseline HR should be performed. In clinical
practice, we need to pay more attention to patients with
a lower baseline HR bpm because of their higher risk for
bradycardia.

In the present study, we found that female patients with RRMS
had a higher relative value of HF, and a lower relative value of LF
and LF/HF ratio than male patients. Thus, the female patients
had higher parasympathetic activity compared with the male
patients. As far as we know, our study is the first to report this
sex difference in RRMS. It has been reported that healthy females
had a higher HF, as well as lower LF and LF/HF ratio compared
with healthy males. This gender difference in autonomic balance
may be attributed to several factors: estrogen, oxytocin, and

neuro controls (Koenig and Thayer, 2016). However, whether the
mechanism underlying gender difference in RRMS is the same as
that in the healthy subjects needs further investigation.

Our study has several limitations. Firstly, respiration was not
controlled in the study, and the patients’ activity was not strictly
restricted. Although the patients were generally in a sedentary
state and breathed peacefully, physical activity and breathing
rate/tidal volume can potentially affect both time and frequency
domain HRV parameters, and this could be a confounding factor
in the analysis of the effects of fingolimod and gender on the
HRV parameters (Yamamoto et al., 1991; Brown et al., 1993;
Osterhues et al., 1997; Gąsior et al., 2016). Secondly, as we
have mentioned in the Method section, there are controversies
in the interpretation of LF and LF/HF ratio of heart rates.
Whether they can reflect cardiac sympathetic activity is still
unsure.We include the results of LF and LF/HF ratio for potential
comparison with similar studies. Thirdly, continuous beat-to-
beat blood pressure monitoring was not performed together with
ECG monitoring. As LF oscillations of systolic blood pressure
reflects sympathetically mediated peripheral vasomotor tone, this
limitation restrains us from evaluating the vascular sympathetic
modulation.

In conclusion, the present study showed that long-term
MTRS was a useful tool for the determination of the dynamic
change of HRV. Our findings demonstrated the consistent
changes of cardiovascular parasympathetic activity and HR
after fingolimod administration. Furthermore, among various
demographic, clinical, and cardiovascular parameters, baseline
HR was the strongest predictor for nadir HR after fingolimod
initiation.
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Background: Clozapine is the antipsychotic of choice for treatment-resistant

schizophrenia and has minimal risk for extrapyramidal symptoms. Therapeutic benefits,

however, are accompanied by a myriad of cardiometabolic side-effects. The specific

reasons for clozapine’s high propensity to cause adverse cardiometabolic events remain

unknown, but it is believed that autonomic dysfunction may play a role in many of these.

Objective: This systematic review summarizes the literature on autonomic dysfunction

and related cardiovascular side effects associated with clozapine treatment.

Method: A search of the EMBASE, MEDLINE, and EBM Cochrane databases

was conducted using the search terms antipsychotic agents, antipsychotic drug∗,

antipsychotic∗, schizophrenia, schizophren∗, psychos∗, psychotic∗, mental ill∗, mental

disorder∗, neuroleptic∗, cardiovascular∗, cardiovascular diseases, clozapine∗, clozaril∗,

autonomic∗, sympathetic∗, catecholamine∗, norepinephrine, noradrenaline, epinephrine,

adrenaline.

Results: The search yielded 37 studies that were reviewed, of which only 16

studies have used interventions to manage cardiovascular side effects. Side effects

reported in the studies include myocarditis, orthostatic hypotension and tachycardia.

These were attributed to sympathetic hyperactivity, decreased vagal contribution,

blockade of cholinergic and adrenergic receptors, reduced heart rate variability and

elevated catecholamines with clozapine use. Autonomic neuropathy was identified by

monitoring blood pressure and heart rate changes in response to stimuli and by spectral

analysis of heart rate variability. Metoprolol, lorazepam, atenolol, propranolol, amlodipine,

vasopressin and norepinephrine infusion were used to treat tachycardia and fluctuations

in blood pressure, yet results were limited to case reports.

Conclusion: The results indicate there is a lack of clinical studies investigating

autonomic dysfunction and a limited use of interventions to manage cardiovascular side

effects associated with clozapine. As there is often no alternative treatment for refractory

schizophrenia, the current review highlights the need for better designed studies, use

of autonomic tests for prevention of cardiovascular disease and development of novel

interventions for clozapine-induced side effects.

Keywords: clozapine, schizophrenia, autonomic, cardiovascular, catecholamine, heart rate, blood pressure
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INTRODUCTION

Clozapine (CLZ) is the antipsychotic drug of choice for
treatment-resistant schizophrenia, displaying superior efficacy in
an estimated 30% of patients who are persistently unresponsive
to other antipsychotic drugs (Kane et al., 1988; Meltzer, 1997;
Honer et al., 2015). CLZ has been shown to effectively reduce
suicidality in patients with treatment-resistant schizophrenia
(Meltzer and Okayli, 1995; Reinstein et al., 2002) and is the
sole agent approved by the U.S. Food and Drug administration
to manage suicidal behavior in persons with schizophrenia or
schizoaffective disorder (Citrome et al., 2016). Compared to
most first generation antipsychotics (FGAs) and many second
generation antipsychotics (SGAs), CLZ has minimal risk for
extrapyramidal symptoms (EPS) (Lindström, 1988; Casey, 1989)
and does not induce hyperprolactinemia (Kane et al., 1981;
Melkersson, 2005). In a study comparing treatment duration
between FGAs and SGAs as an indicator of overall effectiveness,
CLZ was an important factor in lengthening the time to
medication discontinuation of SGAs as a group (Ascher-Svanum
et al., 2006). Furthermore, fewer relapses and rehospitalization
rates are reduced with CLZ use (Essock et al., 1996; Conley
et al., 1999; Essali et al., 2009). The abovementioned superiority
has been attributed to CLZ’s diverse receptor binding profile
(Bymaster et al., 1996; Nasrallah, 2008), although the exact
mechanism remains unknown. CLZ has a high-affinity for
adrenergic receptors α1, α2 (Kalkman et al., 1998), dopamine
receptors D1 (Kalkman et al., 1998), D2 (Masri et al., 2008), and
D4 (Van Tol et al., 1991), serotonin receptors 5-HT6 (Monsma
et al., 1993) and 5-HT7 (Shen et al., 1993), muscarinic receptors
(Richelson and Souder, 2000) and histaminergic receptors H1

and H3 (Bymaster et al., 1997). CLZ may also show superior
efficacy in treating psychostimulant drug-induced psychosis
(Seddigh et al., 2014), which is associated with neuropsychiatric
and structural brain changes similar to those of schizophrenia
(Tang et al., 2015; Willi et al., 2016a,b).

Any therapeutic benefit from CLZ treatment, however, must
take into consideration the high incidence of non-EPS side-
effects associated with the drug (Andreazza et al., 2015; Thornton
et al., 2015; Tse et al., 2015; Lee et al., 2016). An estimated 10–
20% of eligible patients are prescribed with CLZ in the U.S.,
a number indicative that CLZ is vastly underutilized due to
concern for its side effects (Meltzer, 2012; Kar et al., 2016). One
of the most concerning side effects of CLZ is agranulocytosis,
which occurs in approximately 1% of patients receiving CLZ
(Alvir et al., 1993) and only rarely with other antipsychotics (Vila-
Rodriguez et al., 2013). Critically, there is a large body of evidence
of CLZ’s high propensity to induce cardiometabolic side effects,
such as orthostatic hypotension (Mackin, 2008), tachycardia
(Safferman et al., 1991; Young et al., 1998), myocarditis (Kilian
et al., 1999; Merrill et al., 2005), dyslipidemia (Olfson et al., 2006;
Procyshyn et al., 2007, 2009), weight gain and obesity (Henderson
et al., 2000; Whitney et al., 2015). Increased cardiovascular
risk is of concern, especially when coronary heart disease
(CHD) is the leading cause of premature death in schizophrenia
(Hennekens et al., 2005). Indeed, a 10 year naturalistic study
of CLZ-treated patients estimated the 10 year mortality from

cardiovascular disease (CVD) to be at 9% (Henderson et al.,
2005). While the increased liability for cardiovascular risk in
patients with schizophrenia has been linked to lifestyle habits
such as smoking, physical inactivity/sedentary behavior and
unhealthy diet (McEvoy et al., 2005; Bobes et al., 2010; Lang et al.,
2013; Fredrikson et al., 2014), antipsychotic use, in particular
CLZ, has increased the risk of sudden cardiac deaths (Modai
et al., 2000; Ray et al., 2009). The exact cause is unknown,
however, myocarditis (La Grenade et al., 2001; Fineschi et al.,
2004) and pulmonary embolism (Walker et al., 1997) resulting
from CLZ treatment have been implicated.

The abovementioned cardiovascular side effects stem largely
from autonomic dysregulation, namely antagonism of adrenergic
and cholinergic receptors that influence autonomic function
(Leung et al., 2012). Briefly, cardiovascular function is regulated
by the autonomic nervous system (ANS), which is further
divided into the sympathetic nervous system (SNS) and
the parasympathetic nervous system (PNS). The SNS is
comprised of neurons that relay impulses to and from the
central nervous system (CNS). The SNS efferent neurons
consist of 2 groups of neurons, the preganglionic and
postganglionic sympathetic neurons. Preganglionic sympathetic
neurons originate from the CNS and synapse with postganglionic
sympathetic neurons at peripheral sympathetic ganglia either
located in the sympathetic chain adjacent to the spinal
cord or near target organs (Jänig, 2006; Triposkiadis et al.,
2009). The postganglionic sympathetic neurons release the
neurotransmitter norepinephrine (NE) upon stimulation, which
in turn stimulates adrenergic receptors to influence physiological
functions such as increasing heart rate (HR) and blood pressure
(BP) (Jänig, 2006; Triposkiadis et al., 2009). The PNS acts
in opposition to the SNS to achieve cardiac homeostasis,
although there are exceptions to this conventional view. As
reviewed by Paton et al., parasympathetic and sympathetic
nerves innervating the heart can act in synergy during reflex
responses including the startle, diving and somatic nociceptor
reflexes (2005). The combined contribution from both the
PNS and SNS to the heart can result in arrhythmia and
possibly contribute to cardiac pathophysiology, a subject that
warrants further electrophysiological experiments (Paton et al.,
2005).

Schizophrenia has been associated with autonomic
dysregulation, possibly due to imbalance of sympathetic
and vagal control (Bär et al., 2007, 2010; Chang et al., 2009).
Antipsychotic medication can also influence autonomic function
(Buckley and Sanders, 2000), with CLZ consistently viewed as
one of the SGAs with the highest risk for CVD and Type 2
diabetes (Henderson et al., 2005; De Hert et al., 2011). Risk for
CVD was investigated in a study conducted by Henderson et al.
(2005), where medical records of 96 patients with schizophrenia
were screened over 10 years for metabolic and cardiovascular
anomalies as a result of CLZ treatment. Results indicate time-
dependent significant increases in body mass index (BMI) and
average weight gain of 30 lbs, as well as an increase in the
number of cardiovascular risk factors that were assessed yearly,
including hypertension, smoking and cholesterol or triglyceride
levels. Multiple cardiovascular-related adverse events were also
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reported in this study (n = 11), with 7 deaths, 3 myocardial
infarctions and 1 cerebrovascular accident (Henderson et al.,
2005). An especially grave adverse effect of CLZ is myocarditis.
Haas et al. (2007) identified 116 case reports for myocarditis-
related fatality in CLZ-treated patients. Of these cases, 17 failed
to recover and 12 patients died from suspected myocarditis
(Haas et al., 2007). The authors noted myocarditis occurs within
4 weeks of administering CLZ at 100–450 mg/day, with a
prevalence of 0.7–1.2% in CLZ-treated patients.

Given the evidence of cardiovascular complications resulting
from CLZ treatment, it is imperative to understand how
CLZ influences cardiovascular function and identify methods
to balance the costs and benefits of prescribing CLZ. This
systematic review is a comprehensive search of the literature for
cardiovascular incidents resulting from CLZ use, with a specific
emphasis on the ANS. We aim to compile reports of CLZ-
induced cardiovascular side effects from past research, identify
methods for early detection and describe clinical interventions to
minimize CVD risk in CLZ-treated patients.

METHODS

The EMBASE, MEDLINE and EBM Cochrane databases were
searched using the following key words: antipsychotic agents,
antipsychotic drug, antipsychotic, schizophrenia, psychotic,
mental illness, mental disorder, neuroleptic, cardiovascular,
cardiovascular diseases, clozapine, clozaril, autonomic,
sympathetic, catecholamine, norepinephrine, noradrenaline,
epinephrine and adrenaline. The date range was set to 1959 (first
introduction of CLZ) to March 2, 2016. Case reports, animal
studies and clinical studies published in English were included.
Additional records were identified from reference lists and
independent searches. Human studies were excluded if subjects
were under 18 years of age. The primary author conducted all
screening and extraction of relevant articles from the search.
Due to the mixed nature and amount of articles identified, the
authors conducted a systematic review instead of a meta-analysis
for better representation of the available literature.

RESULTS

The literature search identified 208 studies as outlined in Figure 1
(n = 180 from Embase, n = 13 from MEDLINE and n = 15
from EBM Cochrane). Additional records were identified from
other sources (gray literature and reference lists) (n = 33) and
11 duplicates were found. Twenty-one studies were excluded due
to publication in a language other than English and 147 studies
were excluded for irrelevance based on screening of abstracts
and titles. The remaining 66 full-text articles were assessed
and 29 full-text articles were excluded with reasons (i.e. CLZ
was not administered, the study did not involve patients with
schizophrenia, autonomic function was not discussed, human
subjects were under 18 years of age and/or the article is a review).
The final 37 articles comprised of case reports and studies
evaluating the effects of CLZ on autonomic function. See Table 1
in Supplementary Material for full summary of results.

Autonomic Function Tests
Various tests have been developed to assess autonomic function
and screen for autonomic neuropathies (see Table 2 in
Supplementary Material for summary). These tests evaluate
HR and/or BP response to stimuli, thus reflecting sympathetic
and parasympathetic regulation of cardiovascular function. The
following sections summarize commonly used tests for non-
invasive assessment of autonomic function.

Heart Rate Variability
Spectral analysis of heart rate variability (HRV) is a noninvasive,
beat-to-beat analysis of fluctuations in HR (Wheeler and
Watkins, 1973). HRV assesses both sympathetic and
parasympathetic function via time and frequency domain
measurements (1996). Time domain measures are based on
interbeat HR or HR between successive cycles (Stein et al., 1994).
One simple measure based on interbeat HR is the standard
deviation of all NN intervals (SDNN), where NN refers to
normal-to-normal intervals or intervals between successive
QRS complexes (1996). SDNN is commonly calculated over a
24 h period and reflects the total HRV for the duration of the
recording (1996). Each measure of interbeat variability reflects
individual contributions from the parasympathetic, sympathetic
and renin-angiotensin systems to sinus rhythm control (outlined
in Table 2 in Supplementary Material, Akselrod et al., 1981). The
second class of time domain measurements is based on interval
differences between successive cycles and a typical example is
the square root of the mean squared differences of successive
NN intervals (RMSSD). This measure is an estimate of the
short-term components of HRV and generally reflects vagal
activity (Stein et al., 1994). Frequency domain measures describe
how variance is distributed as a function of frequency, generally
divided into short-term and long-term spectral components
(1996). Short-term spectral recordings consist of high frequency
(HF), low frequency (LF), and very low frequency (VLF)
components, where HF is generally linked to parasympathetic
regulation whereas LF is mediated by both the SNS and PNS
(Stein et al., 1994). Long term recordings measure the variance
of all NN intervals in a 24 h period (1996). Reduced HRV has
been linked to increased risk of mortality from cardiac disease
and predicts risk for future cardiac events, thus generating an
increasing interest in the clinical value of HRV (Tsuji et al.,
1996; La Rovere et al., 1998; Nolan et al., 1998; Dekker et al.,
2000).

Cohen et al. (2001b) compared HRV in patients with
schizophrenia treated with CLZ (n = 21) to those treated with
haloperidol (HAL, n = 18) or olanzapine (OLA, n = 17) and
found CLZ induced tachycardia while significantly lowering
the total variability of HR. They also found an increased
LF/HF ratio in CLZ-treated patients, indicative of increased
sympathetic activity associated with CLZ (Cohen et al., 2001a).
Spectral analysis can also be applied toward respiratory sinus
arrhythmia (RSA), derived from the HF band of HRV, and
is a measure of parasympathetic activity (Mathewson et al.,
2012). The relationship between RSA and cognitive function was
assessed in CLZ-treated patients. Results show CLZ worsened
performance in the Wisconsin Card Sorting Test (WCST) and
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FIGURE 1 | Flow diagram for identification of studies. Original studies discussing clozapine, cardiovascular disease and autonomic function are reviewed. Keywords

used: antipsychotic agents, antipsychotic drug*, antipsychotic*, schizophrenia, schizophren*, psychos*, psychotic*, mental ill*, mental disorder*, neuroleptic*,

cardiovascular*, cardiovascular diseases, clozapine*, clozaril*, autonomic*, sympathetic*, catecholamine*, norepinephrine, noradrenaline, epinephrine, and adrenaline.

significantly decreased parasympathetic control, compared to
healthy controls and patients treated with other antipsychotics.
However, the inverse relationship between parasympathetic
control and number of perseverative errors committed in patients
with schizophrenia did not change with CLZ use (Mathewson
et al., 2012).

CLZ’s anti-cholinergic effects were investigated in a study
comparing HRV in patients with schizophrenia receiving
antipsychotics with high affinity for muscarinic receptors (HMA)
to those with low affinity (LMA), with CLZ belonging to the
HMA group (Huang et al., 2013). Of the 55 subjects recruited,
28 received HMA and displayed perturbed sympathetic and
parasympathetic regulation. Correlation and multiple linear
regression analyses revealed muscarinic receptor affinity was
negatively associated with HRV profiles, namely HF, LF, and
TP (Huang et al., 2013). Due to suppression of both the LF
and HF components, the LF/HF ratio in the HMA group
was not significantly different from that of the LMA group.
Interestingly, the authors show the suppression of HRV in the
HMA group was still present after controlling for metabolic
factors, suggesting the metabolic syndrome does not significantly
influence cardiovascular function. The study repeated with a
larger sample size, in particular with CLZ-treated patients, will
help clarify the role of antipsychotics with highmetabolic liability
in cardiovascular function. CLZ, as a HMA, may also contribute

to increased motivation for smoking (Barr et al., 2008), which
adds to cardiovascular burden.

Tümüklü et al. (2008) studied CLZ-induced arrhythmia
in patients with schizophrenia over a course of 10 weeks.
Parameters measured included HRV, QT dispersion (myocardial
repolarization) and late potentials (delayed ventricular
conduction). Both QT dispersion and late potentials displayed
an increasing trend following CLZ treatment, yet the changes
were statistically insignificant. HRV, however, was suppressed
in CLZ-treated patients, with LF/HF significantly influenced by
age and gender (i.e., patients <35 years old, female patients).
Decreased sympathetic activity was attributed to CLZ’s potent
antagonism of muscarinic and α-adrenergic receptors (Tümüklü
et al., 2008).

Reduced HRV from CLZ treatment was also noted in a
prospective clinical study comparing the effects of amisulpride,
OLA, CLZ, and sertindole on HRV (Agelink et al., 2001). CLZ
was the only neuroleptic to significantly reduce parasympathetic
activity, with half of the CLZ-treated patients showing signs
of suppressed HRV (Agelink et al., 2001). Interestingly OLA,
a SGA with comparable anticholinergic properties with CLZ
in vitro, did not demonstrate the same extent of drug-induced
tachycardia and parasympathetic inhibition as CLZ (Agelink
et al., 2001). This was suggested to be the result of CLZ’s
extreme cholinergic receptor inhibition coupled with antagonism
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of the α-adrenoceptors. This was supported by another case
report of a treatment-resistant patient with schizophrenia who
developed tachycardia and reduced HRV after commencing
CLZ treatment, with increased LF and decreased HF thereby
indicative of increased sympathetic control (Cohen et al., 2001b).
The cardiovascular signs subsided after switching to OLA.

Pulse rate variability (PRV) was further investigated in a study
comparing CLZ (n = 10) and OLA (n = 18). The authors
had previously found that PRV yielded results comparable to
HRV, with parameters calculated from finger pulses instead of
electrocardiograms for the PRV (Mueck-Weymann et al., 2002).
CLZ-treated patients displayed significantly increased HR and
diminishedHRVparameters compared to healthy controls. OLA-
treated patients displayed the same trend, albeit to a much lesser
extent (Mueck-Weymann et al., 2002). The authors attribute the
observed autonomic changes to the presence of CLZ in plasma
at high levels and CLZ’s strong antagonism of cholinergic and
adrenergic receptors.

As mentioned above, multiple studies have noted reduced
HRV with CLZ use, an observation believed to be due to
antagonism of muscarinic receptors in the vagus nerve. Rechlin
et al. (1998) sought to expand upon this research by further
includingmeasurements of plasmaCLZ drug levels in their study.
Plasma CLZ levels were found to be inversely correlated with
HRV parameters, with the largest decrease in HRV occurring
during periods of deep breathing and rest (Rechlin et al., 1998).
The authors speculate that HRV parameters are increased in the
standing position due to higher sympathetic activity (Rechlin
et al., 1998). The authors have previously shown non-medicated
patients with schizophrenia have elevated HR and normal HRV
compared to healthy controls, whilst CLZ-treated patients had
tachycardia and diminished HRV (Rechlin et al., 1994). Based
on these results, Rechlin et al. raise the possibility of using HRV
to predict plasma CLZ concentration when blood sampling is
unavailable, yet sensitivity of this method can be an issue since
multiple factors such as age and concomitant medication can
affect HRV (1998). Alternatively, measurement of plasma CLZ
concentration can be used to determine the threshold of HRV
decrement to elicit a therapeutic response, but will require further
studies which may prove difficult (i.e., controlled studies with
differing doses; Rechlin et al., 1998).

Although the use of HRV in reporting autonomic dysfunction
in psychotic patients has become increasingly popular, most of
the studies performed have focused on linear components of
HRV rather than non-linear measures (Kim et al., 2004). Non-
linear measures of HRV take into consideration that HR is
part of a dynamic biological system, and although unpredictable
in the long run (i.e., in a non-linear manner), the trajectory
of the system can be theoretically determined using complex
mathematical equations dependent on initial conditions of the
system (Mansier et al., 1996). Kim et al. (2004) incorporated
non-linear HRV parameters into their assessments of CLZ-
induced autonomic dysfunction in patients with schizophrenia,
demonstrating non-linear parameters were diminished with CLZ
treatment, thereby indicating decreased autonomic control over
cardiac function. Of note, the lack of correlation between sample
entropy (SampEn) and CLZ dosage suggests psychosis directly

influences autonomic function (Kim et al., 2004). SampEn is
a complexity and regularity measure of time series data that
removes bias by not including self-matches in calculations of
probability and is largely independent of data length (Richman
and Moorman, 2000). SampEn is inversely correlated with
regularity, where higher values reflect randomness in the time
series of HR recordings and thus arrhythmia (Kim et al., 2004).
The authors propose to include non-linear HRV parameters to
associate symptom severity with cardiac function.

Another study connecting psychosis symptom severity with
cardiac function was conducted by Bär et al. (2005) in
paranoid patients with schizophrenia, with HRV assessments
taken before and after neuroleptic treatment. It was shown
non-medicated patients displayed tachycardia and decreased
HRV with no change after initiating antipsychotic treatment,
suggesting schizophrenia directly affects autonomic activity
(Bär et al., 2005). However, the study included a range of
antipsychotics at inconsistent dosing regimens and will need to
be replicated in a larger sample population.

The sole HRV preclinical study identified in our literature
search was conducted by Wang et al. (2012), on male Wistar-
Kyoto rats. This study also took into consideration the
influence of antipsychotics on sleeping patterns and consequently
autonomic activity during sleep-wake cycles. Results show rats
treated with CLZ displayed accelerated HR and decreased RR,
TP, HF, and LF%. When sleep-wake cycles were accounted for,
the CLZ group demonstrated longer periods of wakefulness, to
which themagnitude of the RR decrease was found to be less than
that during sleep, implying CLZ-induced tachycardia was more
severe during sleep (Wang et al., 2012). Of note, only animals
treated with CLZ displayed significantly different RR, TP, and
LF% values compared to controls regardless of consciousness.
HAL and risperidone did not significantly influence HRV in the
same manner as CLZ, which the authors attributed to CLZ’s
strong anticholinergic and antiadrenergic properties (Wang et al.,
2012).

Postural Hypotension and Respiratory

Sinus Arrhythmia
Several non-invasive cardiovascular tests have been developed to
identify abnormalities in the ANS. These include recording HR
response to the Valsalva maneuver, postural change and deep
breathing, and BP response to sustained handgrip and postural
change. Although these conventional tests are not as informative
as spectral analysis of HRV, they are still used due to ease of
implementation and they offer early detection of autonomic
dysfunction when continuous ECG monitoring is unfeasible
(Ewing and Clarke, 1986).

HR changes in response to posture and deep breathing reflect
both sympathetic and parasympathetic reflex activity. HR is
expected to increase rapidly when the subject moves from a
supine to a standing position, then decreases as reflex bradycardia
ensues. The characteristic increase in HR will be compromised
in diseased states, such as diabetes (Ewing and Clarke, 1986).
In a similar test, BP is first recorded while the subject is in
a supine position and repeated when the subject is standing.
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The difference in systolic BP (SBP) in the supine position and
SBP when standing reflects postural fall in SBP, which normally
should be<10mmHg since sympathetic vasoconstriction rapidly
restores SBP (Ewing and Clarke, 1982).

Testing HR response during deep breathing involves asking
the subject to breathe deeply at a constant rate and calculating the
differences between the maximal and minimal HRs during each
cycle. Autonomic neuropathy will abolish the HRV that usually
varies in sync with breathing cycles (Ewing and Clarke, 1982).

The Valsalva maneuver requires the seated subject to maintain
a mercury manometer at 40 mmHg for 15 s by blowing into a
mouthpiece. The results are expressed as ratios, where the longest
RR interval in the 20 heart beats immediately after the maneuver
is divided by the shortest RR interval during the maneuver. The
maneuver is intended to induce stress where a drop in BP is
accompanied by HR elevation. In healthy individuals, there is a
reflexive overshooting of BP above baseline values and decreasing
of HR after stress. Compromised parasympathetic regulation
prevents BP from overshooting and HR remains unchanged
following stress (Ewing and Clarke, 1982).

BP response during sustained handgrip evaluates sympathetic
function, where sustained isometric muscular contraction
increases cardiac output and results in a sharp increase in BP
(Ewing and Clarke, 1982). The subject’s maximum grip on a
dynamometer is recorded and 30% of the recorded power is
maintained over 5min. Results are expressed in terms of diastolic
BP (DBP) differences, where the difference between resting DBP
is subtracted from the highest DBP during sustained handgrip.
DBP should rise rapidly when commencing the handgrip from
increased cardiac output, where individuals with autonomic
neuropathy will show minimal increases in DBP (Ewing and
Clarke, 1982).

Nielsen et al. (1988) studied the influence of postural change
and breathing on HR in medicated and non-medicated patients
with schizophrenia compared to healthy controls. Antipsychotics
taken by the medicated group included flupentixol, CLZ and
sulpiride. HR was continuously recorded over 15min in the
supine position and followed by a period of 5min in the standing
position. The difference in HR between the supine and standing
positions were used to assess sympathetic activity, where an
elevation of HR over 30 bpm was considered abnormal (Nielsen
et al., 1988). In the resting supine position, medicated patients
with schizophrenia had significantly higher HR than the non-
medicated and control groups (Nielsen et al., 1988). However,
postural changes resulted in significant HR responses in both
medicated and non-medicated patients in comparison to healthy
controls.

Testing for changes in HR during stages of respiration
consisted of a 5min resting period with normal breathing,
followed by complete exhalation then deep and rapid inspiration.
Subjects were asked to hold their breath for 20 s after inhaling
and the difference between the maximal and minimal HR
immediately after inspiration was used to denote HR response.
Abnormal HR response was defined as a difference of <10 bpm
compared to the norm of >15 bpm (Nielsen et al., 1988). HR
response to deep inspiration was significantly higher in non-
medicated patients with schizophrenia compared to both the

medicated group and controls. However, all 3 groups had normal
HR response ranging from 23 to 31 bpm, with only the medicated
group showing any abnormality (3 out of 28 subjects).

In a later study, Agelink et al. (1998) modified the postural
testing procedure to 10min in the supine position preceding
immediate standing, with the ratio of the 15th and 30th heartbeat
reflecting sympathetic activity (30:15 ratio). The 15th heartbeat
is indicative of the maximal increase of HR following the
change in posture, whereas the 30th heartbeat represents peak
reflex bradycardia (Agelink et al., 1998). Unlike Nielsen et al’s.
study (1988) where data of several different medications were
pooled, Agelink et al. (1998) focused on comparing the individual
drug effects of HAL and CLZ on cardiovascular autonomic
parameters. A total of 46 inpatients with schizophrenia were
recruited, where n = 20 received CLZ and n = 26 received
HAL. The control group consisted of 30 healthy subjects. Resting
HR and BP were significantly higher in the CLZ-treated group
compared to HAL and controls. In addition, CLZ treatment
significantly reduced 30:15 ratios, HR during deep breathing
and BP during sustained handgrip, suggestive of autonomic
dysfunction.

Electrodermal Activity
Electrodermal activity (EDA) or skin conductance is another
widely used measure for sympathetic activity. Arousal of the
SNS is directly correlated to sweat gland activity, as measured
by electrical conductivity in the skin. There is evidence
of both extremes of the EDA spectrum in patients with
schizophrenia, known as non-responders (hypoactivity) and
responders (hyperactivity), respectively (Ohman, 1981; Dawson
and Nuechterlein, 1984; Nilsson et al., 2015). EDA is also
indicative of social cognition regulation, as non-responders
comprise a subgroup of patients with schizophrenia who display
less empathy and are comparable to healthy controls, in contrast
to responders who demonstrate significantly higher EDA and
self-reported distress (Dawson and Schell, 2002; Schell et al.,
2005; Ikezawa et al., 2012). In a study combining EDA and HRV,
Zahn and Pickar (1993) demonstrate CLZ induced tachycardia,
suppressed HRV and decreased skin conductance responses
in comparison to placebo. Of interest, fluphenazine despite
possessing anticholinergic properties, did not significantly affect
HR to the same extent as CLZ. The authors suggest the
discrepancy is due to CLZ being a more potent cholinergic and
α2-adrenoceptor antagonist than fluphenazine (Zahn and Pickar,
1993).

Catecholamines
Due to accessibility issues and invasiveness of measuring
direct neuronal activity in humans, sampling of the major
catecholamines norepinephrine (NE), epinephrine (E), and
dopamine in plasma or urine has become increasingly popular for
assessing sympathetic activity in health and disease (Esler et al.,
1990; Forslund et al., 2002). Elevated plasma NE levels have been
linked to a number of cardiovascular anomalies including heart
failure (Thomas and Marks, 1978; Cohn et al., 1984; Hasking
et al., 1986), hypertension (Rumantir et al., 2000; Masuo et al.,
2003; Schlaich et al., 2004), left ventricular hypertrophy (Zoccali
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et al., 2002; Schlaich et al., 2003) and postural tachycardia
(Shannon et al., 2000; Goldstein et al., 2002; Mayer et al., 2006).
Importantly, CLZ is known to substantially increase plasma
NE spillover compared to conventional antipsychotics (Pickar
et al., 1992; Green et al., 1993; Brown et al., 1997; Spivak et al.,
1998).

There is evidence of elevated catecholamines associated with
the use of CLZ. Li et al. (1997) reported a rise in BP from
a low of 110/70 mmHg to a maximum of 146/106 mmHg in
a patient during the course of 10 weeks of CLZ treatment.
The hypertension was accompanied by rise in urinary E and
NE, to which all 3 anomalies subsided after interventions
were introduced and CLZ was discontinued (Li et al., 1997).
Paroxysmal hypertension was diagnosed, as with multiple other
case reports of CLZ-associated hypertension and raised urinary
catecholamines (Krentz et al., 2001; Akinsola and Ong, 2011;
Sara et al., 2013). In addition to hypertension, Akinsola and
Ong (2011) reported tachycardia of 140 bpm in a patient and
Krentz et al. (2001) reported 3 cases of accelerated HR ranging
from 104 to 130 bpm. The authors postulated CLZ-induced
paroxysmal hypertension arose from the increase in NE spillover
due to reduced reuptake into sympathetic nerve endings, α-
adrenoceptor antagonism and/or increased vesicular fusion (Li
et al., 1997; Krentz et al., 2001; Akinsola andOng, 2011; Sara et al.,
2013).

A single-blinded study of in-patients with schizophrenia
showed that CLZ-induced tachycardia and orthostatic
hypotension were accompanied with a rise in cerebrospinal fluid
homovanillic acid (HVA), a product of dopamine metabolism, in
the first 5 days of treatment (Gerlach et al., 1974). Subsequently,
Breier et al. (1994) investigated the role of catecholamines
and their metabolites in a randomized, double-blinded study.
Psychiatric outpatients were given either CLZ or HAL, for a
period of 10 weeks. Blood samples, BP and HR were taken
prior to the initiation of and during the 5th week of treatment.
Apart from NE, catecholamine metabolites including 3,4-
dihyroxy-L-phenylalanine (dopa), dihydroxyphenylacetic acid
(DOPAC), 3,4-dihydroxyphenylglycol (DHPG) were analyzed
to reflect adrenergic action. A significant surge in plasma NE
was evident in the CLZ group, which was statistically correlated
with an increase in dopa (Breier et al., 1994). Despite a notable
increase in HR, it was not correlated with the change in plasma
NE (Breier et al., 1994). Of interest, the change in NE was
correlated with positive outcome as indicated by lower scores in
the Brief Psychiatric Rating Scale (BPRS) and Simpson-Angus
Scale, suggestive of noradrenergic contribution to clinical
efficacy (Breier et al., 1994). Due to unchanged DHPG levels,
an increase in the intraneuronal metabolism of NE does not
explain the observed surge in plasma NE. The authors speculate
NE transporter (NET) inhibition played a role in increased
circulating NE (Breier et al., 1994).

As elevated catecholamines have been linked to myocarditis,
Wang et al. (2008) used a mouse model to investigate the effect
of CLZ on heart structure and the release of NE, E, and the
inflammatory marker TNF-α. CLZ was administered daily to
young mice at varying doses, over a period of 7 or 14 days.
Histological analysis revealed inflammation of the myocardium

peaked on day 7, whereas NE and E were persistently elevated
(Wang et al., 2008). Of note, TNF-α was only measured on day
14 and was found to be significantly elevated after CLZ treatment
in a dose dependent manner (Wang et al., 2008).

Interventions
Of the 37 studies in our systematic review, 16 studies have
reported using interventions and/or discontinuing CLZ to treat
cardiovascular side effects. Commonly occurring side effects and
their respective interventions will be discussed below.

Tachycardia
Tachycardia is defined by a HR above 100 bpm, accompanied
by a mean HR of more than 90 bpm within a 24 h period
(Sheldon et al., 2015). Accelerated HR is a commonly reported
side-effect of CLZ and can precede fatal cardiac myopathies
(Jones et al., 2014). Baciewicz et al. (2002) reported a patient
who adversely responded to CLZ, with HR elevated to 150
bpm after 3 weeks of treatment. The patient received 5mg
of metoprolol, a β-adrenoceptor blocker, to alleviate the
tachycardia (Baciewicz et al., 2002). Hypotension resulted from
the metoprolol intervention, but symptoms subsided upon CLZ
discontinuation.

Pereira et al. (2010) noted a case of neuroleptic
malignant syndrome (NMS) in a 56 year old male patient
with schizophrenia, characterized by profuse sweating,
hand tremors, tachycardia and rigid limbs resulting from
antipsychotic medication. The patient was previously on chronic
chlorpromazine (150 mg/day, 10 years), CLZ (200 mg/day,
3 years) and atenolol (50 mg/day, 15 years). The patient’s
condition worsened as he developed convulsions on the 14th
day of hospitalization, to which he was treated with phenytoin,
divalproex sodium and bromocriptine. Discontinuation of
CLZ resolved the NMS. The authors attribute the NMS to
CLZ, since NMS should be apparent within the first month of
chlorpromazine treatment while it can still emerge beyond 3
years of CLZ treatment (Pereira et al., 2010). Further evidence
is provided by another 2 case reports of patients diagnosed with
NMS (Yacoub and Francis, 2006). Both patients were given CLZ
at 100–175 mg/day before NMS was diagnosed within 2 weeks of
initiating CLZ treatment. Symptoms included unstable BP and
HR as well as diaphoresis for one of the patients, which were
resolved by withdrawing CLZ and introducing lorazepam.

Sinus tachycardia developed in a patient who attempted
suicide by CLZ overdose, accompanied by sedation, hypothermia
and hypersalivation (Thomas and Pollak, 2003). The patient
ingested 3,500mg of CLZ, resulting in hospitalization and
treatment with naloxone and thiamine for the overdose. Serum
drug levels deviated from the known CLZ half-life of 12 h,
remaining at therapeutic levels of >300 ng/ml for 6 days instead
of declining to negligible levels within 2 days (Thomas and
Pollak, 2003). High HR also persisted (110–136 bpm) for 6
days, coinciding with the duration of the elevated serum CLZ
levels. The plot of serum concentration versus time was of
a biphasic pattern and consistent with a sustained release
model, believed to be the result of CLZ accumulation and/or
decreased bowel movements in the patient (Thomas and Pollak,
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2003). Leo et al. (1996) also report a patient with sinus
tachycardia after commencing CLZ at 750 mg/day. The dose
was eventually lowered to 700 mg/day for 5 months, until
persistent tachycardia and left ventricular (LV) abnormalities
arose, to which CLZ was discontinued and digoxin (0.25
mg/day) was prescribed. Digoxin inhibits sodium-potassium
ATPase to increase myocardial contractile force, sensitizes
baroreceptors and promotes vagal control (Gheorghiade et al.,
2004). The patient’s cardiac anomalies were attributed to
an existing cardiomyopathy exacerbated by CLZ (Leo et al.,
1996).

Koren et al. (1997) reported a patient whose conditions
deteriorated rapidly despite tolerating CLZ treatment for 11
weeks. The patient developed ventricular tachycardia and was
treated unsuccessfully with lidocaine, eventually passing away
within 36 h of hospitalization. The authors postulate the fatality
was due to agranulocytosis and cardiomyopathy caused by lactic
acidosis or myocarditis (Koren et al., 1997). The direct action of
CLZ on membrane proteins may play a role in lactic acidosis,
specifically CLZ’s suppression of calcium-dependent potassium
permeability leading to decreased insulin secretion (Koren et al.,
1997).

A sixth report is of a young patient with schizophrenia who
developed persistent tachycardia as a result of initiating CLZ for
1 week (Ennis and Parker, 1997). HR notably increased from 80
bpm to a maximum of 130 bpm, accompanied by hypertension
upon commencement of CLZ.

Hypertension
Hypertension refers to a SBP above 120mm Hg and a DBP
above 80 mmHg, where individuals with chronically elevated BP
above 140/90 mmHg are at a higher risk of developing premature
CVD (Giles et al., 2005). In addition to persistent tachycardia
that was noted in the previously mentioned case report, Ennis
and Parker (1997) also noted hypertension in their patient. The
authors ruled out common causes of hypertension, since blood
tests, urinary catecholamines and physical examinations showed
no obvious abnormalities (Ennis and Parker, 1997). Atenolol, a
β1-adrenoceptor antagonist, successfully stabilized the BP and
HR, suggesting circulating catecholamines play a role in causing
the hypertension (Ennis and Parker, 1997).

Li et al. (1997) reported a case of CLZ-induced
pseudophaeochromocytoma, with the patient’s BP rising up
to 146/106 mmHg from 110/70 mmHg. The patient initially
received CLZ at a dose of 25 mg/day, which was gradually titrated
to 300 mg/day over the course of 10 weeks. Propranolol (PRO)
and amlodipine were administered to reverse the hypertension.
PRO and amlodipine lowers BP via β1-adrenoceptor and calcium
channel antagonism, respectively (Li et al., 1997). The patient’s
hypertension resolved after medication, although this may also
be due to withdrawal of CLZ.

Similarly, Prasad and Kennedy (2003) noted hypertension
in their patient 5 days after commencing CLZ at 50 mg/day.
However, treatment with amlodipine at 5 mg/day was ineffective
and the hypertension persisted until CLZ was withdrawn at 13
weeks. The authors postulate CLZ’s hypertensive effects likely

resulted from pseudophaeochromocytoma and the effects were
transient (Prasad and Kennedy, 2003).

Hypotension
CLZ impeded vasopressor responses in a patient with
schizophrenia suffering hemodynamic complications stemming
from a subarachnoid hemorrhage (Leung et al., 2015).
The patient developed hypotension (mid-90s mmHg) and
tachycardia (>120 bpm), despite infusion of phenylephrine,
NE, E, and dobutamine. Hypotension is commonly defined
as a SBP lower than 90 mmHg, however, 110 mmHg has
more recently been suggested (Eastridge et al., 2007). Mean
arterial pressure (MAP) was restored following vasopressin
administration and temporarily discontinuing CLZ, which
removed the influence of CLZ’s adrenoceptor antagonism as with
the previous vasopressors (Leung et al., 2015).

Another example of CLZ interfering with treatment of
hemodynamic disturbances is of a patient with schizophrenia
who developed intraoperative hypotension following intubation
under anesthesia (John et al., 2010). The patient’s MAP
decreased from 85 mmHg to 40 mmHg and was unresponsive
to E administration. Further decrements in MAP led to the
administration of vasopressin, which restored MAP to >65
mmHg. It was suggested CLZ blocked α1-adrenergic receptors
and caused vasodilation via reflex β2-adrenoceptor activation,
thereby worsening the already declining MAP (John et al.,
2010). Vasopressin successfully induced vasoconstriction since
its actions were mediated through the non-adrenergic receptor,
V1 receptor, thus bypassing the α1-adrenergic inhibition. This
mechanism perhaps explains the failure of E to raise SBP in the
case presented by Koren et al. (1997).

Donnelly and MacLeod (1999) have also presented a
clinical case report of a patient on chronic CLZ medication
that developed hypotension after a cardiopulmonary bypass
procedure. Methoxamine, metaraminol, dopamine and E
infusions all failed to maintain the SBP above 60 mmHg, which
was eventually restored to >80 mmHg by infusion of NE
(Donnelly and MacLeod, 1999). The hypotension was attributed
to CLZ-induced vasodilation.

Since melatonin has known benefits in reducing SGA-induced
metabolic side effects in animal studies and regulates BP, Romo-
Nava et al. (2014) sought to replicate the results in a randomized,
double-blinded clinical trial. Patients with schizophrenia (n= 24)
or bipolar disorder (n = 20) were given placebo (n = 24) or
melatonin (n = 20, 5 mg/day) for 8 weeks and anthropometric
variables were measured prior to and after the trial. All subjects
were previously on SGA medication (CLZ, OLA, risperidone
or quetiapine) for ≤3 months before recruitment. Although
melatonin lowered DBP in all patients, the decrease was not
statistically different from that of the placebo group in patients
with schizophrenia. Metabolic measures also did not improve
with melatonin use in patients with schizophrenia, while patients
with bipolar disorder showed favorable outcome. The lack of
therapeutic benefits for the schizophrenia patients is perhaps
due to pooling data from 4 SGAs with varying risk for adverse
cardiometabolic side effects instead of assessing the neuroleptics
individually (Romo-Nava et al., 2014).
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DISCUSSION

This review is a compilation of literature concerning
cardiovascular anomalies associated with autonomic dysfunction
in CLZ-treated patients with schizophrenia. We have highlighted
case reports, clinical trials and animal studies to demonstrate
the importance of monitoring cardiovascular parameters when
administering CLZ. Patients with schizophrenia inherently
have a higher risk for CVD than the general population, due
to unhealthy lifestyle habits and use of SGAs (Kelly et al.,
2010). Indeed, our results show CLZ is associated with fatal
myocarditis, orthostatic hypotension, paradoxical hypertension
and tachycardia. The results identified several characteristic
features of CLZ’s effects on the ANS: increased sympathetic
activity, decreased vagal contribution, strong anticholinergic and
antiadrenergic properties, increased E and NE and decreased
HRV (Thomas and Marks, 1978; Nielsen et al., 1988; Zahn and
Pickar, 1993; Ennis and Parker, 1997; Li et al., 1997; Agelink
et al., 2001; Cohen et al., 2001a,b; Tümüklü et al., 2008; Wang
et al., 2008, 2012; John et al., 2010; Mathewson et al., 2012;
Huang et al., 2013; Sara et al., 2013; Leung et al., 2015). The
studies, however, are short in duration with the longest clinical
trial lasting 6 months (Huang et al., 2013). Side effects such
as cardiomyopathy can occur after 12 months, hence future
studies need to factor in the time of onset of relevant symptoms
(Iqbal et al., 2003). CLZ is also frequently combined with other
antipsychotic drugs (Honer et al., 2007, 2009; Procyshyn et al.,
2010), even though the evidence indicates that polypharmacy has
no therapeutic benefit and may increase metabolic side-effects
(Boyda et al., 2010, 2013). It will therefore be important to
determine if CLZ’s cardiovascular effects are exacerbated by
antipsychotic polypharmacy.

Less than half (16 out of 37) of the included studies
have used interventions that have successfully attenuated
CLZ-induced cardiovascular complications. These interventions
include metoprolol, lorazepam, atenolol, PRO, amlodipine,
vasopressin and NE infusion (Ennis and Parker, 1997; Li et al.,
1997; Donnelly and MacLeod, 1999; Baciewicz et al., 2002;
Yacoub and Francis, 2006; John et al., 2010; Leung et al.,
2015). The drugs were administered in response to tachycardia,
hypotension or paradoxical hypertension in individual case
reports. Replication of the beneficial results in randomized,
placebo-controlled trials with larger sample sizes is therefore
warranted.

In contrast to the numerous reports of cardiovascular
anomalies fromCLZ use, there is a lack of in-depth investigations
on the underlying causes of these adverse events. Breier
et al.’s (1994) study of plasma NE metabolites is a rare trial
that had explored mechanistic relationships between CLZ’s
superior efficacy and adrenergic function. A hallmark of CLZ-
treated patients is the dramatic elevation of plasma NE levels,
caused by inhibition of NE reuptake into postganglionic
terminals, increased NE vesicular fusion, downregulation of β-
adrenoceptors and/or inhibition of NET. It is widely believed
increased sympathetic nerve traffic reflects increasedNE spillover
and plasma NE levels, but this is not always the case since
vesicular leakage is also a major determinant of plasma NE

levels as extensively reviewed elsewhere (Giles et al., 2005;
Sheldon et al., 2015). Often underappreciated, vesicular leakage
of NE into the cytoplasm ensures sustainable release beyond
the maximal rate of synthesis by tyrosine hydroxylase activation
to keep pace with NE release (Sheldon et al., 2015). Through
measuring multiple plasma catecholamine metabolites that
served as indicators of NE synthesis, release and reuptake, Breier
et al. (1994) showed the surge in plasma NE levels was likely
the result of combined inhibition of α-adrenoceptors and NET.
A follow-up study from the same group further pinpointed
the mechanism to be one of increased NE spillover, explained
by increased vesicular fusion at the axonal membrane (Elman
et al., 1999). Although these observations are pure speculation
without further pharmacological studies, the inclusion of specific
intraneuronal indicators of NE turnover and metabolism (i.e.,
DHPC, dopa, DOPAC) suggest increased NE spillover from
vesicular fusion is possible. The studies, however, only document
the acute effects of CLZ treatment on adrenergic function.
Chronic studies are needed to determine the long-term role of
NE spillover in autonomic neuropathy.

Autonomic tests such as changes in BP and HR in response
to standing or deep breathing are also indicative of irregularities
in the ANS. While test results are commonly used to reflect
damage to the SNS and/or the PNS, they are unlikely to be solely
parasympathetic or sympathetic in nature and instead represent
a complex intertwine of the 2 branches of the ANS (Ewing
and Clarke, 1982). Results from the “battery” of autonomic
tests should be interpreted with caution as significant differences
may not necessarily indicate severe autonomic neuropathy.
Agelink et al. (1998) report significant differences in CLZ-treated
groups, yet when the actual values are considered, the anomalies
are categorized as “borderline” instead of “pathological.” The
reported 30:15 ratio, deep breathing HR response and handgrip
BP response in CLZ-treated patients in this study all fall
under the borderline category (Ewing and Clarke, 1982; Agelink
et al., 1998). Nevertheless, autonomic tests remain as important
indicators of autonomic dysfunction and are pivotal in early
prevention of CLZ-induced CVD.

It is important to note our results yielded only 1 publication
concerning myocarditis and cardiomyopathy. Given the grave
consequences of myocarditis and cardiomyopathy, further
elaboration of our results and pathogenesis of these cardiac
disorders are warranted. Firstly, the focus of our review is on
autonomic dysfunction associated with CLZ while it is believed
CLZ-induced myocarditis arises from type 1 hypersensitivity
mediated by immunoglobulin E (IgE) (Kilian et al., 1999) or of
viral origin (Merrill et al., 2006). IgE-mediated hypersensitivity
is the most convincing and widely accepted hypothesis to date,
as the time to emergence of eosinophilic infiltrates corresponds
accordingly to the time course of a type I allergic reaction and
duration of CLZ treatment (Kilian et al., 1999; Ronaldson et al.,
2015). Ensuing cardiomyopathy is believed to be the result of the
direct cardiotoxic effects of CLZ or a type III hypersensitivity
reaction (Merrill et al., 2005; Ronaldson et al., 2010). While
there has been suggestion of catecholamine involvement in
myocarditis and subsequent cardiomyopathy (Merrill et al., 2006;
Wang et al., 2008), no definitive clinical evidence has been
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presented thus far. Secondly, underreporting and misdiagnosis
of the disorders frequently occur due to the variability of the
symptoms associated with myocarditis (Ronaldson et al., 2015).
CLZ-induced myocarditis can be overlooked as initial symptoms
such as fever and tachycardia closely resemble normal CLZ
dose titration and are typically resolved by discontinuation of
CLZ before myocarditis can be diagnosed (Merrill et al., 2006;
Ronaldson et al., 2015). Fatalities associated with myocarditis
can also be missed since diagnosis would require an autopsy
and histological assessment of the myocardial region concerned
(Ronaldson et al., 2015). Under these circumstances the suspicion
for myocarditis is low and would not generally warrant
further monitoring and investigation. The correct diagnosis of
myocarditis necessitates relevant cardiac monitoring at the time
of onset of myocardial damage and awareness from psychiatrists.
The abovementioned factors may have contributed to the lack of
publications involving myocarditis and cardiomyopathy in our
results.

Lastly, we summarize and propose additional measures to
the current cardiac monitoring procedures to minimize risk
for cardiac complications when commencing CLZ. The first
4 weeks of starting CLZ treatment should incorporate weekly
monitoring of inflammatory (C-reactive protein; CRP) and
myocardial damage (troponin I or T) markers in routine blood
work for signs of myocarditis. As the onset of myocarditis is
typically within 14 – 22 days of the start of CLZ treatment, it is
critical to closely monitor patients for fever, troponin I or T and
CRP levels for the first 28 days of treatment (Ronaldson et al.,
2010, 2011). In a systematic review of CLZ-induced myocarditis,
Ronaldson et al. noted the onset of fever and other symptoms
non-specific for myocarditis after 10–19 days of commencing
CLZ (2011). These symptoms should not be ignored especially
when accompanied by CRP levels over 50 mg/L, which signify
the onset of myocarditis (Ronaldson et al., 2011). Vital signs
including BP, body temperature, HR and respiratory rate should
be recorded every second day. Elevations in HR above 20–
30 bpm can occur with the onset of initial symptoms and
precede rising troponin I/T levels. In the event of CRP levels
rising above 100 mg/L or troponin levels greater than 2 ULN,
CLZ should be immediately discontinued, as these 2 measures
represent the best sensitivity for symptomatic cases (Ronaldson
et al., 2011; Freudenreich, 2015). Baseline echocardiography
and weekly ECGs are ideal, but the former is unnecessary for
identifying pre-existing cardiac complications and the latter lacks
sensitivity in detecting myocarditis (Stein et al., 1994; Ronaldson
et al., 2011). Since there is concern for exhausting available
health care resources, it has been suggested that an ECG is
required only when myocarditis is suspected (Freudenreich,

2015). However, we recommend the inclusion of a weekly ECG
to detect abnormal changes in HRV and performing weekly
autonomic tests during the critical first 4 weeks of CLZ treatment.
These measures can be incorporated with the mandatory blood
sampling each week to reduce any burden on health care
resources. Early detection of cardiac abnormalities is not only
crucial for preventing fatalities, but will also reduce the eventual
costs of health care in the long run. Every effort should be
made in maximizing the therapeutic benefits of CLZ, which
remains heavily underutilized in managing treatment-resistant
schizophrenia (Kar et al., 2016).

CONCLUSION

Reduced HRV, elevated catecholamines, tachycardia and
hypotension are known effects of CLZ treatment. Yet there
is a lack of controlled trials to confirm that these autonomic
abnormalities are caused specifically by CLZ. Future studies
should incorporate both mechanistic relationships as well
as interventions to minimize CLZ’s adverse effects on
cardiovascular function, such as different dosing strategies
(Procyshyn et al., 2014). Moreover, CLZ’s strong antagonistic
properties on multiple receptors should be considered before
prescribing CLZ to patients with cardiovascular complications,
as evidenced by failure to restore cardiac homeostasis in several
patients using conventional adrenergic agonists. Clinicians
should consider the use of HRV and conventional autonomic
tests to preliminary screen for patients with a higher risk
for cardiovascular adverse events before commencing CLZ
treatment and to continuously monitor cardiovascular function
once CLZ is prescribed.
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The excitotoxicity of glutamate metabolism as well as hemodynamic disorders of the

brain are both risk factors for neonatal hypoxic–ischemic brain damage (HIBD). In the

present study, changes in glutamate metabolism in the basal ganglia were detected by

proton magnetic resonance spectroscopy (1H-MRS) at 0–6, 8–12, 24–30, and 48–60 h

after the induction of hypoxia-ischemia (HI) in newborn piglets. Meanwhile, correlation

analysis was performed by combining the microcirculatory perfusion informations

acquired by intravoxel incoherent motion (IVIM) scan to explore their possible interaction

mechanism. The results suggested that Glu level in the basal ganglia underwent a

“two-phase” change after HI; perfusion fraction f, an IVIM-derived perfusion parameter,

was clearly decreased in the early stage after HI, then demonstrated a transient and

slight recovery process, and thereafter continued to decrease. The changes in f and Glu

level were in a significant negative correlation (r = −0.643, P = 0.001). Our study results

revealed that Glu level is closely associated with the microcirculatory perfusion changes

in the acute stage of HIBD.

Keywords: hypoxic–ischemic brain damage, 1H-MRS, IVIM, glutamate, perfusion

INTRODUCTION

Basal ganglia injury (BGI) is a common type of hypoxic–ischemic brain damage (HIBD) and also
themain cause of permanent dysneuria and cerebral palsy in perinatal full-term neonates. The basal
ganglia are very sensitive to hypoxia–ischemia (HI) damage and susceptible to selective neuronal
injury (Martin et al., 1997; Rocha-Ferreira and Hristova, 2016). Glutamate (Glu), as the most
important excitatory neurotransmitter in animals, plays a crucial role in maintaining the function
of glutamatergic neurons in the basal ganglia (Alexander and Crutcher, 1990). The excitotoxicity
caused by the massive accumulation of Glu after HI is the central link for HIBD and is also the
initiator and executer of brain injury (Hagberg et al., 1987; Choi and Rothman, 1990; Coyle and
Puttfarcken, 1993; Rego et al., 1996).

Normally the release and reuptake of Glu are in a dynamic balance. The efficient Glu uptake
system enables low, extracellular concentrations of Glu in order to avoid excitotoxicity, and only a
small amount of Glu is involved in signal transduction as an excitatory neurotransmitter (D’souza
and Slater, 1995; Cooper and Jeitner, 2016; Danbolt et al., 2016). However, HI leads to an increase
in Glu release and/or damages the Glu uptake system, thus causing a sharp elevation of extracellular
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Glu; its level and the excessive activation of relevant receptors
contributes to nervous excitotoxicity and results in generalized
pathological brain lesions. Of these excessively activated
receptors, the N-methyl-D-aspartic acid receptor plays an
important role in neuronal injury after mediating HI as outlined
in our preliminary study (Wang X. Y. et al., 2012).

Perinatal HIBD has a complex pathophysiological
mechanism. In addition to the excitotoxicity of Glu,
hemodynamic disorders of the brain are also a risk factor
for HIBD (Pryds et al., 1990; Howlett et al., 2013; Massaro et al.,
2015). Hemodynamic disorders of the brain can contribute to
secondary energy dysmetabolism after HI, and thus have a role
in pathological mechanisms involved in brain damage secondary
to HI. The pathogenesis of brain damage can be revealed by
evaluating cerebral perfusion. For example, a pivotal question
arises concerning cerebral metabolism in a HI environment in
response to changes in cerebral perfusion: do mutual effects
and interactions exist between such variables? In order to
understand HIBD mechanisms, it is essential to explore the
relationship between changes in Glu metabolism and changes in
microcirculatory perfusion after HI.

Proton magnetic resonance spectroscopy (1H-MRS), as a
non-invasive technique, provides information on changes of
metabolites in brain tissues. At present, two major functional
magnetic resonance imaging (MRI) techniques are available
to measure cerebral perfusion: perfusion-weighted imaging
(PWI) and arterial spin labeling (ASL). Considering the
specificity of the newborns, invasive PWI cannot be used
as it requires the use of exogenous contrast media. With
regard to ASL, this can only evaluate a single parameter—
cerebral blood flow (CBF)—which does not allow the all-
round comprehension of a hemodynamic reserve. This leads
us to the question of whether an MRI technique exists that
can not only meet the special requirements of non-invasive
examinations in newborns, but also support the comprehensive
evaluation of cerebral perfusion? Intravoxel incoherent motion
(IVIM), a non-invasive MR perfusion imaging technique,
can quantify the microcirculation of blood in the capillary
network (perfusion) and the diffusion composition of true
water molecules in tissues in vivo using a bi-exponential model
(Le Bihan et al., 1986, 1988). Measurements using IVIM are
based on the premise that the microcirculation of blood, or
perfusion, is a kind of non-uniform, irregular random motion
(i.e., incoherent motion) (Le Bihan et al., 1988). A linear
correlation exists between IVIM-derived perfusion parameters
(pseudo-diffusion coefficient D∗ and perfusion fraction f ) and
conventional perfusion parameters (Le Bihan and Turner,
1992; Federau et al., 2014a,b). In theory, therefore, IVIM-
derived perfusion parameters can be used to evaluate the
microcirculatory perfusion of the brain after HI and thus provide
more comprehensive information. Currently, the successful
application of IVIM in the central nervous system focuses on
studies to recognize the ischemic semi-dark band (Federau et al.,
2014b; Hu et al., 2015), identify the benignity and malignancy
of tumors(Bisdas et al., 2014; Hu et al., 2014; Suh et al., 2014)
and evaluate the efficacy of radiochemotherapy (Hauser et al.,
2014; Cui et al., 2015; Xiao et al., 2015). In this context,

IVIM, perhaps, will become a new MR perfusion technique
useful in the study of perfusion of the microcirculation in
newborns.

Studies are urgently required on the critical changes that
occur at the Glu level during the development of HIBD and
its relationship with microcirculatory perfusion. In this study,
we measured Glu-related metabolites and microcirculatory
perfusion separately by 1H-MRS and IVIM in a HI animal
model. We investigated the dynamic changes in Glu and
microcirculatory perfusion after HI and preliminarily explored
their possible interaction mechanism.

MATERIALS AND METHODS

Preparation of Experimental Animals and
Establishment of HIBD Model
All animal experiments were reported in accordance with
Animal Research: Reporting of In vivo Experiments guidelines.
This study was approved by the Institutional Animal Care
and Use Committee of Shengjing Hospital of China Medical
University. Twenty-five newborn male or female Yorkshire
piglets (P3–5 d; weight: 1.5–2 kg) were randomly selected
from the Laboratory Animal Center of Shengjing Hospital of
China Medical University. All animal models were established
according to the Regulations for the Animal Care and Use
published by the ShengjingHospital of ChinaMedical University.

The newborn piglets were anesthetized by an intramuscular
injection of 0.6 mL/kg Su-Mian-Xin (xylazine hydrochloride)
in the buttocks. During anesthesia, the animals’ vital signs
were closely observed. When the piglets were found to become
comatose, as evidenced by muscle relaxation, decreased limb
muscular tension and a delayed corneal reflex, the animals were
placed in a supine position on a bench prior to each operation. A
laryngoscopic tracheal cannulation (ϕ 2.5 mm) was performed,
and each animal was then connected to a TKR-200C small animal
ventilator (Jiangxi Teli Anesthesia and Respiratory Equipment
Co., Ltd, Jiangxi, China) for mechanical ventilation with 100%
oxygen. Ventilator parameters were as follows: respiration ratio
inspiration/expiration (I/E) = 1:1.5; and respiration frequency
= 30 bpm. Heart rate and peripheral oxygen saturation were
monitored using a TuffSat handheld pulse oximeter (GE, Boston,
MA, USA). The incision area and adjacent skin were then
disinfected and a median incision was made in the neck. Bilateral
common carotid arteries and adjacent internal jugular veins
and vagus nerves were dissected, and a 5.0 mm silk suture was
indwelled. After the condition of animals stabilized for 30 min,
the bilateral common carotid arteries were clipped with small
artery clamps to interrupt their blood flow, and 6% oxygen–
containing mixed gas was delivered mechanically for 40 min.
Thereafter, the HI induction procedure was completed, the small
artery clamps removed, and the blood flow of the bilateral
common carotid arteries was recovered. Oxygen (100%) was
mechanically delivered again, and the incision was sutured. After
the operation, the animals were transferred to an incubator
(37◦C) to ensure a body temperature in the normal range during
postoperative recovery. This well-established model was used to

Frontiers in Physiology | www.frontiersin.org April 2017 | Volume 8 | Article 237135

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Dang et al. Study on the Mechanisms following Hypoxia-Ischemia

induce bilateral HI injury, as documented in our previous studies
(Wang H. et al., 2012; Zhang et al., 2012).

Grouping of Experimental Animals
All newborn piglets were randomly divided into the control
group (sham-operation group, n = 5) and the HI model group
(n= 20), and the HI model group was then further divided into 4
subgroups according to different time points after HI: 0–6, 8–12,
24–30, and 48–60 h (n= 5 per group). The animals in the pseudo-
operation group underwent preoperative preparation similar to
those in the model group but without a HI induction procedure.

MR Scans and Data Post-Processing
At different time points after HI, a conventional MR scan was
performed on all animals using a 3.0T MRI system (Achieva 3.0T
TX; Philips Healthcare Systems, Best, The Netherlands) with an
eight-channel phased array head coil. Images (including axial
and sagittal T1-weighted images [T1WI] and axial T2-weighted
images [T2WI] of the head) were acquired by fast gradient echo.
The relevant scan parameters used were: T1WI Repetition time
(TR) 200 ms; Echo time (TE) 2.3 ms; matrix 224 × 162; slice
thickness 5 mm; T2WI TR 5000 ms; TE 80 ms; matrix 224× 162;
and slice thickness 5 mm.

Measurements by single-voxel 1H-MRS were completed with
a point-resolved spectroscopy (PRESS) sequence using one 90◦

and two 180◦ radio frequency pulses (13.2224 ms; bandwidth
= 1,231 Hz). The following parameters were used: TR = 2,000
ms; TE = 37 ms; bandwidth = 2,000Hz; number of signal
acquisitions = 64; and a volume of interest (VOI; 10 × 10 ×

10mm) was positioned in the left basal ganglia. A plain scan
was performed on newborn piglets to acquire coronal scan
images of the basal ganglia as a region of interest (ROI). After
the completion of a 1H-MRS scan, the raw data were then
entered into LCModel (Linear Combination Model) software
(version 6.3-1B) (Provencher, 2001) for quantification, with
an unsuppressed water signal used as an internal reference,
as well as automatic processing and analysis. The LCModel
software supported automatic baseline corrections and the
smoothing of spectrum raw data, as well as the absolute
concentration measurement of several metabolites, including
alanine (Ala), aspartic acid (Asp), creatine (Cr), phosphocreatine
(PCr), γ-aminobutyric acid (GABA), glucose (Glc), glutamate
(Glu), glutamine (Gln), glycerylphosphorylcholine (GPC),
phosphatidylcholine (PCh), glutathione (GSH), inositol (Ins),
lactic acid (Lac), N-acetylaspartate (NAA), N-acetylaspartate
glutamate (NAAG), scyllo-inositol (Src) and taurine (Tau). Glu is
the most abundant excitatory neurotransmitter in the brain and
is essential for normal brain function; its complex signals were
generated at 2.04–2.35 ppm (ppm: 10−6) and 3.75 ppm. The peak
of Gln overlapped with that of Glu at approximately 2.35 ppm.
LCModel software can automatically distinguish the overlapping
signals of different metabolites with a similar chemical shift in
the same frequency area (Wisnowski et al., 2013). The spectral
fitting was performed with a range from 0.2 to 4.0 ppm (see
Figure 1). In this study, we quantified the concentrations of Glu,
Gln and Glx (Glu + Gln complex). Cramér–Rao lower bounds
(CRLBs), which were provided by LCModel software, were used

in assessing the precision of the quantification of metabolites.
Spectrum data were included in the statistical analysis, which
met the following criteria: (1) signal–to–noise ratio (SNR) ≥ 5;
and (2) CRLBs for the concentrations of metabolites obtained
were < 50%, and generally < 25%.

An IVIM scan was performed with a single-shot spin echo
planar imaging (EPI) sequence; TR/TE 4,000 ms/90 ms; matrix
228× 231; slice thickness 5mm; and 16 b-values (0, 10, 20, 40, 80,
110, 140, 170, 200, 300, 400, 500, 600, 700, 800, and 900 s/mm2).
IVIM analysis was performed using in-house MATLAB software
(R2010a, The MathWorks, Inc., Natick, MA, USA) and a bi-
exponential model. The relation between the signal attenuation
and b is expressed by the following formula (Le Bihan et al., 1988,
1989):

Sb/S0 = (1− f) · exp(−b · D)+ f · exp(−b · D∗) (1)

Where Sb and S0 stand for signal intensity at b 6= 0 and b =

0, respectively. The relevant parameters finally obtained by least
squares (Pfeuffer et al., 1999) are as follows: diffusion coefficient
D (given in units of ×10−3 mm2/s) denotes the true molecular
diffusion; the pseudo-diffusion coefficient D∗ (given in units of
×10−3 mm2/s) represents the diffusion linked to microcapillary
perfusion; and the perfusion fraction f (given as a percentage)
indicates the proportion of microcirculatory perfusion-related
diffusion in the total diffusion. As there is a variation in the speed
of motion of different molecules, D∗ is markedly greater than
D. At b < 200 s/mm2, the perfusion effect is dominant and the
signal attenuation detected reflects information from perfusion;
at b > 200 s/mm2, the microcirculatory perfusion effect can be
neglected, and the signal attenuation detected nearly reflects the
true diffusion of water molecules in voxels.

Firstly, IVIM raw data were imported into post-processing
software, and then post-processed using a bi-exponential model
to give pseudo-color images of D, D∗, and f. Secondly, the ROI
was manually marked on the left basal ganglia in images at b = 0
s/mm2 (see Figure 2) by combining T2WI scan images (avoiding
the adjacent cerebrospinal fluid [CSF], blood vessels and noise
areas), and then D, D∗, and f values were calculated. If the
calculated results were < 0, f, D, and D∗ were set to 0 to comply
with actual physiology. If f was > 0.3 and D∗ was > 0.05 as
calculated, f and D∗ were also set to 0 because such calculated
results may be caused by the effects of SNR or CSF flow, and
were therefore not physiological values (Federau et al., 2012).
Finally, the relevant parameters of ROI in model and control
groups were measured repeatedly three times and results then
averaged. Differences in various parameters between model and
control groups were analyzed.

Statistical Analysis
SPSS 20.0 statistical software was used for analyses. All data
were expressed as mean ± standard deviation (SD). Multiple
comparisons of data with a homogeneity of variance were
performed by one-way analysis of variance (ANOVA), and those
of data with a heterogeneity of variance by a Kruskal–Wallis
H test. Correlations between the Glu level and IVIM-derived
perfusion parameters (D∗ and f ) were analyzed by Spearman
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FIGURE 1 | Representative T2-weighted image and corresponding 1H-MRS of a normal piglet. A MRS voxel was placed in the left basal ganglia (black

square). LCModel fitting results (red), fit from 0.2 to 4.0 ppm, are presented. Glu, glutamate; Gln, glutamine; NAA, N-acetylaspartate; Lac, lactate; Cho, choline; Cr,

creatine.

rank correlation analysis. The correlation level indicated by the
correlation coefficient was defined as follows: r > 0.8, very high
correlation; 0.6 < r ≤ 0.8, significant correlation; 0.4 < r ≤ 0.6,
ordinary correlation; 0.2 ≤ r ≤ 0.4, low correlation; and 0 ≤ r
< 0.2, weak or no correlation (Fujima et al., 2014). P < 0.05
suggested that a difference was statistically significant.

RESULTS

In this study, 1H-MRS and IVIM scans were performed on the
newborn piglets in the control group and HI model group at
different time points of 0–6, 8–12, 24–30, and 48–60 h after HI.
The results are described below.

1H-MRS
The representative 1H-MRS in the basal ganglia at different time
points after HI are shown in Figure 3. Figure 4 shows the mean
levels of Glu, Gln, and Glx in the control group and model
group. After HI, there was a sharp increase in Glu level in the
basal ganglia at 0–6 h, followed by a transient decrease at 8–
12 h, to a level that was still higher than that in the control
group; thereafter, it increased again, demonstrating a “two-phase”
change. Compared with the control group, the Glu level was
increased at different time points after HI, and differences were
statistically significant (0–6 h group, P < 0.001; 8–12 h group, P
= 0.016; 24–30 h group, P < 0.001; 48–60 h group, P < 0.001).
There was a statistically significant difference between the HI 0–6

and 8–12 h groups (P = 0.007) and between HI 8–12 and 24–
30, or 48–60 h groups (P < 0.001, P = 0.021, respectively), but
no statistically significant difference was observed between other
groups.

Figure 4B demonstrated that Gln level tended to increase
slightly and then decrease after HI, but there were no statistically
significant differences between the different groups.

Figure 4C showed that there was a similar change in Glx
level as in Glu level, where the difference between the control
group and the HI 24–30 h group was statistically significant
(P = 0.009).

IVIM Data Processing
Figure 5 shows the changes in D, D∗, and f in the control group
and model group as detected by IVIM. After HI, D in the basal
ganglia was markedly decreased at 0–6 h (compared with the
control group, P < 0.001) and then gradually recovered over
time, but it was still slightly lower than that in the control group
(no statistically significant differences between different HI time
point subgroups and the control group, P > 0.05).

Figure 5B showed the changes in D∗ in the different groups.
After HI, D∗ was decreased at 0–6 and 8–12 h, then increased
at 24–30 h and thereafter decreased again at 48–60 h. However,
there were no statistical differences in D∗ between the different
groups.

As shown in Figure 5C, f was clearly decreased at 0–6 h
after HI and then began to recover at 8–12 h, but it was still
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FIGURE 2 | Representative IVIM images of newborn piglets before and after HI. (a–d) showed the axial diffusion-weighted imaging (DWI) image (b = 0 s/mm2)

of a normal newborn piglet (a) (where the blue ellipse highlights the region of interest (ROI) marked in the left basal ganglia region), and the corresponding D, D*, and f

images obtained by IVIM post-processing software (b–d; D = 0.642 × 10−3 mm2/s, D* = 13.207 × 10−3 mm2/s, f = 12.753%). (e–h) showed the axial DWI image

(b = 0 s/mm2) of a newborn piglet at 6 h after HI (e), and the corresponding D, D*, and f images (f–h; D = 0.269 × 10−3 mm2/s, D* = 5.412 × 10−3 mm2/s, f =

7.197%). From the axial DWI images, we could see that at 6 h after HI, the signals of cerebral parenchyma were evidently enhanced, the cerebral cortex was obviously

swollen and edematous, and the cortical sulci and gyrus became shallower; in the D and f images, weakened signals of cerebral parenchyma were observed after HI

correspondingly, but the difference in the image of D* was not significant.

lower than that in the control group; at 24–30 and 48–60 h, f
continued to decrease again. The difference in f was statistically
significant between the control group and the HI model group
at different time points (P < 0.001, for both). There was a
statistically significant difference between 0–6 and 8–12 h groups
and between 8–12 and 24–30, or 48–60 h groups (P < 0.001,
for both). The specific data for D, D∗, and f are shown in
Table 1.

Analysis of Correlations between
Metabolites of Glu Metabolism and
IVIM-Derived Perfusion Parameters, D∗

and f
After HI, the Glu concentration in the basal ganglia showed a
significant negative correlation with f (r = −0.643, P = 0.001;
Figure 6A); similarly, there was an ordinary negative correlation
between the Glx concentration and f (r = −0.478, P = 0.016;
Figure 6C). However, no significant correlation was observed
between the Gln concentration and f (Figure 6B). In addition,
D∗ did not correlate with the concentration of Glu, Gln, or Glx
(Figures 6D–F).

DISCUSSION

In the present study, we established a HI newborn piglet
model and then investigated the level of Glu metabolism and
the microcirculatory perfusion changes in the brain by multi-
sequence MRI. The results showed that the change in Glu level
was closely related to the microcirculatory perfusion level in
the acute stage of HIBD. Since the occurrence of HIBD is
a result of the interactions and influences of multiple factors
that contribute to an abnormal pathological environment in
the brain. On one hand, the development of dysmetabolism in
cerebral energy causes a massive extracellular accumulation of
Glu. The resultant excitotoxicity is one of the key factors inducing
neuronal injury and death. On the other hand, hemodynamic
disorders of the brain can also lead to damaged brain cells. In
the brain, the neurons are located nearby small blood vessels,
so the neurotransmitters released by synapses can also regulate
the functions of these vessels (Huang et al., 1994) and nerve
activities are tightly coupled with the degree of vascular perfusion
(Busija et al., 2007; Jackman and Iadecola, 2015). In this study,
we performed a preliminary exploration of relevant pathological
mechanisms by multi-sequence MRI.
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FIGURE 3 | 1H-MRS images of newborn piglets at different times points after HI injury. (A–C) and (D) represented four different time points after HI operation:

0–6, 8–12, 24–30, and 48–60 h. In the spectra, the Glu peak was elevated at 0–6 h (A), then slightly depressed at 8–12 h (B), and thereafter elevated again at 24–30

h (C), and 48–60 h (D). However, the Gln peak did not show significant changes in the above image. Glu, glutamate; Gln, glutamine; NAA, N-acetylaspartate; Lac,

lactate; Cho, choline; Cr, creatine.

FIGURE 4 | Quantification results measured by 1H-MRS in control and model piglets at different time-points after HI insult , (A) Glu, (B) Gln, and (C) Glx.

Errors bars indicate standard deviation values. *Compared with the control group, P < 0.05. Glu, glutamate; Gln, glutamine; Glx, glutamate + glutamine.
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FIGURE 5 | D (A), D* (B), and f (C) parameters measured by IVIM scanning in control (black circles) and model piglets at different time-points, 0–6 h (black squares);

8–12 h (black regular triangles); 24–30 h (black inverted triangles); and 48–60 h (black diamonds). The horizontal lines in the scatter plots represent medians.

TABLE 1 | D, D*, and f parameters measured in newborn piglets from all groups.

Parameter Model group

Control group (n = 5) 0–6 h (n = 5) 8–12 h (n = 5) 24–30 h (n = 5) 48–60 h (n = 5)

D (×10−3mm2/s) 0.644 ± 0.008 0.219 ± 0.060* 0.532 ± 0.026# 0.552 ± 0.071 0.606 ± 0.014

D* (×10−3mm2/s) 13.546 ± 3.175 5.979 ± 2.174 3.609 ± 7.336 9.459 ± 6.276 6.683 ± 5.284

f (%) 13.650 ± 0.676# 7.350 ± 0.914* 9.231 ± 0.957*# 7.103 ± 0.778* 6.375 ± 0.551*

Data are shown as mean ± standard deviation.

Compared with the control group,*P < 0.05

Compared with HI 48–60 h group, #P < 0.05

D, diffusion coefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction.

Our study results showed that Glu level underwent a “two-
phase” change after HI. The sharp rise in Glu level in the
0–6 h group can be explained by the following mechanism.
Energy dysmetabolism in nerve cells occured in the early
stage, and the neurons were then depolarized, which caused
a substantial release of excitable Glu into the extracellular
spaces (Phillis et al., 1994; D’souza and Slater, 1995; Guo
et al., 2011; Rocha-Ferreira and Hristova, 2016). Meanwhile,
increased NADH/NAD+ ratio may directly promote the de
novo synthesis of Glu (Ottersen et al., 1996), and the Glu
level in astrocytes was then increased accordingly. In the 8–
12 h group, the Glu concentration reached a transiently low
peak due to the work of Glu transporters (GluTs), responsible
for taking up extracellular Glu into astrocytes. On this basis,
excessive Glu is transformed into Gln and then returns back to
neurons, completing the “Glu (in neuron)–Gln (in astrocyte)”
cycle (Bacci et al., 2002). Excessive Glu then suppresses the
excessive excitation of basal ganglia, in a possible self-protective
mechanism within human astrocytes (Sofroniew and Vinters,
2010; Ouyang et al., 2014). In the 24–30 h group, the Glu
concentration increased again due to two causes: cell rupture
caused by reperfusion injury led to an increase in Glu release;
and the Glu reuptake mechanism was damaged in the late
stages of the disease’s course and thus resulted in the massive

extracellular accumulation of Glu (Matsumoto et al., 1996).
Meanwhile, the severe shortage of ATP inhibited the activity of
glutamine synthetase (which is responsible for transforming Glu
into non-excitatory Gln in the Glu-Gln cycle) (Dao et al., 1991),
thus causing the accumulation of residual Glu in astrocytes (Torp
et al., 1993).

Moreover, we did not find statistically significant differences
in Gln concentration between the different groups in the
present study, and this was perhaps associated with the PRESS
sequence (TE = 37 ms) used for the 1H-MRS scan. A PRESS
sequence (TE = 37ms) is not the best choice to study Gln.
Henry et al. (2011) believed that two-dimensional (2D) J-
resolved MRS could completely disperse the peak overlapping
on the 2D plane, which is caused by the approximate
coupling constants in a one-dimensional plane, and had good
stability and no susceptibility to linewidth fluctuation. Therefore,
2D J-resolved MRS is the optimal spectrum study method
available for Gln quantification. In the future, we may be
able to further investigate and explore Gln by 2D J-resolved
MRS.

However, changes in local microcirculatory perfusion in the
brain and their association with Glu level have not yet been fully
clarified. In this study, we quantitatively evaluated changes in
microcirculatory perfusion after HIBD using IVIM. As is well
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FIGURE 6 | Scatter plots of IVIM-derived f (%) and D* (×10−3mm2/s) parameters over concentrations (mmol/kg) of Glu, Gln, and Glx. A significant

negative correlation between f values and the Glu concentration was observed (A), whereas an ordinary negative correlation between f values and the Glx

concentration was observed (C). However, there was no correlation between f values and the Gln concentration (B). Unlike for f values, no correlation between D*

values and Glu (D), Gln (E), or Glx (F) concentrations was observed. Spearman’s rank correlation coefficient r was calculated. Glu, glutamate; Gln, glutamine; Glx,

glutamate + glutamine.

known, water molecules flow with blood (except for Brownian
motion) within the capillary network of themicrocirculation, and
thus capillary blood flow can be regarded as another form of
water diffusion. At the voxel level, the water flowing in randomly
oriented capillaries can be regarded as an irregular random
motion (Le Bihan et al., 1988) known as “pseudo-diffusion” due
to the pseudo randomorgan distribution of the capillary network,
and is related to the structure and blood flow rate of the capillary
network. In the present study, perfusion was defined as the
incoherent motion of water molecules in capillaries at the voxel
level (Hu et al., 2015). The analysis of multiple b-value diffusion-
weighted imaging (DWI) with an IVIM model is applicable
to the quantification of two motion components, including
water molecule diffusion and microcirculatory perfusion. Three
parameters (D, D∗, and f ) are then finally calculated using a
Levenberg–Marquardt non-linear least square fitting routine, of
which D∗ and f both provide information on microcirculatory
perfusion. The perfusion fraction f represents the volume
percentage of perfusion-related diffusion effect in total diffusion
effect, and it is positively correlated with the cerebral blood
volume of the brain (Federau et al., 2014a,b); the pseudo-
diffusion coefficient D∗, i.e., the capillary perfusion-related

diffusion coefficient, is determined depending on the blood flow
rate and geometry of capillaries. Therefore, the changes in f
and D∗ can be regarded as the changes in microcirculatory
perfusion.

This study showed that after HI, f decreased at 0–6 h and then
transiently recovered at 8–12 h but was still lower than that in
the control group, and thereafter, it continued to decrease (see
Table 1 and Figure 5C). Several investigators (Pulsinelli et al.,
1982; Qiao et al., 2004; Ohshima et al., 2012) have measured
changes in local perfusion in the HI brain of animal models
using 4-iodo-[14C]-antipyrine, ASL and laser speckle flowmetry
(LSF), respectively. They found a transient recovery in cerebral
perfusion volume, followed by a decrease in perfusion, which is
consistent with our study results. A transient increase in cerebral
perfusion volume in the early stages of HIBD may be attributed
to the activation of a cerebral vascular self-regulatory mechanism
(Grant et al., 2005) (a self-protective mechanism of the body)
after the recovery of blood reperfusion in the bilateral common
carotid arteries. Blood perfusion decreased in the late stages, after
HI. Such delayed hypoperfusion in the clinic is controversial, but
most evidence suggests that it is closely related to secondary brain
damage after HI (Jensen et al., 2006).
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In the present study, the Glu concentration in the basal
ganglia of newborn piglets significantly correlated with f in a
negative manner (r = −0.643, P = 0.001). At 8–12 h after HI,
f increased transiently (Table 1 and Figure 5C), corresponding
to a transient low peak of Glu release (see Figure 4A), which
indicates that the excessively accumulated Glu was cleared due to
the recovery of perfusion in the early stages after HI. (Yamaguchi,
1977) The majority of current studies (Busija et al., 2007;
Longo and Goyal, 2013) have shown that Glu and its synthetic
analogs can dilate small arteries and veins in the brain and thus
increase f. The Glu concentration increased while f decreased
again, perhaps because delayed hypoperfusion can mediate
the release of this excitatory neurotransmitter (Matsumoto
et al., 1996). In turn, the abovementioned vasodilatory effect
of Glu may be weakened with the progression of disease,
and Glu may even constrict small arteries in the cerebral pia
mater. As the Glu concentration increased, cerebral vasospasms
may have become aggravated and may have even induced
the breakage of postcapillary venules, thus causing severe
microcirculatory disturbances (Huang et al., 1994), decreasing f
further. Based on this finding, we postulate that the disturbances
in microcirculatory perfusion and Glu release may result from,
and contribute to, each other, and both may induce neuronal
injury following HI.

However, our study results showed no statistically significant
difference in D∗. A possible reason may be the big limitation of
D∗, which results from uncertainty and very poor reproducibility
(Wu et al., 2015; Nougaret et al., 2016; Yang et al., 2016). We
found that D∗ displayed a large degree of dispersion during post-
processing computations, maybe because of a high variation in
D∗ within brain tissues due to the blood–brain barrier; f usually
shows a small value in brain tissues. That is to say, D∗ is more
likely to have an error when the proportion of perfusion is lower
(King et al., 1992; Bisdas et al., 2013). In addition, the movements
of animals and the partial volume effect of CSF during scanning
can influence the measuring accuracy of D∗. Some investigators
have proposed that the accurate measurement of D∗ was also
affected by the cardiac cycle, with the measurement value of D∗

significantly higher in the systole than in the diastole (Federau
et al., 2013; Xu et al., 2016). Relative to D∗, f was less affected
by these physiological factors, had lower noise and was more
uniform.

In addition, this study also demonstrated that the diffusion
coefficient D, a parameter reflecting the true diffusion motion
of water molecules, was markedly decreased at 0–6 h after HI
and then gradually recovered over time, but was still slightly
lower than that in the control group (see Figure 5A). This
was perhaps due to increased glycolysis in the tissues in the
early stage of HI, with more and more lactate accumulated,
resulting in intracellular acidosis and cytotoxic edema. This
subsequently led to the reduction of extracellular spaces (Tuor
et al., 2014), which limited the diffusion of water molecules
and decreased D. Subsequently, cellular swelling caused by
cytotoxic edema compressed the capillaries and then resulted
in the further hypoxia of brain tissues. Such hypoxia acted
on vascular endothelial cells to increase vascular permeability,
resulting in vascular edema. As a result, water molecules were

retained extracellularly, the extracellular space became enlarged
(Wang H. et al., 2012), the diffusion of water molecules was
enhanced, and D increased. Conventional DWI reflects the
microstructural changes in brain tissues with changes of the
apparent diffusion coefficient (ADC). However, diffusions in
biotic tissues actually measured by ADC include both the true
diffusion of water molecules and capillary perfusion effects,
which can be distinguished by IVIM (Le Bihan et al., 1986,
1988). Therefore, multiple b-value DWI, based on an IVIM bi-
exponential model, can provide a value of D without the effects
of perfusion factors, and thus can more accurately measure the
diffusion of water molecules. In short, the early pathological
changes in brain tissues after HI are indicated by changes in D.

Of course, our study had several limitations. Firstly, a small
sample size was used, which may have caused a bias in results.
However, we hope our results lay the basis for further, larger
studies. Secondly, the coil diameter used in this study was
relatively bigger than the head of the newborn piglets, and the
SNR of images was not high enough. Therefore, work must focus
on seeking a better SNR for future studies. Finally, the IVIM
sequence was scanned with 16 b-values (including 9 b-values
within a range of 0–200 s/mm2) in the present study, which
took a long time, though more accurate and detailed perfusion
information was provided; the motion displacement during
scanning may have affected the accuracy of results. However, in
order to overcome this limitation, data with severe motion was
excluded.

CONCLUSION

In this study, we evaluated the changes in Glu metabolism and
microcirculatory perfusion in the HI brain by 1H-MRS combined
with IVIM. Glu concentration was increased in the early stage
after HI, then transiently recovered and finally increased again,
showing a “two-phase” change; perfusion-related parameter
f showed a clear decrease, then transiently and slightly
recovered, and thereafter continued to decrease. There was a
significant negative correlation between the two parameters.
Our data highlight the potential of combining changes in Glu
concentration and f to explore the close relationship between
cerebral dysmetabolism and microcirculatory disturbance
after HI.
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Background: Ischemic cerebral infarction is a severe clinical condition that can cause

seriousmortality. Artesunate, an anti-malarial drug that is widely used in cancer treatment,

is known to facilitate accelerated cell apoptosis. The aim of this study is to explore the

possible neuroprotective effects of artesunate on hypoxic-ischemic cells in rats.

Methods: Middle cerebral artery occlusion (MCAO) rats were treated with artesunate

in different doses to observe their survival rate. Primary hippocampal neurons were

deprived of oxygen-glucose to induce ischemia symptoms. Western blot was performed

to determine the protein expressions of p-mTOR, Beclin-1, and Mcl-1. A five-point scale

was used to detect neurological deficit. Cell apoptosis was measured using a TUNEL

assay.

Results: Artesunate supplementation protected MCAO rats from death and ameliorated

brain injury among them. Artesunate administration decreased the expression of

p-mTOR, increased the expressions of Beclin-1 and Mcl-1, and decreased the activity

of caspase-3 in both the rats’ ischemia cerebral cortices and their primary ischemia

hippocampal neurons when compared with artesunate-absent ischemic brains and cells.

The neuroprotective effects of artesunate were abolished by either leucine (LEU) or 3-MA,

while the effects of rapamycin were reversed by 3-MA. In vivo experiments verified the

protective effects of artesunate on brain-infarct rats.

Conclusion: The results indicate the protectiveness of artesunate against ischemic

cerebral infarction, whereas the protectiveness might increase autophagy through

regulating the activity of mTOR.

Keywords: mTOR, autophagy, artesunate, infarction, Ischemic cerebral infarction

INTRODUCTION

Cerebral infarction, also known as stroke, is the second leading cause of disability and death
worldwide (1). Every year,∼15 million people are diagnosed with a cerebral infarction, while about
5million people die from the disease globally. Even though progress has beenmade on fundamental
research and clinical treatment, the patients who suffer from cerebral infarction are still unsatisfied.
Traditionally, cerebral infarction is thought to be caused by insufficient cerebral blood flow, while
oxidative stress and inflammation also play an important role (2–4). Ischemic brain infarcts are
a type of cerebral infarction that not only affect the middle cerebral artery, but also induce early
mortality (5). Nevertheless, the indistinct mechanism or the clinical method limit the therapy for
patients with cerebral infarction.
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Artesunate is a traditional anti-malarial Chinese drug that has
been proven to play an important role in cancer treatment due to
its role in inducing cell apoptosis (5, 6). Studies have suggested
that oxidization and inflammation have a vital role in cell death
induced by artesunate; for example, artesunate enhances cell
apoptosis by stimulating anticancer toxicity (7, 8). Moreover,
artesunate induces severer mitochondrial injury that is mediated
by ROS (9). A previous study has proven that artesunate has an
effect on the therapy of cerebral malaria during its acute phase
(10), but whether artesunate affects cerebral infarction is still
unclear.

Autophagy is a catabolic process that can damage organelles
and specific proteins. The activation of the mammalian target of
rapamycin (mTOR) seems to affect protein translation, cellular
response and autophagy. Generally, autophagy is known to
eliminate toxins, pathogens, and several modified cytoplasmic,
and further protects cells against injury. A previous study
reported that activated mTOR in amino acid-rich conditions
could inhibit the occurrence of autophagy, while when amino
acids are limited extracellularly, autophagy recycles intracellular
seem to provide an alternative resource for amino acids
(11). Other studies have provided key insights into mTOR
as an important factor in autophagy. For example, Nazio
et al. found that mTOR inhibits autophagy through regulating
ULK1 ubiquitylation (12), while Liang et al. supported mTOR
as a therapeutic target by regulating YAP in the tuberous
sclerosis complex (13). Zhang et al. suggest that mTOR
promotes autophagy and protects rats from osteoarthritis by
deleting specific cartilage (14). The mechanism of cerebral
infarction has also been studied by many researchers, as well
as its autophagy. For example, ebselen was recognized to
reduce autophagic activation in ipsilateral thalami with cerebral
infarction (15). Other studies have indicated that AKT/mTOR
signaling is related to ischemic cerebral infarction. Beclin-1
is an autophagy gene that relates to cell death, Mcl-1 is a
member of the anti-apoptotic Bcl-2 family, and caspase-3 plays
an important role in cell apoptosis through the activation of
death-related proteases. All those genes are favorable to detect
cell death.

3-MA is an autophagic inhibitor that can be used to block
the formation of autophagosome and autophagic vacuoles (16).
Leucine (LEU) is a p-mTOR agonist and has been identified
to mediate p-mTOR phosphorylation (17). Rapamycin is an
inhibitor of mTOR, and has been widely used in regulating the
activity of mTOR-signaling pathways (18).

In this study, 3-MA, LEU, and rapamycin were used to analyze
the role of artesunate, and it was found that mTOR was mediated
in the autophagy of cerebral infarctions. The aims were to explore
the mechanism of mTOR on autophagy and determine whether
artesunate affects cerebral infarction by regulating the expression
of mTOR and autophagy.

MATERIALS AND METHODS

Animals
In this study, a total of 80 Sprague-Dawley (SD) male rats aged 4–
6 weeks and weighing 220–250 g each were used. Food and water

were provided ad libitum in a controlled environment. The study
was permitted by the Animal Ethics Committee.

The rats were randomly divided into four groups (n = 10
in each group), including Sham (Group 1), middle cerebral
artery occlusion (MCAO, Group 2), MCAO+artesunate (30
mg/kg, Group 3) and MCAO+artesunate (60 mg/kg, Group
4). Artesunate was dissolved in the PBS and intraperitoneally
injected into the rats 2 h before MCAO. MCAO was performed
according to the reference (19). The rats were all under 4% chloral
hydrate anesthesia by intraperitoneal injection before the MCAO
surgery.

The work was approved by the ethics committee of the First
Affiliated Hospital of Harbin Medical University.

Detection of Neurological Deficit, Cerebral
Infarct Volume, and Brain Edema
Neurological deficit was detected via motivation ability and
visual ability. The five-point scale described previously (20)
was used to assess neurological grading; to summarize, “0”
presented no apparent deficits; “1” presented left forelimb
flexion; “2” presented a decreased grip of the left forelimb
while the tail was pulled; “3” presented spontaneous movement
in all directions; and “4” presented spontaneous left circling.
The experiments were performed by three technicians and
the averages of their individual values represented the final
results.

Brain edemas were quantified by detecting water content in
the rats’ brains. After the rats were sacrificed, their brain tissues
were taken out and weighed (W1). Then, the tissues were dried
and again their weights (W2) were measured. Finally, the water
content of the brains was calculated using the formula (W1–
W2)/W1× 100%.

FIGURE 1 | Effects of artesunate on brain injuries. The neurological deficit

score (A), infarct volume (B), brain edema (C), and the survival rate (D) were

significantly increased in MCAO rats, while artesunate reversed the results in a

dose-dependent manner. **P < 0.01 vs. Group 1, ##P < 0.01 vs. Group 2.
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FIGURE 2 | Effects of artesunate on p-mTOR, Beclin-1 and Mcl-1. Ischemia cerebral cortex reflected a significant increase in p-mTOR (A), a significant decrease in

Beclin-1 and Mcl-1 (B), and a significant increase of caspase-3 (C), while artesunate supplementation reverses its effects in a dose-dependent manner. **P < 0.01 vs.

Group 1, ##P < 0.01 vs. Group 2.

Western Blot
Ischemic cerebrum cells and tissues were lysed using a
RIPA Lysis Buffer. Total protein was extracted using a
Total Protein Extraction Kit (Takara) according to the
manufacturer’s instructions, and the quality was detected using
the Bradford method. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was used to separate the protein
extracts. An equal amount of protein was transferred onto a
polyvinylidene fluoride membrane, and incubated with primary
antibodies (anti-p-mTOR, anti-Beclin-1, anti-Mcl, 1:500, [Sigma,

USA]) or β-actin (1:500, [R&D, China]) at 4◦C for 24 h. The
membranes were then incubated with the secondary antibody
(1:1000) for another 2 h at room temperature. The ECL method
and Image J software were used to visualize the bands. The
antibodies were purchased from Abcam (UK). β-actin acted as
an internal control.

Cell Culture and Treatment
Primary rat hippocampal neuron that isolated from SD rats. The
cells were cultured in a 24 well-plate with 1 × 104/well and
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FIGURE 3 | Effects of artesunate with the presence/absence of LEU or 3-MA on ischemic neuron cells. Hypoxia treatment increased the expression of p-mTOR (A),

decreased the expression of Beclin-1 and Mcl-1 (B), and promoted cell apoptosis (C), while artesunate supplementation reversed the effects in a dose-dependent

manner. **P < 0.01 vs. control, ##P < 0.01 vs. hypoxia.

cultured with DMEM supplemented with 10% fetal bovine serum
at 37◦C with 5% CO2 in a humidified atmosphere. After 4 h, the
medium was replaced by chemically defined medium, and the
half of the volume of the medium was replace every 3 days by
an equal volume of chemically defined medium.

Oxygen-glucose deprivation treatment was performed as
previously described (21). The cells were exposed to a glucose-
free solution of RPBM 1640 medium and cultured at 37◦C in an
incubator with 5% CO2 and 95% N2 for 2 h.

Tunel-Positive Assay
After the cells were treated with artesunate, 3-MA or rapamycin
for 2 h and subsequently exposed to gas with oxygen-glucose

deprivation for 24 h, TUNEL staining was carried out using
a TUNEL Apoptosis Assay Kit (Roche, USA), according to
the manufacturer’s instructions. The numbers of positive cells
were the average value of the ten individual regions of
vision.

Activity of Caspase-3
To determine the activity of caspase-3 in rats with different
treatments (Sham, MCAO, MCAO+30 mg/kg artesunate and
MCAO+60 mg/kg artesunate), the Colorimetric Assay Kit
(Genscript, Piscataway, NJ, USA) was used, and the instructions
were followed.
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FIGURE 4 | Hypoxia treatment significantly decreased the expression of Beclin-1 and Mcl-1, and the effects were reversed by artesunate supplementation; however,

LEU administration abolished the effects induced by artesunate. **P < 0.01 vs. control, ##P < 0.01 vs. hypoxia, &P < 0.05 vs. hypoxia+artesunate.

FIGURE 5 | Hypoxia treatment significantly promoted cell apoptosis, and

artesunate supplementation reversed the results, whereas 3-MA abolished the

effects induced by artesunate (E). **P < 0.01 vs. control, ##P < 0.01 vs.

hypoxia, &P < 0.01 vs. hypoxia+artesunate (40 mg/L).

In vivo Experiments
MCAO rats were randomly divided into four groups,
including Group 1: MCAO+PBS, Group 2: MCAO+atesunate
(60 mg/kg), Group 3: MCAO+atesunate (60 mg/kg)+3-MA (30
mg/kg), and Group 4: MCAO+3-MA (30 mg/kg). After 24 h, the
neurological deficit, cerebral infarct volume and brain edema of
the rats in the four groups were measured.

Statistical Analysis
All data were expressed as means±SD. The analysis was
performed using SPSS18.0. Statistical differences were processed
using one-way analysis of variance (ANOVA) combined with
the least significant difference t-test independent-sample t-test.
The post-hoc test was carried out to compare the differences in

the individual groups. P < 0.05 was recognized as a statistically
significant difference.

RESULTS

Artesunate Protected the Cerebrum
Against Infarction
To determine the effects of artesunate on cerebral infarction,
the rats were divided into four groups as previously described,
including Sham (Group 1), middle cerebral artery occlusion
(MCAO, Group 2), MCAO+30 mg/kg artesunate (Group 3)
and MCAO+60 mg/kg artesunate (Group 4). After 24 h, the
mortality rates of Groups 1, 2, 3, and 4 were 0, 35, 20, and 10%,
respectively (the data were not shown in the article). Cerebral
infarction degrees were detected in the living rats. Compared
with Group 1, neurological deficit (Figure 1A), cerebral infarct
volume (Figure 1B), and brain edemas (Figure 1C) were
significantly higher, while the effects were reversed by artesunate
(Groups 3 and 4) based on the dose. In addition, when
compared with Group 1, the survival rate was lower in
Groups 2, 3, and 4, while the artesunate recovered the survival
rate based on dose (Figure 1D). The results revealed that
artesunate significantly ameliorates infractions in neurological
deficit, cerebral infarct volume and brain edemas based on
dose.

To detect the effects of artesunate on the cerebral cortex
in the ischemic region, a western blot and a caspase-3 activity
assay were performed. According to Figure 2A, the protein
expression of p-mTOR was prominently higher in Group
2 compared to Group 1, while it was reversed in Group
3 and Group 4 with the dose-dependent artesunate, while
the protein expression of total mTOR showed no significant
difference. The protein expressions of Beclin-1 and Mcl-1
was lower in Group 2 than in Group 1; however, it was
abolished in Groups 3 and 4 with the dose-dependent artesunate
(Figure 2B). Furthermore, the activity assay revealed that
the activity level of caspase-3 in Group 2 was dramatically
higher than Group 1, while its effects were also reversed by
artesunate (Groups 3 and 4) in a dose-dependent manner
(Figure 2C).
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FIGURE 6 | Interaction effects of rapamycin and 3-MA on neuron cells. Hypoxia treatment significantly decreased the expression of Beclin-1 and Mcl-1 (A), but

promoted cell death (B). Rapamycin supplementation reversed the effects of hypoxia, while 3-MA administration abolished the effects induced by rapamycin. **P <

0.01 vs. control, ##P < 0.01 vs. hypoxia, &P < 0.01 vs. hypoxia+artesunate (40 mg/L).

Effects of Artesunate With or Without Leu
or 3-MA on Hypoxia-Induced Primary
Hippocampal Neurons in Rats
The rats’ primary hippocampal neurons were divided into 4
groups and individually pretreated with 0, 10, 20, and 40
mg/L artesunate for 2 h. Afterward, the cells were treated with
oxygen-glucose deprivation for 24 h. It was found that hypoxia
prominently increased the expression of p-mTOR but not total-
mTOR (Figure 3A). While hypoxia decreased the expressions
of Beclin-1 and Mcl-1 (Figure 3B) and increased cell apoptosis
(Figure 3C), all these effects were abolished by artesunate in a
dose-dependent manner.

The primary hippocampal neurons of the rats were
pretreated with the presence or absence of artesunate (40
mg/L) and LEU (5 mmol/L) for 2 h, then treated with
oxygen-glucose deprivation for 24 h. Figure 4 demonstrates
that hypoxia supplementation significantly decreases
the expressions of Beclin-1 and Mcl-1 and artesunate
administration seems to reverse its effects, while LEU abolishes
its effects.

The hippocampal neurons were pretreated with the presence
or absence of artesunate (40 mg/L) and 3-MA (50 mmol/L) for
2 h, then treated with oxygen-glucose deprivation for 24 h. The
results revealed that hypoxia stimulation significantly increases
cell apoptosis, while this effect is reversed by rapamycin;
however, 3-MA supplementation abolishes the effects induced by
artesunate (Figure 5).

Effects of Rapamycin and 3-MA on
Hypoxia-Induced Primary Hippocampal
Neurons in Rats
The hippocampal neurons were pretreated with the presence or
absence of the p-mTOR inhibitor rapamycin (100 mmol/L)
or the autophagy inhibitor 3-MA (50 mmol/L) for 2 h,
then treated with oxygen-glucose deprivation for 24 h. As
is presented in Figure 3, hypoxia stimulation significantly
decreases the expressions of Beclin-1 and Mcl-1, but increases
cell apoptosis. Rapamycin seems to reverse its effects,
while 3-MA abolishes the effects induced by rapamycin
(Figures 6A,B).
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FIGURE 7 | In vivo to verify the effects of artesunate and 3-MA on brain injury. The neurological deficit score (A), infarct volume (B), brain edema (C), and survival rate

(D) were significantly lower in MCAO rats that were supplied with artesunate, while 3-MA supplementation reversed the results in a dose-dependent manner. **P <

0.01 vs. Group 1, ##P < 0.01 vs. Group 2.

In vivo Examination of the Effects of
MCAO, Artesunate and 3-MA
The MCAO rats were randomly divided into 4 groups, including
Group 1:MCAO+PBS, Group 2:MCAO+artesunate (60mg/kg),
Group 3: MCAO+artesunate (60 mg/kg) +3-MA (30 mg/kg),
and Group 4: MCAO+3-MA (30 mg/kg). After 24 h, the
mortality rates of Groups 1, 2, 3, and 4 were 30, 10, 25,
and 35% respectively (the data are not shown in the article).
The indices of the live rats were detected, and the results
revealed that artesunate supplementation decreases neurological
deficit score (Figure 7A), infarct volume (Figure 7B), brain
edema (Figure 7C), and survival rate (Figure 7D) in a dose-
dependent manner, while the effects are abolished by 3-MA
supplementation.

DISCUSSION

This study exhibited the effects of artesunate as a protective
agent in ischemic cerebral infarction in rats. It was found that
artesunate protects the brain from MCAO-induced cerebral

infarction, based on the dose. Upon the analysis of artesunate in
vivo experiments, the results revealed that artesunate protects the
brain against ischemic infarction.

Mounting studies have reported the current efforts to improve
neurorehabilitation. For example, Human induced pluripotent
stem cells has been proven to improve the recovery of stroke
(22). Another study revealed that Stem cell protected stroke
of preclinical models is associated with aging (23). However,
the therapy of hypoxia-ischemia induces brain injury was
still need further exploration. Hypoxia-ischemia induces brain
injury by impairing oxygen supplements, which leads to a
variety of biochemical reactions in the body and disturbed
normal physiological processes (24). Hypoxia-ischemia can have
enormously severe symptoms; for example, it affects oxidative
stress and nitrification stress in newborn rats’ brains (25),
and gestational and perinatal inflammation is associated with
hypoxia-ischemia (26). Moreover, many studies have proven
that cell death and autophagy induced by hypoxia-ischemia in
the brain are an important neuron injury in patients (27–29).
In this study, hypoxia-ischemia was performed to obtain brain
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infarction cells, which were essential to the study. Previous
studies have also declared that hypoxia-ischemia can successfully
induce brain infarction cells. For example, Qu et al. found that
hypoxia-ischemia induces severe neuronal apoptosis in vitro
experiments (30), and Savard et al. proved that IL-1β andMMP-9
aremediated in neuronal self-injury in hypoxia-ischemia induced
neuron cells (31). All of these observations suggest that hypoxia-
ischemia is crucial in brain infarction.

The mammalian target of rapamycin (mTOR) is part of the
mTOR Complex 1, with the capacity to regulate cell growth and
autophagy. The activation of mTOR is related to many diseases
such as cancer, cardiovascular diseases, neurodegenerative
diseases as well as brain diseases (32, 33); at the same time,
inhibition of mTOR induces autophagy. The expression of
phosphorylated mTOR (p-mTOR) is always used to measure the
activation of mTOR. From this study, it was found that hypoxia-
ischemia stimulation promoted the expression of p-mTOR, while
artesunate supplementation impaired the expression. However,
other studies provided key inhibitors of mTOR; for example,
rapamycin was recognized as an inhibitor of mTOR and affects
cell cycle arrest, ribosome biogenesis and autophagy (34).

In this study, Beclin-1, Mcl-1, and caspase-3 were used to
assess cell apoptosis. As was presented, the expressions of Beclin-
1 and Mcl-1 were significantly decreased in hypoxia-ischemia
induced cells, while the expressions of p-mTOR and caspase-
3 was significantly increased, which suggested that hypoxia-
ischemia stimulation significantly increases cell death and
reduces autophagy. Additionally, artesunate supplementation
reverses the effects, indicating the protective role of artesunate
on neuron cells.

To explore the effects of mTOR on autophagy, p-mTOR
agonist leucine (LEU), autophagy inhibitor 3-MA, and p-mTOR
inhibitor rapamycin were used individually to observe their
effects on cell apoptosis and autophagy. It was found that

the protective effect of artesunate on ischemic brain infarction
is reversed by both LEU and 3-MA. Moreover, rapamycin
also exhibits a protectiveness of neuron cells against ischemia-
induced brain infarction, while its effects are abolished by 3-
MA. To verify whether the results obtained in vitro experiments
were acceptable, a vivo experiment with MCAO rats was then
performed, and the results revealed that ameliorated injury of
brain infarction, while its effects were reversed by 3-MA.

CONCLUSION

This study suggests that hypoxia-induced brain infarctions
significantly increase the expression of p-mTOR, Artesunate
administration seems to protect the brain against infarction by
decreasing the expression of mTOR, while the protectiveness
is reversed by LEU and 3-MA. Additionally, rapamycin seems
to reverse the effects of hypoxia, while 3-MA abolishes the
effects of rapamycin. This study suggests that p-mTOR acts
as a potential biomarker of brain infarctions, and artesunate
provides a potential role for the therapy of ischemic brain
infarctions.
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