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Direct evidence of nitric oxide release from neuronal nitric
oxide synthase activation in the left ventricle as a result
of cervical vagus nerve stimulation
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Information regarding vagal innervation in the cardiac ventricle is limited and the direct effect of
vagal stimulation on ventricular myocardial function is controversial. We have recently provided
indirect evidence that the anti-fibrillatory effect of vagus nerve stimulation on the ventricle is
mediated by nitric oxide (NO). The aim of this study was to provide direct evidence for the
release of nitric oxide in the cardiac ventricle during stimulation of the efferent parasympathetic
fibres of the cervical vagus nerve. The isolated innervated rabbit heart was employed with
the use of the NO fluorescent indicator 4,5-diaminofluorescein diacetate (DAF-2 DA) during
stimulation of the cervical vagus nerves and acetylcholine perfusion in the absence and pre-
sence of the non-specific NO synthase inhibitor N G-nito-l-arginine (l-NNA) and the neuronal
NO synthase selective inhibitor 1-(2-trifluormethylphenyl)imidazole (TRIM). Using the novel
fluorescence method in the beating heart, we have shown that NO-dependent fluorescence is
increased by 0.92 ± 0.26, 1.20 ± 0.30 and 1.91 ± 0.27% (during low, medium and high frequency,
respectively) in the ventricle in a stimulation frequency-dependent manner during vagus nerve
stimulation, with comparable increases seen during separate stimulation of the left and right
cervical vagus nerves. Background fluorescence is reduced during perfusion with l-NNA and the
increase in fluorescence during high frequency vagal stimulation is inhibited during perfusion
with both l-NNA (1.97 ± 0.35% increase before l-NNA, 0.00 ± 0.02% during l-NNA) and
TRIM (1.78 ± 0.18% increase before TRIM, −0.11 ± 0.08% during TRIM). Perfusion with
0.1 μm acetylcholine increased NO fluorescence by 0.76 ± 0.09% which was blocked by l-NNA
(change of 0.00 ± 0.03%) but not TRIM (increase of 0.82 ± 0.21%). Activation of cardiac
parasympathetic efferent nerve fibres by stimulation of the cervical vagus is associated with
NO production and release in the ventricle of the rabbit, via the neuronal isoform of nitric oxide
synthase.
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Abnormal autonomic activity has been shown to be
a strong prognostic indicator of mortality in patients
with heart failure (Nolan et al. 1998) and those who
have had a previous myocardial infarct (La Rovere et al.
1998). Depressed heart rate variability and baroreceptor
sensitivity are surrogate markers of impaired vagal tone
associated with mortality in these conditions in which
most of the deaths are sudden and due to ventricular

arrhythmias, especially ventricular fibrillation (VF). We
have recently shown that electrical stimulation of the
vagus nerve in the neck (Brack et al. 2007) has a strong
anti-arrhythmic effect in the rabbit ventricle against VF.
These effects are blocked in the presence of a nitric oxide
(NO) synthase inhibitor providing indirect evidence that
NO is involved in this effect. The implication of NO in
mediating vagal activity in the ventricle is novel although
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there are established data that this occurs at the atrial level
(Herring et al. 2002). However, direct evidence of NO
release in the ventricle during stimulation of the vagus
nerves has never been shown.

A direct effect of vagal stimulation on ventricular
function is either absent (Brack et al. 2006) or remains
a controversial subject (Zang et al. 2005) despite evidence
that vagal nerve fibres are present (Hoover et al. 2004) in
the ventricle. We have shown that vagus nerve stimulation
affects effective refractory period, VF threshold and
electrical restitution (Ng et al. 2007) in the absence of
background sympathetic tone. The question of how these
effects are brought about is addressed in this study by
measuring for the first time, the release of NO in the
ventricle during stimulation of the vagus nerves in the
neck.

Development of fluorescent indicators specific for
NO e.g. derivatives of 4,5-diaminofluorescein (DAF-2)
(Kojima et al. 1998) offers a non-invasive, highly selective
semiquantitative method to directly visualise and allow
analysis of NO activity. Since its emergence, DAF-2
fluorescence has been used in a variety of isolated atrial
and ventricular myocyte preparations (LeBuffe et al. 2003;
Pott et al. 2003) and was recently applied in the isolated
beating heart by our group (Patel et al. 2008). Thus, we set
out to discover if stimulation of the cervical vagus nerves
causes NO release in the cardiac ventricle of the rabbit
using DAF-2 fluorescence recorded from the left ventricle
epicardial surface of a novel isolated innervated rabbit
heart preparation (Ng et al. 2001).

Methods

Experimental techniques

All procedures were undertaken after local ethics approval
at the University of Leicester and were carried out in
accordance with the UK Animals (Scientific Procedures)
1986 Act and the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1985).

Isolation of heart with intact autonomic nerves. The iso-
lation of this preparation has been described previously
(Ng et al. 2001). In brief, rabbits were premedicated
with a mixture of Domitor I.M. (0.2 mg kg−1, Pfizer,
Sandwich, UK), Ketamine (10 mg kg−1, Fort Lodge,
Southampton, UK) and Torbugesic (0.05 mg kg−1,
Pharmacia, Corby, UK) and anaesthetised with propofol
(1 mg kg−1, I.V., Fresenius, Warrington, UK). After
tracheotomy, rabbits were ventilated using a small-animal
ventilator (Harvard Apparatus Ltd, Edenbridge, UK;
60 breaths min–1) with an O2–air mixture. The vagus
nerves in the neck were isolated and vasculature leading

to and from the ribcage were ligated and dissected.
The rabbit was killed with 60 mg of Sagital (I.V.) (JM
Loveridge, Southampton, UK) with 1000 U heparin (Leo
Laboratories, Risborough, UK). The anterior portion of
the rib cage was removed and the descending aorta
cannulated. The pericardium was cut and ice-cold Tyrode
solution applied on the epicardial surface to preserve
myocardial function. The preparation extending from the
neck to thorax was dissected from surrounding tissues.

Langendorff perfusion. The descending aorta was
connected to the perfusion apparatus and retrogradely
perfused in constant flow Langendorff mode (Gilson
Minipulse 3 peristaltic pump, 100 ml min−1; Anachem,
Luton, UK) with Tyrode solution containing (mM): Na+:
138.0, K+: 4.0, Ca2+: 1.8, Mg+: 1.0, HCO3

−: 24.0, H2PO4
−:

0.4, Cl−: 121.0, glucose: 11.0, acetate: 20.0, probenecid
0.3 and was continuously bubbled with 95% O2–5% CO2

(pH 7.4, 37◦C). A 3F polypropylene catheter (Portex, Kent,
UK) was inserted at the left ventricular apex for venous
effluent drainage. Left ventricular pressure was monitored
with a fluid-filled latex balloon connected to a pressure
transducer (MTL0380, ADInstruments Ltd, Chalgrove,
UK). End diastolic pressure was adjusted to zero. Aortic
perfusion pressure was monitored with a second pressure
transducer connected in series to the aortic cannula.

Fluorescence system and loading. An Optoscan
spectrophotometer modular system was used (Cairn
Research Ltd, Faversham, UK) to monitor excitation
wavelengths at 470 ± 10 nm (F 470), 480 ± 10 nm (F 480),
490 ± 10 nm (F 490) and 500 ± 10 nm (F 500) for 20, 20,
8 and 2 ms, respectively, collected at 535 nm through
a 50 nm bandpass filter. A bifurcated light guide
was positioned midway between the apex and base,
perpendicular to the epicardial surface of the left ventricle
and routinely repositioned between protocols to prevent
epicardial damage. Background ‘auto’ fluorescence was
measured whilst fluorescence stabilised. Hearts were
subsequently loaded with a bolus injection of DAF-2 DA
(150–250 μl, 1 μM; Calbiochem c/o Merck, Nottingham,
UK) via a catheter inserted into the right carotid artery.
As reported before, the signal obtained at F 490 was, among
the excitation wavelengths, quantitatively largest and
most representative of changes in [NO] (Patel et al. 2008).
For the purpose of this report only F 490 is shown. The
fluorescence signal has a sizable beat-to-beat variation.
Analysis of data collected by this method has been
described previously (Patel et al. 2008) which revealed
that minimum and maximum levels of F 490 were altered
by manoeuvres which alter [NO] in parallel to the same
extent. For clarity, the mean F 490 level is presented and
analysed in this study.
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Experimental protocols

In total, 22 adult New Zealand White rabbits (2.0 to 3.7 kg)
were used in this study in three separate experimental
protocols:

Vagus nerve stimulation and NO synthase inhibition.
A total of seven animals were used. The cervical
vagus nerves were supported on separate custom-made
bipolar silver electrodes (Advent Research Materials, UK:
0.5 mm O.D.) and stimulated separately using a single
channel constant-voltage square-wave pulse stimulator
(SD9, Grass Instruments, Astro-Med Inc., Slough, UK).
Stimulation frequencies of 5 Hz (low), 10 Hz (medium)
and 15 Hz (high) at 8.7 ± 0.6 V, with a square-wave pulse
duration of 2 ms, were used. Heart rate changes obtained
with the different levels of vagal stimulation were recorded.
Following this, protocols were monitored during constant
ventricular pacing (200 beats min–1) with a bipolar
catheter (EP Technologies, Sunnyvale, CA, USA) inserted
into the right ventricular apex. VS was continued for 40 s
with 30 s rest in-between stimulations. Left and right VS
was carried out first, after which VS was tested before,
during and after a 5 min period of perfusion with (1) the
non-specific NO synthase inhibitor (N G-nitro-L-arginine,
L-NNA, 200 μM; Sigma-Aldrich, Gillingham, UK) and
(2) the established and widely used neuronal NO
synthase inhibitor 1-(2-trifluormethylphenyl)imidazole
(TRIM, 200 μM; Calbiochem).

Effects of acetylcholine. Isolated non-innervated rabbit
hearts were perfused in constant flow Langendorff mode
and loaded with DAF-2 DA as previously described (Patel
et al. 2008). In seven hearts and prior to loading with
DAF-2 DA, the chronotropic effects of 5 min perfusion
with 0.01 μM, 0.1 μM and 1 μM acetylcholine chloride
(ACh, Sigma-Aldrich) were examined followed by effects
on perfusion pressure during constant ventricular pacing
at 200 beats min–1. In 4 of the 7 hearts and after loading
with DAF-2 DA, the effect of 2 min perfusion with 0.1 μM

ACh on NO-dependent fluorescence was examined in the
presence of both L-NNA (200 μM) and TRIM (200 μM).

Role of endothelially derived NO. In a separate eight
isolated non-innervated rabbit hearts (original data
presented in Patel et al. 2008), L-NNA (200 μM),
sodium nitroprusside (SNP, 100 μM) and bradykinin (BK,
100 μM) were separately perfused for 5 min and the peak
effect on aortic perfusion pressure and F 490 were analysed.

Signal measurement and analysis. Signals were recorded
with a Powerlab 800/s system and digitised at 1 kHz
using Chart software (v5, ADInstruments), stored and
displayed on a Dell personal computer (Dell, Bracknell,
UK). All signals were analysed simultaneously. Data are

mean ± S.E.M. and analysed using single- or 2-factor
repeated measures ANOVA where appropriate. In both
instances data were tested using Bonferroni post tests
for comparisons between individual groups of data with
significant differences between individual groups of data
indicated by the asterisks or horizontal bars on each figure.
P < 0.05 was considered significant.

Results

Vagus nerve stimulation

Cervical vagus nerve stimulation (VS) frequencies of 5 Hz
(low), 10 Hz (medium) and 15 Hz (high) at 8.7 ± 0.6 V
were used which reduced heart rate from a baseline
of 154.0 ± 9.2 beats min–1 to 94.0 ± 6.3, 83.4 ± 9.9 and
74.6 ± 12.5 beats min–1, respectively. During constant
ventricular pacing at 200 beats min–1, the fluorescence
obtained with excitation wavelength of 490 nm (F 490)
increased in a stimulation frequency-dependent manner
with VS without affecting aortic perfusion or left
ventricular pressures (Fig. 1A). Two-factor ANOVA
revealed a significant frequency-dependent effect during
left (P = 0.0012 (difference low vs high 0.1144 V)) and
right (P = 0.0126 (difference low vs high 0.1046 V))
vagus nerve stimulation. Figure 1B illustrates that left and
right VS produced comparable increases in F 490 at each
stimulation frequency. Two-factor ANOVA confirms that
there is no significant difference (P = 0.28) in the increase
in NO fluorescence at low (difference−2.00 mV), medium
(difference 25.49 mV) or high (difference 15.22 mV)
frequency nerve stimulation between the left and right
vagus nerve (Fig. 1C). This is despite the negative
chronotropic effect during right VS being stronger than
that during left VS and that the effect of left VS being
stronger on atrioventricular conduction than right VS in
this model (Ng et al. 2001).

To further characterise the change in fluorescence
during VS, we first repeated high frequency VS (15 Hz)
in the presence of the non-specific NO synthase
(NOS) inhibitor N G-nitro-L-arginine (L-NNA) and then
separately in the presence of the neuronal NOS selective
inhibitor 1-(2-trifluormethylphenyl)imidazole (TRIM).
Figure 2 illustrates that the vagally mediated increase in
fluorescence was abolished during L-NNA perfusion and
returns on washout of L-NNA. Compared to control,
single-factor ANOVA revealed that L-NNA significantly
decreased the basal F 490 signal by 1.22 ± 0.24% (F :
11.43, P = 0.0017) whilst significantly increasing aortic
perfusion pressure (52.6 ± 4.5 to 55.4 ± 4.0 mmHg, F :
14.69, P = 0.0006). The effect of perfusion of the neuro-
nal NOS inhibitor TRIM is illustrated in Fig. 3. TRIM
also abolished the vagally mediated increase in F 490 (F :
109.8, P < 0.0001, single-factor ANOVA) that returns
on washout. Unlike perfusion with L-NNA, TRIM did
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not alter the basal F 490 signal (F : 0.62, P = 0.55,
single-factor ANOVA) or aortic perfusion pressure
(52.2 ± 6.2 to 53.6 ± 6.7 mmHg, F : 0.62, P = 0.56,
single-factor ANOVA). Left ventricular pressure, however,
was decreased during perfusion with TRIM (45.7 ± 2.3
to 38.1 ± 1.1 mmHg, F : 37.91, P < 0.0001, single-factor
ANOVA) but not during L-NNA perfusion (45.0 ± 7.4
to 45.4 ± 7.5 mmHg, F : 1.17, P = 0.34, single-factor
ANOVA) that returns to baseline on washout.

Acetylcholine

Prior to DAF-2 loading (n = 7), 0.01 μM, 0.1 μM and
1.0 μM ACh reduced heart rate from a baseline of
158.4 ± 13.0 beats min–1 to 150.9 ± 11.8, 127.4 ± 4.1 and
72.4 ± 11.9 beats min–1, respectively. During constant

Figure 1. Frequency dependent changes in NO fluorescence during VS
A, raw data illustrating continuous left ventricular pressure (LVP), aortic perfusion pressure (AP) and DAF-2
fluorescence at the excitation wavelength of 490 nm (F490) at varying intensities of vagus nerve stimulation
(VS). B, mean data representing F490 at baseline, during steady state VS and post-stimulation for low, medium and
high frequency left and right VS. C, mean data representing the actual change in F490 during low, medium and
high frequency left and right VS. Data are mean ± S.E.M., n = 7, and analysed using 2-factor repeated measured
ANOVA with Bonferroni post test analysis indicating ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001 steady state vs
baseline or the data comparisons indicated by the horizontal bars. For B: 2-factor ANOVA analysis was performed
using baseline and steady state values for left and right VS separately.

ventricular pacing at 200 beats min–1 the effect of ACh on
coronary perfusion pressure was concentration dependent
and biphasic in nature. At low concentrations (0.01 μM

and 0.1 μM) ACh elicited a monotonic vasodilatation
with a decrease in perfusion pressure of −2.79 ± 0.58
and −3.41 ± 0.41%, respectively, whilst the higher dose
of 1 μM ACh, which produced a bradycardia comparable
to high frequency VS, caused a vasoconstriction with an
increase in perfusion pressure of 3.21 ± 1.30%. For this
reason we chose 0.1 μM to use as the most suitable dose that
would elicit a consistent and monotonic vasodilatation to
test after loading hearts with DAF−2 and during NOS
inhibition.

After loading with DAF-2 (n = 4) and during
control conditions, 0.1 μM ACh reduced perfusion
pressure by 1.80 ± 0.30 mmHg (−3.26 ± 0.54%). The
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effect of ACh on perfusion pressure was blocked
during non-specific NOS inhibition with L-NNA
(change of +0.46 ± 0.26 mmHg (0.66 ± 0.34%)) but not
blocked during nNOS inhibition using TRIM where
ACh reduced perfusion pressure by 1.30 ± 0.21 mmHg
(−2.41 ± 0.53%). Similar to previous experiments,
L-NNA, but not TRIM, significantly reduced basal F 490

(Fig. 4A and B) (F : 11.65, P = 0.0086, single-factor
ANOVA). Concurrently, ACh produced a significant
increase in DAF-2 fluorescence at F 490 (Fig. 4C) during
control and during perfusion with TRIM, but not during
perfusion with L-NNA (Fig. 4C) (F : 8.067, P = 0.0199,
single-factor ANOVA).

Endothelially derived NO

To investigate the involvement of endothelially derived
NO in the fluorescence measurement obtained from
VS, the change in F 490 together with the corresponding
change in aortic perfusion pressure during VS and

Figure 2. Inhibition of VS-dependent change in NO fluorescence with L-NNA
A, raw data illustrating continuous left ventricular pressure (LVP), aortic perfusion pressure (AP) and DAF-2
fluorescence at the excitation wavelength of 490 nm (F490) during high frequency (15 Hz) vagus nerve stimulation
(VS) during control, during perfusion with NG-nitro-L-arginine (L-NNA, 200 μM) and after washout. B, basal F490

and C, the change in F490 during VS during control, L-NNA and washout. Data are mean ± S.E.M., n = 7, and
analysed using single-factor repeated measures ANOVA with Bonferroni post test indicated by ∗∗P < 0.01 and
∗∗∗P < 0.001 L-NNA vs control and washout.

during pharmacological modulation of endothelially
dependent changes in vascular tone (Patel et al. 2008)
were analysed. As illustrated graphically in the plots
of collective group data in Fig. 5, perfusion of L-NNA
caused an increase in perfusion pressure and a decrease in
fluorescence, whereas sodium nitroprusside, bradykinin
and acetylcholine elicited opposite effects. Thus, these
vasoactive agents caused concomitant changes in aortic
perfusion pressure associated with significant changes in
NO-dependent fluorescence. In contrast, the significant
increase in NO-dependent fluorescence during VS was not
accompanied by any significant change in aortic perfusion
pressure.

Discussion

To the best of our knowledge, this study demonstrates for
the first time that direct stimulation of the cervical vagus
nerves in the rabbit stimulates the release of nitric oxide
via a neuronal NOS mechanism in the cardiac ventricle.
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The most compelling evidence herein, suggesting that
NO is released during vagus nerve stimulation, is that
the rise in the fluorescence signal seen during VS was
abolished in the presence of NO synthase inhibition. Inter-
estingly the basal signal was also reduced in the pre-
sence of LNA as reported previously (Patel et al. 2008),
suggesting there is background NO release in the iso-
lated heart preparation. Studies monitoring stable NO
metabolites, chemiluminescence of NO and studies using
an NO-sensitive probe to test for NO within coronary
effluent support this observation (Pabla & Curtis, 1994;
Kupatt et al. 1997; Paz et al. 2003; Tsukada et al. 2003).

Origin of NO release

NO is synthesised by three isoforms of NOS: end-
othelial (eNOS/NOS III), neuronal (nNOS/NOS I) and
inducible NOS (iNOS/NOS II). All three isoforms are
present within the heart and are subcellularly localised.

Figure 3. Inhibition of VS-dependent change in NO fluorescence with TRIM
A, raw data illustrating continuous left ventricular pressure (LVP), aortic perfusion pressure (AP) and DAF-2
fluorescence at the excitation wavelength of 490 nm (F490) during high frequency (15 Hz) vagus nerve stimulation
(VS) during control, during perfusion with 1-(2-trifluormethylphenyl)imidazole (TRIM, 200 μM) and after washout.
B, basal F490 and C, the change in F490 with VS during control, TRIM and washout. Data are mean ± S.E.M., n = 7,
and analysed using single-factor repeated measures ANOVA with Bonferroni post test indicating ∗∗∗P < 0.001
TRIM vs control and washout.

In normal circumstances, however, receptor-mediated
NOS-dependent mechanisms involve nNOS or eNOS,
whilst iNOS is stress activated (Paz et al. 2003).
Abolition of the vagally mediated increase in fluorescence
following the nNOS selective inhibitor, TRIM, suggests
that nNOS mediates the VS-induced NO release although
an eNOS-dependent mechanism cannot be ruled out.
However, our evidence that vagally induced increase
in fluorescence was not associated with any change in
perfusion pressure, suggests that an eNOS or endo-
thelially dependent mechanism is unlikely to contribute
significantly to the increase in ventricular NO seen
during vagal stimulation. This may not seem surprising
since nNOS is present in ventricular intracardiac nerve
fibres (Sosunov et al. 1995) although it is not clear if
these fibres are of parasympathetic origin. Additional
to this, nNOS is found in sarcoplasmic reticulum and
mitochondria (Xu et al. 1999; Kanai et al. 2001) which
raises the possibility that NO from myocardial nNOS could
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be responsible for the increase in DAF-2 fluorescence
seen during vagal stimulation. TRIM did not alter basal
DAF-2 fluorescence, suggesting that nNOS, regardless of
localisation, does not participate significantly in the back-
ground DAF-2 fluorescence signal and basal release of
NO. This suggests that the basal NO signal originates
from an eNOS-dependent source such as plasmalemmal
and T-tubule caveolae and within coronary endothelium
(Miethke et al. 2003; Massion et al. 2004) where the
majority of cardiac eNOS is considered to be located. Left
ventricular pressure was decreased during perfusion of
TRIM but perfusion pressure was not. The mechanism
underlying this effect on LVP is unknown but is likely
to be due to direct effects on processes involved in
excitation–contraction coupling. This is supported by
reports that TRIM can affect muscle tension and calcium
homeostasis in anococcygeus muscle (Che et al. 2007).

In an attempt to elucidate if myocardial nNOS may be
responsible for the increase in NO-dependent fluorescence
seen during vagus nerve stimulation, DAF-2 fluorescence

Figure 4. Change in NO fluorescence with acetylcholine and NOS inhibition
A, raw data illustrating continuous left ventricular pressure (LVP), aortic perfusion pressure (AP) and DAF-2
fluorescence at the excitation wavelength of 490 nm (F490) with 0.1 μM acetylcholine (ACh) during control, during
perfusion with NG-nitro-L-arginine (L-NNA, 200 μM) and 1-(2-trifluormethylphenyl)imidazole (TRIM, 200 μM). Mean
data representing B, basal F490 and C, the change in F490 with ACh during control and perfusion with L-NNA and
TRIM. Data are mean ± S.E.M. n = 4, and analysed using single-factor repeated measures with Bonferroni post
tests for comparisons of individual groups of data as indicated by ∗P < 0.05 L-NNA vs control and TRIM.

was measured during perfusion with the muscarinic
receptor agonist acetylcholine. It was shown that there
was a dose-dependent biphasic effect of ACh on perfusion
pressure, with low doses of ACh causing vasodilatation and
high doses of ACh causing vasoconstriction. This biphasic
ACh-dependent vascular action has been reported in
a range of species (Knight et al. 1991; Motterlini &
Macdonald, 1993; Takahashi et al. 2003; Gwozdz et al.
2007). In our experiments, 0.1 μM ACh produced a
consistent vasodilatation that was accompanied by an
increase in the DAF-2 NO fluorescence signal. These
data are supported by previous studies illustrating an
increase in NO production following ACh infusion using
chemiluminescence in isolated rabbit hearts (Amezcua
et al. 1988). In the current study, the increase in
F 490 and decrease in perfusion pressure were inhibited
during non-specific NOS inhibition with L-NNA, as
observed by Amezcua et al. (1989), but not during nNOS
selective inhibition using TRIM. These data demonstrate
significant differences between vagus nerve stimulation
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and acetylcholine infusion as has been shown in the past
in historical studies (Levy & Zieske, 1969) and in recent
studies from our group (Mantravadi et al. 2007). The
increase in NO fluorescence with acetylcholine infusion
associated with vasodilatation suggests an endothelial
effect and origin of NO (not blocked by TRIM) whilst that
with vagus nerve stimulation suggests a non-endothelial
nNOS effect and a neural origin (blocked by both L-NNA
and TRIM).

Pharmacological manipulation of NO fluorescence
using L-NNA (with increase in vascular tone), sodium
nitroprusside, bradykinin and ACh (with decrease in
vascular tone) are all associated with alterations in
aortic perfusion pressure (Patel et al. 2008), which is
a surrogate for vascular resistance and is intimately
controlled by the endothelium/eNOS-mediated NO. Since
all endothelial-dependent changes in aortic perfusion
pressure that we have tested are associated with
changes in DAF-2 fluorescence, our data suggest that
endothelial-derived NOS is unlikely to be involved in the
VS-mediated increase in NO fluorescence. If this was the
case, we should have observed some decrease in perfusion
pressure during VS associated with the increase in NO
fluorescence, which we did not, unless VS promoted
a simultaneous vasoconstriction to counterbalance the
effect of endothelial eNOS-mediated NO.

Figure 5. Correlation of the changes in NO fluorescence with
corresponding changes in perfusion pressure
Data illustrating the change in aortic perfusion pressure (�AP) with
the change in DAF-2 fluorescence at the excitation of 490 nm (�F)
during high frequency vagus nerve stimulation (VS, protocol I, n = 7),
0.1 μM acetylcholine (ACh, protocol II, n = 4) and perfusion with
NG-nitro-L-arginine (L-NNA, 200 μM, protocol I (n = 7) + protocol III
(n = 8)), sodium nitroprusside (SNP, 100 μM, protocol III, n = 8) and
bradykinin (BK, 100 μM, protocol III, n = 8). L-NNA:L, non-innervated
Langendorff-perfused isolated heart. L-NNA:N, innervated isolated
heart preparation. Data are mean ± S.E.M. Dotted line represents a
linear fitted line for data representing L-NNA:L, L-NNA:N, SNP, BK and
ACh.

Effect of VS on cardiac physiology

The importance of the vagus nerve in cardiac ventricles
of most mammalian species is still largely overlooked.
Part of this may be explained by concentration on
the cholinergic effect of the vagus nerve on heart rate
and muscarinic receptor activity (Casadei et al. 1993).
Neuronally derived NO can account for a number of
the effects of vagus nerve stimulation in the heart
including heart rate control (Jumrussirikul et al. 1998),
atrio-ventricular conduction (Conlon & Kidd, 1999),
and inhibition of the sympathetic mediated increase in
left ventricular force (Hare et al. 1995). However, the
present study and our recent evidence (Brack et al.
2007) demonstrate that vagus nerve stimulation has an
NO-dependent direct effect on the cardiac ventricle.

There are concerns that the cervical vagus nerve may
contain some sympathetic nerve fibres since sympathetic
and parasympathetic nerve fibres are known to form a
vago-sympatho plexus/bundle low in the neck of many
species (Daly & Mount, 1951; Randall et al. 1971; Armour
& Randall, 1975). However, in the rabbit, it is known that
the cervical vagus is unequivocally free of sympathetic
nerve fibres at this level (Evans & Murray, 1954) suggesting
that the release of NO during stimulation of the vagus
nerve is purely parasympathetic in origin.

In summary, these results suggest a physiological and
putative parasympathetic-NO system within the rabbit
cardiac ventricle. Using DAF-2 DA in the whole heart
is a significant development over early and indirect
measurements of NO (Pabla & Curtis, 1994; Zweier et al.
1995; Kupatt et al. 1997; Pinsky et al. 1997; Tsukada et al.
2003; Paz et al. 2003) and enables a more practical and
straightforward method to monitor NO in the beating
heart that can be simultaneously correlated with electro-
physiological and mechanical events. The data from
this study support a growing body of evidence from a
range of species (Akiyama & Yamazaki, 2001; Kawano
et al. 2003; Zang et al. 2005) that vagal innervation of
the cardiac ventricle is more prevalent than originally
thought. A recent study illustrating that action potential
duration prolongation during vagus nerve stimulation
occurred across the heart in the rabbit (Mantravadi
et al. 2007) provides physiological evidence of diffuse
vagal innervation in the ventricle although more detailed
histological description in this species and in others is
warranted. The results presented in this paper suggest
that stimulation of the efferent vagus nerves in the neck
produces NO release in the rabbit cardiac ventricle as a
result of nNOS activation. We have previously shown that
direct vagus nerve stimulation reduces the susceptibility
of the heart toward VF which appears to be mediated
via changes in electrical restitution (Ng et al. 2007).
Furthermore, we have shown the vagal-mediated effect on
electrical restitution and cardioprotective effect against
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VF are blocked during NOS inhibition and reversed on
substrate supplementation with arginine (Brack et al.
2007), suggesting that NO is intimately involved in
the vagal modulation of ventricular electrophysiology.
More detailed information on the vagal/NO pathway on
ventricular electrophysiology and ion channel activity
is, however, lacking. These findings have important
implications for the development of pharmacological
manipulations of the vagal-NO pathway in the treatment
of cardiac diseases.
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