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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; (i) discuss how their
dysfunction accounts for the hyperadrenergic state present in certain forms of HF;
and (i) 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.
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“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/m?) 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
HE 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 in HFmrEF and HFpEF 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, (i) 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
(Negrio et al., 2001), or (iv) during emotional stress (Durocher
etal, 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 HFrEFE, 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,
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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
the main 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
HFpEEF 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
etal,, 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
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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 Exacerbated® -
Arterial Chemoreflex Exacerbated Exacerbated?

HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mid-range
ejection fraction;, HFpEF, heart failure with preserved ejection fraction.
a0nly 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 HE by affecting
the afferent branch of ABR. In rats with ischemia-induced HE,
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
HEpEF. 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-feedback mechanisms
(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 feedback mechanism mediated 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 (O,), carbon
dioxide (CO;) 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 RIN/pFRG send excitatory inputs to
the pre-Botzinger 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-Botzinger 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 HFrEE 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 HFmrEE 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) (Figure3A). 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
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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

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) (Figure3B). In this regard, an experimental
study showed that electrical stimulation of the central end
of the left cardiac sympathetic nerve blunts ABR sensitivity

afferents reduces ABR sensitivity via central AT1 receptors (Gao
et al., 2004).

Angll 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 Ca*
currents in the medial NTS neurons, thereby contributing to the
deleterious effects exerted by AnglI in the cardiovascular system
(Wang et al., 2004, 2006). As such, we cannot rule out a priori
that Angll, 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 AnglI-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
Angll 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 1/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 HE 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.

AUTHOR CONTRIBUTIONS

All authors contributed to the preparation, revision and approval
of the final manuscript.

ACKNOWLEDGMENTS

The authors are very grateful to Dr. Stephen P. Chelko for
careful editing of the manuscript. ETD is supported by Fundagio
de Amparo a Pesquisa do Estado de Sio Paulo (FAPESP
# 2013/07651-7 and # 2015/17642-0). MR is supported by
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq # 309821/2014-2). NM is supported by an Italian Space
Agency Grant.

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 162


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

Toschi-Dias et al.

Autonomic Reflexes and Heart Failure

REFERENCES

Azevedo, E. R., Newton, G. E., Floras, J. S., and Parker, J. D. (2000). Reducing
cardiac filling pressure lowers norepinephrine spillover in patients with
chronic heart failure. Circulation 101, 2053-2059. doi: 10.1161/01.CIR.101.
17.2053

Barnett, W. H., Abdala, A. P., Paton, J. F.,, Rybak, I. A., Zoccal, D. B., and Molkov,
Y. L. (2017). Chemoreception and neuroplasticity in respiratory circuits. Exp.
Neurol. 287, 153-164. doi: 10.1016/j.expneurol.2016.05.036

Barretto, A. C., Santos, A. C., Munhoz, R, Rondon, M. U,, Franco, F. G,
Trombetta, I. C., et al. (2009). Increased muscle sympathetic nerve activity
predicts mortality in heart failure patients. Int. J. Cardiol. 135, 302-307.
doi: 10.1016/j.ijcard.2008.03.056

Brede, M., Wiesmann, F., Jahns, R., Hadamek, K., Arnolt, C., Neubauer, S., et al.
(2002). Feedback inhibition of catecholamine release by two different ;-
adrenoceptor subtypes prevents progression of heart failure. Circulation 106,
2491-2496. doi: 10.1161/01.CIR.0000036600.39600.66

Chen, W. W,, Xiong, X. Q., Chen, Q. Li, Y. H,, Kang, Y. M., and Zhu, G. Q.
(2015). Cardiac sympathetic afferent reflex and its implications for sympathetic
activation in chronic heart failure and hypertension. Acta Physiol. (Oxf). 213,
778-794. doi: 10.1111/apha.12447

Dao, H. H., Essalihi, R., Bouvet, C., and Moreau, P. (2005). Evolution and
modulation of age-related medial elastocalcinosis: impact on large artery
stiffness and isolated systolic hypertension. Cardiovasc. Res. 66, 307-317.
doi: 10.1016/j.cardiores.2005.01.012

De Luca, L., Fonarow, G. C., Adams, K. F. Jr., Mebazaa, A., Tavazzi, L.,
Swedberg, K., et al. (2007). Acute heart failure syndromes: clinical scenarios
and pathophysiologic targets for therapy. Heart Fail. Rev. 12, 97-104.
doi: 10.1007/s10741-007-9011-8

Despas, F., Lambert, E., Vaccaro, A., Labrunee, M., Franchitto, N., Lebrin, M.,
Galinier, M., Senard, J. M., et al. (2012). Peripheral chemoreflex activation
contributes to sympathetic baroreflex impairment in chronic heart failure. J.
Hypertens. 30, 753-760. doi: 10.1097/HJH.0b013e328350136¢

Di Vanna, A., Braga, A. M., Laterza, M. C., Ueno, L. M., Rondon, M. U., Barretto,
A. C, et al. (2007). Blunted muscle vasodilatation during chemoreceptor
stimulation in patients with heart failure. Am. J. Physiol. Heart Circ. Physiol.
293, H846-H852. doi: 10.1152/ajpheart.00156.2007

Du, Y. H,, and Chen, A. F. (2006). A “love triangle” elicited by electrochemistry:
complex interactions among cardiac sympathetic afferent, chemo-, and
baroreflexes. J. Appl. Physiol. 102, 9-10. doi: 10.1152/japplphysiol.01032.2006

Durocher, J. J., Klein, J. C, and Carter, J. R. (2011). Attenuation of
sympathetic baroreflex sensitivity during the onset of acute mental stress
in humans. Am. J. Physiol. Heart Circ. Physiol. 300, H1788-H1793.
doi: 10.1152/ajpheart.00942.2010

Ferguson, D. W., Berg, W. J., Roach, P. J., Oren, R. M., and Mark, A. L. (1992).
Effects of heart failure on baroreflex control of sympathetic neural activity. Am.
J. Cardiol. 69, 523-531. doi: 10.1016/0002-9149(92)90998-E

Floras, J. S., and Ponikowski, P. (2015). The sympathetic/parasympathetic
imbalance in heart failure with reduced ejection fraction. Eur. Heart J. 36,
1974-1982b. doi: 10.1093/eurheartj/ehv087

Gan, X. B,, Duan, Y. C, Xiong, X. Q., Li, P,, Cui, B. P, Gao, X. Y., et al. (2011).
Inhibition of cardiac sympathetic afferent reflex and sympathetic activity by
baroreceptor and vagal afferent inputs in chronic heart failure. PLoS ONE
6:25784. doi: 10.1371/journal.pone.0025784

Gao, L., Zhu, Z., Zucker, I. H., and Wang, W. (2004). Cardiac sympathetic
afferent stimulation impairs baroreflex control of renal sympathetic nerve
activity in rats. Am. J. Physiol. Heart Circ. Physiol. 286, H1706-H1711.
doi: 10.1152/ajpheart.01097.2003

Graham, L. N., Smith, P. A, Stoker, J. B., Mackintosh, A. F., and Mary,
D. A. (2002). Time course of sympathetic neural hyperactivity after
uncomplicated acute myocardial infarction. Circulation 106, 793-797.
doi: 10.1161/01.CIR.0000025610.14665.21

Grassi, G., Seravalle, G., Bertinieri, G., Turri, C., Stella, M. L., Scopelliti, F.,
et al. (2001). Sympathetic and reflex abnormalities in heart failure secondary
to ischaemic or idiopathic dilated cardiomyopathy. Clin. Sci. 101, 141-146.
doi: 10.1042/cs1010141

Guyenet, P. G. (2000). Neural structures that mediate sympathoexcitation during
hypoxia. Respir. Physiol. 121, 147-162. doi: 10.1016/S0034-5687(00)00125-0

Henriksen, E. J., Diamond-Stanic, M. K., and Marchionne, E. M. (2011). Oxidative
stress and the etiology of insulin resistance and type 2 diabetes. Free Radic. Biol.
Med. 51, 993-999. doi: 10.1016/j.freeradbiomed.2010.12.005

Holwerda, S. W, Vianna, L. C., Restaino, R. M., Chaudhary, K., Young, C. N., and
Fadel, P. J. (2016). Arterial baroreflex control of sympathetic nerve activity and
heart rate in patients with type 2 diabetes. Am. J. Physiol. Heart Circ. Physiol.
311, H1170-H1179. doi: 10.1152/ajpheart.00384.2016

Humphrey, J. D., Harrison, D. G., Figueroa, C. A, Lacolley, P., and
Laurent, S. (2016). Central artery stiffness in hypertension and aging:
a problem with cause and consequence. Circ. Res. 118, 379-381.
doi: 10.1161/CIRCRESAHA.115.307722

Kirchheim, H. R. (1976). Systemic arterial baroreceptor reflexes. Physiol. Rev. 56,
100-177.

Lavie, L. (2015). Oxidative stress in obstructive sleep apnea and intermittent
hypoxia-revisited-the bad ugly and good: implications to the heart and brain.
Sleep Med. Rev. 20, 27-45. doi: 10.1016/j.smrv.2014.07.003

Li, Y. L., Gao, L., Zucker, I. H., and Schultz, H. D. (2007). NADPH oxidase-
derived superoxide anion mediates angiotensin II-enhanced carotid body
chemoreceptor sensitivity in heart failure rabbits. Cardiovasc. Res. 75, 546-554.
doi: 10.1016/j.cardiores.2007.04.006

Li, Y. L, Xia, X. H.,, Zheng, H,, Gao, L, Li, Y. F., Liu, D, et al. (2006).
Angiotensin II enhances carotid body chemoreflex control of sympathetic
outflow in chronic heart failure rabbits. Cardiovasc. Res. 71, 129-138.
doi: 10.1016/j.cardiores.2006.03.017

Lymperopoulos, A., Rengo, G., and Koch, W. J. (2013). Adrenergic nervous
system in heart failure: pathophysiology and therapy. Circ. Res. 113, 739-753.
doi: 10.1161/CIRCRESAHA.113.300308

Machado, B. H., Mauad, H., Chianca Junior, D. A., Haibara, A. S., and
Colombari, E. (1997). Autonomic processing of the cardiovascular reflexes
in the nucleus tractus solitarii. Braz. J. Med. Biol. Res. 30, 533-543.
doi: 10.1590/50100-879X1997000400015

Malliani, A. (1982). Cardiovascular sympathetic afferent fibers. Rev. Physiol.
Biochem. Pharmacol. 94, 11-74. doi: 10.1007/bfb0031332

Malliani, A., and Montano, N. (2002). Emerging excitatory role of cardiovascular
sympathetic afferents in pathophysiological conditions. Hypertension 39,
63-68. doi: 10.1161/hy0102.099200

Matsukawa, T., Gotoh, E., Hasegawa, O., Shionoiri, H., Tochikubo, O., and Ishii,
M. (1991). Reduced baroreflex changes in muscle sympathetic nerve activity
during blood pressure elevation in essential hypertension. J. Hypertens. 9,
537-542. doi: 10.1097/00004872-199106000-00009

Matsukawa, T., Sugiyama, Y., Iwase, S., and Mano, T. (1994). Effects of aging on
the arterial baroreflex control of muscle sympathetic nerve activity in healthy
subjects. Environ. Med. 38, 81-84.

Millar, P. J., Murai, H., and Floras, J. S. (2015). Paradoxical muscle
sympathetic reflex activation in human heart failure. Circulation 131, 459-468.
doi: 10.1161/CIRCULATIONAHA.114.010765

Miyajima, E., Yamada, Y., Yoshida, Y., Matsukawa, T., Shionoiri, H., Tochikubo,
O., et al. (1991). Muscle sympathetic nerve activity in renovascular
hypertension and primary aldosteronism. Hypertension 17, 1057-1062.
doi: 10.1161/01.HYP.17.6.1057

Montano, N., Furlan, R., Guzzetti, S., McAllen, R. M., and Julien, C. (2009).
Analysis of sympathetic neural discharge in rats and humans. Philos. Trans. A
Math. Phys. Eng. Sci. 367, 1265-1282. doi: 10.1098/rsta.2008.0285

Montano, N., Ruscone, T. G., Porta, A., Lombardi, F., Pagani, M., and Malliani,
A. (1994). Power spectrum analysis of heart rate variability to assess the
changes in sympathovagal balance during graded orthostatic tilt. Circulation
90, 1826-1831. doi: 10.1161/01.CIR.90.4.1826

Morgan, B. ., Bates, M. L., Rio, R. D., Wang, Z., and Dopp, J. M. (2016). Oxidative
stress augments chemoreflex sensitivity in rats exposed to chronic intermittent
hypoxia. Respir. Physiol. Neurobiol. 234, 47-59. doi: 10.1016/j.resp.2016.
09.001

Mostarda, C., Moraes-Silva, 1. C., Moreira, E. D., Medeiros, A., Piratello, A. C.,
Consolim-Colombo, F. M., et al. (2011). Baroreflex sensitivity impairment is
associated with cardiac diastolic dysfunction in rats. J. Card. Fail. 17, 519-525.
doi: 10.1016/j.cardfail.2011.02.007

Narkiewicz, K., Montano, N., Cogliati, C., van de Borne, P. J., Dyken, M. E., and
Somers, V. K. (1998). Altered cardiovascular variability in obstructive sleep
apnea. Circulation 98, 1071-1077. doi: 10.1161/01.CIR.98.11.1071

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 162


https://doi.org/10.1161/01.CIR.101.17.2053
https://doi.org/10.1016/j.expneurol.2016.05.036
https://doi.org/10.1016/j.ijcard.2008.03.056
https://doi.org/10.1161/01.CIR.0000036600.39600.66
https://doi.org/10.1111/apha.12447
https://doi.org/10.1016/j.cardiores.2005.01.012
https://doi.org/10.1007/s10741-007-9011-8
https://doi.org/10.1097/HJH.0b013e328350136c
https://doi.org/10.1152/ajpheart.00156.2007
https://doi.org/10.1152/japplphysiol.01032.2006
https://doi.org/10.1152/ajpheart.00942.2010
https://doi.org/10.1016/0002-9149(92)90998-E
https://doi.org/10.1093/eurheartj/ehv087
https://doi.org/10.1371/journal.pone.0025784
https://doi.org/10.1152/ajpheart.01097.2003
https://doi.org/10.1161/01.CIR.0000025610.14665.21
https://doi.org/10.1042/cs1010141
https://doi.org/10.1016/S0034-5687(00)00125-0
https://doi.org/10.1016/j.freeradbiomed.2010.12.005
https://doi.org/10.1152/ajpheart.00384.2016
https://doi.org/10.1161/CIRCRESAHA.115.307722
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1016/j.cardiores.2007.04.006
https://doi.org/10.1016/j.cardiores.2006.03.017
https://doi.org/10.1161/CIRCRESAHA.113.300308
https://doi.org/10.1590/S0100-879X1997000400015
https://doi.org/10.1007/bfb0031332
https://doi.org/10.1161/hy0102.099200
https://doi.org/10.1097/00004872-199106000-00009
https://doi.org/10.1161/CIRCULATIONAHA.114.010765
https://doi.org/10.1161/01.HYP.17.6.1057
https://doi.org/10.1098/rsta.2008.0285
https://doi.org/10.1161/01.CIR.90.4.1826
https://doi.org/10.1016/j.resp.2016.09.001
https://doi.org/10.1016/j.cardfail.2011.02.007
https://doi.org/10.1161/01.CIR.98.11.1071
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Toschi-Dias et al.

Autonomic Reflexes and Heart Failure

Negrio, C. E,, Rondon, M. U., Tinucci, T., Alves, M. J., Roveda, F., Braga, A. M.,
etal. (2001). Abnormal neurovascular control during exercise is linked to heart
failure severity. Am. J. Physiol. Heart Circ. Physiol. 280, H1286-H1292.

Notarius, C. F., Spaak, J., Morris, B. L., and Floras, J. S. (2007). Comparison of
muscle sympathetic activity in ischemic and nonischemic heart failure. J. Card.
Fail. 13, 470-475. doi: 10.1016/j.cardfail.2007.03.014

Pagani, M., and Malliani, A. (2000). Interpreting oscillations of muscle sympathetic
nerve activity and heart rate variability. J. Hypertens. 18, 1709-1719.
doi: 10.1097/00004872-200018120-00002

Paintal, A. S. (1971). Action of drugs on sensory nerve endings. Annu. Rev.
Pharmacol. 11, 231-240. doi: 10.1146/annurev.pa.11.040171.001311

Paulus, W. J., and Tschope, C. (2013). A novel paradigm for heart failure with
preserved ejection fraction: comorbidities drive myocardial dysfunction and
remodeling through coronary microvascular endothelial inflammation. J. Arm.
Coll. Cardiol. 62, 263-271. doi: 10.1016/j.jacc.2013.02.092

Pilowsky, P. M., and Goodchild, A. K. (2002). Baroreceptor reflex pathways
and neurotransmitters: 10 years on. J. Hypertens. 20, 1675-1688.
doi: 10.1097/00004872-200209000-00002

Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G., Coats, A.
J., et al. (2016). 2016 ESC Guidelines for the diagnosis and treatment of acute
and chronic heart failure: the Task Force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of Cardiology (ESC).
Developed with the special contribution of the Heart Failure Association (HFA)
of the ESC. Eur. J. Heart Fail. 18, 891-975. doi: 10.1002/ejhf.592

Recordati, G., Lombardi, F., Bishop, V. S., and Malliani, A. (1976). Mechanical
stimuli exciting type A atrial vagal receptors in the cat. Circ. Res. 38, 397-403.
doi: 10.1161/01.RES.38.5.397

Roig, E., Perez-Villa, F., Morales, M., Jiménez, W., Orts, J., Heras, M., et al.
(2000). Clinical implications of increased plasma angiotensin II despite ACE
inhibitor therapy in patients with congestive heart failure. Eur. Heart J. 21,
53-57. doi: 10.1053/euh;j.1999.1740

Rondon, E., Brasileiro-Santos, M. S., Moreira, E. D., Rondon, M. U., Mattos, K. C.,
Coelho, M. A, et al. (2006). Exercise training improves aortic depressor nerve
sensitivity in rats with ischemia-induced heart failure. Am. J. Physiol. Heart
Circ. Physiol. 291, H2801-H2806. doi: 10.1152/ajpheart.01352.2005

Salman, I. M. (2016). Major autonomic neuroregulatory pathways underlying
short- and long-term control of cardiovascular function. Curr. Hypertens. Rep.
18, 18. doi: 10.1007/s11906-016-0625-x

Schultz, H. D., Marcus, N. J., and Del Rio, R. (2015). Mechanisms of carotid
body chemoreflex dysfunction during heart failure. Exp. Physiol. 100, 124-129.
doi: 10.1113/expphysiol.2014.079517

Seals, D. R., Suwarno, N. O., and Dempsey, J. A. (1990). Influence of lung volume
on sympathetic nerve discharge in normal humans. Circ. Res. 67, 130-141.
doi: 10.1161/01.RES.67.1.130

Smith, J. C., Abdala, A. P., Rybak, I. A,, and Paton, J. F. (2009). Structural
and functional architecture of respiratory networks in the mammalian
brainstem. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 2577-2587.
doi: 10.1098/rstb.2009.0081

Smulyan, H., Mookherjee, S., and Safar, M. E. (2016). The two faces of
hypertension: role of aortic stiffness. J. Am. Soc. Hypertens. 10, 175-183.
doi: 10.1016/j.jash.2015.11.012

Somers, V. K., Mark, A. L., and Abboud, F. M. (1991). Interaction of baroreceptor
and chemoreceptor reflex control of sympathetic nerve activity in normal
humans. J. Clin. Invest. 87, 1953-1957. doi: 10.1172/JCI115221

Spyer, K. M. (1982). Central nervous integration of cardiovascular control. J. Exp.
Biol. 100, 109-128.

Tank, J., Diedrich, A., Szczech, E., Luft, F. C., and Jordan,. J. (2005). Baroreflex
regulation of heart rate and sympathetic vasomotor tone in women and men.
Hypertension 45, 1159-1164. doi: 10.1161/01.HYP.0000165695.98915.9a

Tobaldini, E., Costantino, G., Solbiati, M., Cogliati, C., Kara, T., Nobili,
L., et al. (2017). Sleep, sleep deprivation, autonomic nervous system
and cardiovascular diseases. Neurosci. Biobehav. Rev. 74, 321-329.
doi: 10.1016/j.neubiorev.2016.07.004

Toledo, C., Andrade, D. C., Lucero, C., Arce-Alvarez, A., Diaz, H. S,
Aliaga, V., et al. (2017). Cardiac diastolic and autonomic dysfunction are
aggravated by central chemoreflex activation in HFpEF rats. J. Physiol. 8.
doi: 10.1113/JP273558. [Epub ahead of print].

Touyz, R. M. (2004). Reactive oxygen species, vascular oxidative stress, and redox
signaling in hypertension: what is the clinical significance? Hypertension 44,
248-252. doi: 10.1161/01.HYP.0000138070.47616.9d

Triposkiadis, F., Karayannis, G., Giamouzis, G., Skoularigis, J., Louridas, G., and
Butler, J. (2009). The sympathetic nervous system in heart failure physiology,
pathophysiology, and clinical implications. J. Am. Coll. Cardiol. 54, 1747-1762.
doi: 10.1016/j.jacc.2009.05.015

Trombetta, I. C., Somers, V. K., Maki-Nunes, C., Drager, L. F., Toschi-Dias,
E., Alves, M. J., et al. (2010). Consequences of comorbid sleep apnea in the
metabolic syndrome: implications for cardiovascular risk. Sleep 33, 1193-1199.
doi: 10.1093/sleep/33.9.1193

van de Borne, P., Mezzetti, S., Montano, N., Narkiewicz, K., Degaute, J. P., and
Somers, V. K. (2000). Hyperventilation alters arterial baroreflex control of heart
rate and muscle sympathetic nerve activity. Am. J. Physiol. Heart Circ. Physiol.
279, H536-H541.

van de Borne, P., Montano, N., Pagani, M., Oren, R., and Somers, V. K. (1997).
Absence of low-frequency variability of sympathetic nerve activity in severe
heart failure. Circulation 95, 1449-1454. doi: 10.1161/01.CIR.95.6.1449

van Heerebeek, L., and Paulus, W. J. (2016). Understanding heart failure with
preserved ejection fraction: where are we today? Neth. Heart J. 24, 227-236.
doi: 10.1007/s12471-016-0810-1

Verloop, W. L., Beeftink, M. M., Santema, B. T., Bots, M. L., Blankestijn, P. .,
Cramer, M. ], etal. (2015). A systematic review concerning the relation between
the sympathetic nervous system and heart failure with preserved left ventricular
ejection fraction. PLoS ONE 10:¢0117332. doi: 10.1371/journal.pone.
0117332

Wang, G., Anrather, J., Glass, M. J., Tarsitano, M. J., Zhou, P., Frys, K. A,, et al.
(2006). Nox2, Ca?*, and protein kinase C play a role in angiotensin II-induced
free radical production in nucleus tractus solitarius. Hypertension 48, 482-489.
doi: 10.1161/01.HYP.0000236647.55200.07

Wang, G., Anrather, ], Huang, J., Speth, R. C., Pickel, V. M, and
Tadecola, C. (2004). NADPH oxidase contributes to angiotensin II
signaling in the nucleus tractus solitarius. J. Neurosci. 24, 5516-5524.
doi: 10.1523/JNEUROSCI.1176-04.2004

Wang, H. J., Wang, W., Cornish, K. G., Rozanski, G. J., and Zucker, L
H. (2014). Cardiac sympathetic afferent denervation attenuates cardiac
remodeling and improves cardiovascular dysfunction in rats with heart
failure. Hypertension 64, 745-755. doi: 10.1161/HYPERTENSIONAHA.114.
03699

Wang, W.-Z., Gao, L., Wang, H.-]., Zucker, I. H., and Wang, W. (2008). Interaction
between cardiac sympathetic afferent reflex and chemoreflex is mediated by the
NTS AT1 receptors in heart failure. Am. J. Physiol. Heart Circ. Physiol. 295,
H1216-H1226. doi: 10.1152/ajpheart.00557.2008

Wei, C. C,, Chen, Y., Powell, L. C., Zheng, J., Shi, K., Bradley, W. E., et al. (2012).
Cardiac kallikrein-kinin system is upregulated in chronic volume overload
and mediates an inflammatory induced collagen loss. PLoS ONE 7:¢40110.
doi: 10.1371/journal.pone.0040110

Zhu, G. Q., Gao, L., Patel, K. P, Zucker, I. H, and Wang, W. (2004).
ANG 1II in the paraventricular nucleus potentiates the cardiac sympathetic
afferent reflex in rats with heart failure. J. Appl Physiol. 97, 1746-1754.
doi: 10.1152/japplphysiol.00573.2004

Zucker, I. H., Schultz, H. D,, Li, Y. F,, Wang, Y., Wang, W., and Patel, K.
P. (2004). The origin of sympathetic outflow in heart failure: the roles
of angiotensin II and nitric oxide. Prog. Biophys. Mol. Biol. 84, 217-232.
doi: 10.1016/j.pbiomolbio.2003.11.010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Toschi-Dias, Rondon, Cogliati, Paolocci, Tobaldini and Montano.
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) or licensor 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

10

March 2017 | Volume 11 | Article 162


https://doi.org/10.1016/j.cardfail.2007.03.014
https://doi.org/10.1097/00004872-200018120-00002
https://doi.org/10.1146/annurev.pa.11.040171.001311
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1097/00004872-200209000-00002
https://doi.org/10.1002/ejhf.592
https://doi.org/10.1161/01.RES.38.5.397
https://doi.org/10.1053/euhj.1999.1740
https://doi.org/10.1152/ajpheart.01352.2005
https://doi.org/10.1007/s11906-016-0625-x
https://doi.org/10.1113/expphysiol.2014.079517
https://doi.org/10.1161/01.RES.67.1.130
https://doi.org/10.1098/rstb.2009.0081
https://doi.org/10.1016/j.jash.2015.11.012
https://doi.org/10.1172/JCI115221
https://doi.org/10.1161/01.HYP.0000165695.98915.9a
https://doi.org/10.1016/j.neubiorev.2016.07.004
https://doi.org/10.1113/JP273558
https://doi.org/10.1161/01.HYP.0000138070.47616.9d
https://doi.org/10.1016/j.jacc.2009.05.015
https://doi.org/10.1093/sleep/33.9.1193
https://doi.org/10.1161/01.CIR.95.6.1449
https://doi.org/10.1007/s12471-016-0810-1
https://doi.org/10.1371/journal.pone.0117332
https://doi.org/10.1161/01.HYP.0000236647.55200.07
https://doi.org/10.1523/JNEUROSCI.1176-04.2004
https://doi.org/10.1161/HYPERTENSIONAHA.114.03699
https://doi.org/10.1152/ajpheart.00557.2008
https://doi.org/10.1371/journal.pone.0040110
https://doi.org/10.1152/japplphysiol.00573.2004
https://doi.org/10.1016/j.pbiomolbio.2003.11.010
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/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Contribution of Autonomic Reflexes to the Hyperadrenergic State in Heart Failure
	Introduction
	Hyperadrenergic State in Heart Failure
	Arterial Baroreflex Control
	Cardiopulmonary Reflex
	Cardiac Sympathetic Afferent Reflex
	Arterial Chemoreflex
	Central Integration of Autonomic Reflexes

	Questions to ponder for future studies
	Author Contributions
	Acknowledgments
	References


