
The autonomic nervous system is a collection of affer-
ent and efferent neurons that link the CNS with visceral 
effectors1,2. The two efferent arms of the autonomic 
nervous system — the sympathetic and parasympathetic 
arms — consist of parallel and differentially regulated 
pathways made up of cholinergic neurons (preganglionic 
neurons) located within the CNS that innervate ganglia 
(for example, para- or pre-vertebral sympathetic gan-
glia), glands (adrenal glands) or neural networks of vary-
ing complexity (enteric or cardiac ganglionic networks) 
located outside the CNS1,2. These peripheral ganglia and 
networks contain the motor neurons (ganglionic neu-
rons) that control smooth muscles and other visceral 
targets. The sympathetic ganglionic neurons that control 
cardiovascular targets are primarily noradrenergic2.

Blood pressure (BP) fluctuates substantially with 
behaviour, but the 24-h average BP is tightly regulated. 
Hypertension is, by definition, a chronic elevation of the 
24-h average BP, and the disease is known as neurogenic 
if the probable cause is an abnormality of the autonomic 
nervous system rather than a primary vascular or renal 
defect. This abnormality can originate in the afferent 
arm of the system (for example, baroreceptors, chemo-
receptors and renal afferents) or in the central circuitry.

The neural control of the circulation operates via 
para sympathetic neurons that innervate the heart and 
via three main classes of sympathetic efferent — baro-
sensitive, thermosensitive and glucosensitive cardio-
vascular — that innervate blood vessels, the heart, the 
kidneys and the adrenal medulla. The barosensitive 
sympathetic efferents are under the control of arte-
rial baroreceptors. This large group of efferents has a 
dominant role in both short-term and long-term BP 
regulation. Their level of activity at rest is presumed to 
be the most crucial para meter for long-term BP control. 
This background activity is set by a core network of 
neurons that reside in the rostral ventrolateral medulla 

(RVLM), the spinal cord, the hypothalamus and the 
nucleus of the solitary tract (NTS). These structures are 
the primary focus of this review (FIG. 1). Limbic, cortical 
and midbrain structures (not discussed in this review) 
are responsible for the rapid changes in sympathetic 
tone that relate to behaviour. It is generally assumed 
that these changes are not pertinent to the long-term 
regulation of BP, except perhaps in the context of stress-
related hypertension.

I begin by discussing the determinants of BP and 
the cardiovascular sympathetic efferents that control 
it. The three central control regions — the RVLM, 
NTS and hypothalamus — that regulate the barosensi-
tive sympathetic efferents, and consequently BP, are 
described, together with their potential contribution 
to various forms of neurogenic hypertension.

Determinants and neural control of BP
BP is a function of vascular resistance and cardiac out-
put, two variables that are controlled by the autonomic 
nervous system. In turn, cardiac output is dependent on 
three regulated variables: end-diastolic volume; myocar-
dial contractility; and heart rate. End-diastolic volume is 
the volume reached by the ventricular chamber before 
contraction and is determined by venous pressure, which 
is related to blood volume and venous smooth muscle 
tone, both of which are under sympathetic control. 
Myocardial contractility and heart rate are regulated by 
both the sympathetic and parasympathetic divisions of 
the autonomic nervous system.

On a short timescale (seconds to hours), the auto-
nomic nervous system adjusts the circulation in keeping 
with behaviour (for example, feeding and exercise), the 
environment (for example, thermoregulation) and emo-
tions (for example, fright)1. These circulatory changes 
are components of more global autonomic response 
patterns that are elaborated in large portions of the 
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Abstract | Hypertension — the chronic elevation of blood pressure — is a major human health 
problem. In most cases, the root cause of the disease remains unknown, but there is mounting 
evidence that many forms of hypertension are initiated and maintained by an elevated 
sympathetic tone. This review examines how the sympathetic tone to cardiovascular organs 
is generated, and discusses how elevated sympathetic tone can contribute to hypertension.

R E V I E W S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 7 | MAY 2006 | 335



NTS

Cytokines
?

?

Aldosterone

? Ganglion

Regions of brain 
renin–angiotensin
system activity

Ang II Ang II

Ouabain-like
substance

Na+

Na+

Hypo-
thalamus Rostral

ventrolateral
medulla

Cytokines, 
O2, pH

Spinal
cord

Ang II

CO2, O2, ions 
and cytokines

SFO,
OVLT

AP

SGNSPGN

Cardiopulmonary
mechanoreceptors

Tissue
metabolites

To heart, arterioles 
and kidneys

Baroreflex
Reflex decrease in sympathetic 
nerve activity that is initiated 
by the activation of stretch-
sensitive afferents located in 
the arterial wall.

midbrain, limbic forebrain and cortex3–5. They occur 
via rapid changes in cardiac output and regional arte-
riolar resistance, and can be associated with substantial 
BP increases that are, in most instances, physiologically 
adaptive, thereby facilitating gas and nutrient exchange 
in metabolically active tissues (for example, muscles dur-
ing exercise). Behaviour-dependent rises in BP are both 
enabled and moderated by the baroreflex.

Numerous brain manipulations (including lesions, 
overexpression of nitric oxide synthase and brain-specific 
expression of various components of the renin–angio tensin 
system) produce long-term changes in mean BP6–8, thereby 
demonstrating that the CNS normally contributes to the 
long-term regulation of BP. The fact that renal denervation 
or specific brain lesions attenuate or delay the development 
of hypertension9,10 also indicates that the CNS contributes 
to the hypertensive process. However, the exact role of 

the CNS in long-term BP control is not well understood. 
From a neurophysiological perspective, the most funda-
mental and still unanswered question is whether the brain 
is a controller of BP in the strict engineering sense (that 
is, has the capacity to detect changes in BP and to initiate 
appropriate responses)11,12. How a set-point for BP might 
be encoded by the CNS and the nature of the error signals 
have yet to be established. The only well identified neural 
sensors that encode BP are the baroreceptors, but their 
contribution to the long-term regulation of BP has been 
repeatedly questioned (discussed later)11,12. Numerous 
humoral factors (for example, sodium, angiotensin II 
and mineralocorticoids) alter the activity of the central 
autonomic network via neural mechanisms that are 
being described in ever greater detail. However, evidence 
that these substances provide error signals for a CNS BP 
controller is tenuous12. Indeed, it could be argued that the 
neural control of the circulation is primarily designed to 
regulate blood volume and blood flow (cardiac output and 
its apportionment) at the expense of BP.

Any discussion of neurogenic hypertension must con-
sider the role of the kidneys. The influential model devel-
oped by Guyton postulates that the relationship between 
renal sodium excretion and BP (the pressure–natriuresis 
relationship) defines the BP homeostatic set-point13. 
According to this model, any increase in sodium reten-
tion produces an initial blood volume expansion, caus-
ing BP to increase via a rise in cardiac output. Eventually, 
tissue over-perfusion leads to an increase in peripheral 
resistance (whole-body autoregulation) that returns rest-
ing cardiac output towards normal13. According to this 
widely held theory, a resetting of the pressure–natriuresis 
relationship inevitably leads to hypertension, regardless 
of the cause of the resetting, whether it be humoral, neu-
ral, degenerative or genetic.

Although evidence that the brain regulates the 24-h 
average BP and contributes to the hypertensive process is 
very persuasive, the mechanisms are not well understood. 
Elevated sympathetic nerve activity (SNA) is present in 
most forms of human hypertension14 (FIG. 2) and a causal 
relationship is suggested by the well-documented antihy-
pertensive efficacy of sympatholytic drugs (for example, 
α1- or β-adrenergic receptor antagonists)15. However, 
elevated SNA might not be the sole mechanism involved 
in neurogenic hypertension, and how an increase in SNA 
raises the 24-h mean BP has not been established. The 
most commonly invoked mechanism is resetting of the 
renal BP–natriuresis relationship to higher levels of BP 
by either a rise in sympathetic tone to the kidney or by 
hormones whose production is partly controlled by the 
autonomic nervous system (for example, angiotensin II). 
However, abnormalities in the neural control of the heart 
and blood vessels are not ruled out9,13,16,17.

Sympathetic efferents that regulate BP
Cardiovascular sympathetic efferents can be broadly 
classified into three groups according to their dominant 
characteristic: thermosensitivity; glucosensitivity; or 
barosensitivity18–20. This section describes the general 
characteristics of each group, with a focus on the 
physiological properties of the barosensitive efferents.

Figure 1 | CNS network that regulates the basal sympathetic tone. The background 
level of sympathetic tone present at rest is presumably crucial for long-term blood 
pressure (BP) control. The network that sets this background level is located in the 
rostral ventrolateral medulla (RVLM), the spinal cord, the hypothalamus and the nucleus 
of the solitary tract (NTS). Limbic, cortical and midbrain structures (not represented 
here) are responsible for rapid behaviour-related adjustments of sympathetic tone but 
are probably not involved in the long-term regulation of BP, except perhaps in the 
context of stress-related hypertension. The core sympathetic network is regulated by 
many classes of sensory afferent that project either to the NTS (for example, 
baroreceptors and other mechanoreceptors from the cardiopulmonary region) or to the 
spinal cord (somatic and sympathetic afferents that detect a range of chemical or 
physical parameters from muscle stretch to tissue hypoxia and metabolites). The central 
portion of the network is also regulated at multiple levels by circulating hormones and 
blood-borne factors. Peptide hormones (for example, angiotensin II (ang II)) and 
cytokines (for example, interleukin-1) influence this network via circumventricular 
organs (subfornical organ (SFO), organum vasculosum lamina terminalis (OVLT) and area 
postrema (AP)) or through endothelial receptors that trigger the release of mediators 
that subsequently cross the blood–brain barrier (for example, nitric oxide and 
prostaglandins41,75). These transendothelial mechanisms operate in the hypothalamus, 
the RVLM and the NTS. Freely diffusible hormones (for example, ouabain-like 
substance115 and aldosterone) also act on this network, but their sites of action in the 
brain are not conclusively known104,113. The central network also responds to changes in 
sodium and osmolality that are detected at multiple hypothalamic sites, to carbon 
dioxide (CO2) via brainstem chemoreceptors, and could detect hypoxia directly in the 
brainstem. Moreover, virtually every component of the central network is influenced by 
the brain renin–angiotensin system through increased production of radical oxygen 
species and, possibly, other mechanisms8,119. Finally, the sympathetic ganglia are also 
influenced by hormones, such as angiotensin II, and transmitter release by sympathetic 
ganglionic neurons (SGNs) is regulated presynaptically by angiotensin II and 
catecholamines. SPGN, sympathetic preganglionic neuron. Black arrows indicate 
external effect; green arrows show interactions within the network.
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Classes of cardiovascular efferents. The thermosensitive 
group of cardiovascular efferents consists primarily of 
cutaneous vasoconstrictors that are activated by hypo-
thermia, emotional stimuli and hyperventilation19,21. The 
glucosensitive group controls adrenaline release from the 
adrenal medulla and is activated by hypoglycaemia and 
physical exercise22. These two types of cardiovascular 
efferent are only weakly, if at all, regulated by arterial 
baroreceptors, and presumably have a secondary role in 
short- and long-term BP stability.

The third class, which is by far the largest group of 
cardiovascular sympathetic efferents, is the barosensitive 
group. Regardless of the organ or tissue that they innervate, 
these neurons show ongoing activity at rest (sympathetic 
tone) and they discharge in bursts that are highly synchro-
nized with the arterial pulse and respiration19,21,23 (FIG. 2b). 
Barosensitive sympathetic efferents control the heart and 
the kidneys, the release of noradrenaline from a subset of 
adrenal chromaffin cells, and constrict resistance arteri-
oles, with the exception of those in the skin19. Barosensitive 
efferents are responsible for short-term BP fluctuations1,19. 
They are also likely to be a key determinant of the 

long-term neural control of BP, in part because renin secre-
tion, renal tubular sodium reabsorption and renal blood 
flow are apparently all under the control of this type of 
sympathetic efferent9.

Properties of barosensitive efferents. The physiologi-
cal properties of barosensitive sympathetic efferents 
are fairly uniform and have been thoroughly char-
acterized from recordings in anaesthetized or awake 
animals and from numerous recordings of ganglionic 
neurons in awake humans19,21,23 (FIG. 2). Barosensitive 
efferents are subject to numerous reflex regulations 
that operate as either feedback or feedforward mecha-
nisms19,24. For example, the activation of stretch-sensi-
tive afferents by ventilation (lung afferents) and arterial 
pressure (carotid and aortic receptors) inhibits SNA. 
By contrast, muscle receptors (group III and IV) that 
are activated by stretch and metabolites (for example, 
ATP, lactate and pH) raise the discharge of barosensi-
tive sympathetic fibres during exercise25. The activa-
tion of visceral nociceptors (for example, by angina) 
or cutaneous nociceptors elevates the activity of 

Figure 2 | Sympathetic tone and hypertension. a | Sympathetic nerve activity (SNA) can be measured directly in awake 
humans by the insertion of a metal electrode into a somatic nerve under conditions in which sensory and skeletomotor 
nerve activity are negligible21. MSNA, muscle SNA. b,c | Show examples of multifibre recordings from the peroneal nerve of 
normotensive (NT) and hypertensive participants, representing the resting level of activity of sympathetic postganglionic 
neurons that innervate muscle resistance arterioles14. MSNA represents the activity of a fairly homogeneous functional 
class of sympathetic efferent that is subject to a powerful feedback from arterial baroreceptors and has a central role in 
blood pressure (BP) homeostasis. Barosensitive sympathetic efferents innervate the kidneys, the heart, resistance 
arterioles and capacitance veins throughout the body (except in the skin). Their discharge occurs in bursts, because the 
pulsatile nature of arterial baroreceptor activity is transmitted polysynaptically through the entire brainstem baroreflex 
circuitry1. MSNA also fluctuates with respiration owing to feedback from other cardiopulmonary afferents and the fact 
that the autonomic circuits in the brainstem receive inputs from the central respiratory network19,23. The intensity and 
frequency of MSNA bursts is elevated in human essential hypertension (EH), several other forms of hypertension14 (such as 
those in obesity or obstructive sleep apnoea) and in many other pathological conditions (for example, heart failure, 
haemorrhage and dehydration). The increased burst frequency is clearly of CNS origin. The increased intensity of the 
bursts is probably also of central origin but could conceivably be due, in part, to hormone-induced changes in ganglionic 
transmission (FIG. 1). Panels b and c adapted, with permission, from REF. 14 © (2004) American Heart Association. EKG, 
electrocardiogram.
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barosensitive sympathetic efferents, as does the activation 
of peripheral (by hypoxia or hypercapnia) and central 
(by hypercapnia) chemoreceptors19,26. Barosensitive sym-
pathetic fibres are activated by mental stress and in many 
disease states1,19,21. On the basis of recordings made when 
animals were anaesthetized and awake, the response of 

barosensitive efferents to the above-mentioned list of 
stimuli or physiological conditions is typically in the 
same direction but variable in intensity depending on 
the organ targeted by these neurons. An important 
exception is the selective inhibition of renal SNA by 
atrial stretch or volume expansion, a reflex that is cru-
cial for the regulation of blood volume27,28. Contrary to 
previous assumptions, a decrease in barosensitive muscle 
SNA does not contribute to muscle vasodilation during 
exercise. Reflexly, and through central command, muscle 
sympathetic tone actually increases monotonically with 
the level of exercise, possibly to curb the hypotension 
that might otherwise result from excessive vasodilation 
due to local metabolites21,25.

In summary, barosensitive sympathetic efferents 
are regulated in parallel under most circumstances, 
but target-specific differences in their level of activity 
show that these efferents are, to some extent, differen-
tially regulated. The selective control of renal SNA by 
volume receptors could be the most important of these 
differential regulations.

The rostral ventrolateral medulla
Although anatomical experiments suggest that every 
sympathetic preganglionic neuron (SPGN) receives 
some synaptic input from the same general areas of the 
spinal cord, medulla oblongata and hypothalamus29–31 
(FIG. 3a), physiological evidence indicates that these CNS 
regions contribute unequally to the various sympathetic 
outflows. Barosensitive sympathetic efferents appear to 
be regulated primarily through the RVLM24, whereas 
the cutaneous circulation is regulated predominantly 
through the rostral ventromedial medulla (RVMM) and 
medullary raphe19,20,24. The central control of adrenaline 
secretion is less well understood. Although not under 
baroreceptor control, it is regulated, at least in part, by 
the RVLM22,32. The next sections focus on the anatomy 
of the RVLM, its role in regulating the activity of the 
barosensitive sympathetic efferents and its potential role 
in neurogenic hypertension.

C1 and other RVLM BP-regulating neurons. The C1 
neurons (FIG. 3) are, by definition, one of only three clus-
ters of adrenaline-synthesizing cells in the CNS33. In the 
early 1980s, the RVLM — the portion of the ventrolateral 
medulla that is coextensive with C1 neurons (FIG. 3b,c) 
— was definitively identified as a key BP regulatory cen-
tre1,24,34. The RVLM neurons that are most directly linked 
to BP control are cells that innervate SPGNs monosy-
naptically (FIG. 3). These neurons have a discharge pat-
tern that is similar to that of barosensitive sympathetic 
efferents and they are a nodal point for most, if not all, 
sympathetic reflexes that involve cardiovascular tar-
gets, with the exception of cutaneous arterioles1,20,35–37. 
All these RVLM neurons probably release glutamate, 
but they also synthesize various additional combina-
tions of transmitters, including adrenaline. Those that 
synthesize adrenaline (~70%) belong, by definition, to 
the C1 group34,38,39. However, not all C1 cells are under 
baroreceptor control; the best-documented example 
of non-barosensitive C1 cells is those that control 

Figure 3 | The rostral ventrolateral medulla and barosensitive sympathetic 
efferents. a | All sympathetic preganglionic neurons (SPGNs), regardless of their 
function, receive monosynaptic inputs from overlapping subsets of neurons located in 
each of the regions indicated30,36. The extent to which each of these regions contributes 
to the activity of the barosensitive system of sympathetic efferents probably depends on 
the physiological state and the type of sympathetic efferents. The rostral ventrolateral 
medulla (RVLM) is the dominant source of excitatory drive to the barosensitive class of 
sympathetic efferent under anaesthesia. Its role is assumed, but not proved, to be equally 
dominant in the awake state. The RVLM input originates from a neurochemically 
heterogeneous collection of glutamatergic neurons, a large subset (70%) of which also 
synthesize adrenaline. These are called C1 neurons30,33,36. Spinal interneurons are 
considered unimportant in regulating barosensitive efferents in intact mammals, but 
become dominant after spinal cord damage. b | RVLM barosensitive neurons receive 
inputs from multiple areas of the brain and spinal cord. Only a few of the inputs from the 
medulla oblongata are represented. These inputs presumably mediate some of the many 
cardiovascular reflexes that are integrated by the RVLM neurons. c | Anatomically correct 
location of the RVLM and caudal ventrolateral medulla (CVLM): the parasagittal section 
of the rat medulla oblongata 1.8 mm lateral to the midline. RVLM barosensitive neurons 
innervate numerous pontomedullary regions in addition to SPGNs. This fact is 
symbolized by a collateral to the dorsal pons. The RVLM and CVLM are both coextensive 
with the ventral respiratory column (VRC; outlined in blue). The cholinergic 
parasympathetic neurons that control the heart are also located in the same region. 
Parasympathetic neurons and the barosensitive RVLM neurons receive inputs from 
unidentified VRC neurons that coordinate respiration and circulation. A5, noradrenergic 
cluster located at the pontomedullary junction; CPA, caudal pressor area; Lat. hyp., 
lateral hypothalamus; LTF, lateral tegmental field; NTS, nucleus of the solitary tract; PVH, 
paraventricular nucleus of the hypothalamus; RVMM, rostral ventromedial medulla; 
GABA, γ-aminobutyric acid.
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adrenaline-releasing chromaffin cells22,32. Furthermore, 
neither RVLM barosensitive neurons nor the C1 cells 
should be viewed strictly as ‘central sympathetic neu-
rons’ because these cells, as well as innervating SPGNs, 
also innervate many regions of the medulla, pons and 
midbrain36.

The RVLM also contains C1 cells that innervate the 
hypothalamus. These neurons are different from those 
that innervate the spinal cord, but they have a range of 
neurochemical and electrophysiological properties that 
are similar to those of their bulbospinal counterparts40. 
Some of these cells presumably contribute a barorecep-
tor-modulated excitatory drive to the hypothalamic 
centres (paraventricular and median preoptic nuclei) 
that regulate aspects of circulation, including sodium 
and water balance. Other C1 cells are probably not under 
baroreceptor control40 and mediate, or at least enable, 
the activation of the hypothalamic–pituitary axis during 
a range of physical stresses that is clearly not limited to 
cardiovascular challenges32,41.

RVLM and sympathetic vasomotor tone. A background 
level of SNA that can be either withdrawn or enhanced 
is required for the short- and long-term stabilization of 
BP. As this background level is largely determined by 
the level of activity of RVLM barosensitive neurons, the 
intrinsic properties and inputs of these cells are central 
to understanding sympathetic tone and its pathologi-
cal abnormalities. Under most anaesthetic conditions, 
ionotropic glutamate transmission is a minor source of 
drive for barosensitive neurons36,42. However, glutamate 
transmission makes a much greater contribution to the 
activity of these neurons in animals that are dehydrated 
or have abnormal blood gases (that is, high CO2 and low  
O2), or when any of a large number of sympathoexcitatory 
reflexes are elicited36,37,43,44. In short, the activity of RVLM 
neurons appears to depend on ionotropic drives and 
metabotropic transmission (for example, neuropeptides; 
discussed below) in proportions that vary according to 
the physiological circumstances.

In brain slices, C1 neurons have beating properties 
that rely to some extent on a persistent sodium current45. 
Dissociated C1 neurons are not spontaneously active, 
which suggests that their autoactivity in slices relies in 
part on dendritic properties or requires unidentified 
extracellular signals46. So, whether autoactivity con-
tributes to the discharge of the barosensitive neurons, 
and therefore to basal vasomotor tone in vivo, has yet 
to be determined42. Besides GABA (γ-aminobutyric 
acid) and glutamate, the list of transmitters that regulate 
the barosensitive neurons is extensive. Acetylcholine, 
serotonin, corticotropin-releasing factor (CRF), oxy-
tocin, substance P, vasopressin and orexin have all been 
identified in nerve terminals that synapse onto identi-
fied or presumed BP-regulating neurons (usually C1 
cells)36. Some of these inputs (for example, acetylcholine, 
serotonin and orexin) probably originate from vigilance-
regulating networks and could contribute to the circadian 
rhythm of SNA and BP16. Other inputs originate from the 
hypothalamus (for example, vasopressin, oxytocin, CRF 
and angiotensin II) and have a role in the cardiovascular 

response to internal (for example, infection, dehydra-
tion, haemorrhage and heart failure) and external (for 
example, social) stresses36,43,47–50.

RVLM neurons also receive inputs from numer-
ous sources in the medulla oblongata and pons. Few 
of these inputs are thoroughly characterized, with the 
exception of a GABA-mediated input from the caudal 
ventrolateral medulla (CVLM) that is crucial to the 
baroreflex1,51 (FIG. 3b,c). The remaining sources of input 
have been identified primarily as sites at which electri-
cal or chemical stimulation elicits changes in BP: that is, 
the caudal pressor area; midline depressor area; various 
subnuclei of the NTS; and the gigantocellular depres-
sor area1 (FIG. 3b). These brainstem regions are probable 
relays for the various somatic and visceral sympathetic 
reflexes (exercise pressor reflex, nociceptive reflexes and 
cardiopulmonary reflexes) that are mediated, at least in 
part, through the RVLM52–54. Other pontomedullary 
areas probably serve as an interface between the cen-
tral respiratory network and the sympathetic outflow, 
and are responsible for the stimulatory effect of central 
and peripheral chemoreceptor activation on barosen-
sitive SNA44 (FIG. 3c). The RVLM could also contain 
interneurons that regulate the barosensitive neurons, 
given the differential sensitivity of various sympathetic 
reflexes to the microinjection of pharmacological agents 
into the RVLM (for an example, see REF. 55).

The organotopy hypothesis. The ‘organotopy’ theory 
states that separate groups of RVLM barosensitive neu-
rons preferentially control, for example, skeletal muscle 
arteries, splanchnic arteries, the heart and the kidneys56–58. 
Anatomical studies have yet to provide convincing evi-
dence in support of this hypothesis29,31,59,60, but there is 
physiological evidence for some input–output diversity 
among RVLM barosensitive neurons. The best evidence 
for output diversity comes from RVLM microstimula-
tion, which produces different activation of various sym-
pathetic nerves, depending on the site of stimulation56–58. 
Input diversity is supported by unit recordings that show 
cell-specific responses to the intravenous injection of 
cholecystokinin and the activation of central and periph-
eral chemoreceptors61,62, but these cells have a uniform 
response to many other stimuli. In any event, the target 
specific responses of barosensitive sympathetic efferents 
are unlikely to be entirely due to differential recruitment 
of RVLM barosensitive neurons. For example, direct 
projections from the paraventricular nucleus of the 
hypothalamus (PVH) to SPGNs probably contribute to 
the selective control of renal SNA by volume receptors27. 
The scheme proposed in FIG. 4 is an attempt to reconcile 
the contradictory evidence regarding the RVLM.

RVLM and long-term BP control. Adenovirus-mediated 
overexpression of endothelial nitric oxide synthase 
(eNOS) in the RVLM leads to reductions in BP 5–10 days 
after injection of the viral vector, presumably by enhanc-
ing GABA-mediated inhibition of barosensitive neu-
rons63,64. The effect of eNOS overexpression is much 
greater in the spontaneously hypertensive-stroke-prone 
rat than in normotensive controls63, which is consistent 

R E V I E W S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 7 | MAY 2006 | 339



Many shared inputs

Few specialized
inputs

RVLM

Muscles

Gut

Kidneys

Heart

Adrenals
SGNs SPGNs

Chemoreflex
Reflex elicited by the activation 
of the carotid bodies (by 
hypoxia and hypercapnia) or 
central chemoreceptors (by 
hypercapnia).

with the higher resting level of SNA present in this 
rat strain. Destruction of the C1 cells, many of which 
regulate the kidneys65,66, also causes a sustained BP reduc-
tion in awake rats6. The hypotension is relatively modest 
(10 mm Hg) presumably because the non-catecholamin-
ergic population of RVLM barosensitive neurons are 
spared39. If it is assumed that only renal nerves can alter 
the BP set-point, these studies suggest that hypertension 
could result from the chronic hyperactivity of the RVLM 
barosensitive neurons that control renal SNA17. However, 
the increased activity of RVLM barosensitive neurons in 
hypertensive rats is unlikely to be restricted to just a few 
specialized neurons that control kidney natriuresis. The 
large and rapid drop in BP caused by inhibiting hypotha-
lamic or RVLM neurons in animal models of neurogenic 
hypertension, such as the spontaneously hypertensive and 
the Dahl salt-sensitive rat strains, denotes a generalized 
increase in sympathetic tone that involves the skeletal 
muscles, the splanchnic beds and probably the heart50,67,68. 
The hypothesis of a global increase in the activity of 
RVLM barosensitive neurons in neurogenic hypertension 
is consistent with the upregulation of catecholaminergic 
gene expression observed in the RVLM of spontaneously 
hypertensive rats69,70. It is also consistent with the fact that 
barosensitive SNA is elevated throughout the body in 
most forms of human hypertension14.

In the following sections, I review two types of mech-
anism that are suspected to elevate SNA chronically, at 
least in part, by raising the activity of RVLM neurons. 
The first is a dysfunction of certain visceral reflexes (that 
is, baroreflex and chemoreflex) that are processed by the 
NTS. The second involves two key hypothalamic nuclei 
— the paraventricular and the dorsomedial nuclei.

The nucleus of the solitary tract and hypertension
The NTS is a principal integrative centre for circula-
tory control1,71. It receives direct input from cardiopul-
monary afferents (for example, arterial baroreceptors, 
volume receptors and peripheral chemoreceptors) and 
polysynaptic inputs from many sympathetic and somatic 
afferents1,71. Arterial baroreceptors are the afferent arm 
of the baroreflex, which has a crucial role in short-term 
BP control. The activation of peripheral chemorecep-
tors by hypoxia and hypercapnia causes a generalized 
increase in the activity of barosensitive sympathetic 
efferents — the chemoreflex. Abnormalities of baro- or 
chemoreceptor afferent input, or of their processing in 
the NTS, could contribute to several forms of neurogenic 
hypertension.

Baroreceptors, the arterial baroreflex and neurogenic 
hypertension. The sympathetic baroreflex is a feedback 
loop, the afferent limb of which involves mechanore-
ceptors that are activated by distention of the arterial 
wall1. An increase in BP activates baroreceptors, thereby 
causing inhibition of cardiac, renal and vasomotor sym-
pathetic efferents, which, in turn, leads to restoration of 
BP: the core circuitry of the reflex is probably as depicted 
in FIG. 3c. The best-known function of this reflex, 
together with its cardiovagal counterpart, is to dampen 
short-term BP fluctuations1,72,73. However, this reflex is 
also actively reset to allow BP to rise appropriately dur-
ing certain behaviours such that the operating range is 
increased to higher BP levels without reduction in reflex 
sensitivity. Baroreflex resetting involves both neural 
and humoral mechanisms (FIG. 5). For example, GABA-
mediated inputs can bias the response of NTS second-
order neurons to baroreceptor afferent stimulation via 
both pre- and postsynaptic mechanisms, leading to a 
resetting of the reflex to a higher BP level74. Baroreflex 
resetting can be triggered reflexly (for example, by mus-
cle contraction or nociceptive stimulation) or by central 
inputs generated by higher brain regions23,71. Baroreflex 
resetting in the NTS, together with an upregulation of 
the activity of RVLM neurons, is probably crucial to 
allow BP to rise during appropriate behaviours (FIG. 5). 
Transmission between baroreceptor afferents and NTS 
efferent neurons (presumed to be second-order neurons) 
is also subject to neurohumoral regulation. Circulating 
angiotensin II, for example, reduces this transmission 
by activating endothelial angiotensin II receptors type 
1 (AT1), which causes the release of nitric oxide by these 
cells. Nitric oxide, which is freely diffusible, migrates 
across the capillaries into the neuropil and potentiates 
GABA release75,76 (FIG. 5). Angiotensin II derived from 
the brain’s renin–angiotensin system could also reset the 
reflex by the same mechanism.

Figure 4 | Organization of the barosensitive rostral 
ventrolateral medulla projection. The degree of 
convergence and divergence between rostral ventrolateral 
medulla (RVLM) barosensitive neurons and their 
preganglionic targets is uncertain. The proposed scheme 
has a high degree of divergence to account for the 
anatomical data. Organs — such as muscles, gut, kidney, 
heart and adrenal medulla — are innervated by 
sympathetic ganglionic neurons (SGNs) under the control 
of target-specified sympathetic preganglionic neurons 
(SPGNs), which, in turn, are assumed to receive inputs from 
a large fraction of RVLM neurons. To account for the 
differential activation of the various outputs, the inputs 
must be of different proportions or strengths (thickness of 
arrow lines). RVLM barosensitive neurons are also 
represented as sharing a large number of inputs to account 
for their parallel activation under many experimental 
conditions.
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The GABA-containing interneurons of the CVLM 
(FIGS 3,5) exert a continuous and powerful restraining 
influence on RVLM barosensitive neurons, and are more 
than a simple relay in the arterial baroreflex72. Many of 
these interneurons have baseline activity even without 
vagal afferent input, and must therefore have other sources 
of drive besides baroreceptors72. These baroreceptor-inde-
pendent inputs are still largely unexplored, despite their 
potential importance to the long-term regulation of BP.

The literature suggests that arterial baroreceptors 
have little influence on the long-term average BP under 
unstressed conditions77. This point was originally made in 
the 1970s by Cowley11, who showed that complete surgical 
elimination of arterial baroreceptors (sinoaortic denervation) 
produces only transient elevations of the 24-h average BP 
in awake dogs. The issue has been recently revisited in 

awake dogs and rabbits using a physiological protocol that 
produces an abnormally low arterial baroreceptor dis-
charge but preserves the physical integrity of the afferents. 
This procedure increased mean BP for a few days, but the 
effect was not permanent78 (reviewed in REF. 77), which is 
in agreement with Cowley’s observations. However, there 
is increasing evidence that the slow return of BP towards 
control after sinoaortic denervation is associated with a 
gradual return of SNA towards normal77,79. This normali-
zation is partly the result of the restoration of an excita-
tory drive to CVLM neurons that compensates for the 
loss of the baroreceptor input to these cells79. The signals 
responsible for normalizing the activity of the CVLM, and 
ultimately that of the RVLM–SNA–BP cascade, probably 
do not originate from cardiopulmonary receptors77,79, but 
these signals have yet to be identified.

When dietary salt consumption is increased, sinoaor-
tic denervation causes hypertension (up to 20 mm Hg), 
which indicates that baroreceptors do regulate the 24-h 
average BP under this condition77. This rise in BP could 
be due to an impaired ability to buffer the 12-h oscil-
latory osmotic and volume stimuli that are caused by 
the daily cycle of salt consumption77. Another possibil-
ity is that baroreceptors attenuate the stimulatory effect 
of sodium on SNA that is mediated by hypothalamic 
receptors80 (discussed below). Arterial baroreceptor 
dysfunction could also contribute to the development 
of hypertension in the Dahl salt-sensitive rat77. The role 
of baroreceptors in salt-dependent hypertension could 
rely on mechanisms that are much more complex than 
a simple brainstem reflex dysfunction, because barore-
ceptors also exert powerful influences on the hypotha-
lamus and beyond. For example, ascending C1 neurons 
innervate the PVH, the median preoptic nucleus and 
even the subfornical organ and other circumventricular 
organs81–83. Through these projections, baroreceptor 
afferents could influence sodium and volume regulatory 
mechanisms, including angiotensin II-mediated control 
of these mechanisms.

Chronic intermittent hypoxia and hypertension. The 
activation of carotid body chemoreceptor afferents by 
hypoxia or hypercapnia stimulates breathing, causes 
arousal and increases SNA to the heart and blood vessels 
(sympathetic chemoreflex)44. In obstructive sleep apnoea 
(OSA), repeated nocturnal episodes of airway blockade 
cause periodic asphyxia, leading to severe episodes of 
increased BP84. The acute increases in BP and heart rate 
are associated with massive rises in SNA that result from 
the activation of peripheral chemoreceptors with some 
possible contribution from central chemoreceptors84. 
The sympathetic chemoreflex originates from the caudal 
aspect of the NTS and requires the activation of RVLM 
barosensitive neurons44,85,86. This reflex probably involves 
a direct connection from the NTS to RVLM barosensi-
tive neurons, and indirect connections to these cells via 
the respiratory pattern generator44.

OSA also causes persistent day-time increases in 
SNA, which probably contribute to the associated 
hypertension84. Intermittent asphyxia could contribute 
to the chronically elevated SNA: intermittent asphyxia 

Figure 5 | Neuronal and humoral control of the 
baroreflex. Numerous factors cause rises in blood 
pressure (BP), for example, pain and physical exercise. 
Increases in BP are brought about predominantly through 
three mechanisms. One involves the stimulation of 
glutamatergic rostral ventrolateral medulla (RVLM) 
barosensitive neurons via spinoreticular afferents (pain and 
muscle receptors) or inputs from more rostral structures 
(central command) (1). A second mechanism is a reduction 
of the baroreceptor feedback due to a biasing of the 
transmission between baroreceptor afferents and second-
order neurons in the nucleus of the solitary tract (NTS) (2). 
The mechanism relies on pre- and postsynaptic inhibition 
mediated by GABA (γ-aminobutyric acid) and other 
substances such as vasopressin (not represented). Last, the 
baroreflex is also under humoral control (3). Circulating 
angiotensin II (Ang II), for example, also reduces 
transmission between baroreceptor afferents and second-
order neurons. The mechanism of angiotensin II control of 
the baroreflex involves the production of nitric oxide (NO) 
by the capillary endothelium, and this mechanism could 
have a role in neurogenic hypertension75. CVLM, caudal 
ventrolateral medulla; Glu, glutamate; SGN, sympathetic 
ganglionic neuron; SPGN, sympathetic preganglionic 
neuron.
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sensitizes the carotid body chemoreceptors to hypoxia 
and causes the chemoreceptor afferents to be tonically 
active even when the blood oxygen concentration is 
normal84,87. However, the C1 neurons of rats exposed 
to hypoxia express higher levels of hypoxia-inducible 
factor 1-α and tyrosine hydroxylase, even when the 
carotid bodies have been denervated88,89. Therefore, C1 
neurons could be directly sensitive to CNS hypoxia, as 
previously suggested based on the observation that these 
neurons are strongly activated during cerebral ischae-
mia90. Whether the oxygen-sensitivity of the C1 cells 
is a physiological regulator of BP designed to maintain 
cerebral blood flow homeostasis under more physiologi-
cal circumstances has yet to be determined77. However, 
the hypoxic sensitivity of RVLM neurons could account 
for the hypertension that is associated with vascular 
compression of the ventrolateral medulla91.

The hypothalamus and BP control
The PVH and the dorsomedial nucleus are currently 
seen as key hypothalamic integrative centres for cir-
culatory control17. The dorsomedial hypothalamus 
contributes mostly to the cardiovascular responses 
produced by environmental stresses or threats17,92. The 
PVH is a convergence point for numerous hypothalamic 
regions involved in bodily homeostasis (for example, 

fluid regulation, metabolism, immune responses and 
thermoregulation)93. The cardiovascular portion of the 
sympathetic outflow is regulated through PVH neurons 
that reside in the parvocellular subdivision of the nucleus 
and innervate the lower brainstem (for example, the NTS 
and RVLM) and spinal cord27,80,93. The PVH autonomic 
neurons use a combination of glutamate and peptides 
as transmitters (for example, vasopressin, oxytocin and 
CRF)93,94. Physiological evidence suggests that subsets 
of PVH autonomic neurons preferentially control renal 
sympathetic efferents27,28, but the overall neuroanatomi-
cal organization of PVH autonomic neurons is unclear 
and their peptide profile has not been matched to any 
specific physiological function.

PVH, osmolality and blood volume regulation. The 
activity of many PVH autonomic neurons is regulated 
by the competing influences of blood volume, BP and 
osmolality (FIG. 6). Volume expansion decreases renal 
SNA selectively28. This effect is initiated by activation 
of vagal mechanoreceptors located at the venous–atrial 
junctions of the heart27. Activation of these receptors 
excites NTS neurons27,95 and the renal sympathetic reflex 
requires the integrity of the PVH region27,96. The pathway 
between the NTS and PVH does not involve the CVLM, 
but is otherwise poorly understood95. The bulk of the 
evidence suggests that renal nerve inhibition is produced 
by withdrawal of the sympathoexcitatory effect of PVH 
autonomic neurons that project to SPGNs and/or to the 
RVLM27. On the basis of the sensitivity of the response to 
the injection of receptor antagonists in the PVH region, 
the inhibition of PVH autonomic neurons by volume 
expansion probably requires the activation of still uni-
dentified local GABA-containing interneurons (FIG. 6).

Short-term intravenous administration of hyperos-
motic saline decreases renal SNA and increases lumbar 
SNA97,98. The renal nerve response is mediated by a com-
bination of hepatoportal osmoreceptor stimulation and 
arterial and volume receptor activation and, therefore, 
appears to have little to do with central osmoreceptors98. 
The arterial-baroreceptor-independent portion of this 
acute response to saline infusion is attenuated by injec-
tion of a glutamate receptor antagonist in the region of 
the PVH or by inhibiting this region with muscimol99, 
and is therefore probably due to inhibition of auto-
nomic PVH neurons through a mechanism similar to 
that described above for volume expansion. Long-term 
increases in osmolality caused by water deprivation 
produce a more generalized increase in SNA, although 
the increase is greater and occurs earlier in the lumbar 
nerves than in the renal nerves100. Under anaesthesia, 
intravenous administration of hypertonic saline pro-
duces a delayed increase in lumbar SNA, whereas an 
immediate rise in renal SNA can be elicited by intraca-
rotid bolus injections of hyperosmotic saline that do not 
change peripheral osmolality101. The increase in SNA 
caused by water deprivation correlates with a massive 
activation of the PVH autonomic neurons that project 
to the RVLM and the spinal cord80,100. The activation of 
the PVH autonomic neurons is thought to be secondary 
to the activation of central osmoreceptors or sodium 

Figure 6 | Sodium, renal sympathetic tone and blood pressure control. A feedback 
loop involving atrial (volume) receptors, the nucleus of the solitary tract (NTS), the 
paraventricular nucleus of the hypothalamus (PVH) and the renal sympathetic nerves 
regulates sodium reabsorption by the kidney, and so contributes to blood volume 
homeostasis. The regulation of renal sympathetic nerve activity (SNA) by arterial 
baroreceptors operates mostly through the rostral ventrolateral medulla (RVLM) — C1 
and non-adrenergic cells. Renal SNA is also regulated by blood and brain osmolality 
through peripheral and central osmoreceptors and by sodium acting at the level of 
hypothalamic receptors, including those in the median preoptic nucleus (mnPO). 
Integration between these competing influences seems to occur at the level of the PVH 
autonomic neurons and to be influenced by the level of circulating angiotensin II (Ang II) 
and mineralocorticoids. The PVH contains several classes of autonomic neuron that exert 
preferential influence over the kidneys versus resistance arteries elsewhere in the body. 
Dotted lines represent pathways that are not yet fully documented. CVO, 
circumventricular organ; SGN, sympathetic ganglionic neuron; SPGN, sympathetic 
preganglionic neuron.
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receptors that are located in circumventricular organs 
(subfornical organ and organum vasculosum lamina 
terminalis) or in the median preoptic nucleus80,102. The 
increase in SNA is ultimately mediated by activation of 
RVLM BP-regulating neurons, and glutamate is one of 
the transmitters involved80,94 (FIG. 6).

The sympathoexcitatory effects caused by increased 
brain sodium concentration could be relevant to salt-
induced hypertension80. Because the sympathoexcitatory 
effect of salt is amplified by angiotensin II and aldoster-
one, an inappropriate suppression of these hormones by 
high salt intake could synergize with the slight increase 
in osmolality caused by elevated salt consumption and 
lead to hypertension80. Evidence supporting this concept 
was recently provided by results from the deoxycorticos-
terone acetate (DOCA)-salt model of hypertension103. 
The neurophysiological mechanisms responsible for this 
synergy are still being investigated (for a discussion, see 
REF. 80). Aldosterone could evoke a response through a 
discrete group of NTS neurons that selectively respond to 
this hormone by virtue of the fact that they express high 
concentrations of mineralocorticoid receptors and of the 
glucocorticoid-inactivating enzyme 11-β-hydroxysteroid 
dehydrogenase type 2 (11βHSD2) (REF. 104). The activ-
ity of these neurons correlates with sodium appetite104 
but, given their location, these cells could also regulate 
autonomic efferents.

In the case of angiotensin II, increased production 
of intracellular oxygen radical species specifically in the 
subfornical organ seems to be crucial to the development 
of the neurogenic hypertension produced by inappropri-
ately high levels of circulating angiotensin II (REF. 105). 
The subfornical organ is sensitive to both angiotensin II 
and sodium/osmolality, and so a synergy at this level is 
conceivable. The role of the brain’s renin–angiotensin sys-
tem in hypertension is less well understood. Angiotensin 
II has effects at multiple locations in the network that 
controls sympathetic tone (that is, the median preoptic 
nucleus, PVH, NTS, RVLM, SPGNs and probably all 
noradrenergic neurons). Transgenic mice express-
ing both the human renin gene, REN, and the human 
angiotensinogen gene AGT — the expression of the 
latter is controlled by a glial-specific promoter in these 
mice — have a 15 mm Hg increase in BP and an increased 
preference for salt8. These defects are normalized by 
intracerebroventricular administration of an AT1 recep-
tor antagonist and are therefore presumably caused by 
chronic overproduction of angiotensin II (REF. 8). This 
study reinforces the idea that an unregulated increase 
in brain angiotensin II can elevate the 24-h mean BP. 
However, the key, and still unanswered, question is what 
regulates the activity of the central renin–angiotensin 
system.

PVH and neurogenic hypertension. The hyperactivity 
of RVLM barosensitive neurons in several models of 
hypertension (for example, spontaneously hypertensive, 
Dahl salt-sensitive and renal hypertensive rats) relies 
partly on an increased excitatory drive from the parvo-
cellular autonomic neurons50,68. Injection of antagonists 
of either angiotensin receptors or glutamate receptors 

into the RVLM reduces BP to a greater extent in specific 
hypertensive strains of rat64,68. These effects are tenta-
tively attributed to increased release of glutamate and of 
angiotensin II by PVH neurons with RVLM projections, 
although other explanations are possible, including an 
increased local production of angiotensin II by cells 
resident in the RVLM, increased angiotensin II receptor 
numbers, or more efficient receptor–effector coupling 
mechanisms in the RVLM. The effect of angiotensin 
II on RVLM barosensitive neurons relies on several 
mechanisms that could be interrelated and need to be 
further investigated: potential mechanisms include the 
closure of a resting potassium conductance located on 
the barosensitive neurons, an increase in reactive oxygen 
species and a decrease in the concentration of nitric oxide 
of uncertain cellular origin47,106.

Dorsomedial hypothalamus and hypertension. The dor-
somedial nucleus92 and the immediately adjacent perifor-
nical area107 have long been implicated in the genesis of 
autonomic responses to environmental stresses or threats17. 
Chemical stimulation of this region produces tachycar-
dia that is mediated primarily by the midline medulla, as 
well as changes in blood flow and BP that are mediated 
by the RVLM17,92. The dorsomedial hypothalamus and 
RVLM are connected by both a direct projection and an 
indirect pathway that relays through the PVH and/or 
the periaqueductal grey matter, where similar types of 
response can be elicited108,109. In rats, environmental chal-
lenges, such as repeated air-jet stress, produce a chronic 
increase in renal SNA, which, in genetically prone strains 
(borderline hypertensive or Dahl salt-sensitive rats), can 
cause chronic hypertension by facilitating sodium reten-
tion9. A similar interaction between salt-sensitivity and 
stress also occurs in humans, and this could contribute 
to some forms of hypertension9.

The PVH–RVLM axis and heart failure. Heart failure is 
another condition associated with a chronic activation 
of barosensitive sympathetic efferents. In heart failure, 
because the myocardium fails, increased SNA does not 
cause hypertension. However, the mechanisms involved 
in raising SNA — a mixture of reflex and hormonal 
dysfunction — could be highly relevant to neurogenic 
hypertension. Catecholamine overflow is also increased 
to a greater extent in the myocardium than in other loca-
tions during heart failure110. This peculiarity is implicitly 
attributed to greater sympathetic preganglionic effer-
ent activity to the heart than other organs, but direct 
evidence is lacking and cardiac ganglion dysfunction 
could also conceivably contribute to the regional dis-
parity in catecholamine overflow. Interestingly, heart 
failure is also associated with a massive upregulation of 
CNS catecholaminergic neurons that includes, but is not 
limited to, the adrenergic neurons111. The PVH–RVLM 
axis is also activated in animal models of ischaemic heart 
failure, and this activation undoubtedly contributes to the 
general state of sympathoactivation112. Activation of the 
PVH–RVLM axis is due, in part, to heightened excitatory 
inputs from peripheral sensory afferents that are sensitive 
to tissue hypoxia (cardiac receptors and, possibly, skeletal 
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muscle receptors) and a reduced feedback from arterial 
baroreceptors112. The brain renin–angiotensin system is 
also upregulated, perhaps under the influence of a height-
ened level of circulating adrenal mineralocorticoids or a 
circulating ouabain-like compound113–115. PVH neurons 
are activated by reductions in GABA- and/or nitric oxide-
mediated inhibition116. However, upregulation of the 
brain renin–angiotensin system is not limited to the PVH 
but includes other hypothalamic regions involved in cir-
culatory control — that is, the circumventricular organs, 
the RVLM and the NTS112,117. Many of the CNS effects of 
angiotensin, especially in heart failure, are attributed to a 
heightened production of radical oxygen species118.

Conclusion
The basal activity of the barosensitive sympathetic 
efferents is generated by a complex but increasingly well 
understood network of neurons located in the hypotha-
lamus and medulla oblongata. The RVLM is probably 
the most important nodal point of the network, but 
this idea derives mostly from experiments carried out 
under anaesthesia, and additional evidence is required 
to ascertain that this structure is equally important in the 
awake state. A specific marker common to all forms of 
RVLM BP-regulating neuron has not been found, which 
precludes the use of mouse genetics to determine how 
crucial these neurons really are for long-term BP control. 
Despite its probable importance to BP control, the RVLM 
is only a nodal point in a CNS network of extraordinary 
complexity. The activity of barosensitive SPGNs is also 
undoubtedly influenced by inputs from many other 
regions besides the RVLM (FIG. 2a). These inputs fine-
tune the effects of the dominant RVLM excitatory input 
in ways that are poorly understood and contribute to the 
subtle target-dependent differential control of barosensi-
tive sympathetic efferents. One of the most glaring holes 
in our understanding of BP control by the sympathetic 
system concerns the role of spinal interneurons and 
of the descending inhibitory pathways that originate 
from the midline medulla oblongata. Both hypotha-
lamic nuclei — paraventricular and the dorsomedial 
nuclei — highlighted in this review are also mere gateways 
between the forebrain and the pontomedullary circuits 
that regulate the autonomic outflows. The CNS network 
that controls the circulation is also regulated by numer-
ous blood-borne chemicals such as sodium, O2, CO2, 
hormones (for example, mineralocorticoids, ouabain-
like compound and angiotensin II) and cytokines that 

access the CNS directly or via circumventricular organs, 
or influence the brain by eliciting the release of diffusible 
mediators (angiotensin II and interleukin-1) by the vas-
cular endothelium. Although the complicated humoral 
regulation of the central autonomic network adds 
another layer of complexity, it could also provide thera-
peutic opportunities for the treatment of hypertension.
Enhanced sympathetic activity and hypertension often 
correlate with an activation of the brain endogenous 
renin–angiotensin system and increased oxidative stress 
in subcortical structures. Given that virtually every com-
ponent of the subcortical sympathetic network that has 
been tested responds to angiotensin II, understanding 
the mechanisms responsible for the activation of the 
brain renin–angiotensin system remains a priority.

The sympathetic efferents that innervate the kidneys 
are commonly presented as the only ones that are capa-
ble of influencing the 24-h average BP. If this theory is 
correct, a more complete knowledge of the neural path-
ways that selectively regulate renal SNA could be key to 
understanding the contribution of the CNS to hyper-
tension. However, this theory has yet to be proved, and 
current evidence suggests that, in hypertensive humans 
and animals, the rise in the activity of barosensitive 
sympathetic efferents is not restricted to the renal nerves 
but is generalized110. Accordingly, it is also plausible that 
neurogenic hypertension could originate from CNS 
circuits that exert a broad influence over all barosensi-
tive sympathetic efferents or, conceivably, over an even 
larger array of sympathetic efferents. The upregulation of 
RVLM barosensitive neurons offers a plausible explana-
tion for the generalized increase in sympathetic tone in 
hypertension because many C1 cells appear to be cen-
tral command neurons that regulate SNA to multiple 
organs31,69. However, the root cause of this upregulation 
is still to be explained, and is likely to be secondary to 
an increased synaptic drive from other brain structures 
such as the PVH.

In conclusion, dysfunctional reflexes and/or 
increased activity of the PVH–RVLM axis are factors 
that are currently suspected of contributing to the 
chronic elevation of barosensitive sympathetic effer-
ents in many forms of hypertension. The key to neu-
rogenic hypertension awaits further understanding of 
the CNS networks that regulate sympathetic efferents, 
and the humoral control of these circuits could offer 
new possibilities for pharmacological intervention in 
hypertension.
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