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Introduction

Almost all bodily functions are regulated by the 
autonomic nervous system (ANS). Precise regulation 
of organ and tissue functions by the ANS requires that 
activity of the efferent arms of the ANS - the sympathetic
and parasympathetic nerves - must be finely tuned.
Therefore, the sympathetic and parasympathetic nerv-
ous systems do not work independently of each other but 

their activity is a result of multiple interactions at various 
levels of the neuraxis and at the level of the peripheral 
effector cells. These interactions extend to the processing
of information by the ANS and preciosity of the regula-
tion of effector organ activity (Jänig, 2006).

Whereas interactions between the sympathetic and 
parasympathetic nervous systems are necessary for the 
precise regulation of bodily functions during physiologi-
cal situations, the importance of these interactions are 
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In order to allow precise regulation of bodily functions, the activity of the autonomic nervous 
system must be precisely regulated. The traditional model concerning the regulation of norepine-
phrine and acetylcholine release in target tissues suggests that the activities of the efferent arms
of the autonomic nervous system are more or less independent of each other. However, plenty of 
experimental and clinical studies have demonstrated the presence of multiple interactions between 
the sympathetic and parasympathetic nervous system that are mediated through several pathways 
and mechanisms at both central and peripheral levels of the neuraxis. Interactions within the central 
nervous system are mediated predominantly by neurons within the nucleus of the solitary tract 
and paraventricular hypothalamic nucleus. Peripheral interactions are based on the morphologi-
cal-functional organization of the sympathetic and parasympathetic pathways at the levels of the 
sympathetic prevertebral ganglia or neuroeffector connections. Furthermore, evidence suggests
that neuroeffector connections may be realized at the axo-axonal, presynaptic, postsynaptic, and
post-receptor levels.

Alterations in interactions between the sympathetic and parasympathetic nervous system can 
lead to unbalanced autonomic activities, which may influence the development of various disorders,
including cardiovascular, inflammatory, metabolic, neurological, and psychiatric diseases.

The aim of this article is to illustrate the complexity of interaction between the sympathetic and
parasympathetic nervous systems and to describe the role of these interactions in the heart, adrenal 
medulla, and vagal trunk.
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accentuated during pathological conditions (e.g., heart 
failure, inflammation, stroke - Micieli and Cavallini 
2008; Olshansky et al. 2008; Sternberg 2006).

Central interactions

Interactions between the sympathetic and para-
sympathetic nervous systems at the level of the central 
nervous system may be realized through several path-
ways and mechanisms (Fig. 1). These interactions may
result from the processing of information transmitted 
by neuronal and humoral pathways to the nucleus of 
the solitary tract (NTS) or paraventricular hypotha-
lamic nucleus (PVN). These two prominent structures
in turn regulate the activity of the sympathetic and 
parasympathetic nervous systems. This regulation has
features similar to a reflex mechanism (e.g. baroreflex or
chemoreflex - Andresen et al. 2004). The basis for these
interactions represents the transmission of information 
related to changes in the viscera and environment of an 
organism via afferent pathways that in turn regulate the
activity of central parts of the ANS and, consequently, 
the activity of the sympathetic and parasympathetic 
nerves. This processing of information constitutes
the basis for vago-vagal, vago-sympathoadrenal, and 
somato-autonomic reflexes (Kerman and Yates 1999; 
Osaka et al. 2002; Powley and Phillips 2002).

Nucleus of the solitary tract. The regulation of
blood pressure (baroreflex) is one example of the
above-mentioned mechanisms. Information related to 
the blood pressure is transmitted from baroreceptors 
localized in the aortic arch and carotid sinus to the 
dorsomedial part of NTS in the medulla. Neurons of 
the NTS project directly or indirectly to structures of 
the medulla that regulate the activity of the sympathetic 
and parasympathetic preganglionic neurons. The activ-
ity of the parasympathetic cardioinhibitory pregangli-
onic neurons localized mainly in the ventrolateral part 
of nucleus ambiguus (NA) is increased probably via 
direct excitatory pathways originating from the NTS. 
Sympathoexcitatory neurons that innervate sympa-
thetic preganglionic neurons in the intermediolateral 
cell column are localized within the rostral part of the 
ventrolateral medulla (RVLM). Reflex control of RVLM
neuron activity is mediated by an inhibitory monosy-
naptic pathway of neurons originating from the caudal 
part of the ventrolateral medulla (CVLM). Activity of 
the CVLM is regulated by excitatory projections from 
NTS neurons. Reflex circuits of the medulla consti-
tuting the baroreflex enable independent control of

sympathetic and parasympathetic nerve activities. The
sympathetic part of the efferent arm of the baroreflex
originates in the RVLM whereas the parasympathetic 
part originates in the NA. The activities of these indi-
vidual arms may be modulated at the level of the medulla 
via interactions between neurons of the RVLM and the 
NA, which probably interact reciprocally via functional 
connections. The following observations provide proof
of these interactions: 1. spontaneous activity of RVLM 
neurons is inhibited when the vagus nerve is cut in 
the cervical region and the proximal end is electrically 
stimulated; 2. microapplication of lidocaine into the NA 
increases blood pressure without changing heart rate; 3. 
electrolytic lesion of the NA facilitates the hypertension 
induced by deafferentation of sinoaortic baroreceptors
(McKitrick and Calaresu 1996). Besides the func-
tional connections between the NA and the RVLM, 
similar interconnections may also exist between C1 
adrenalinergic neurons of the RVLM and the dorsal mo-
tor nucleus of the vagus (DMV – Card et al. 2006).

Paraventricular hypothalamic nucleus. Regulation 
of ANS activity by the paraventricular hypothalamic 
neurons represents another example of central inter-
actions. PVN neurons receive and process four main 
types of inputs: viscerosensitive, humoral, limbic, and 
intrahypothalamic. Viscerosensitive signals originate 
in visceral receptors, nociceptors, and thermorecep-
tors and are transmitted via spinal afferent pathways
to the dorsal horns of the spinal cord and via vagal 
viscerosensitive afferent pathways to the NTS. This
information is consequently transmitted to the PVN 
via direct pathways from the dorsal horns of the spinal 
cord and from the NTS or via indirect pathways after
the information is processed in the parabrachial nucleus 
or A1/C1 cell groups of the medulla. Humoral signals 
are transmitted to the PVN by several mechanisms. 
Some signals (e.g., molecules of circulating steroids, 
plasma glucose concentration, osmolality) may influ-
ence the PVN directly or through local interneurons, 
whereas other signals (e.g., circulating angiotensin 
II) act via receptors in circumventricular organs (e.g., 
subfornical organ) which lack a blood-brain-barrier. 
Circulating cytokines (e.g., IL-1) may activate vagal 
viscerosensitive pathways and consequently influence
the activity of the PVN via NTS neurons or A1/C1 cell 
groups. Limbic inputs from the orbitomedial prefrontal 
cortex and amygdala that are related to the emotional 
reaction to stressors from the external environment are 
transmitted to the PVN via neurons of the bed nucleus 
stria terminalis and the dorsomedial hypothalamic nu-
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cleus. The PVN also receives many intrahypothalamic
inputs, not only from the dorsomedial nucleus but also 
from the suprachiasmatic nucleus, that represent key 
structures regulating circadian control of autonomic and 
endocrine functions, and from the arcuate nucleus and 
perifornical areas that are involved in the regulation of 
food intake and metabolism (Benarroch 2005). The
modulation of PVN neuron activity by suprachiasmatic 
nucleus neurons enables circadian regulation of plasma 
glucose levels; two groups of PVN neurons participate 
in this regulation: sympathetic premotor neurons that 
regulate glucogenesis in the liver and parasympathetic 
premotor neurons that regulate the release of insulin 
from the pancreas (Kalsbeek et al. 2008).

The PVN contains several neurochemically dis-
tinct groups of neurons that send axons to autonomic 
nuclei in the brainstem and spinal cord (e.g. RVLM, 
NTS, DMV, sympathetic preganglionic neurons, sacral 
parasympathetic preganglionic neurons) and enable the 
PVN to specifically control the activity of sympathetic
and parasympathetic nerves. Sympathetic and parasym-
pathetic premotor neurons of the PVN are anatomically 
distinct. Neurons innervating motor nuclei of the vagus 
nerve are localized in the ventromedial and lateral 
parvocellular regions of the PVN; neurons innervating 
spinal preganglionic neurons are localized in the dor-
sal and caudal regions of the PVN (Palkovits 1999). 
The neuroanatomical and functional features the PVN
mentioned above appear analogous with the NTS. Both 
the PVN and the NTS participate in the reflex regula-
tion of ANS activity. For example, these regulations are 
involved in the modulation of cardiovascular system 
activity during physiological (e.g., sympathoexcitatory 
reaction during stress) and pathological situations (Be-
narroch 2005). Although the PVN is a key structure 
important for integrating and modulating the activities 
of an organism’s basic regulatory systems (the nervous, 
endocrine, and immune systems), interactions between 
the groups of PVN neurons that selectively regulate 
activity of the sympathetic and parasympathetic nerves 
are not known in detail.

Autonomic preganglionic neurons. Studies of the 
central interactions between structures regulating the 
activity of the sympathetic and parasympathetic systems 
have shown that application of a retrograde tracer to 
the sympathetically denervated pancreas labels sym-
pathetic preganglionic neurons in the intermediolateral 
cell column of the spinal cord. Similarly, application of 
a retrograde tracer to a parasympathetically denervated 
pancreas labels DMV neurons. These data indicate the

existence of neuroanatomical interconnections between 
the sympathetic and parasympathetic preganglionic 
neurons and constitute the basis for functional inter-

Fig. 1 Schematic drawing of the interactions between the 
sympathetic (SNS) and parasympathetic (PSNS) nervous sys-
tems at the levels of the central (CNS) and peripheral (PNS) 
nervous systems. Shown are the interactions (A) among the 
central structures processing sensitive information, (B) among 
autonomic premotor neurons, (C) among autonomic pregan-
glionic neurons, (D) at the level of the sympathetic prevertebral 
ganglia, and (E) at the presynaptic, (F) postsynaptic, and (G) 
intracellular levels. (H) Activity of the autonomic nervous 
system is modulated by compounds released in a paracrine 
manner by the target tissues. IN, interneurons; PMN, auto-
nomic premotor neurons; PoGN, postganglionic neurons; 
PrGN, preganglionic neurons; SN, sensory neurons.
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actions between the sympathetic and parasympathetic 
systems, at the central level (Buijs et al. 2001).

Peripheral interactions

Peripheral interactions are based on the morpho-
logical-functional organization of the sympathetic and 
parasympathetic pathways. These interactions may be
realized at the levels of the sympathetic prevertebral gan-
glia and neuroeffector connections. Interactions at the
level of the neuroeffector connections may be effected
at the axo-axonal, presynaptic, postsynaptic, and post-
receptor levels (Fig. 1). Neuroeffector interactions have
been studied in detail, especially in the heart (Langer 
and Hicks 1984; Myslivecek and Trojan 2003).

Sympathetic prevertebral ganglia. The interconnec-
tions between sympathetic and parasympathetic fibers
found in some autonomic ganglia create the basis for 
peripheral interactions between sympathetic and para-
sympathetic systems. One example is the innervation 
of sympathetic prevertebral ganglia by preganglionic 
neurons of the vagus nerve (Berthoud and Powley 
1993).

Interactions between the vagal preganglionic nerves 
and sympathetic postganglionic neurons play an 
important role in the effects of the cholinergic anti-
inflammatory pathways. Experimental studies have
shown that efferent pathways of the vagus nerve exert
a potent anti-inflammatory effect through acetylcholine
release, which then binds to the α7 subtype of nico-
tinic receptors on immune cells. As a result, the term 
‘cholinergic anti-inflammatory pathway’ was introduced
(Tracey 2007). The spleen is thought to play a key role
in the vagal anti-inflammatory pathway (Huston et al. 
2006). Although some laboratories have shown a direct 
vagal innervation of the spleen (Buijs et al. 2008), 
parasympathetic innervation of the spleen remains 
questionable because nerve endings in close proximity 
to spleen macrophages are catecholaminergic instead 
of cholinergic. Therefore, the acetylcholine released
from efferent vagal fibers may not directly influence
splenic macrophages functions. Acetylcholine released 
from vagal preganglionic neurons may bind to the α7 
subtype of nicotinic receptors on sympathetic postgan-
glionic cells localized within the coeliac and superior 
mesenteric ganglia and consequently, through the axons 
of these sympathetic postganglionic neurons, this event 
may modulate the activity of the splenic immune cells. 
Therefore, it is suggested that the vagus nerve may,
through the sympathetic prevertebral ganglia, modulate 

the activity of the adrenergic nerves innervating the 
spleen. Catecholamines released from nerve endings 
of the splanchnic nerve stimulate the adrenergic recep-
tors of spleen macrophages and inhibit their activity 
(Rosas-Ballina et al. 2008; Schafer et al. 1998; Van 
Der Zanden et al. 2009).

Axo-axonal interactions. Sympathetic nerves are 
closely apposed to, and form functional synapses with, 
parasympathetic axons. These prejunctional interactions
between sympathetic and parasympathetic axons play an 
important role in the regulation of many effector organ
activities. Functional associations between sympathetic 
and parasympathetic nerve fibers imply an intimate
structural relationship between these two nerve systems. 
The basis for this relationship stems from the close jux-
taposition of the sympathetic and parasympathetic fibers
within a common Schwann cell sheath in the ground 
plexuses of various target organs, and from the direct 
axo-axonal contact observed between preterminal axons 
and varicosities (Hasan and Smith 2000).

Presynaptic interactions. Presynaptic interactions 
realized through presynaptically localized heterorecep-
tors for acetylcholine, norepinephrine, and neuropep-
tide Y enable reciprocal inhibition of neurotransmitter 
release from nerve endings of the sympathetic and 
parasympathetic postganglionic neurons. Acetylcholine, 
through binding to presynaptic muscarinic receptors 
localized on sympathetic nerve endings, decreases the 
release of norepinephrine from these nerves (Boehm 
and Kubista 2002; Kubista and Boehm 2006; Langer 
2008). On the contrary, norepinephrine released from 
activated sympathetic nerves acts through the presyn-
aptic α-adrenergic receptors localized on the endings of 
parasympathetic postganglionic neurons and inhibits 
the release of acetylcholine. Similarly, neuropeptide 
Y released from sympathetic nerve endings inhibits the 
effects of the vagus nerve on heart activity; on the other
hand, vagal stimulation inhibits the release of neuropep-
tide Y from sympathetic nerves (Elghozi and Julien 
2007; Herring et al. 2008; Langer 1997; Wetzel and 
Brown 1985). A role for other autonomic co-transmit-
ters (e.g. ATP, galanin) in the presynaptic modulation 
of autonomic nerve activities cannot be excluded. The
above-mentioned presynaptic interactions between 
sympathetic and parasympathetic nerve endings are 
especially important during pathological situations, 
such as heart failure (Azevedo and Parker 1999).

Postsynaptic interactions. Postsynaptic interactions 
are present at the level of the effector cell membranes
and at the level of the postsynaptic receptors, through 
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interactions between intracytoplasmic signaling cas-
cades activated by the binding of catecholamines and 
acetylcholine or their co-transmitters to the receptors of 
the effector cells. One example of these types of interac-
tions is modulation of the activity of a sinoatrial node of 
the heart by sympathetic and parasympathetic nervous 
systems, with the effects of acetylcholine predominat-
ing over the effects of norepinephrine (observed with
isolated rat atria). Acetylcholine, after binding to mus-
carinic receptors of the effector cells, activates a cascade
of intracytoplasmic processes that inhibit the increase 
of cAMP normally induced when the β-adrenergic 
receptors of these cells are occupied (Elghozi and 
Julien 2007).

The above-mentioned presynaptic and postsynaptic
interactions between the sympathetic nerves and the 
vagus nerve suggest that reciprocal inhibitory effects
exist. However, it is not possible to explain the depicted 
observation simply on the basis of neurotransmitter 
interactions - a more complex view is necessary. As 
an example, sympathetic co-stimulation increased 
the effect of vagus nerve stimulation on heart activity;
this phenomenon was named “accented antagonism” 
and indicates that the effect of sympathetic and vagal
stimulation on heart rate is complex and cannot be 
explained by simply adding the individual effects of the
sympathetic and parasympathetic divisions of the ANS 
on the effector cells (Elghozi and Julien 2007).

Paracrine effects. Activity of the autonomic nerves 
may be modulated in a paracrine manner. For example, 
natriuretic peptides released from the myocardium itself 
may act on autonomic neurons innervating the heart. It 
has been suggested that atrial natriuretic peptides can 
augment the bradycardia that occurs in response to 
efferent vagal nerve stimulation in vivo, due to adren-
ergic-cholinergic cross-talk via α1-adrenergic receptors 
on parasympathetic ganglia (Herring and Paterson 
2009).

Examples of peripheral interactions

The most prominent peripheral interactions between
the sympathetic and parasympathetic nervous systems 
are found in the sympathetic prevertebral ganglia (see 
above), intracardiac nervous system, adrenal medulla, 
and the vagal trunk.

Intracardiac nervous system. The intrinsic cardiac
nervous system, constituted by interconnected heart 
ganglia, plays an important role in the regulation of heart 
functions (Kukanova and Mravec, 2006). Heart gan-

glia contain a heterogeneous population of sympathetic, 
parasympathetic, and afferent neurons that are mutually
interconnected. Interactions between sympathetic and 
parasympathetic neurons of the heart ganglia participate 
in the modulation of heart rate (Randall et al. 2003).

Adrenal medulla. Published data suggest that the 
vagus nerve may influence parasympathetic innervation
of the adrenal medulla. Retrograde labeling studies in 
rats and guinea pigs demonstrate that vagal sensory 
ganglia and neuronal bodies are located in the dorsal 
motor nucleus of the vagus (Coupland et al. 1989). It 
was reported that vagotomy causes atrophy of chromaf-
fin cells in both mammals and birds (Pilo et al. 1984). 
Moreover, stimulation of the vagus nerve increases the 
activity of nerve fibers innervating adrenal medulla cells
(Niijima 1992), which may be a consequence of the in-
terpolation of vagal preganglionic fibers on sympathetic
postganglionic fibers in the sympathetic prevertebral
ganglia (for details see above).

In addition, epinephrine released from the adrenal 
medulla may increase the activity of afferent vagal fibers,
and these fibers might in turn influence the activity of
sympathetic nerves and thereby modulate the release of 
epinephrine (Mravec and Hulin 2006). This modulato-
ry effect of the effector hormones of the adrenomedullar
hormonal component of the sympathoadrenal system 
on vagus nerve activity may represent a highly complex 
form of peripheral interaction between the sympathetic 
and parasympathetic nervous systems.

Vagal trunk. The existence of sympathetic nerve fib-
ers within the vagus nerve represents another example 
of peripheral interaction between the sympathetic and 
parasympathetic divisions of the ANS. These fibers must
be distinguished from vagal catecholaminergic fibers
that originate in the DMV. Sympathetic fibers running
in the vagus nerve exhibit mainly noradrenergic phe-
notypes; therefore, parasympathetic catecholaminergic 
fibers are probably dopaminergic (Yang et al. 1999).

The presence of sympathetic fibers within the vagus
nerve has been described in several animal species 
(e.g., rat, cat, dog, and human). In cats and dogs, the 
sympathetic and parasympathetic trunks are combined 
into a common vagosympathetic trunk. The presence
of sympathetic fibers within the vagus nerve may rep-
resent a common phenomenon in the ANS. However, 
the functional significance of the coexistence of sympa-
thetic and parasympathetic fibers remains unclear. This
organization may enable co-activation of neurons of the 
autonomic ganglia and effector cells by sympathetic and
parasympathetic fibers (Kawagishi et al. 2008).
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Conclusions

The traditional model of the regulation of norepine-
phrine and acetylcholine release in target tissues suggests 
that sympathetic and parasympathetic nerve activities are 
driven solely via brainstem integration of various reflex
afferent inputs. This model suggests that the activities of
the efferent arms of the ANS are more or less independent
of each other. However, this view must be modified in light
of the discovery of bidirectional interactions between sym-
pathetic and parasympathetic efferent pathways at various
levels of the neuraxis and at the level of the target organs.

Multilevel interactions between the sympathetic and 
parasympathetic nervous systems enable the ANS to 

modulate the activity of an organism with an adequate 
level of precision. Alterations in these interactions can 
lead to unbalanced sympathetic and parasympathetic 
activities which may influence the development of vari-
ous diseases, including cardiovascular, inflammatory,
metabolic, neurological, and psychiatric diseases.
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