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Abstract

The autonomic nervous system plays a key role in maintaining homeostasis under normal and pathological conditions. The 
sympathetic tone, particularly for the cardiovascular system, is generated by sympathetic discharges originating in specific  
areas of the brainstem. Aerobic exercise training promotes several cardiovascular adjustments that are influenced by the central 
areas involved in the output of the autonomic nervous system. In this review, we emphasize the studies that investigate aerobic 
exercise training protocols to identify the cardiovascular adaptations that may be the result of central nervous system plasticity 
due to chronic exercise. The focus of our study is on some groups of neurons involved in sympathetic regulation. They include 
the nucleus tractus solitarii, caudal ventrolateral medulla and the rostral ventrolateral medulla that maintain and regulate the 
cardiac and vascular autonomic tonus. We also discuss studies that demonstrate the involvement of supramedullary areas in 
exercise training modulation, with emphasis on the paraventricular nucleus of the hypothalamus, an important area of integra-
tion for autonomic and neuroendocrine responses. The results of these studies suggest that the beneficial effects of physical 
activity may be due, at least in part, to reductions in sympathetic nervous system activity. Conversely, with the recent association 
of physical inactivity with chronic disease, these data may also suggest that increases in sympathetic nervous system activity 
contribute to the increased incidence of cardiovascular diseases associated with a sedentary lifestyle.
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Maintaining blood pressure (BP) within a normal range 
depends on a fine regulation of cardiac output and peripheral 
resistance. Different control mechanisms are involved in 
maintaining the moment-to-moment variation in BP, acting 
on the regulation of caliber and vascular reactivity and on 
cardiac output. The study of mechanisms controlling BP 
has identified many physiological systems that interact in 
a complex manner and with redundancy to ensure that BP 
is at adequate levels in the most diverse situations (1). One 
of the most important systems activated is the autonomic 
nervous system (ANS).

The ANS plays a key role in maintaining homeostasis 
under normal and pathological conditions (2). The sympathetic 
tone, particularly for the cardiovascular system, is generated 
by sympathetic discharges that originate in specific areas of 

the brainstem. Some groups of neurons located in this region 
of the central nervous system (CNS), called sympathetic 
premotor neurons, send direct projections to the sympathetic 
preganglionic neurons of the intermediolateral (IML) spinal 
column. The medullary centers responsible for the main-
tenance and control of cardiovascular tone generally work 
through reflex cardiovascular mechanisms such as baroreflex, 
chemoreflex, and cardiopulmonary reflex (3). The terminations 
of the afferent fibers of the cardiovascular reflexes are located 
in the nucleus tractus solitarii (NTS) (3). Neurons of the caudal 
ventrolateral medulla (CVLM) and rostral ventrolateral medulla 
(RVLM) determine the sympathetic tone, thus contributing to 
the maintenance of BP and heart rate (HR) at baseline (4,5) 
and mediate changes in the sympathetic component of the 
cardiovascular reflexes (6). 
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In two other medullary areas, the nucleus ambiguous 
(NA) and the dorsal motor nucleus of vagus (DMV), are 
located the preganglionic parasympathetic neurons (7), 
which mediate the parasympathetic component of the 
cardiac reflexes (8).

In addition to the brainstem centers, supramedullary 
structures are also involved in the control of the cardiovascu-
lar system, such as the parabrachial nucleus, Kolliker-Fuse 
nucleus, the cluster of A5 cells, and the paraventricular nucleus 
of the hypothalamus (PVN). The latter has been studied among 
others as one of the main central areas involved in regulating 
sympathetic outflow because it projects to the IML of the spinal 
cord where sympathetic premotor neurons are located (9). 

One of the situations in which the involvement of the 
ANS is essential is exercise activity, which promotes cardio-
vascular regulation, depending on a fine activation of some 
regions while others are deactivated to guarantee organ 
perfusion during the execution of exercise. During exercise, 
there is the need for an increase in cardiac output that in-
volves, besides the intrinsic properties of the heart like the 
Frank Starling mechanism, also an increase in sympathetic 
activity to the heart and to arteries, leading to increased 
levels of heart rate, contractility and vasoconstriction. At 
the same time, as the blood flow to the active muscles 
is increased, it tends to decrease in the other tissues. At 
this level of exercise (aerobic exercise), the mean arterial 
pressure (MAP) increases a little or may not increase. The 
exact effects of ANS activity during exercise will depend on 
the kind of exercise, in addition to other factors.

Cardiovascular and autonomic adaptations 
to exercise training

It has been generally accepted that regular physical 
activity is associated with beneficial effects on the car-
diovascular system. Exercise training promotes several 
cardiovascular adjustments, including remodeling of the 
heart and skeletal muscle circulation (10,11), improvement 
of the autonomic control of the heart, and the appearance 
of resting bradycardia, a characteristic marker of exercise 
training (12,13). These modulatory effects of training also 
involve peripheral and central mechanisms.

Trained individuals also exhibit increased maximal 
oxygen uptake, which is accompanied by several cardio-
vascular adaptations such as rapid ventricular filling and in-
creased myocardium contractility with larger stroke volume, 
increased capillary supply, and predominance of arteriole 
vasodilator responses with larger exercise-induced blood 
flow. All of these effects favor high oxygen extraction by 
the exercising muscles. These cardiac and skeletal muscle 
adaptations help maintain cardiac output with less energy 
expenditure and thus with a lower heart rate (14).

Regular exercise is also able to modify the cardiac auto-
nomic balance by increasing the parasympathetic activity and 
decreasing the sympathetic activity (15). Exercise training 

promotes an increase in the capacity of the ANS to meet the 
demands of the cardiovascular system, thereby increasing 
heart rate variability (HRV) (16-18). One of the methods 
of studying autonomic modulation is by spectral analysis. 
Spectral analysis is a tool that decomposes cardiovascular 
signals into their frequency components and quantifies the 
power of each component (19). Studies of this subject sug-
gest that exercise training causes adaptations in the cardiac 
autonomic balance, characterized by a predominance of the 
parasympathetic autonomic component over the sympathetic 
component. This statement is based on studies that showed 
that high frequency oscillations are mostly due to autonomic 
parasympathetic modulation, whereas the low frequency 
oscillations are derived, at least in part, from the two compo-
nents of the ANS, i.e., the sympathetic and parasympathetic 
components (20-22). The genesis of these mechanisms of 
autonomic cardiovascular control is central, but there is a 
discussion about the modulation of these mechanisms for 
interactions of the afferents from the peripheral reflex arc, 
such as the baroreflex (23,24).

It has been proposed that areas of the CNS, which is 
known for its involvement in cardiovascular control, appear 
to show altered activity in response to an exercise session in 
trained rats (25). Among the areas involved in exercise, the 
most studied in cardiovascular adaptations are the RVLM 
(26-28), NTS (29-31), and PVN (15,31-33).

Modulation by brainstem areas

The importance of the RVLM in the control of the 
cardiovascular system has been clearly established 
(3,5,34-36). Both RVLM and CVLM are considered to be 
important integrative/regulatory regions of cardiovascular 
activity during static muscle contraction (37), when the 
pressor reflex of exercise seems to involve the activa-
tion of the RVLM neurons (37,38). Considering that the 
cardiovascular centers participate in the pressor reflex of 
exercise, and the ANS is modulated after physical training 
(10,11,13,39,40), exercise training may possibly modulate 
the RVLM neurons, the major tonic source of supraspinal 
sympathoexcitatory outflow.

The presence and participation of glutamate, an excitatory 
amino acid neurotransmitter, in cardiovascular centers have 
been extensively documented (41-45). This neurotransmitter 
seems to mediate and/or regulate functions during cardio-
vascular reflexes, including baroreflexes or chemoreflexes, 
and muscle pressor responses (41,46-49). The literature 
documents the role of glutamate within the RVLM during static 
muscle contraction (48,49). In rats, static muscle contrac-
tion elicited an increase in the extracellular concentration of 
glutamate in the RVLM, suggesting that RVLM-glutamate is 
involved in the exercise pressor reflex (38). The microinjection 
of L-glutamate into the RVLM produces an increase in the 
arterial pressure of awake or anesthetized animals (50).

Although glutamate and other neurotransmitters in the 
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RVLM appear to be involved in the cardiovascular response 
to acute exercise (37,51), the influence of repeated bouts of 
exercise (chronic exercise) and the recurring, often cyclic, 
activation of these exercise-related inputs in the RVLM are 
likely to be important in terms of neuroplastic changes. In a 
previous study (26), we investigated the effects of a protocol 
of chronic exercise on the glutamatergic neurotransmission 
in the RVLM of conscious rats. At this level of physical 
training, with baseline bradycardia, the glutamate pressor 
responses in the RVLM produced attenuated increases in 
MAP compared to control. This blunted effect of L-glutamate 
microinjection in the RVLM is consistent with an adaptive re-
sponse to cardiovascular alterations promoted by swimming 
training, and the mechanism may involve a down-regulation 
of the glutamate receptors due to chronic exposure of the 
RVLM neurons to the neurotransmitter. 

A similar effect was observed in a 2007 study by Mueller 
(28), which showed that, compared with physically active 
animals, sedentary animals (with no repetitive exercise-
related inputs) exhibit enhanced sympathoexcitatory 
responses, measured by the lumbar nerve activity due to 
direct glutamatergic activation of the RVLM neurons. These 
data suggest that alterations occurring in the RVLM may be 
responsible for enhanced sympathoexcitation in sedentary 
animals. This effect also does not seem to be caused by a 
generalized effect on neuronal excitability since responses 
to angiotensin II microinjection in the RVLM were not 
enhanced in sedentary animals compared to physically 
active animals (27). 

Another site of great importance for the autonomic 
regulation is the NTS, where the baroreceptor afferents 
form the first synapse in the CNS (52). Baroreceptor af-
ferents are tonically active and stimulated by stretching 
of the aorta and carotid sinus coinciding with the systolic 
phase of the cardiac cycle. It signals information and sends 
projections to the NTS in the brain stem, the first synaptic 
relay of afferents within the CNS. The NTS second-order 
neurons further stimulate and excite the parasympathetic 
preganglionic neurons in the DMV and NA, resulting in 
increased vagal outflow to the heart and bradycardia, and 
the γ-aminobutyric acid (GABA)ergic neurons in the CVLM 
that project to and inhibit neurons within the RVLM, the main 
premotor nucleus for cardiovascular sympathetic outflow 
(3). Thus, the NTS is another possible target for modulation 
of cardiovascular function by exercise. 

A study performed on anesthetized rats demonstrated 
that generalized activation of the NTS with unilateral microin-
jections of glutamate produced dose-dependent decreases 
in MAP, HR, and lumbar sympathetic nerve activity (LSNA) 
that were unaffected by exercise training. Bilateral inhibition 
of the NTS with the GABAA agonist muscimol produced 
increases in MAP and LSNA that were blunted by exercise. 
In contrast, pressor and sympathoexcitatory responses to 
bilateral microinjections of the ionotropic glutamate recep-
tor antagonist, kynurenic acid, were similar for all groups. 

Bradycardic responses to bilateral microinjections of the 
GABAA antagonist bicuculline were attenuated by exercise 
training. These data indicate that alterations in neurotrans-
mission at the level of the NTS significantly contribute to 
cardiovascular and autonomic regulation after chronic 
exercise. The authors also suggested that, in addition to 
alterations in the NTS, the experiments indirectly suggest 
that changes in other cardiovascular nuclei contribute to 
the alterations in neural control of circulation observed after 
exercise training (30). 

Literature data have indicated the involvement of oxy-
tocin (OT) in the neural control of the circulation during 
exercise (53). Oxytocinergic projections from pre-autonomic 
neurons of the PVN to the NTS and other bulbar areas are 
involved in both reflex control of the heart and adjustments 
of the HR during dynamic exercise. Within the solitary-vagal 
complex (NTS + DMV), OT stimulates autonomic neurons, 
thereby improving vagal outflow to the heart to augment 
reflex bradycardia (53). In addition, in normotensive trained 
rats but not sedentary rats, an acute bout of exercise 
was accompanied by increased OT content in the dorsal 
brainstem areas (53), which could help restrain exercise 
tachycardia in trained individuals. These data suggest that 
exercise training could activate pathways that are not usually 
important in sedentary individuals, thereby reinforcing the 
issue of neural modulation by exercise training. 

The renin-angiotensin system (RAS) is a widely dis-
tributed regulatory system with hormonal, paracrine, and 
intracrine functions in many tissues. The brain RAS has 
been implicated in the pathogenesis of several forms of 
hypertension, and all the components of the RAS (precur-
sor, enzymes, peptides, and receptors) are present in the 
brain areas involved in cardiovascular control. Although 
a pressure fall in hypertension has been associated with 
the blockade of the central/peripheral RAS, it is not known 
whether training-induced benefits for cardiovascular control 
are dependent on changes in the expression/activity of 
central RAS components. Felix and Michelini (54) observed 
that hypertension and exercise training affected the expres-
sion/activity of brain RAS in opposite directions. Increased 
arterial pressure and HR are accompanied by overactivity 
of the brain RAS in spontaneous hypertensive rats (SHR), 
whereas exercise training blunts RAS activity. The study 
suggested a similarity in the effects of both low-intensity 
exercise training and pharmaceutical compounds to block 
the expression/activity of the RAS precursor within the 
brain, thus reducing pressure levels. The study reinforces 

the adoption of exercise training as initiation and/or coad-
juvant therapy for prevention/management of hypertension 
to reduce cardiovascular morbidity and mortality.

The intermediate NTS receives inputs particularly from 
arterial baroreceptors, but some of these afferents reach the 
commissural nucleus of the solitary tract (commNTS). The 
commNTS also receives inputs from arterial chemorecep-
tors and seems to be highly sensitive to carotid chemore-
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ceptor stimulation. A recent study observed that swimming 
exercise induced changes in commNTS neurons that were 
demonstrated by a greater enhancement of hindlimb vaso-
dilatation in WKY vs SHR rats in response to the GABAergic 
inhibition of these neurons (55). This study reinforces the 
view that the CNS participates in the cardiovascular ad-
aptations to exercise training and proposes a differential 
vascular regulation mediated by the CNS.

Modulation by supramedullary areas 
(hypothalamus)

The PVN is known to be a place of integration for 

autonomic and neuroendocrine responses (31,56). Mor-
phological and electrophysiological studies have shown 
that the PVN is reciprocally connected to other areas of 
the brain that are involved in cardiovascular function (57). 
These regions include the NTS, RVLM, and through the 
lateral spinal thoracolumbar cell column, the location of 
sympathetic preganglionic neurons (3,57). Through these 
reciprocal interconnections with the autonomic centers in 
the brain stem and spinal cord as well as projections to the 
median eminence and posterior pituitary (neurohypophy-
sis), the PVN is capable of generating complex patterns of 
neuroendocrine and autonomic regulation, thus controlling 
homeostasis (see Figure 1).

Figure 1. Representation of the hypothalamus and brainstem areas with their projections from baroreceptors, to each other (arrows 
indicate uni- or bidirectional pathways), and to the intermediolateral column (IML) of the spinal cord. The latter innervates the heart 
(sympathetic and parasympathetic systems) and blood vessels (only the sympathetic system) to maintain blood pressure and heart 
rate within normal limits. Aerobic exercise training appears to promote changes in these areas, leading to a lower sympathetic and 
increased parasympathetic tone. NTS = nucleus tractus solitarii; PVN = paraventricular nucleus of the hypothalamus; CVLM = caudal 
ventrolateral medulla; RVLM = rostral ventrolateral medulla.
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A characteristic feature of heart failure is increased 
sympathoexcitation, which correlates with disease sever-
ity as well as complications and mortality. The source of 
the increased sympathoexcitation associated with heart 
failure is not entirely understood, although several lines of 
evidence point to a role by the CNS (57,58). In this context, 
Patel et al. (57) observed that exercise training normalized 
the potentiated increase in renal sympathetic nerve activ-
ity (RSNA) in response to N-methyl-d-aspartate (NMDA) 
microinjected within the PVN of rats with heart failure. The 
study demonstrated that NR1 receptor expression in the 
PVN of exercised rats with heart failure was not different 
from that of sham sedentary or sham-exercised rats. The 
authors suggested that the normalization of NR1 expression 
within the PVN is a mechanism by which RSNA responses 
to NMDA injected into the PVN are normalized by chronic 
exercise in rats with heart failure. Taken together, these 
results indicate that a mechanism by which exercise training 
normalizes sympathetic outflow in heart failure is normaliza-
tion of glutamatergic mechanisms within the PVN. 

A recent study from our laboratory (15) has suggested a 
contribution of PVN neurons to cardiac autonomic modulation 
after physical training. After microinjection of bicuculline, a 
GABAA antagonist, into the PVN of conscious rats, we did 
not observe differences in pressor or tachycardic responses 
between the sedentary and trained groups. However, after 
the inhibition of PVN neurons with muscimol, a GABAA 
agonist, the decrease in MAP was enhanced in the trained 
animals. We also observed that the increased HRV ob-
served at baseline in exercise-trained rats was reversed to 
control levels when the neurons of the PVN were inhibited 
by muscimol. Our study suggests that the PVN may be 
a target for cardiovascular and autonomic modulation by 
exercise training.

Nitric oxide (NO)-producing neurons are found in the 
brain areas involved in autonomic activity, including the PVN 
(59). Moreover, regular physical exercise, which is known to 
promote a favorable cardiovascular state, augments blood 
flow and laminar shear stress, resulting in increased NO 
production and bioavailability (60). In a recent study by our 
group, we analyzed the involvement of NO in PVN neurons 
by using the NO-synthase inhibitor, N-nitro-l-arginine methyl 
ester (L-NAME), microinjected into the PVN of sedentary 

or exercise-trained conscious rats (33). Our data showed 
that, in sedentary rats, NO inhibition increased arterial pres-
sure and HR to the same extent as in the trained group. 
However, when we observed the effects on HR and arterial 
pressure variability, the sedentary group did not show altered 
autonomic modulation after L-NAME, but the trained group 
showed increased sympathetic modulation and decreased 
parasympathetic modulation. The literature has reported that 
NO-mediated inhibition of RSNA within the PVN was blunted 
in rats with heart failure, and exercise training improves the 
altered NO mechanism within the PVN and restores NO-
mediated changes in the renal sympathetic nerve activity 
of rats with heart failure (58). On the basis of this evidence, 
it became clear that the hypothalamus, specially the PVN, 
may be a good candidate in the CNS for autonomic and 
cardiovascular modulation by exercise.

In most studies, the perspective of examining the effects 
of exercise training on cardiovascular variables is based 
on epidemiological investigations suggesting that physical 
fitness is beneficial to cardiovascular health. However, it 
is becoming increasingly evident that a sedentary lifestyle 
contributes significantly to chronic disease. Therefore, it is 
important to investigate how normal individuals may benefit 
by increased exercise activity. 

The data of this review suggest that the beneficial effects 
of physical activity may be due, at least in part, to reductions 
in sympathetic nervous system activity. Conversely, with 
the recent association with physical inactivity and chronic 
disease, these data may also suggest that increased sym-
pathetic nervous system activity contributes to the increased 
incidence of cardiovascular diseases associated with a 
sedentary lifestyle. 

Sympathetic overactivity is common in many cardiovas-
cular disease states and is related to a higher incidence of 
morbidity and mortality. Reductions in sympathetic outflow, 
whether at rest or during conditions that produce sympatho-
excitation, may occur following exercise training. Alterations 
in the cardiovascular regions of the brain stem and other 
regions that are influenced by the levels of physical activity 
are likely to play a role in long-term cardiovascular health. 
Future studies will be important to further identify the central 
mechanisms involved in physical activity-dependent changes 
in the control of sympathetic nervous system activity.
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