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Aims The brain controls the heart by dynamic recruitment and withdrawal of cardiac parasympathetic (vagal) and sympathetic activity. 
Autonomic control is essential for the development of cardiovascular responses during exercise, however, the patterns of changes 
in the activity of the two autonomic limbs, and their functional interactions in orchestrating physiological responses during exercise, 
are not fully understood. The aim of this study was to characterize changes in vagal parasympathetic drive in response to exercise 
and exercise training by directly recording the electrical activity of vagal preganglionic neurons in experimental animals (rats). 

Methods and 
results

Single unit recordings were made using carbon-fibre microelectrodes from the populations of vagal preganglionic neurons of the 
nucleus ambiguus (NA) and the dorsal vagal motor nucleus of the brainstem. It was found that (i) vagal preganglionic neurons of the 
NA and the dorsal vagal motor nucleus are strongly activated during bouts of acute exercise, and (ii) exercise training markedly 
increases the resting activity of both populations of vagal preganglionic neurons and augments the excitatory responses of NA neu
rons during exercise.

Conclusions These data show that central vagal drive increases during exercise and provide the first direct neurophysiological evidence that 
exercise training increases vagal tone. The data argue against the notion of exercise-induced central vagal withdrawal during exercise. 
We propose that robust increases in the activity of vagal preganglionic neurons during bouts of exercise underlie activity-dependent 
plasticity, leading to higher resting vagal tone that confers multiple health benefits associated with regular exercise.
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1. Introduction
Physical activity is essential for every aspect of physiological, emotional, and 
cognitive health. Regular exercise provides multiple health benefits, and 
higher exercise capacity is strongly associated with reduced risk of cardio
vascular disease, type 2 diabetes, malignancy, osteoporosis, depression, and 
premature death.1–3 The ability to mount a strong cardiovascular response 
during exercise (essential to meet the metabolic demands of working mus
cles, while maintaining systemic blood pressure and perfusion of all the or
gans) is a prerequisite for achieving higher exercise performance. Yet, the 
physiological control mechanisms responsible for orchestrating cardiac re
sponses during exercise are not fully understood.

The autonomic nervous system controls the heart by dynamic recruit
ment and withdrawal of cardiac parasympathetic (vagal) and sympathetic 
activities. A prevailing model of autonomic control of the heart during 
exercise has long held that increases in heart rate (HR) from resting 
baseline initially occur through (nearly complete) vagal withdrawal, fol
lowed by gradual activation of the sympathetic input.4–6 It has been sug
gested that rapid feedback from muscle mechanoreceptors at the 
initiation of exercise contributes to the withdrawal of cardiac vagal activ
ity.5 Another commonly accepted view is that exercise training increases 
vagal tone and that this increase is largely responsible for low resting 
heart rates recorded in trained individuals and especially in endurance 
athletes.6
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However, changes in parasympathetic vagal activity during exercise and in 
response to exercise training have never been directly assessed. The concepts 
of rapid vagal withdrawal during exercise and of increased resting vagal activity 
as a result of exercise training are based on data from experimental studies 
which used pharmacological autonomic blockade, and/or indirect measures 
of cardiac autonomic function, such as heart rate variability (HRV) analysis.5

However, the interpretation of HRV as a measure of autonomic activity is 
complicated by its strong dependency on respiratory frequency/depth and 
resting HR.7 Moreover, direct recordings of action potential firing within 
the cervical vagus nerve in experimental animals shows no correlation be
tween vagal activity and any of the common HRV metrics.8

The idea of near-complete cardiac vagal withdrawal appears to be at 
odds with the critical requirement of vagal activity for baroreflex control 
of the heart in all conditions.9–12 Indeed, physiological modelling and ex
perimental studies involving autonomic blockade in healthy volunteers sug
gested that vagal activity may be maintained during exercise, and even at 
high exercise loads, vagal inputs may continue to modulate heart function 
alongside heightened sympathetic activity.4

In this study, we aimed to determine the profile of changes in vagal ac
tivity during exercise by directly recording vagal preganglionic neuron firing 
using carbon-fibre microelectrodes in experimental animals. Recordings 
were made from the populations of vagal preganglionic neurons residing 
in the nucleus ambiguus (NA) and the dorsal vagal motor nucleus 
(DVMN) of the brainstem in rats (Figure 1A, B). These two neuronal popu
lations have distinct patterns of discharge and provide differential control 
of cardiac function.13,14 Neurons of the NA receive modulatory inputs 
from the neighbouring respiratory network and primarily control the nodal 
tissue and, therefore, HR.15,16 Vagal preganglionic neurons residing in the 
DVMN display a tonic pattern of discharge and provide vagal modulation 
of ventricular excitability and contractility.17–19 Exercise-induced changes 
in the activity of the cardiac branch of the vagus nerve were also assessed.

We show that the activity of vagal preganglionic neurons in the NA and 
the DVMN and the activity of the cardiac vagus (CV) increase during bouts 
of acute exercise. In exercise-trained rats, the resting activity of NA and 
DVMN neurons was found to be significantly higher compared to that re
corded in sedentary animals. These data provide the first direct neuro
physiological evidence that exercise training increases vagal tone and 
argue against the notion of central vagal withdrawal during exercise.

2. Methods
All the experiments were performed in accordance with the European 
Commission Directive 2010/63/EU (European Convention for the Protection 
of Vertebrate Animals used for Experimental and Other Scientific Purposes) 
and the UK Home Office (Scientific Procedures) Act (1986) with project ap
proval from the University College London Institutional Animal Care and Use 
Committee. The rats were group-housed and maintained on a 12-h light cycle 
(lights on 07:00) and had ad libitum access to water and food.

2.1 Animal preparation
Young adult male and female Sprague–Dawley rats (280–350 g; 2–3 months 
old; Charles River, UK) were used in this study. The rats were anaesthetized 
with urethane (induction: 1.3 g /kg, i.p.; maintenance: 10–25 mg /kg /h, i.v.) and 
instrumented as described in detail previously.20–23 Adequate depth of anaes
thesia was monitored and confirmed by the stability of arterial blood pressure 
(ABP) and HR recordings in response to a paw pinch. The brachial artery and 
vein were cannulated for the measurements of ABP and the administration of 
anaesthetic, respectively. The animal was intubated and mechanically venti
lated with oxygen-supplemented air using a small rodent ventilator (tidal vol
ume ∼1 mL per 100 g of body weight; ∼60 strokes /min). Arterial PO2, PCO2, 
and pH were measured regularly (RAPIDLab 248 pH/Blood Gas Analyzer, 
Siemens, Farnborough, UK) and maintained within physiological ranges 
(PO2 95–120 mmHg; PCO2 35–45 mmHg and pH 7.35–7.45) by adjusting 
the tidal volume, ventilator frequency and/or the level of supplemental oxygen. 
Body temperature was maintained at 37.0 ± 0.5 °C. The animal was placed in a 
prone position and the head was secured in a stereotaxic frame. An occipital 

craniotomy was performed, and the cerebellum was partially removed to ex
pose the dorsal surface of the brainstem. The right cervical vagus nerve and 
both sciatic nerves were dissected, isolated from the surrounding tissues, 
placed on silver wire stimulating electrodes, and covered with paraffin.

2.2 Recordings of the activity of vagal 
preganglionic neurons
The electrical activity (firing of action potentials) of neurons in the DVMN 
or NA was recorded using carbon fibre microelectrodes (CFM).24 The re
corded signal was amplified (×10 000), filtered (80–1500 Hz), and sampled 
at a rate of 20 kHz. Both the DVMN and the NA neuronal populations 
were approached by advancing the electrodes from the dorsal surface of 
the brainstem (Figure 1A, B). Vagal preganglionic neurons were identified 
by antidromic activation in response to pulses of electrical stimulation ap
plied to the cervical vagus nerve, and their locations were mapped using a 
stereotaxic atlas with coordinates relative to the calamus scriptorius. The 
accuracy of this approach was validated in a series of preliminary trials 
with microinjections of Pontamine sky blue dye into the regions of the 
NA and DVMN using the same manipulator and stereotaxic coordinates.

2.3 Recordings of the activity of the cardiac 
branch of the vagus nerve
Recordings of the activity of the cardiac vagal branch were performed in a 
separate group of animals anaesthetized and instrumented as described 
above. The animal was placed in a prone position and the head was secured 
in a stereotaxic frame, but craniotomy was not performed. A lateral ap
proach was used to expose the right cardiac vagal branch. Portions of 
the second and the third ribs were removed, and the azygos vein was li
gated and retracted. The cardiac branch leaving the thoracic vagus was 
identified, cleared of connective tissue, placed on a bipolar silver electrode, 
and covered with paraffin. Correct identification of the cardiac branch of 
the vagus nerve was confirmed by observing strong bradycardia in re
sponse to electrical stimulation (pulse duration 1 ms; frequency 10 Hz; in
tensity 1 mA). The nerve was crushed using fine forceps distally to the 
electrodes. Nerve activity was amplified (× 20 000), filtered (80– 
1000 Hz), and sampled at a rate of 10 kHz.

2.4 Experimental model of simulated 
exercise
Single-unit recordings of vagal preganglionic neuron activity in conscious 
animals are not feasible because of the difficulties in achieving stability of 
the brainstem (which is required for electrophysiological recordings of 
this type), and the need to characterize these neurons by antidromic acti
vation in response to electrical stimulation of the vagus nerve.

In this study, we used an established experimental model of simulated ex
ercise in anaesthetized animals.25–29 This model involves pulses of electrical 
stimulation applied at a low frequency to both sciatic nerves to produce rhyth
mic muscular contractions and mimic feedback from muscle mechanorecep
tors, which are thought to be responsible for vagal withdrawal and 
sympathetic activation during exercise.5 Stimulations (pulse duration 10 ms; 
frequency 1 Hz; intensity 150 µA or 1.5 mA) of the sciatic nerves were applied 
for 2 min with an alternating left-right pattern:—each leg stimulation being de
layed by 0.5 s with respect to the stimulation delivered to the other limb 
(Figure 1A, C), thus mimicking animal locomotion. Plasma lactate concentration 
was measured from arterial blood samples taken at baseline and at the peak of 
simulated exercise (Cobas Accutrend Plus Meter, Roche, Welwyn Garden 
City, UK).

In a separate group of animals, the cardiovascular responses to this form 
of simulated exercise were evaluated in conditions of systemic muscarinic 
receptor blockade with atropine (2 mg/kg; i.v.), β-adrenoceptor blockade 
with atenolol (5 mg/kg; i.v.), or autonomic blockade following administra
tion of both atropine (2 mg/kg; i.v.) and atenolol (5 mg/kg; i.v.).
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2.5 Voluntary exercise training
To determine the effect of exercise training on the activity of vagal pregan
glionic neurons, electrophysiological recordings of NA and DVMN neuron
al discharge were made in experiments conducted in rats that were given 
unrestricted access to running wheels in their standard home cages.30 By 
the end of the 6-week period of housing with the wheels, rats were volun
tarily running distances of ∼2.5 km per 24 h, as reported in the literature.31

An average distance of 2374 ± 615 m was recorded in a representative 
group of six rats over a period of 24 h. A control group of 10 animals 
was housed in standard home cages with running wheels installed, but fixed 
(not rotating). There was no difference in the activity of vagal neurons re
corded in this control group vs. a larger group of sedentary animals 
(housed without fixed wheels); thus, the data obtained in all sedentary 
rats have been pooled for the analysis.

2.6 Optogenetic stimulation of vagal 
preganglionic neurons
Vagal preganglionic neurons characteristically express the transcriptional 
factor Phox2 and were targeted to express a light-sensitive chimeric 

channelrhodopsin derivative ChIEF fused with a fluorescent protein 
tdTomato (ChIEF-tdTomato) or enhanced green fluorescent protein 
(eGFP; control) using lentiviral vectors (LVV). Transgene expression was 
driven under the control of a Phox2-activated promoter—PRSx8.32 The 
specificity of the vectors used and the efficacy of light stimulation of the in
dividual DVMN neurons as well as the whole vagus nerve efferent activity 
have been described in detail previously.18,33–35

Rats (150–200 g; n = 16) were anaesthetized with a combination of keta
mine (60 mg/kg; i.m.) and medetomidine (250 µg/kg; i.m.). Adequate depth 
of surgical anaesthesia was maintained and confirmed by the absence of a with
drawal response to a paw pinch. With the head of the animal in a stereotaxic 
frame, a midline dorsal neck incision was made to expose the dorsal brainstem 
surface. DVMN neurons were targeted bilaterally with one microinjection on 
each side delivering viral particles of either LVV-PRSx8-eGFP (n = 7 rats) or 
LVV-PRSx8-ChIEF-tdTomato (n = 8 rats). The microinjections (0.5 µL at a 
rate of 0.1 µL/min) were made at 0.5 mm rostral, 0.6 mm lateral, and 0.8 mm 
ventral from the calamus scriptorius. After the microinjections, the wound was 
sutured and anaesthesia was reversed with atipamezole (1 mg/kg, i.m.). 
Postoperatively, the animals received buprenorphine analgesia for 3 days 
(0.05 mg/kg per day, s.c.). No complications were observed after the surgery 
and the animals gained weight normally.

Figure 1 Experimental model to study the activity of vagal preganglionic neurons during exercise. (A) A diagram of the experimental setup in anaesthetized 
rats instrumented for the recordings of the electrical activity (firing of action potentials) of vagal preganglionic neurons in the brainstem using carbon fibre 
microelectrodes (CFM). The brachial artery was cannulated for the recordings of ABP and HR. Vagal preganglionic neurons were identified by antidromic 
activation in response to the electrical stimulation of the vagus nerve. The model of exercise used in this study involved pulses of electrical stimulation applied 
at a frequency of 1 Hz to both sciatic nerves to produce rhythmic muscular contractions, increase plasma lactate concentration, and mimic feedback from the 
muscle mechanoreceptors. Stimulations were applied for 2 min periods sequentially with currents of 150 µA and 1.5 mA to mimic bouts of ‘low’ and ‘high’ 
intensity exercise; (B) Schematic drawings of the rat brain in parasagittal and coronal projections illustrating the anatomical locations of the populations of vagal 
preganglionic neurons of the NA and the DVMN; (C ) Representative raw traces, and (D) averaged (means ± s.e.m.) recordings obtained in 6 animals illustrating 
changes in HR, ABP and mean arterial blood pressure (MAP) induced by low (150 µA) and high (1.5 mA) intensity stimulations of the sciatic nerves.
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After a period of 4 weeks (to allow high and stable transgene expression 
in the DVMN), the animals were anaesthetized with isoflurane (induction: 
5%; maintenance: 2–2.5% in oxygen-enriched air). The femoral artery was 
cannulated to record ABP. Adequate depth of anaesthesia was monitored 
by the stability of ABP and HR recordings, which did not show responses to 
a paw pinch. An occipital craniotomy was performed, and the dorsal sur
face of the brainstem was exposed. For optical stimulation of the DVMN 
neurons, laser light (445 nm) was applied to the dorsal brainstem surface 
via an optrode (Ø 0.2 mm; Art Photonics, Berlin, Germany). 
Optogenetic stimulation of efferent vagus nerve activity (in animals trans
duced to express ChIEF-tdTomato) or sham-stimulation (in animals trans
duced to express eGFP) was applied at a frequency of 5 Hz (10 ms light 
pulses) for a period of 4 h. After the period of stimulation, the animals 
were given an overdose of isoflurane, the hearts were removed, the sino
atrial (SA) node was dissected (as the intercaval region adjacent to the cris
ta terminalis and bordered by the atrial septum,36,37 frozen in liquid 
nitrogen and kept at −80°C until assayed. The brains were removed and 
fixed in phosphate-buffered (0.1 M, pH 7.4) 4% paraformaldehyde solu
tion. After cryoprotection (30% sucrose), the brainstem was isolated, 
and a sequence of transverse slices (30 µm) was cut to determine the ex
tent of ChIEF-tdTomato or eGFP expression in DVMN neurons.

2.7 qPCR analysis of gene expression in the 
SA node
Total RNA was extracted from the SA node biopsies using an RNeasy Mini 
kit (Qiagen, Manchester, UK), according to the manufacturer’s instruc
tions. An on-column DNase I treatment (Qiagen) was performed to elim
inate genomic DNA contamination. RNA quantity and quality were 
measured by absorption at 260 and 280 nm wavelengths, using a 
Nanodrop1000 spectrophotometer. A High-Capacity RNA-to-cDNA™ 
kit (Applied Biosystems, #4387406) was used for cDNA preparation. 
qPCR was performed using Power SYBR Green PCR Master Mix 
(ThermoFisher, Loughborough, UK) on a QuantStudio 7 Flex Real-Time 
PCR system. All reactions were run in duplicate. Amplification plots 
were observed and manual adjustment of the threshold was performed 
where required using Connect software (ThermoFisher). The expression 
of three constitutively active reference genes was assessed in all samples. 
The Genorm algorithm (Statminer software; Tibco, London, UK) was 
used to identify the most stably expressed reference gene(s) for data nor
malization. A combination of Rn18s and Gapdh was used. Mean Ct values 
were calculated for all the samples for both the reference genes and the 
genes of interest. Relative gene expression was calculated using the ΔCt 
method and transformed (2−ΔCt). Expression of the following genes was 
analysed (Qiagen QuantiTect cat no of the primers are given in parentheses): 
Adrb1: β1-adrenoceptor (QT00429247); Adrbk2: G-protein-coupled recep
tor kinase 2 (GRK2) (QT00184177); Arrb2: β-Arrestin-2 (QT00188433); 
Cacna1d: α1d subunit of the L-type Ca2+ channel (QT00194306); Chrm2: 
M2 muscarinic receptor (QT00380541); Egr1: early growth response 1 
(QT02423414); Fos: c-Fos (QT01576330); Hcn4: hyperpolarization activated 
cyclic nucleotide gated channel 4 (QT00191387). The reference genes were: 
Rn18s (QT02589300); Gapdh (QT00199633); and Hprt (QT00199640).

2.8 Data acquisition and analysis
Recordings of neuronal activity and cardiovascular variables were obtained 
and analysed using Spike2 software (Cambridge Electronic Design, 
Cambridge, UK). Statistical analysis of the data was performed using 
GraphPad Prism software. The normal distribution of data was determined 
by the Shapiro–Wilk test. Mann–Whitney U test, Student’s t-test, or analysis 
of variance (ANOVA) followed by Tukey’s multiple comparison tests were 
used to compare the paired and un-paired data between the experimental 
groups, as appropriate. The data are reported as individual values and 
means ± s.e.m. Differences with a P value of less than 0.05 were considered 
to be significant.

3. Results
3.1 Characterization of the exercise model
The reflexes originating in exercising muscles are largely responsible for the 
development of cardiovascular responses during exercise, with the contri
bution of inputs from higher brain centres (‘central command’) at exercise 
onset.5,38 In this study, we used an experimental model of simulated exer
cise in anaesthetized animals developed by Waldrop25–28 with modifica
tions.29 In urethane-anaesthetized rats, left and right sciatic nerves were 
stimulated at 1 Hz with an alternating left-right pattern (each nerve stimu
lation being delayed by 0.5 s with respect to stimulations given to the op
posite side) to produce rhythmic hindlimb muscular contractions and 
mimic feedback from muscle mechanoreceptors, thought to be respon
sible for vagal withdrawal during exercise.5 Stimulations were applied for 
2 min periods with currents of 150 µA or 1.5 mA to mimic bouts of 
‘low’ and ‘high’ intensity exercise (Figure 1A, C), leading to the development 
of stereotypical cardiovascular responses, involving stimulation intensity- 
dependent simultaneous increases in HR and ABP (so-called 
exercise-induced baroreceptor re-setting4) (Figure 1C, D), similar to those 
occurring during ‘natural’ exercise. In a representative group of 6 animals, 
mean ABP increased from 78 ± 6 mmHg to 83 ± 5 mmHg (P = 0.005) and 
from 79 ± 7 mmHg to 96 ± 9 mmHg (P = 0.003) at the end of the 2-min 
period of stimulation at 150 µA and 1.5 mA intensity, respectively 
(Figure 1D). HR increased from 373 ± 16 bpm to 392 ± 17 bpm (P =  
0.031) and from 373 ± 18 bpm to 430 ± 20 bpm (P < 0.001) in response 
to low- and high-intensity stimulation, respectively (Figure 1D). In this mod
el of exercise, high-intensity stimulation of the hindlimbs led to a significant 
increase in plasma concentration of lactate (from 3.3 ± 0.2 mM to 4.4 ±  
0.2 mM; P < 0.001; n = 9).

For further characterization of this model, cardiovascular responses to 
sciatic nerve stimulation-induced muscular contractions were evaluated in 
conditions of systemic muscarinic receptor blockade with atropine (2 mg/ 
kg; i.v.), β-adrenoceptor blockade with atenolol (5 mg/kg; i.v.), or autonomic 
blockade following combined treatment with atropine (2 mg/kg; i.v.) and 
atenolol (5 mg/kg; i.v.) (Figure 2). In agreement with previously reported 
data,18,39 we confirmed that vagal and sympathetic influences on the heart 
are largely preserved under urethane anaesthesia. Administration of atro
pine increased HR from 377 ± 18 bpm to 431 ± 12 bpm (n = 6; 
P = 0.002; Figure 2A). Subsequent administration of atenolol reduced HR 
to 339 ± 11 (n = 6; P < 0.001; Figure 2A).

Under conditions of systemic muscarinic receptor blockade with atro
pine, absolute peak increases in HR were significantly higher (459 ±  
10 bpm; P = 0.031) compared to peak HR responses under control condi
tions (430 ± 20 bpm) (Figure 2A), but relative (to baseline) increases in HR 
were reduced (Figure 2B). In response to high-intensity exercise, HR in
creased by 57 ± 8 bpm at the end of the 2-min period of stimulation. 
The HR response was reduced by atropine (peak increase 29 ± 5 bpm; 
P = 0.018), atenolol (peak increase 14 ± 4 bpm; P < 0.001), and abolished 
in conditions of autonomic blockade (peak increase 4 ± 2 bpm; P <  
0.001) (Figure 2B). The speed of HR recovery immediately after cessation 
of the exercise was markedly reduced by atropine and not affected by aten
olol (Figure 2B), in full agreement with data obtained in human studies.41

Systemic treatment with atropine and atenolol had no effect on blood 
pressure responses to stimulations (Figure 2A).

Thus, the effects of muscarinic and/or β-adrenoceptor blockade on car
diovascular responses that develop during periods of muscular contrac
tions induced by sciatic nerve stimulation were found to be very similar 
to those observed in analogous human exercise studies with autonomic 
blockade,40 confirming the appropriateness of this model to study auto
nomic control of the heart during exercise.

3.2 Exercise increases the activity of vagal 
preganglionic neurons of the NA
The restraining parasympathetic control of cardiac nodal tissue 
and, therefore, HR, is provided predominantly by the population 
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of vagal preganglionic neurons of the NA.14–16 If central vagal 
withdrawal contributes to the increases in HR during exercise, 
then the activity of NA neurons should decrease with increasing 
workload and rapidly rebound upon cessation of exercise, in line 
with current models of cardiac autonomic control during exer
cise.4–6

In experiments conducted in 17 sedentary rats, a total of 51 vagal neu
rons were recorded in the region of the right NA. Recorded units were 
identified as vagal preganglionic neurons by antidromic activation in 
response to electrical stimulation (1.5 mA, 0.1–1 ms pulses, 1 Hz) of 
the mid-cervical vagus nerve (Figure 3A). The mean calculated axonal 
conduction velocity of NA projections was 5.1 ± 0.6 m/s (range 0.7– 
16.4 m/s). Five (10%) of the recorded NA neurons had an ongoing activ
ity (range 0.3–10.8 Hz) (Figure 3A), while the majority of identified neurons (46 
or 90%) did not generate action potentials at rest. These characteristics of the 
recorded neuronal population are fully consistent with the known properties 
of cardiac vagal preganglionic neurons of the NA, reported in earlier 
studies.15,42

All five NA neurons with ongoing discharge increased their activity 
during periods of muscular contractions induced by sciatic nerve stimu
lation. Exercise also recruited the activity of 4 additional neurons that 
were inactive at rest. Thus, 9 out of 51 (∼18%) of the recorded NA neu
rons increased their activity in response to exercise. Figure 3B, C illus
trates the individual examples and the averaged response profiles of 
NA neurons that were tested at both low- and high-intensity stimula
tions. Nine NA neurons that were active at rest and/or activated during 
exercise increased their discharge rate on average from 3.0 ± 1.4 Hz to 
6.1 ± 2.6 Hz (P = 0.06) and from 3.5 ± 2.5 Hz to 15.8 ± 4.3 Hz (P =  
0.002) in response to low- and high-intensity exercise, respectively 
(Figure 4D).

3.3 Higher resting activity and augmented 
exercise-induced increases in discharge of 
vagal preganglionic neurons of the NA after 
exercise training
Electrophysiological recordings were made from 20 NA neurons in a sep
arate group of six rats that were housed in standard home cages, with un
restricted access to running wheels for 6 weeks (voluntary exercise 
training). The recorded vagal neurons in this sample had a mean axonal 
conduction velocity of 5.4 ± 0.9 m/s (range 0.7–14.0 m/s), similar (P = 0.8) 
to that recorded in the NA of sedentary rats.

Exercise training increased the resting action potential firing rate (FR) 
and the proportion of NA neurons that were active at rest (P = 0.001; 
Figure 4A). Ten neurons (50%) of the recorded sample displayed a high 
level of ongoing discharge (range 2.2–45.2 Hz), and 10 of the recorded 
units were silent. The majority (9 out of 10) of NA neurons with ongoing 
discharge were strongly activated during bouts of muscular contractions 
induced by sciatic nerve stimulation (Figure 4B, C). One active neuron was 
inhibited. Simulated exercise recruited the activity of three additional 
neurons that had no spontaneous activity at rest. Recording quality of 
one active neuron deteriorated during data capture and the protocol 
was not completed. Twelve neurons recorded in the NA of exercise- 
trained animals which were active at rest and/or activated during exer
cise increased their mean discharge rate from 11.2 ± 4.4 Hz to 21.1 ±  
4.8 Hz (P = 0.042) and from 14.0 ± 4.5 Hz to 36.9 ± 6.5 Hz (P = 0.004) 
in response to low- and high-intensity stimulation, respectively 
(Figure 4D). Thus, in exercise-trained rats, the resting activity and 
peak exercise-induced increases in discharge of NA vagal preganglionic 
neurons were significantly higher compared with those of sedentary 
animals.

Figure 2 Characterization of the exercise model. (A) Averaged traces of the recordings obtained sequentially in six animals illustrating changes in HR and 
MAP induced by high (1.5 mA) intensity stimulation of the sciatic nerves in control conditions, in conditions of systemic muscarinic receptor blockade with 
atropine (2 mg/kg; i.v.), and then in conditions of autonomic blockade following the administration of β-adrenoceptor blocker atenolol (5 mg/kg; i.v.); (B) 
Summary data illustrating the relative changes in HR induced by 1.5 mA intensity sciatic nerve stimulation applied in control conditions, after systemic admin
istration of atropine or atenolol, and in conditions of autonomic blockade following combined treatment with atropine and atenolol. The effects of muscarinic 
and/or β-adrenoceptor blockade on cardiovascular responses to sciatic nerve stimulation in these experiments were found to be similar to those observed in 
human exercise studies involving autonomic blockade.40 HRR, heart rate recovery after exercise (HRR slope is reduced by atropine).
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3.4 Exercise increases the activity of vagal 
preganglionic neurons of the DVMN
Thirty-seven neurons were recorded in the caudal regions of the 
DVMN in the experiments conducted in 21 rats. Recorded units 
were identified as vagal preganglionic neurons by antidromic activation 
in response to pulses of electrical stimulation applied to the cervical va
gus nerve (Figure 5A). The calculated mean axonal conduction velocity 
of recorded DVMN neurons was 1.0 ± 0.2 m/s (range 0.5–4.7 m/s). 
The majority of recorded DVMN neurons (32 or 86%) had ongoing ac
tivity (range 0.2–14.7 Hz) (Figure 5A); five neurons in this sample did not 
generate action potentials at rest. The properties of the recorded neur
onal population are consistent with the characteristics of DVMN vagal 
preganglionic neurons, which in rats have slowly conducting non- 
myelinated (C fibre) axons.43

Individual examples and the averaged response profiles of DVMN vagal 
preganglionic neurons that were tested at both low- and high-intensity sti
mulations are illustrated in Figure 5B, C. During low-intensity exercise, 
DVMN neurons increased their discharge rate on average from 2.6 ±  
0.5 Hz to 5.1 ± 0.7 Hz (P < 0.001) (Figure 5E). Low-intensity stimulations 
did not recruit the activity of 5 neurons that were inactive at rest, and 
none of the recorded cells was inhibited. In response to high-intensity 
stimulation, 27 of the 37 recorded DVMN neurons (73%) were strongly 
activated, and five neurons were inhibited. On average, the population of 
DVMN vagal neurons sampled in these experiments increased their 

discharge rate during high-intensity stimulation from 2.9 ± 0.6 Hz to 
5.9 ± 1.0 Hz (P < 0.001) (Figure 5E).

3.5 Exercise training increases the resting 
activity of vagal preganglionic neurons of the 
DVMN
Forty-eight DVMN vagal preganglionic neurons were recorded in the ex
periments conducted in 14 rats that had unrestricted access to running 
wheels for 6 weeks (voluntary exercise training). The recorded neurons 
in this sample had a mean axonal conduction velocity of 1.0 ± 0.1 m/s 
(range 0.5–5.0 m/s), similar (P = 0.99) to that recorded in the DVMN of 
sedentary rats. The majority of neurons recorded in the DVMN of 
exercised rats (47 or 98%) displayed significant ongoing activity (range 
0.3–22.9 Hz) (Figure 5A, D); only one neuron in this sample did not gener
ate action potentials at rest. The mean resting FR of vagal neurons 
recorded in the DVMN of exercised rats was significantly (by 73%) higher 
than the mean FR of DVMN neurons recorded in sedentary rats (4.5 ±  
0.6 Hz vs. 2.6 ± 0.5 Hz; P = 0.002; Figure 5D).

Stable continuous recordings of action potential firing at baseline and 
during bouts of both low- and high-intensity exercise were obtained 
from 37 DVMN neurons of rats subjected to exercise training. During low- 
intensity stimulation, vagal neurons recorded in the DVMN of exercised 
rats increased their discharge rate from 4.3 ± 0.7 Hz to 4.9 ± 0.8 Hz 
(P = 0.010) (Figure 5E). In response to high-intensity stimulation, DVMN 

Figure 3 Exercise increases the activity of vagal preganglionic neurons of the NA. (A) Identification of vagal neurons of the NA. Five traces illustrate anti
dromic activation (latency 1.4 ms) of a vagal preganglionic neuron of the NA in response to pulses of electrical stimulation (1.5 mA, 0.2 ms pulses, 1 Hz) applied 
to the cervical vagus nerve at the time points marked by the dots. On one of the traces, a spontaneous spike (arrow) obscures the antidromic spike. Lower 
trace illustrates a stretch of a representative recording showing the firing pattern of a vagal preganglionic neuron of the NA that was active at rest; (B) 
Time-condensed histograms of the action potential FR illustrating changes in the activity of three vagal preganglionic neurons of the NA during low- and high- 
intensity simulated exercise, recorded in three separate experiments in sedentary rats. Examples illustrate the responses of one NA neuron with ongoing 
discharge and the responses of two neurons that were silent at rest and recruited during exercise. Insets illustrate the locations of the recorded cells within 
the region of the NA. IO, inferior olive; (C ) Averaged profiles of changes in action potential FR in response to exercise of eight NA neurons that were active at 
rest and/or activated during exercise and tested at both the low- and high-intensity stimulations.
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vagal neurons sampled in these experiments increased their discharge rate 
from 4.5 ± 0.8 Hz to 6.0 ± 0.9 Hz (P = 0.003) (Figure 5E). These data show 
that exercise training increases the activity of DVMN vagal preganglionic 
neurons at rest but does not augment the peak increases in FR of these 
neurons during bouts of acute exercise.

3.6 Exercise increases the activity of the 
cardiac branch of the vagus nerve
The neuronal recordings described above were sampled from the regions 
of the NA and DVMN where the cardiac vagal preganglionic neurons res
ide. The properties of the identified units were fully consistent with the 
known properties of cardiac vagal neurons reported in earlier stud
ies,15,42,43 however, the recorded vagal neurons were not definitively iden
tified as cardiac-projecting. To determine whether the observed 
exercise-induced responses of individual vagal preganglionic neurons re
flect changes in cardiac vagal activity, we performed electrophysiological 
recordings from the cardiac branch of the vagus nerve in experiments con
ducted in 15 sedentary rats (Figure 6A–C). Stable recordings of the cardiac 
branch activity during bouts of low- and high-intensity simulated exercise 

were achieved in eight rats. It was found that high-intensity exercise is as
sociated with significant increases in the activity of the cardiac branch of the 
vagus nerve (by 13.7 ± 6.6%; P = 0.036; n = 8), but low-intensity stimula
tion had no effect (P = 0.45; n = 8) (Figure 6D, E).

3.7 Optogenetic stimulation of DVMN 
neurons modulates gene expression in the 
SA node
Vagal preganglionic neurons of the NA have a major restraining influence 
on cardiac nodal tissue, with bradycardia reported in response to stimula
tion of a single NA neuron.15 In contrast, strong activation of the entire 
DVMN neuronal population produces only small changes in HR34 and 
the significance of DVMN cardiac projections in the regulation of HR re
mains unclear. This last experiment of the study was designed to explore 
the potential functional significance of exercise-induced increases in the 
activity of DVMN neurons. There is evidence that DVMN neurons can 
regulate ventricular responsiveness to sympathetic stimulation via modula
tion of the myocardial expression of GRK2 and β-arrestin-2;19—key 
proteins that control β-adrenoceptor signalling and desensitization.44

Figure 4 Exercise training increases the resting activity and augments exercise-induced increases in the discharge of vagal preganglionic neurons of the NA. 
(A) Summary data and representative examples of the action potential firing illustrating the resting activity of NA neurons recorded in sedentary and exercise- 
trained rats. P value, Mann–Whitney U test; (B) Time-condensed records of the action potential FR illustrating two representative examples of the responses of 
vagal preganglionic neurons of the NA during low- and high-intensity simulated exercise, recorded in two separate experiments conducted in rats that had 
unrestricted access to running wheels for 6 weeks. Insets illustrate the locations of the recorded cells within the region of the NA. IO, inferior olive; (C ) 
Averaged profiles of exercise-induced changes in action potential FR of eleven vagal preganglionic neurons recorded in the NA of exercise-trained rats. 
Grey traces illustrate the responses of the NA neurons recorded in the experiments in sedentary rats (from Figure 3C) and plotted on the same scale for 
comparison; (D) Summary data illustrating the resting FR and peak responses to low- and high-intensity exercise of vagal preganglionic neurons recorded 
in the NA of sedentary and exercise-trained rats. Only the neurons that were active at rest and/or activated during exercise were included in this analysis. 
P values, ANOVA.
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Figure 5 Exercise and exercise training increase the activity of vagal preganglionic neurons of the DVMN. (A) Identification of vagal neurons of the DVMN. 
Five traces illustrate antidromic activation (latency 32 ms) of a vagal preganglionic neuron of the DVMN in response to pulses of electrical stimulation (1.5 mA, 
1 ms pulses, 1 Hz) applied to the cervical vagus nerve at the time points marked by the dots. One of the traces shows that a spontaneous spike (arrow) cancels 
the antidromic spike. Lower traces illustrate the representative examples of the action potential firing of DVMN vagal preganglionic neurons recorded in sed
entary and exercise-trained rats; (B) Time-condensed histograms of the action potential FR illustrating changes in the activity of four vagal preganglionic neu
rons of the DVMN responding to low- and high-intensity simulated exercise, recorded in three separate experiments conducted in sedentary rats. Insets 
illustrate the locations of the recorded cells in the DVMN. XII, hypoglossal nucleus. NTS, nucleus of the solitary tract; (C ) Averaged profiles of exercise-induced 
changes in the action potential FR of 27 DVMN neurons that were tested at both low- and high-intensity stimulations in sedentary rats; (D) Summary data 
illustrating the resting action potential FR of all DVMN neurons recorded in sedentary and exercise-trained rats. P value, Mann–Whitney U test; (E) 
Summary data illustrating the responses of the DVMN vagal preganglionic neurons to low- and high-intensity exercise recorded in the experiments conducted 
in sedentary and exercise-trained rats. P values, ANOVA.
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We next tested the hypothesis that DVMN neuronal activity can also 
modulate gene expression in cardiac nodal tissue.

DVMN neurons were transduced to express light-sensitive channel 
ChIEF (Figure 7A) and stimulated for 4 h with pulses of light, delivered at 
5 Hz (to mimic increases in DVMN discharge recorded during acute exer
cise and after exercise training Figure 5D, E). The expression of genes in the 
SA node encoding proteins of the relevant G-protein-coupled pathways 
(β1-adrenoceptors, M2 receptors, GRK2, β-Arrestin-2), key ion channels 
involved in pacemaking and diastolic depolarisation (HCN4, Cav1.3—the 
α1d subunit of the L-type Ca2+ channel) and immediate-early genes 
(c-Fos, Early Growth Response 1) was analysed (Figure 7B). It was found 
that stimulation of the DVMN neurons resulted in downregulation of 
β-arrestin-2 and GRK2 mRNA in the SA node (Figure 7C). The expression 
of other genes studied in this experiment was not affected by the stimula
tion of DVMN neurons.

4. Discussion
In this study, we performed microelectrode recordings of vagal preganglio
nic neuron activity to characterize the immediate and long-term changes in 
vagal parasympathetic drive in response to exercise and exercise training. 
Direct recordings of single-unit neuronal action potential firing in the NA 
and the DVMN demonstrated that both populations of vagal preganglionic 
neurons are strongly activated during exercise, although neurons of the 

NA and the DVMN are different in their discharge pattern, cellular prop
erties, and functional role.14 The obtained data also showed that exercise 
training increases the resting activity of both populations of vagal neurons 
and augments the excitatory responses of the NA neurons during exercise.

4.1 On the rapid vagal withdrawal and 
autonomic control of the heart during 
exercise
The conventional view of autonomic control of the heart during exercise 
has long held that increases in HR from resting baseline occur through vagal 
withdrawal (complete withdrawal at heart rates above 100 bpm in hu
mans), followed by gradual activation of sympathetic input. The idea of va
gal withdrawal stems from the original study by Robinson et al.,45 involving 
pharmacological autonomic blockade in subjects performing supine cycling 
exercise. Later studies provided experimental evidence of rapid baroreflex 
re-setting during exercise (see Refs. 11,12,46,47). More recently the field has 
been reappraised in two comprehensive reviews.4,5 Mathematical model
ling and analysis of results obtained in studies with autonomic blockade 
and baroreflex stimulation during exercise in healthy human volunteers 
suggested that significant cardiac vagal activity could be maintained 
throughout the exercise.4 However, there is only indirect evidence sup
porting these ideas as the dynamic changes in vagal activity during exercise 
with increasing workload have never been directly assessed. HRV analysis 
was used in some studies to evaluate the strength of vagal modulation of 

Figure 6 Exercise increases the cardiac vagal nerve activity (CVNA). (A) A diagram of the experimental setup in anaesthetized rats instrumented for the 
recordings of the activity of the cardiac branch of the vagus nerve, ABP, and HR (illustrated on this figure as instantaneous frequency). Electrical stimulation 
of sciatic nerves was applied to mimic bouts of acute exercise. Representative recordings of HR and ABP responses to electrical stimulation (1 mA, 1 ms pulses, 
10 Hz) of the CV are shown; (B) Stretches of representative recordings illustrating increases in CVNA in response to high-intensity sciatic nerve stimulation. 
Three dots above the recording mark stimulus artefacts; (C ) Averaged activity profiles illustrating changes in CVNA in response to low- and high-intensity 
exercise; (D) Summary data illustrating relative changes in CVNA in response to low- and high-intensity exercise. P values, paired t-test.
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HR during exercise (reviewed in Ref. 5), however, HRV metrics cannot be 
used with certainty to measure autonomic activity.7,8,48

In this study, we used an experimental model of simulated exercise in 
anaesthetized animals. The model involves low-frequency stimulation of 
sciatic nerves to activate hindlimb motor and sensory nerves to produce 
rhythmic hindlimb muscular contractions, increase plasma concentration 
of lactate, and mimic the feedback from muscle mechanoreceptors, result
ing in intensity-dependent simultaneous increases in HR and ABP (baro
receptor resetting4), similar to these occurring during ‘natural’ exercise. 
Importantly, the effects of muscarinic and/or β-adrenoceptor blockade 
on the cardiovascular responses evoked in this model are very similar to 
those observed in human exercise studies with autonomic blockade (see 
e.g. Ref. 41).

Both populations of vagal preganglionic neurons in the NA and DVMN 
were found to increase their activity during exercise. Considering that neu
rons of the NA primarily control the nodal tissue and, therefore, HR, and in 
accord with the prevailing model of autonomic control of the heart during 
exercise, immediate inhibition of NA activity in response to exercise was 
expected. In total 71 neurons were recorded from the region of the NA 

where the cardiac vagal preganglionic neurons reside; out of 15 neurons 
with ongoing discharge, only one neuron was inhibited, whilst the rest 
were strongly activated during exercise. Moreover, exercise recruited 
the activity of seven additional NA neurons that had no resting activity. 
Although the recorded neurons were not definitively identified as cardiac- 
projecting, recordings from the cardiac vagal branch showed that the activ
ity of the CV increases during exercise, consistent with the results obtained 
in the experiments involving recordings of individual vagal preganglionic 
neurons. The response profiles of vagal neuron firing were found to be re
markably similar to the profiles of HR changes induced in this exercise 
model (compare Figures 2B and 3C). Thus, during exercise, central vagal ac
tivity increases and decreases in parallel with and in the same direction as 
HR changes.

It could be argued that the experimental model used in this study 
lacks a key component that contributes to the development of the 
cardiovascular response during exercise, namely the so-called ‘central 
command’, collectively representing inputs from higher brain cen
tres.38 Kadowaki and colleagues49 recorded the activity of the cardiac 
branch of the vagus nerve during fictive motor activity that occurred 

Figure 7 Optogenetic stimulation of the DVMN neurons modulates gene expression in the SA node. (A) The DVMN neurons were targeted with a lentiviral 
vector (LVV) to express light-sensitive protein ChIEF fused with tdTomato under the control of the PRSx8 promoter. A photomicrograph of a representative 
coronal section of the rat dorsal brainstem illustrates an example of ChIEF-tdTomato expression in the caudal region of the DVMN (Bregma level: −13.8 mm). 
CC, central canal. XII, hypoglossal motor nucleus. Scale bar: 200 μm. Arrow points to the axons of the transduced DVMN neurons; (B) Schematic drawing of 
the experimental design in anaesthetized rats instrumented for the stimulation of the DVMN neurons expressing ChIEF-tdTomato by application of 445 nm 
laser light followed by the analysis of the expression of the select genes in the sinoatrial node (SAN); (C ) Summary data illustrating the effect of light stimulation 
of the DVMN neurons or sham-stimulation (light delivery in animals transduced to express eGFP in the DVMN) on the relative expression of genes encoding 
proteins of the G-protein-coupled pathways (β1-adrenoceptors, M2 receptors, GRK2, β-Arrestin-2), key ion channels (HCN4, Cav1.3), and immediate-early 
genes (C-Fos, early growth response 1) in the SA node. P values, Mann–Whitney U test.
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spontaneously in unanesthetized, decerebrate cats. Similar to the re
sults of the present study, the authors found that the activity of the 
CV never decreases but always increases throughout the ‘central 
command’-induced motor activity.49

The data obtained in this study strongly suggest that cardiovascular 
responses during exercise are driven primarily by increases in sympa
thetic nerve activity.50–52 We hypothesize that the remaining HR re
sponses to exercise that is observed under conditions of systemic 
β-adrenoceptor blockade (that led to the idea of vagal withdrawal; see 
Figure 2B) develop as a result of sympathetic activity-mediated presynap
tic inhibition of acetylcholine release from the terminals of vagal pre- 
and/or postganglionic neurons at the level of the cardiac ganglia and/ 
or cardiac nodal tissue.

4.2 What is the functional significance of 
increased vagal activity during exercise?
There is significant evidence obtained in studies using experimental animal 
models suggesting that simultaneous activation of parasympathetic and 
sympathetic nerves innervating the heart may occur under various condi
tions (reviewed in Ref. 53). Indeed, the original idea of complete vagal with
drawal during exercise seems rather implausible; although the baroreflex is 
reset to a higher operating point during exercise, cardiac vagal activity is still 
required for baroreflex control of the heart at any level of exercise inten
sity.11 Paton and colleagues suggested that simultaneous co-activation of 
both autonomic limbs leads to more efficient cardiac function and greater 
cardiac output compared to that resulting from the activation of the sym
pathetic limb alone.53

We previously reported that vagal efferent stimulation increases cardiac 
contractility and improves exercise tolerance; these effects were found to 
be associated with reduced expression of GRK2 and β-arrestin-2 in the 
ventricular myocardium.19,34,54 In the experiments designed to explore 
the potential functional significance of exercise-induced increases in 
DVMN activity in the regulation of HR, we found that optogenetic stimu
lation of vagal projections originating from the DVMN has the same effect 
and reduces the expression of GRK2 and β-arrestin-2 in the SA node. 
These data support the hypothesis that enhanced vagal activity optimizes 
HR responses to sympathetic stimulation by inhibiting myocardial expres
sion of the key negative regulators of β-adrenoceptor-mediated signalling. 
However, the mechanisms responsible for the transcriptional effects of in
creased vagal activity on the heart remain to be identified.

Increased cardiac vagal activity may also contribute to the regulation of 
coronary blood flow during exercise. There is evidence that vagus nerve 
stimulation increases coronary blood flow, and this effect is mediated by 
the actions of vasoactive intestinal peptide.55 However, the functional sig
nificance of vagal control of coronary blood flow is not entirely clear as all 
the supporting data come from studies involving electrical stimulation of 
the vagus nerve (e.g. see Ref. 55). There is also no evidence at present to 
suggest the existence of a separate pool of vagal preganglionic neurons spe
cifically controlling coronary blood flow. There is evidence that vagal in
nervation of the ventricles is provided by the DVMN neuronal 
projections that modulate ventricular excitability and contractility.13,17–19

Therefore, it is plausible that activation of the cardiac-projecting DVMN 
vagal preganglionic neurons may contribute to the increases in coronary 
blood flow during exercise.

4.3 On the mechanisms of exercise 
training-induced bradycardia
Regular exercise lowers resting HR which in healthy individuals is largely 
determined by the restraining influence of the vagus nerve on cardiac pace
maker cells.6 Therefore, lower heart rates in trained individuals have been 
traditionally attributed to high parasympathetic vagal tone.56 Studies con
ducted in one of our laboratories also suggested that exercise 
training-induced bradycardia develops as a result of training-induced elec
trical remodelling of the SA node resulting in a reduced intrinsic rate of no
dal myocytes.36,37 In a debate article, D’Souza and colleagues57 argued that 

the notion of high vagal tone being responsible for training-induced lower
ing of resting HR had never been supported by direct experimental evi
dence, such as electrophysiological recordings of vagal efferent activity.

This study provides such evidence by showing that voluntary exercise 
training increases the resting activity of vagal neurons of the NA and 
DVMN and augments the excitatory responses of the NA neurons during 
exercise. The data suggest that cardiac vagal activity can indeed be ‘trained’ 
by exercise. We propose that recurrent increases in the activity of vagal 
preganglionic neurons during bouts of exercise lead to higher baseline dis
charge of these neurons, and, therefore, higher resting vagal tone contrib
uting to the lower heart rates that are associated with training. The 
signalling and cellular mechanisms responsible for autonomic adaptation 
to regular exercise are a topic for future investigation. The notion of cen
tral vagal withdrawal during exercise (which would require inhibition, ra
ther than excitation, of vagal neurons during exercise) appears to be at 
odds with our understanding of brain plasticity, as repeated stimulations 
and activations of neurons and networks are required for sustained in
creases in activity.58

4.4 Heart rate recovery after exercise
In contrast to HRV metrics, a highly reproducible and robust measure of 
cardiac vagal activity in humans is the speed of heart rate recovery 
(HRR) after exercise. After HR peaks during bouts of acute exercise, a vari
ably steep decline occurs upon cessation of exercise, termed HRR. It is gen
erally believed that HRR after exercise is mediated by rapid vagal 
reactivation,59 as the speed of HRR is greatly reduced by systemic muscar
inic receptor blockade40 (also see Figure 2B). The data obtained in this 
study warrant a reconsideration of this view. We propose that HRR is 
not a measure of rapid vagal reactivation, but reflects the strength of car
diac vagal tone at the end of the exercise, revealed after withdrawal of sym
pathetic activity,51 which during exercise overrides the vagal restraint via 
presynaptic inhibition at the level of the cardiac ganglia and/or nodal tissue. 
Exercise-induced central vagal plasticity, leading to higher resting discharge 
and augmented responses of vagal preganglionic neurons during exercise, 
provides evidence in support of this hypothesis. It is also consistent with 
the data obtained in studies conducted in athletes,60,61 patients with heart 
failure62–64 and type 2 diabetes,65 all showing that exercise training in
creases the speed of HRR, indicative of higher cardiac vagal activity at 
the end of the exercise.

4.5 Summary
The data obtained in this study show that central vagal parasympathetic 
drive increases during exercise and provide the first direct neurophysio
logical evidence in support of the long-standing hypothesis that exercise 
training increases vagal tone. The data argue against the notion of 
exercise-induced central vagal withdrawal during exercise. It is hypothe
sized that maintained/recruited vagal activity is important for optimizing 
cardiac responses during exercise. We suggest that robust increases in 
the activity of vagal preganglionic neurons during bouts of exercise underlie 
activity-dependent plasticity, leading to higher resting vagal tone, which 
confers multiple health benefits of regular exercise.
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Translational perspective
The data obtained in this study contribute to our understanding of the fundamental mechanisms underlying the control of the heart by the autonomic 
nervous system. As we grow older and develop cardiometabolic diseases (e.g. hypertension, diabetes mellitus), there is a progressive decline in cardiac 
vagal activity. Loss of vagal activity impairs the ability of the heart to rapidly respond to changes in behavioural/physical demands, limiting our ability to 
exercise. This research suggests that the development of novel therapeutic approaches designed to recruit vagal activity (for example by autonomic 
neuromodulation) may improve exercise tolerance, increase quality of life, and promote cardiovascular health.
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