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Studies of the effect of vagus nerve stimulation on ventricular myocardial function in
mammals are limited, particularly in the human.

The present study was designed to determine the effect of direct electrical stimulation of the
left vagus nerve on left ventricular contractile state in hearts paced at 10 % above the natural
rate, in anaesthetised pigs and anaesthetised human subjects undergoing open chest surgery for
coronary artery bypass grafting.

Contractility of the left ventricle was determined from a series of pressure—volume loops
obtained from a combined pressure and conductance (volume) catheter placed in the left
ventricle. From the measurements a regression slope of the end-systolic pressure—volume
relationship was determined to give end-systolic elastance (Ees), a load-independent measure
of contractility.

In six anaesthetised open chest pigs, stimulation of the peripheral cut end of the left cervical
vagus nerve induced a significant decrease in Kes of 26 + 14 %.

In nine patients electrical stimulation of the left thoracic vagus nerve close to its cardiac branch
resulted in a significant drop in Ees of 38 & 16 %.

The effects of vagal stimulation were blocked by the muscarinic antagonist glycopyrronium
(5 mg kg™).

Administration of the f-adrenoreceptor antagonist esmolol (1 mg kg™') also attenuated the
effect of vagal stimulation, indicating a degree of interaction of vagal and sympathetic
influences on contractility.

These studies show that in the human and pig heart the left vagus nerve can profoundly
decrease the inotropic state of the left ventricular myocardium independent of its bradycardic
effect.
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The mammalian heart is innervated by both para-
sympathetic (vagus) and sympathetic nerves. The latter
have been subject to detailed study probably because they
are principally responsible for the increase in cardiac
output that enables animals to respond to threatening
stimuli. Recently, there has been a revival of interest in the
influence of vagal nerve fibres on the heart (Xenopoulos
& Applegate, 1994). Clinical trials have shown that
reduced heart rate variability and baroreflex sensitivity,
both markers of cardiac vagal control, are powerful and
independent indicators of adverse prognosis in patients

with cardiac failure or myocardial infarction (Huikuri et
al. 1999). This suggests preservation of the action of
cholinergic nerves may protect the compromised cardiac
ventricle (Schwartz, 1998). This effect could be related to
a reduction in the energy requirements of myocardial
contraction.

In several species acetylcholine has been shown to have a
powerful antiadrenergic effect on the ventricular
myocardium (Loffelholz & Pappano, 1985). Furthermore,
in the human several studies have shown that there is a
significant cholinergic innervation of the ventricle (Kent
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et al. 1974; Lotfelholz & Pappano, 1985; Du et al. 1995) as
well as a dense distribution of muscarinic M, receptors
(Fields et al. 1978; Goyal, 1989; Deighton et al. 1990).
However, a load-independent assessment of the influences
of vagal nerve stimulation on contractility, in mammals
other than the dog, is lacking. The introduction of a
catheter that can be placed within the ventricle to
measure pressure and volume enables a direct measurement
of ventricular contractility and we have taken advantage
of this to study the influence of the vagus nerve in the pig
and human heart in vivo.

METHODS

The contractility of cardiac muscle is an index of its ability to
generate force independent of muscle fibre length (‘load’).
Traditionally left ventricle (LLV) contractility has been measured in
the beating heart by registering the change in LV pressure with time,
dP/dt. However, in an intact animal dP/d¢ is load and heart rate
dependent (Mason, 1969), both of which are altered by vagal nerve
stimulation. It is now possible to quantify LV contractility by
measuring the end-systolic pressure—volume relationship, an index
of contractility that is relatively independent of loading conditions.
The development of a conductance catheter with a pressure sensor
has enabled the end-systolic pressure—volume relationship to be
examined in the human heart in vivo. (Baan et al. 1984; Kass et al.
1986). We have recently validated this technique for a broad range of
conditions experienced during cardiac surgery (Al-Khalidi et al.
1998). The conductance method of determining left ventricular
volume is based upon the measurement of blood conductivity within
the left ventricle. We used a 12-electrode Millar conductance catheter
(Millar instruments, TX, USA). Signals were processed with a
customised software package (Leycom Sigma-5DF, Cardiodynamics
BV, Zoetermeer, The Netherlands). We calculated the regression
slope of the end-systolic pressure—volume relationship, the end-
systolic elastance (Hes) obtained from a family of pressure—volume
curves during transient inferior vena cava occlusion (Figs 1 and 3).
The Ees is a widely accepted assessment of load-independent
contractility (Sagawa et al. 1988).

Pig experiment

Six pigs were anaesthetised with 10 mg kg™ of ketamine intra-
muscularly, followed by the inhalation of isoflurane in oxygen-
enriched air at a Fi, (inspired O, fraction) of 0.6. The animals were
intubated with a cuffed endotracheal tube and placed on a positive
pressure volume ventilator. Intravenous access was established by a
suitable ear vein.

Subsequent total intravenous anaesthesia was commenced using
bolus doses of midazolam (0.5 mg kg™), fentanyl citrate (100 ug kg™)
and fluanisone (3 mg kg™'). Anaesthesia was maintained using
continuous infusions of midazolam at 1 mg kg™ h™', fentanyl at
200 pg kg™ h™" and fluanisone at 6 mg kg™ h™'. Venous and arterial
lines were placed in the right external jugular vein and right carotid
artery for infusion of drugs and monitoring arterial blood pressure,
respectively. Limb leads were placed for electrocardiographic recording.
The tidal volume of the ventilator was adjusted to maintain arterial
blood oxygen tension around 100 mmHg and arterial pH between
7.35 and 7.4. A median sternotomy was performed to expose the heart.
The conductance—pressure catheter was introduced into the left
ventricle via an incision and purse string suture in the apex. The
position was confirmed by observing appropriate pressure—volume
signals on a visual display unit. Atrial pacing wires were attached to
the right atrium and ventricle. A tape snare was placed around the
inferior vena cava. The left cervical vagus nerve was exposed and cut

J. Physiol. 534.2

and temporary pacing wires attached to the peripheral end for
electrically stimulating the nerve. Square wave pulses (6 s train of
square wave negative pulses at 10 Hz, 20 V and 0.1 ms duration)
were provided via an isolation unit and constant voltage stimulator
(Digitimer). This stimulus was sufficient to produce a 20 + 1 beats
per minute (bpm) decrease in heart rate.

Before commencing the experimental protocols, blood temperature,
and resistivity were measured (Kass et al. 1986; Al-Khalidi et al.
1998). The heart was then paced using a dual chamber pacing box
with atrial and ventricular leads to give a captured rate 10 % above
the natural rate. Next, ventilation was briefly interrupted and,
whilst partially occluding the vena cava to reduce systolic blood
pressure by 25 mmHg over 6 s, a series of pressure—volume curves
were obtained (Fig. 1). This procedure was repeated whilst
stimulating the left vagus nerve (4 s of vagal stimulation). Further
studies were undertaken in two pigs with and without vagal
stimulation after treatment with glycopyrrolate (15 mg kg™ bolus, a
muscarinic antagonist) and in a further two pigs with and without
vagal stimulation after treatment with esmolol (a short-acting
f-adrenoreceptor antagonist, 1 mg kg™ bolus).

This animal study was conducted under the Home Office (UK) rules
for the use of experimental animals in research and approved under
a specific Project Licence. Animals were humanely killed at the end
of the experiment by an overdose of an intravenous infusion of
phenobarbitone.

Human experiment

To determine whether human left ventricular myocardium was
influenced by efferent vagal nerve fibres we conducted a similar
series of tests in a group of 10 patients undergoing open chest surgery
for coronary artery bypass grafting (CABG). Local ethics committee
(South Birmingham) approval was obtained and studies were
performed according to the Declaration of Helsinki. All patients gave
informed written consent. All patients had good ventricular function
(ejection fraction > 50 %), triple vessel coronary disease and no
significant co-morbidity. Following induction of anaesthesia
(fentanyl 15 ug kg™, propofol 3 mg kg™, etomidate 0.3 mg kg™ and
pancuronium 100 g kg™') the patient was intubated with a cuffed
endotracheal tube, and ventilation commenced at 10 ml kg™ tidal
volume. F o, and ventilation were adjusted to maintain arterial blood
oxygen tension at around 100 mmHg and pH in the range 7.35-7 4.
Anaesthesia was maintained using alfentanyl at 50 g kg™ h™" and a
target-controlled infusion of propofol. A central venous line and
Swan Ganz catheter were inserted through the right internal jugular
vein and arterial pressure was monitored via a right radial line. The
chest was opened by median sternotomy, internal mammary artery
harvest performed and preparations made to commence cardio-
pulmonary bypass. The left vagus nerve was visualised as it passed
over the arch of the aorta (Matheny & Shaar, 1997) and temporary
pacing wires were attached to it just proximal to the origin of the
cardiac vagal branch. These pacing wires were used to stimulate the
nerve with negative (cathode placed distally) square wave pulsesin a
6 s train at 25 Hz, 20 V and 0.1 ms width. This stimulation resulted
in an immediate reduction in heart rate causing asystole and has been
described as a means of providing cardioplegia during CABG
(Matheny & Shaar, 1997). Temporary right atrial and ventricular
pacing wires were attached and the conductance—pressure catheter
introduced via a purse string in the ascending aorta and advanced
into the left ventricle. Its position was confirmed by monitoring the
pressure and volume signals. The heart was then paced (via
atrioventricular pacing wires) at 10% greater than natural rate (mean
paced rate, 114 + 6 bpm). A series of baseline pressure—volume
curves were obtained (Fig. 3) with ventilation of the lungs stopped
and caval occlusion as performed in the pig experiments.
Investigation proceeded as described for the pig pressure—volume
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measurements (muscarinic receptor antagonism was achieved with
glycopyrrolate, 5 mg kg™, 3 patients, and g-adrenoreceptor
antagonism with esmolol, 1 mg kg™ bolus, 3 patients). Following
completion of the investigations, the CABG operation was performed
according to standard management. All patients underwent
uncomplicated recovery.

Data acquisition and analysis

All data were gathered at 500 Hz via an analog—digital conversion
board (DAS1600 series, Keithley, Metrabyte, MA, USA) and processed
and stored on a Compaq portable 480C computer (Compaq Corp.,
USA). In an attempt to avoid effects of vagal stimulation caused by
activating afferent fibres, which might cause reflex changes in
sympathetic drive to the heart, we restricted analysis to the
pressure—volume loops of the first 10 cardiac cycles (6 s). Statistical
analysis was performed on an IBM compatible computer using Arcus
software (Research Solutions, Adison Wesley Longman, Cambridge,
UK). Data were first analysed for non-normality and subsequently
subjected to Student’s paired two-way ¢ test. Significance was set at
differences of P < 0.05. Results are expressed as means =+ S.D.
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Figure 1. The effect of left cervical vagal nerve
stimulation on the end-systolic pressure—volume
relationship in the pig

Pig 6, atrioventricular pacing at a rate of 130 bpm.
Inferior vena cava occlusion, providing a family of
pressure—volume loops (7) without (4) and with (B)
vagal stimulation. 4, end-systolic elastance

(Ees) = 3.23 mmHg ml™', »* = 0.99;

B, Kes = 2.44 mmHg ml™", "= 0.97 (regression line
drawn between the end-systolic pressure—volume
points of each loop).
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RESULTS
Pig experiments

The results showed a significant reduction in Ees (Fig. 1)
during vagal stimulation in all six experiments (Fig. 2)
(P<0.002) from a value of 2.64 + 1.36 mmHg ml™" to
1.95 + 1.03 mmHg ml™", a change of 0.69 mmHg ml™" or
26 + 14 %. As the vagus nerve is reported to exert an
inhibitory effect upon sympathetic neurotransmission, this
‘indirect’ action (Levy, 1998) was assessed by repeating
the two series of tests following #-1 adrenoreceptor
antagonism with intravenous esmolol. Esmolol induced
a decrease of 36.2 + 16.5% in baseline Ees indicating
significant cardiac sympathetic antagonism. Vagal
stimulation during #-adrenoreceptor antagonism produced
a further small (mean 7 %) but non-significant reduction
in Ees. Stimulation of efferent vagal nerve fibres releases
acetylcholine, which acts on cardiac muscarinic M,
receptors. We therefore determined the effect of a
muscarinic antagonist on the vagally induced decrease in
contractility. In two pigs in which vagal stimulation
decreased Ees by 40% in one and 45% in the other,
glycopyrronium reduced this to 3 and 22 %, respectively.

Human experiments

For the 10 patients Ees baseline was 4.8 + 2.4 mmHg ml™".
In 9 of the 10 patients vagal stimulation produced a
significant (P < 0.006) reduction in Ees (Fig. 4) to
3.2 4+ 1.9 mmHg ml™" (ranging from 10 to 60 %, mean
38 + 16 %). In one patient an apparent small increase in
Ees occurred. We believe this may have been due to
stimulating electrode displacement.

To establish whether these effects were due to efferent
vagal stimulation, tests were repeated in three patients
following partial muscarinic receptor antagonism with a
dose of glycopyronnium. The negative inotropic actions
of vagus nerve stimulation were reduced from
1.93 £ 1.83 to 0.3 £ 0.12 mmHg ml™ (85% reduction in
effect).
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Figure 2. Negative inotropic effect of vagal
stimulation in pigs

Bar graph of mean value of Ees, indicating
contractility, for all pigs with (VS) and without
(baseline) vagal stimulation (P < 0.002).
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-1 adrenoreceptor antagonism reduced baseline Ees by a
mean of 33 + 11 % in three patients, indicating a strong
dependence of cardiac contractility on sympathetic tone
under these conditions of anaesthesia and open chest
surgery. f-1 adrenoreceptor antagonism consistently
reduced the negative inotropic action of vagal stimulation
in the three patients (by 17, 53 and 55 %, respectively).

DISCUSSION

This series of experiments clearly establishes that efferent
vagal activity to the pig and human LV induces a
significant negative inotropic effect and shows that the dog
heart (Henning & Levy, 1991; Xenopoulos & Applegate,
1994) is not alone amongst mammals in possessing this
important action of the vagus nerve. Although textbooks
have long played down the importance of the vagal action
on ventricular muscle, histochemical evidence has
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Figure 3. The effect of left thoracic vagal nerve
stimulation on the end-systolic pressure—volume
relationship in one human

Patient 4, atrioventricular pacing at a rate of

100 bpm. Inferior vena cava occlusion, providing a
family of pressure—volume loops (8) without (4) and
with (B) vagal stimulation. 4, Fes = 4.04 mmHg ml™",
7 =0.99; B, Res = 3.0l mmHg ml™", »* = 0.96
(regression line drawn between the end-systolic
pressure—volume points of each loop).
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increasingly questioned this viewpoint. Studies of the
regional distribution of muscarinic cholinergic receptors
in the hearts of a number of species, including humans,
demonstrate that they are widespread in the ventricles
and conducting tissue (Fields et al. 1978; Wei & Sulakhe,
1978; Yamada et al. 1980; Deighton et al. 1990); indeed
they are far more abundant than A;-adenosine or
p-adrenoreceptors (Bohm et al. 1990). Details of the
precise cellular location of the receptors and nerve
endings are currently lacking.

Our results provide a firm experimental basis for the
interpretation of results obtained using pulsed-wave
aortic doppler ultrasound in humans suggesting a vagally
mediated baroreflex control of myocardial contractility
(Casadei et al. 1992). The data also suggest that part of
this effect is due to an interaction of the vagus nerve with
sympathetic nerve influences. This action, known as
‘accentuated antagonism’, appears to involve both pre-
and post-junctional mechanisms. In both locations the
nitric oxide cyclic GMP pathway may play an important
role (Paterson, 2001), although this remains controversial
(Vandecasteele et al. 1999; Belevych & Harvey, 2000).
Whether there is some further direct independent action
of the vagus nerve on Ca”" delivery in the cardiac muscle
cell merits further study in view of our finding that vagal
effects were still present after f-1 adrenoreceptor
antagonism — an effect that has also been observed in the
dog (Xenopoulos & Applegate, 1994).

The use of a human model prevented us from testing the
effect of complete block of vagal activity in each patient.
Therefore a criticism of this work could be that we are
unable to distinguish efferent from afferent vagus
effects. We attempted to overcome this problem in two
ways. Firstly we took only the first six heart beats

Mean Ees (mmHg mI™

Baseline VA

Figure 4. Change in inotropic state of left
ventricle during vagal stimulation in humans
Graph shows change in contractility (vertical axis)
from baseline Ees with vagal stimulation (VS) in
humans (P < 0.006).
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following inferior vena cava occlusion. Secondly, we used
glycopyrrolate in three humans to block muscarinic
effects. This abolished the effect of vagal stimulation on
both heart rate and contractility. Unfortunately, due to
constraints of patient safety, we were not able to give
glycopyrrolate to all our patients (we had preset a study
time limit of 30 min). We did attempt the administration
of lignocaine to the proximal portion of the vagus nerve
to overcome afferent effects (Carlsten et al. 1957). We
attempted this in two patients not included in this study,
but found it impossible thereafter to stimulate the vagus
nerve, presumably because the local anaesthetic provided
an extended block to conduction along the nerve sheath.

Since these patients were suffering from coronary artery
disease we felt it was not acceptable to test the level of §-1
adrenoreceptor antagonism, with an adrenaline bolus, in
those patients treated with esmolol. It is therefore
possible that these patients were not fully g-blocked.
However treatment with esmolol infusion did result in a
mean reduction in heart rate of 21 + 6%, suggesting a
high level of antagonism. However, the number of
patients treated with esmolol was small and therefore it is
impossible to determine whether the effects of vagal
stimulation depend completely or only partly upon
adrenergic prestimulation of the heart.

Autonomic control of the diseased human heart has great
clinical significance. Suppression of sympathetic tone by
chronic f-adrenoreceptor antagonism is a well-established
mode of treatment that reduces mortality in heart failure
(Anonymous, 1999) and after myocardial infarction
(Hjalmarson, 1997). Vagal activity appears to exert similar
actions to f-adrenoreceptor antagonism; reducing heart
rate and contractility. Our results, taken together with
the known powerful influences of vagal activity on the
susceptibility of ischaemic myocardium to ventricular
arrhythmia (Schwartz, 1998), suggest that the vagus
nerve might be a novel target for treatment. Future
research might usefully be directed at further examining
the cellular and molecular physiology of the actions of the
cardiac vagal stimulation in animal models and at
methods of increasing cardiac parasympathetic activity
in patients with heart disease.
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