Chapter 6

The Parasympathetic Nervous System
and Heart Failure: Pathophysiology
and Potential Therapeutic Modalities
for Heart Failure

Brian Olshansky, Renee M. Sullivan, Wilson S. Colucci, and Hani N. Sabbah

Abstract Congestive heart failure is associated with essential perturbations in the
autonomic nervous system. Early in the development of heart failure, there may be
defective parasympathetic cardiac control. This may occur before, or in parallel
with, elevation in sympathetic tone. Here, we consider alterations that occur in the
parasympathetic nervous system during the initiation and development of conges-
tive heart failure. We also consider targets in the parasympathetic nervous system at
various levels that may affect and improve clinical outcomes (survival, measures of
progressive heart failure and debilitation, and cardiac remodeling, to name a few) by
unique mechanistic effects that the parasympathetic nervous system exerts on heart
rate, inflammation, remodeling, endothelial nitric oxide synthase activity, inhibition
of the sympathetic nervous system, and other potential mechanisms. We consider
approaches to vagus nerve stimulation, the designs and early outcomes of trials, and
some of the drug interventions that have been attempted. In this rapidly emerging
field, with little clinical data, we discuss issues regarding study designs and out-
come measures of importance.
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6.1 Introduction

The relationship between the sympathetic nervous system (SNS) and the develop-
ment and progression of congestive heart failure (CHF) in patients with left ven-
tricular (LV) systolic dysfunction, or heart failure with reduced ejection fraction
(HFrEF), is well established. Long-term, sympathetic overstimulation is detrimen-
tal to the myocardium [1]. Beta-adrenergic blockers improve many important out-
comes, including CHF hospitalization and total mortality, but also ameliorate LV
remodeling and improve functional class (Chaps. 3 and 5).

On the other hand, the relationship between parasympathetic innervation and
CHF is less well defined. Although there may be a dynamic inverse relationship
between the SNS and parasympathetic nervous system (PNS), it is difficult to mea-
sure parasympathetic (vagus) nerve efferent and afferent activity directly. As a
result, it is difficult to quantify the effects of parasympathetic activation, and its
withdrawal, with regard to definable CHF outcome parameters. Furthermore, there
are no specific drugs that can activate the vagus nerve preferentially, reproducibly,
reliably, and measurably without having other undesirable side effects.

Measures of vagus nerve activity often include peripheral markers, such as
reduced circulating levels of norepinephrine, brain natriuretic peptide (BNP), and
change in heart rate and heart rate variability. These markers, however, do not nec-
essarily provide detailed, accurate, or specific information with regard to targeted
and localized vagus nerve activation in the ventricles and atria of patients with
CHEF. This extent of sympathetic or parasympathetic activation may differ by dis-
ease type and pathological lesion distribution. Vagus nerve activation may differ by
location of myocardial infarction. It is not completely known how parasympathetic
activation, and its inhibition, affects initiation and progression of CHF.

Here, we address the potential effects of parasympathetic nerve activity in the
development and reversal of HFrEF. We consider the PNS as a potential target for
therapeutic intervention to improve outcomes in patients with LV systolic
dysfunction.

6.2 Organization of the Parasympathetic Nervous System

Parasympathetic innervation is complex and affected by local influences. The
effects are abrupt in onset and offset (although persistent vagal tonicity also exists)
which makes them distinct from the more global (slow on and slow off) effects of
sympathetic activation. While the effects can be rapid and/or phasic (e.g., varying
with respiration), they can be more prolonged or tonic (related to localized central
processing or ganglionic gating) [2] with continuous effects on ventricular muscle,
for example. Selective neural and hormonal modulation occurs at various levels
from the central nervous system through the ganglia and down to the level of intra-
cellular signaling in specific target cardiac cells.

Central efferent extensions of the PNS begin at medial medullary sites (nucleus
ambiguus, nucleus tractus solitarius, and dorsal motor nucleus) and are modulated
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by the hypothalamus. All activity then extends through the vagus nerves to the post-
ganglionic neurons, located in the peripheral ganglia (in fat pads around the heart),
activated via nicotinic receptors and then postsynaptically via muscarinic end-organ
receptors. Through cardiac mechanoreceptors, baroreceptors, and aortic arch recep-
tors, vagal afferent activation provides feedback from the cardiovascular system to
the central nervous system. Baroreceptor activation sends signals to the nucleus
tractus solitarius that can be activated tonically, which in turn can then activate the
dorsal nucleus of the vagus nerve to affect efferent cardiac vagal responses.

In the normal state, at rest, parasympathetic activity predominates to regulate the
heart rate via the sinus node; sympathetic effects are minimal. Physical activity can
enhance vagal activation and suppress resting sympathetic tone. However, in CHF, sym-
pathetic activation can supersede to various degrees any and all effects from the PNS.

Several types of parasympathetic nerve fibers coexist in the vagus nerve. A fibers
are myelinated, the largest and the fastest conducting. Afferent fibers include slow-
conducting unmyelinated C fibers and small-diameter A-delta fibers, whereas small,
thin, nonmyelinated postganglionic C fibers and intermediate-diameter and
intermediate-conducting preganglionic myelinated B fibers in efferent fascicles
contribute to cardioinhibition mediated at the heart by muscarinic receptors. Efferent
fascicles contain large myelinated A-beta fibers that belong to the laryngeal bundle
and cardioinhibitory A-delta fibers that excite postganglionic neurons in the cardiac
fat pads via nicotinic receptors. Nicotinic receptors affect ganglionic transmission
and ultimately are responsible for parasympathetic activation via local neurons.
Vagal efferent activation may differ (tonic or phasic) depending on where the fibers
originate (nucleus ambiguus or dorsal motor nucleus of the vagus).

Predominantly, the PNS innervates the sinus node and AV nodes (Fig. 6.1).
However, extensions of fibers are also present nonuniformly in atrial and ventricular
muscle in a nonuniform epicardial/endocardial and regional distribution such that
anatomical relationships are not in direct relationship to sympathetic innervation.
Parasympathetic activation can inhibit sympathetic activation pre- and postsynapti-
cally. Likewise, sympathetic activation can inhibit parasympathetic activation.

Postganglionic parasympathetic cholinergic fibers affect the heart through cardiac
muscarinic (generally, M2) receptors. These, and other, muscarinic receptors (M3 and
M4) are present in cardiac muscle with density varying by location and cell type.
Muscarinic receptors are concentrated in the sinus and AV nodes. While fewer fibers
project into the ventricles, they are denser in the endocardium than in the epicardium.
Most of the effects from the PNS are modulated through M2 receptors. Under normal,
physiologic conditions, parasympathetic stimulation will inhibit tonic sympathetic acti-
vation with or without exercise. This is known as “accentuated antagonism.” Muscarinic
receptor stimulation opposes sympathetic activation by the G;-mediated signaling path-
way that opposes adenylyl cyclase and works via guanosine triphosphate.

In those with heart disease, there can be defective parasympathetic cardiac
control, and in those with CHF, the influence of the PNS diminishes even at rest
[3-5]. This may actually occur before, or in parallel with, elevation in sympathetic
“tone”; the two are related [6, 7]. The mechanisms responsible for this and the
causal relationships between withdrawal of parasympathetic tone and CHF progres-
sion remain uncertain. Several other changes occur during the development of
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Fig. 6.1 Innervation of the heart by the autonomic nervous system — from central to peripheral
inputs. The sympathetic and parasympathetic (vagus) nerves are marked. Vagus afferents (sensory
nerves) are also present (Reproduced with permission from Sinauer and associates and Springer
Publishing Company. The figure is from Dale Purves et al., Principles of Cognitive Neuroscience,
second edition, Figure 21.7 page 461)

CHF. There is a decrease in nicotinic receptor number with reduced ganglionic
transmission and a decrease in M2 receptor density and sensitivity, partly due to
formation of M2 receptor antibodies. In an animal model, autoantibodies to M2
receptors have been associated with remodeling in CHF [8] although the clinical
significance of this is questioned [9, 10]. Additionally, M3 and/or M4 receptors co-
localized on cardiac structures may increase in lieu of decreasing M2 receptor den-
sity [11]. The effects from these changes are uncertain clinically. Also, sympathetic
activation increases, in part, due to withdrawal of parasympathetic “tone.”

Various muscarinic receptors have different cellular expression, signaling path-
ways, functions, and molecular subtypes. Several forms appear to be present in the
heart [12]. M1, M3, and M5 receptors couple Gq/11 to phospholipase C [13] to
form two key second messengers, inositol trisphosphate and diacylglycerol [14].
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M2 and M4 receptors couple pertussis toxin-sensitive G protein (Gi/Go) to inhibit
adenylyl cyclase [15]. The receptors have differential effects on K* and Ca®*
channels. The interactions of the receptors and other factors may explain why mus-
carinic agonists at high concentrations can induce a positive inotropic effect.

During CHF, parasympathetic control of the heart is attenuated, ganglionic trans-
mission is reduced, muscarinic receptor density is increased [16], and acetylcho-
linesterase activity is decreased. Perhaps, as a consequence of the withdrawal of
parasympathetic tone, muscarinic receptor density is increased [16] with a shift to
novel muscarinic receptors at least in animal models. Thus, during CHF, once para-
sympathetic withdrawal is established, several maladaptations develop which include
increased heart rate, excess release of pro-inflammatory cytokines [17], development
of arrhythmias, and dysregulation of the nitric oxide (NO) signaling pathways [18].

Parasympathetic activation, on the other hand, inhibits sympathetic activity pre-
synaptically [19] and reduces the heart rate. It is anti-inflammatory, limits cytokine
release, and promotes normalization of NO expression and signaling. Additionally,
parasympathetic activation inhibits the renin-angiotensin system, improves barore-
flex sensitivity, and reduces the burden of life-threatening arrhythmias [18].

6.3 Potential Benefits of Vagus Nerve Stimulation: Animal Data

Parasympathetic activation in CHF has several potential therapeutic benefits
(although the targets are not completely known). Firstly, the PNS can inhibit sym-
pathetic activation, above and beyond that accrued by beta-adrenergic blockade.
Secondly, the PNS can slow the sinus rate, thus lowering myocardial oxygen con-
sumption. Thirdly, the PNS can improve cell-to-cell conduction and thus be antiar-
rhythmic. Fourthly, the PNS can normalize expression of several nitric oxide
synthase (NOS) isoforms and provide potent anti-inflammatory and antioxidant
effects. Inhibition of sympathetic overdrive in CHF can also elicit suppression of
renin and vasopressin release and enhance intracellular calcium handling.

Much of the understanding on the beneficial influences of parasympathetic nerve
activation in CHF has come from animal models. In these models, the effects of
vagus activation are distinct from the effects of sympathetic activation or inhibition.

6.3.1 Vagus Nerve Stimulation

Vagus nerve stimulation (VNS) can be antiarrhythmic and protect against ventricular
fibrillation independent of muscarinic receptor activation [20]. In a canine ischemic
model of ventricular fibrillation, Vanoli et al. compared a control group to those who
underwent vagus stimulation [21]. Ventricular fibrillation occurred in controls who
underwent a second coronary artery occlusion but was suppressed following
coronary artery occlusion in almost all who had vagal stimulation beforehand. These
data were also supported by murine CHF and post-myocardial infarction models



112 B. Olshansky et al.

showing that right vagus stimulation slowed heart rate 20-30 bpm, improved hemo-
dynamics, and reduced the risk of death (73 % relative risk reduction) [22]. In a
post-myocardial infarction model, ventricular ectopy was markedly suppressed [23].

6.3.2 Inflammatory Cytokines

In CHE, there is an increase in inflammatory cytokines including TNF-alpha, IL-1 beta,
IL-6, and IL-18 [17, 24]. Vagus nerve activation inhibits cytokine release and attenu-
ates the inflammatory response. Cytokine release is associated with increased mortality
and morbidity in CHF patients [25]. In the dog, protein expression and plasma levels of
TNF-alpha increase with induced CHF versus a normal animal. Similarly, protein
expression of IL-6 and plasma levels of IL-6 increase compared with a normal animal.
However, with an effective stimulation of the vagus, levels of TNF-alpha and IL-6
decrease toward baseline values. Ruble et al. in a canine model of CHF have shown that
TNF-alpha is elevated compared with normal animals and is decreased toward control
values by VNS [26]. Borovikova et al. have described that acetylcholine can attenuate
release of cytokines (TNF-alpha, IL-1beta, IL-6, and IL-18) and that direct electrical
stimulation of the vagus nerve in vivo during lethal endotoxemia in rats inhibits TNF-
alpha synthesis, attenuates serum TNF-alpha, and prevents septic shock [25].

VNS inhibits cytokine release and attenuates the inflammatory response, which
includes the release of TNF-alpha, IL-1-beta, IL-6, and IL-18. Tracey has consid-
ered complex peripheral/central mechanisms between the cholinergic and anti-
inflammatory pathways as it involves the nicotinic alpha-7 acetylcholine receptor.
Work performed by his group has shown a relationship in CHF patients between
cytokine release and mortality and morbidity [27]. In fact, signal transduction by the
nicotinic alpha-7 acetylcholine receptor subunit regulates intracellular signals that
control cytokine transcription and translation [28] and thus is an essential regulator
of inflammation [29].

Sabbah et al. have shown a relationship between TNF-alpha, IL-1-6, and CHF in
an animal model [30, 31]. Vagal nerve stimulation reduced the level of inflamma-
tion back to normal. Similarly, C-reactive protein increases in a pacing model of
CHF and is reduced to baseline levels with VNS. VNS reduces norepinephrine and
angiotensin II. VNS, in the canine CHF model, has been associated with reduction
in elevations of C-reactive protein, IL-6, TNF-alpha, pro-ANP, and NT-proBNP.

6.3.3 NO Modulation

Parasympathetic nerve stimulation affects NO synthases (eNOS, nNOS, and iNOS)
that are altered during CHF [32—-40] and that affect ventricular function [32]. eNOS,
which is reduced in CHF, exerts a number of beneficial actions that promote relax-
ation, modulate contractility, and inhibit myocardial hypertrophy and apoptosis. On
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the other hand, iNOS, which increases in CHF, exerts several adverse actions that
promote apoptosis, fibrosis, hypertrophy of the myocardium, heart block, and sudden
death [37, 41]. nNOS, also increased in CHF, modulates calcium cycling and reduces
contractility, in addition to increasing sensitivity to beta-adrenergic stimulation [39].
In an animal model of CHF, altered NOS expression is normalized by VNS.

6.3.4 Gap Junctions

It is known that gap junctions, essential for cell-cell communication with regard to
electrical depolarization and repolarization, can be impaired in CHF. In particular,
there has been focus on connexin-43 which is reduced during CHF. Slowed myocar-
dial conduction, altered repolarization, and increased risk of arrhythmias and sud-
den death follow [42, 43]. VNS improves LV connexin-43 expression in a dog
model of CHF and thus may be antiarrhythmic. VNS can protect against ischemia-
induced arrhythmias, specifically by preserving connexin-43 [44].

6.3.5 Anti-apoptotic

VNS may be anti-apoptotic as shown in an animal model in which active caspase-3,
elevated in CHF, is downregulated with VNS [45, 46]. VNS has been shown to
improve the activity and expression of the sarcoplasmic reticulum SERCA-2a pump
which is downregulated in CHF, a maladaptation that leads to both systolic and
diastolic LV dysfunction. VNS can also affect the degradation and synthesis of col-
lagens I and III in the heart and thus indirectly impact LV compliance. Furthermore,
with VNS TGF-beta-1 protein expression may decrease, thereby decreasing inter-
stitial fibrosis.

6.3.6 Heart Rate

A fundamental action of VNS is a reduction in heart rate and the mechanism of this
is fairly well understood. Heart rate is a major determinant of myocardial oxygen
consumption and is known to be associated with increased mortality and morbidity
in CHF [47]. The importance of heart rate reduction in CHF is supported by the
results of the BEAUTIFUL (morBidity-mortality EvAlUaTion of the If inhibitor
ivabradine in patients with coronary disease and left ventricULar dysfunction) trial
and SHIFT (Systolic Heart failure treatment with the If inhibitor ivabradine Trial)
[48-51], in which ivabradine, a specific and selective inhibitor of the If current, was
studied. In the BEAUTIFUL trial, ivabradine did not influence cardiovascular death
or admission to hospital for heart failure. Ivabradine did reduce admission to
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hospital for fatal and nonfatal myocardial infarction and coronary revascularization
(Chap. 1). In the SHIFT, higher resting heart rate was shown to be a risk factor for
adverse outcome, and heart rate reduction with ivabradine was an important predic-
tor of an improvement in the primary composite endpoint of mortality and CHF
hospitalization (mainly driven by CHF hospitalization). One should be aware, how-
ever, that the benefits of VNS may be mediated by effects independent of heart rate
reduction.

6.3.7 Effects Independent of Beta-Blockade

VNS may lead to an improvement in ejection fraction over that which occurs with
beta-adrenergic blockade alone. Sabbah et al. [30, 31] in a CHF model, showed that
VNS, on top of beta-adrenergic blockade, caused a greater improvement in ven-
tricular function than did beta-blockade alone. The best way to activate the PNS is
not completely certain. While most data would support right vagus nerve stimula-
tion, other approaches have been utilized including carotid sinus baroreceptor stim-
ulation in a dog model [52], spinal cord stimulation in a canine model [53], and
spinal cord stimulation in a porcine model [54]. The effects of left vagus nerve
stimulation in CHF are less well studied.

VNS appears to improve ventricular remodeling in advanced CHF and thereby
improve outcomes, though there are little human data as yet to substantiate this.
Unanswered questions include which vagus (right, left, or both) is best to stimulate
and at which intensity, frequency, and duration.

6.3.8 Carotid Baroreflex Activation

Alternatives to VNS as targets for PNS activation have been studied. Sabbah et al.
examined the role of carotid sinus baroreflex activation in 14 dogs (eight experi-
mental and six controls) with an LV ejection fraction of 25 % [52]. Over the course
of 3 months, those receiving baroreflex activation were found to have an increase in
ejection fraction (4.0+2.4 %), while the controls had further decline (-2.8+1 %)
(»<0.05). Biomarkers and LV remodeling also improved in the experimental group.

6.3.9 Other Effects of Vagus Activation

VNS (vs. control) can reduce infarct size, improve ventricular function, decrease
ventricular fibrillation, and attenuate cardiac mitochondrial reactive oxygen species
production, depolarization, and swelling. This effect appears modulated through
muscarinic receptor modulation during VNS. The protective effects of VNS could be
due to its protection of mitochondrial function during ischemia-reperfusion [55]. In
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another experiment in swine, VNS applied 30 min after left anterior descending
occlusion, but not at reperfusion, markedly reduced ventricular fibrillation and infarct
size (~59 %); improved cardiac function; attenuated cardiac mitochondrial reactive
oxygen species production, depolarization, swelling, and cytochrome c release; and
increased the amount of phosphorylated connexin-43 and IL-4 vs. controls [56].

6.4 Parasympathetic Activation in Clinical Trials

The ATRAMI (Autonomic Tone and Reflexes After Myocardial Infarction) study
included patients post-myocardial infarction [57] and measured autonomic tone and
reflexes to predict outcomes with regard to abnormalities in heart rate variability as
measured by “standard deviation of normal to normal R-R intervals” (SDNN) >70
and baroreflex sensitivity >3 (a measure suggesting relatively high vagus nerve tone).
While these particular parameters measure different things and may be associative
rather than causal, the results suggested that vagus activation may improve mortality
post-myocardial infarction. Low heart rate variability was associated with poor sur-
vival and low baroreflex sensitivity was associated with better survival. Other data
support these findings [58]. Similarly, the CIBIS II (Cardiac Insufficiency Bisoprolol
Study II) trial showed that diminished vagus nerve activity and increased heart rate
predicted higher mortality in CHF [59]. The mechanisms responsible for this asso-
ciation remain unclear, and while increased heart rate alone may be a causative factor
for higher mortality, the association is robust, but the causal nature is suspect.

Various approaches have been used to modulate the autonomic nervous system
utilizing novel devices, particularly as relates to parasympathetic activation
including spinal cord stimulation, selective right (or even left) vagus stimulation,
baroreflex stimulation, and other innovative and as yet unapproved devices. This
has led to the development of several ongoing clinical trials.

The CardioFit device, made by BioControl, attempts to selectively stimulate effer-
ent cardioinhibitory B (A-delta) vagus fibers. An initial pilot study with a primary
endpoint of safety in 32 CHF patients with LV ejection fraction <0.35, otherwise med-
ically stable, was performed. VNS led to improvement in 3- and 6-month outcomes
with regard to the New York Heart Association (NYHA) Functional Classification,
6-min walk, and quality of life, as well as structural/functional improvements in LV
ejection fraction and end-diastolic and end-systolic volumes [60].

The INcrease Of VAgal TonE in HF (INOVATE HF) trial is a multicenter pivotal
trial of CHF patients evaluating survival based on right vagus stimulation versus no
vagus stimulation (no implant) and based on preliminary data [61]. The INOVATE
trial is an open-label prospective, randomized comparative trial that involves 650
patients (80 investigative sites) followed for 5.5 years or until 400 events have
occurred. The study is enrolling NYHA Functional Class III patients with LV ejec-
tion fractions <0.40 with an efficacy endpoint of total mortality or unplanned CHF
hospitalization. In this trial, there is no specific measure of long-term VNS efficacy.
The heart rate is not considered an important endpoint in this trial.
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The Neural Cardiac TherApy foR Heart Failure (NECTAR-HF) study (Boston
Scientific) of a right-sided vagus nerve implant system evaluated the primary end-
point of change in LV end-systolic dimension and mortality at 3 months, as well as a
safety and several secondary endpoints, with the device “on” versus the device “off”
in a 2:1 randomization of 96 patients with NYHA Functional Class III heart failure,
an LV ejection fraction <35 %, and a narrow QRS complex [62]. The stimulation
amplitude and frequency (0.1-4.0 mA and 20 Hz frequency, 300 ps pulse width, duty
cycle 10 s “on” and 50 s “off”) differ from CardioFit and the device uses a different
electrode design. The device itself is approved for spinal cord stimulation for pain and
is being used off-label for this trial. While the patients receiving vagus stimulation
were noted to have improvement in quality-of-life scores and most had at least one
point improvement in NYHA Functional Class, the study failed to show improve-
ment in primary or secondary measures of cardiac remodeling (evaluated blindly) or
functional capacity (European Society of Cardiology 2014; Barcelona, Spain).

The Autonomic Neural Regulation Therapy to Enhance Myocardial Function in
Heart Failure (ANTHEM-HF) trial (Cyberonics) evaluated stimulation of the left
(n=31) or right (n=29) vagus for 6 months in 60 patients (mean age = 51) with
systolic heart failure on a stable medical regimen [63]. This was an open-label fea-
sibility trial of patients with NYHA Functional Class II-III CHF and an LV ejection
fraction <40 %. The primary efficacy endpoint was change in left ventricular ejec-
tion fraction (LVEF) and left ventricular end-systolic volume (LVESV) at 6 months;
the secondary endpoints involved evaluating the effect on (1) left ventricular end-
systolic diameter (LVESD), (2) NYHA Functional Class, (3) 6-min walk distance,
(4) quality of life (Minnesota Living with Heart Failure Questionnaire), (5) heart
rate variability, and (6) biomarkers (brain natriuretic peptide (NT-proBNP and hs-
CRP)). Stimulation was at 10 Hz, the pulse amplitude was 2.0+0.6 mA, the duty
cycle was 17.5 % (14 s on, 66 s off), and the pulse width was 130 ms. The intensity
was titrated over a 10-week period (European Society of Cardiology 2014;
Barcelona, Spain). The LV ejection fraction improved by a mean of 4.5 % (similar
with left or right vagus stimulation). There was a mean improvement in the 6-min
walk test of 56 m (significantly less with left vs. right vagus stimulation) and a mean
improvement in Minnesota Living with Heart Failure Questionnaire scores of 18
points. There was no significant improvement in LV end-systolic volume.

A canine model of post-infarct CHF has shown to benefit from spinal cord stimu-
lation [53]. Stimulation caused reduction in norepinephrine, serotonin, and BNP, as
well as evidence for reverse remodeling with an improved LV ejection fraction
when combined CHF medications. In a porcine model [54], spinal cord stimulation
reduced myocardial oxygen demand substantially despite increase in LV dP/dT. The
Determining the Feasibility of Spinal Cord Neuromodulation for the Treatment of
Chronic Heart Failure (DEFEAT-HF) trial (Medtronic) is a feasibility trial evaluat-
ing spinal cord stimulation vs. control in 70 ICD patients with NYHA Functional
Class III CHF and an LV ejection fraction <35 %, a QRS duration <120 ms, and an
endpoint of LV end-diastolic volume index [64]. St Jude is working on a spinal cord
stimulator study (SCS Heart, 20 patients) [65]. To be enrolled, patients must have
an LV ejection fraction of 20-35 %, NYHA Functional Class III or ambulatory
Class IV CHF, a St. Jude implantable cardioverter defibrillator or CRT-D device,
and an LV end-diastolic diameter of 55-80 mm.
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Carotid baroreflex stimulation is another approach being evaluated in the
Barostim HOPE4HF (Hope for Heart Failure) trial to assesses safety, efficacy, and
feasibility of baroreflex activation as a therapy in CHF with preserved LV function
(ejection fraction >40 %) and hypertension in 60 patients with elevated brain natri-
uretic peptide or NT-pro-brain natriuretic peptide and creatinine <2.5 mg/dL [66].

There are many important issues of concern with all of these clinical trials: (1)
No definitive data has yet proved that vagal activation is better than no vagal activa-
tion in patients with CHF. (2) The optimal approach to vagal activation for increas-
ing parasympathetic tone is not well defined (intensity, frequency, duration, etc.).
(3) The best endpoint to measure adequate and long-lasting VNS is not certain. (4)
The proof that parasympathetic activation is actually occurring remains difficult to
comprehend. (5) The proper endpoint to measure, i.e., heart rate reduction or some
other parameter, such as, an inflammatory marker, is not clear. (6) It is not clear
which fibers of the vagus are most important to stimulate, whether they are the
A-delta, the B fibers, or the unmyelinated C fibers. Further, it is unclear if afferent
activation may be of benefit as well.

6.5 Drugs That Can Modulate the PNS in CHF

To date, no drug acting solely to activate the PNS has been shown to benefit patients
with CHF. Drugs that target the PNS in CHF are given in Table 6.1 and are briefly
described below.

6.5.1 Digoxin

Perhaps the most widely used PNS-activating drug is digoxin. While digoxin may
have a potential role as a vagal activator, the mechanism of action and the inten-
sity of the PNS effects are uncertain. Any direct effect on the vagus by digoxin is
at best speculative and not well studied. It appears, however, that vagal afferents
are sensitized by drugs similar to digoxin and these drugs also inhibit renal sym-
pathetic nerve activity [67-69]. Also, digitalis can beneficially affect baroreflex
sympathetic control in normal humans [70]. However, despite an increase in
plasma norepinephrine with chronic digoxin therapy, heart rate variability
changes and heart rate reduction suggest a substantial increase in parasympa-
thetic activity [71].

Digoxin inhibits sodium/potassium ATPase, thereby increasing intracellular cal-
cium that mediates a positive inotropic effect which could nullify any direct benefit
of digoxin due to vagal activation. The Digitalis Investigation Group (DIG) trial
showed no benefit of digoxin regarding mortality outcomes in CHF; digoxin only
had an effect on reducing the rate of hospitalization overall and CHF hospitalization
[72]. Although it is likely that digoxin does have an effect on vagus activity, the
clinical evidence suggests that this effect is either not adequate to affect mortality or
is counterbalanced by other adverse actions.
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6.5.2 Angiotensin-Converting Enzyme Inhibitors

Angiotensin-converting enzyme (ACE) inhibitors, which improve outcomes in
CHF (see Chap. 36 for details), are associated with improvement in parasympa-
thetic activation [73—76]. Improvements in measures of heart rate variability may be
secondary to improvement in CHF in general or to inhibition of sympathetic activa-
tion. However, any causal relationship between ACE inhibitors and vagus activa-
tion remains speculative at best. Like ACE inhibitors, angiotensin receptor blockers
appear to modulate and improve PNS activity [77-79]. Similar to ACE inhibitors,
however, it is likely that SNS withdrawal and PNS activation are not a direct effect
but, rather, are reflex mediated due to an improvement in hemodynamics.

6.5.3 Nitroglycerin

Nitroglycerin may have direct NO-mediated effects on vagal activity [80]. This,
however, may be offset by the reflex sympathetic activation that occurs with periph-
eral vasodilatation. Compared with placebo, transdermal nitroglycerin had no effect
on heart rate variability parameters or baroreflex sensitivity.

6.5.4 Omega-3 Fatty Acids

Omega-3 fatty acids may improve parasympathetic activation, enhance barorecep-
tor control [81], and improve heart rate variability in the elderly [82], but substantia-
tion for this and any benefit in CHF patients remain highly speculative. Omega-3
fatty acids may slow sinus rate slightly, though the mechanism is uncertain. See
Chap. 27 for details.

6.5.5 Nicotinic Agonists

Repeated exposure of ganglionic neurons to nicotinic agonists to prevent loss of
parasympathetic control of CHF has been tested [83]. Despite decreased ganglionic
function leading to reduced parasympathetic control of CHF, repeated exposure to
nicotinic agonists during CHF development resulted in preserved or even supernor-
mal effects of parasympathetic stimulation.


http://dx.doi.org/10.1007/978-3-319-15961-4_36
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6.5.6 Acetylcholinesterase Inhibitors

Pyridostigmine bromide is an acetylcholinesterase inhibitor that does not cross the
blood-brain barrier and works in the peripheral synaptic cleft. It prolongs the effect
of acetylcholine. In healthy animals and humans, it appears to stimulate the para-
sympathetic nerves. Pyridostigmine has been evaluated in a rat model of CHF [84].
In conscious rats, pyridostigmine bromide reduces the basal heart rate, increases
vagal tone, and reduces sympathetic control of the heart. In rats, pyridostigmine
appears to decrease the hypertrophy seen in CHF, reduces the expression of colla-
gen in non-infarcted myocardium, and prevents the development of systolic CHF
after myocardial infarction. In patients, cholinergic stimulation by pyridostigmine
appears to reduce ventricular arrhythmias and improve autonomic and hemody-
namic function during dynamic exercise. Pyridostigmine can reduce the exercise
heart rate by up to 60 % without changing the resting heart rate.

In a prospective, randomized, double-blind, placebo-controlled, crossover trial
of 20 patients with stable CHF (mean age 55 years, mean ejection fraction 24 %),
pyridostigmine (30 mg) improved heart rate recovery after maximal exercise at
1 min but not at 3 min. Ingested pyridostigmine 30 mg or a matching placebo on
separate days did not affect peak heart rate, oxygen uptake, or respiratory
exchange ratio or change plasma norepinephrine or brain natriuretic peptide con-
centrations [85].

In another study, CHF patients participated in a double-blind, crossover protocol
(placebo or pyridostigmine 30 mg orally TID for 2 days). In those with frequent
ventricular ectopy, pyridostigmine reduced ventricular ectopy by 65 %. For a heart
rate variability group, pyridostigmine slowed heart rate and improved heart rate
variability. The authors suggested that long-term trials of pyridostigmine in CHF
patients should be conducted [86]. In a study of patients with chronic CHF submit-
ted to three maximal cardiopulmonary exercise tests on different days, oral pyr-
idostigmine (45 mg TID for 24 h) reduced cholinesterase activity by 30 %, inhibited
chronotropic response throughout exercise up to 60 % of maximal effort, and
improved heart rate reserve (and heart rate recovery in the first minute after exer-
cise), whereas peak heart rate was similar to placebo [87].

Donepezil, a cholinesterase inhibitor used to treat Alzheimer’s dementia, crosses
the blood-brain barrier. Donepezil has been shown to prevent LV dysfunction and
neurohumoral activation and CHF in rats.

Donepezil was tested in a rat model of CHF due to healed myocardial infarction.
Compared to untreated rats, those given donepezil had a smaller biventricular
weight (and maximal rate of rise in LV pressure and end-diastolic LV pressure was
improved). Neurohumoral factors (norepinephrine and BNP) were improved with
donepezil as was heart rate variability [88].
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6.5.7 Muscarinic Agonists and Antagonists

Carbachol, a muscarinic agonist, can prevent beta-adrenergic receptor-stimulated
apoptosis in cardiac myocytes, suggesting that muscarinic activation could affect
the rate of disease progression in CHF [89].

Pirenzepine, a selective muscarinic receptor antagonist, works as an anticholin-
ergic drug but at lower doses can have a cholinergic affect that augments vagal
activity in CHF.

Scopolamine likewise blocks muscarinic receptors but, at lower doses, can
enhance parasympathetic activity. Scopolamine is relatively nonselective, but it can
affect heart rate variability [90]. In 21 patients with moderate to severe CHF, scopol-
amine increased time and frequency domain parameters of heart rate variability.
However, scopolamine has not been tested clinically with regard to outcomes in
patients with CHF [90].

Twelve patients with NYHA Functional Class I[I-IV CHF and coronary artery
disease (mean LV ejection fraction 26.7 %) were randomly assigned to a placebo or
transdermal scopolamine patch. There was a small, but significant, increase in all
time domain HRV variables with scopolamine. There was improvement in HR vari-
ability parameters [91].

In a double-blind, randomized, placebo-controlled, crossover study, 16 patients
with chronic, stable CHF and ischemic cardiomyopathy (mean LV ejection fraction
28 %; NYHA Functional Class II-III) and eight age-matched healthy controls
received scopolamine (500 pg/72 h) or a placebo patch. Scopolamine reduced aver-
age heart rate and increased time domain measures of heart rate variability. While
exercise performance did not improve, heart rate at submaximal exercise was
reduced by scopolamine [92]. In another report, low doses of transdermal
scopolamine enhanced tonic and reflex cardiac vagal activity in patients in the acute
phase of MI as measured by an increase in baroreflex sensitivity, heart rate variabil-
ity, and respiratory sinus arrhythmia [93].

6.6 Standard Drugs for Heart Failure

Although various drugs that are utilized to attempt to improve outcomes in CHF
patients (diuretics, statins [94, 95], aldosterone blockers [96-98], vasodilators, beta-
blockers, ivabradine, and antiarrhythmic drugs) may affect sympathetic vagal bal-
ance, it is certainly possible that any positive association between these drugs and
outcomes may be by other mechanisms. Even exercise training may affect vagal
tone and improve outcomes in patients with CHF [99]. Recent data from the SHIFT
[50] and BEAUTIFUL [48, 49] trials that evaluate the use of ivabradine in CHF
patients indicate that heart rate slowing independent of autonomic interactions may
also have some benefit with regard to select outcomes.
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6.7 Can Anticholinergic Drugs Adversely
Affect Heart Failure Patients?

Presently, little data substantiate any harm caused by an anticholinergic drug in
patients with CHF. In part, this could be due to the fact that parasympathetic activa-
tion is already limited in these patients. However, this has not been evaluated care-
fully. Disopyramide, an antiarrhythmic drug with substantial anticholinergic
properties, has a strong negative inotropic effect, but the mechanism of this effect has
not been well tested. Nevertheless, the relationship between any anticholinergic
response, i.e., increase in heart rate, has not necessarily been linked to worsening in
CHE. To date, although not well tested, there are no clear-cut observational data indi-
cating that antimuscarinic drug therapy for overactive bladder can precipitate CHF.

6.8 Concluding Remarks

Deranged autonomic nervous system activity plays an instrumental role in the
pathophysiology of CHF. Increased activity of the sympathetic nervous system and
decreased activity of the PNS contribute to disease progression. Early in the devel-
opment of CHF, impaired parasympathetic activity may have a deleterious role in
CHF progression.

Emerging evidence suggests that interventions that augment PNS activity can
exert several beneficial effects directly and independently but in part by opposing
the sympathetic nervous system. Direct measurement of PNS activity is difficult,
and thus surrogate markers are often used to assess its status. Much interest is cur-
rently focused upon determining means to restore PNS activity, with devices or
medications, to improve patient functionality and to reduce the morbidity and mor-
tality of patients living with CHF.
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