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  Compared with substantial clinical research on the 
renin-angiotensin-aldosterone system (RAAS), much 
less is known about the importance of the sympathetic 
nervous system as a therapeutic target to slow the ini-
tiation and progression of human hypertension. Using 
microelectrode recordings of sympathetic activity and 
radiotracer measurements of regional norepinephrine 
spillover in hypertensive patients, recent research has 
advanced several provocative fi ndings with novel—but 
still largely potential—therapeutic implications for 
clinical hypertension. These include a stronger scientifi c 
rationale for using 1) combined  α / β -blockers in the early 
phases of primary hypertension and obesity-related 
hypertension; 2) RAAS blockers as central sympatho-
lytics in hypertension associated with chronic kidney 
disease; and 3) a higher dialysis dose—either nocturnal 
or short daily hemodialysis—to reduce uremic stimu-
lation of a blood pressure–raising refl ex arising in the 
failing kidneys. New outcomes trials are needed if we 
are to translate this largely theoretical body of research 
into clinical practice.

  Introduction
  For several decades, the sympathetic nervous system has 
been the “stepchild” of clinical hypertension. Sympathetic 
neural mechanisms are given comparatively little time in 
scientifi c programs at national meetings of heart and kidney 
associations and even hypertension societies. Compared 
with the renin-angiotensin-aldosterone system (RAAS), 
the activity of the sympathetic nervous system is harder 
to measure. Compared with RAAS blockers, central sym-
patholytics and adrenergic blockers have far less favorable 
side-effect profi les due to multiple sites of action, especially 

within the central nervous system. Moreover, in recent 
cardiovascular outcomes trials,  α -blockers and  β -blockers 
have not performed as well as other classes of antihyper-
tensives; they are no longer considered fi rst-line therapy for 
uncomplicated hypertension [ 1 ].

  However, at the cell and molecular levels, norepi-
nephrine is just as potent as angiotensin II in causing 
remodeling and hypertrophy of vascular smooth muscle 
and cardiac muscle [ 2 ]. Furthermore, sympathetic activa-
tion stimulates renin release and renal sodium retention, 
contributing to hypertension in numerous animal models 
[ 2 ]. Sustained sympathetic activation has been demon-
strated in several forms of human hypertension but large 
gaps remain in our understanding of the precise mecha-
nisms driving this activity and its contribution to the 
development and progression of hypertension. A better 
understanding of sympathetic neural mechanisms of 
human hypertension is needed to identify more specifi c 
therapeutic targets. 

  In the past 5 years, the fi eld has not seen earth-shat-
tering breakthroughs but signifi cant progress has been 
made in at least three forms: 1) primary hypertension, 
2) renal parenchymal hypertension, and 3) obesity-related 
hypertension. There is increasing evidence that all three 
hypertensive states are accompanied by marked sympa-
thetic activation but with distinct differences in apparent 
mechanisms and patterns of sympathetic activation and in 
sympathetic responsiveness to specifi c pharmacologic and 
nonpharmacologic interventions. 

  Primary Hypertension 
  As noted earlier, sympathetic nerve activity is diffi cult to 
measure, particularly in the clinical setting. Plasma nor-
epinephrine levels are an insensitive measure [ 3 ]. Although 
easily performed and noninvasive, frequency analysis of 
heart rate variability is not a valid measure of sympathetic 
nerve activity [ 4–6 ]. The two state-of-the-art techniques 
that best quantify sympathetic nerve activity in humans 
are radiotracer measurements of regional norepinephrine 
spillover and microneurography (microelectrode measure-
ments of sympathetic nerve activity) [ 3 , 7 , 8•• ]. The former 
is invasive and requires arterial cannulation. The latter is 
minimally invasive and requires specialized training. 
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  Using these techniques, several research teams have 
provided convincing evidence that stage 1 primary human 
hypertension is characterized by sympathetic activation 
targeted to the kidney, heart, and skeletal muscle vascula-
ture [ 2 , 9•• , 10 ]. As shown in  Figure 1 , microneurography 
provides direct measurements of postganglionic sym-
pathetic nerve activity—the proximate neural stimulus 
to norepinephrine release [ 10 ]. This has proven to be a 
powerful clinical research tool [ 7 , 8•• ]. Muscle sympa-
thetic nerve activity (MSNA) refers to spontaneous bursts 
of sympathetic activity targeted to the skeletal muscle 
vasculature. The activity is normally tightly regulated by 

carotid sinus and aortic arch baroreceptors, accompanied 
by parallel changes in regional vasomotor tone, and elimi-
nated by ganglionic blockade. 

  Basal levels of MSNA provide a valid measure 
of resting sympathetic nerve activity—at least to one 
major vascular bed—that contributes to total periph-
eral resistance and blood pressure [ 8•• ]. In unrelated 
persons, basal levels of MSNA show considerable 
interindividual differences, but have a high degree of 
intraindividual reproducibility when a given subject is 
studied repeatedly.  Figure 1  is an example of a study 
showing higher levels of MSNA in hypertensive than 

    Figure 1.  Microneurographic measurements 
of muscle sympathetic nerve activity (MSNA) 
in normotensive and hypertensive humans. 
 A,  Schematic diagram shows insertion site 
of recording microelectrode into peripheral 
sympathetic nerve bundle innervating 
blood vessels in human skeletal muscle. 
 B,  Multiunit recordings of MSNA and blood 
pressure (BP) from two illustrative human 
subjects ( left ) and summary data ( right ) 
showing higher mean levels of nerve fi ring 
in hypertensive (HT) than normotensive (NT) 
humans. ( A   adapted from  Guyenet [ 10 ]; 
 B   adapted from  Schlaich et al. [ 3 ].) 
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normotensive individuals, but with overlap between 
the groups [ 10 ]. 

  A recent study by Grassi et al. [ 11• ] suggested the over-
lap is largely eliminated when the normotensive control 
group is more rigorously defi ned using 24-hour ambula-
tory blood pressure monitoring. An important lesson 
from ambulatory blood pressure monitoring is that 10% 
to 15% of patients previously considered as normotensive 
based on offi ce blood pressure measurements are found 
to have “masked hypertension”—elevated blood pressure 
only outside the physician’s offi ce [ 12 ]. In such individu-
als, the higher out-of-offi ce blood pressures are assumed 
to indicate sympathetic overactivity. Grassi et al. [ 11• ] 
now provide experimental support for this assumption 
by showing increased levels of MSNA in individuals with 
masked hypertension. These elevations were indistin-
guishable from those in patients with persistent in- and 
out-of-offi ce hypertension. When patients with masked 
hypertension were eliminated from the normotensive 
control group, mean values of MSNA were 70% higher in 
the persistent hypertensives (who had mild stage 1 hyper-
tension) compared with true normotensive individuals, 
with little or no overlap between the two groups. 

  Thus, from a purely academic standpoint, the newer 
 α / β -blockers would seem a rational choice for treating 
mild hypertension accompanied by increased MSNA. 
Additionally, MSNA has been shown to increase further 
with combination therapy with an angiotensin receptor 
blocker and a thiazide diuretic, a popular current treat-
ment regimen [ 13• ]. Yet, none of the recently updated 
practice guidelines recommend  α -adrenergic blockers 
or central sympatholytics as fi rst-line therapy for stage 
1 primary hypertension [ 1 , 14 ]. Furthermore, the British 
Hypertension Society guidelines eliminated  β -blockers 
as fi rst- or second-line therapy [ 1 ]. This recommendation 
did not include the newer  α / β -blockers, which seem to 
be stronger antihypertensives and have better metabolic 
profi les than traditional  β -blockers [ 15 ]. Outcomes trials 
are needed.

  For renal parenchymal hypertension, the evidence for a 
sympathetic contribution to hypertension is even stronger.

  Renal Parenchymal Hypertension: 
Chronic Hemodialysis and Stage II to III 
Chronic Kidney Disease 
  Hypertension is present in 80% of chronic hemodialysis 
patients and contributes to their excessive cardiovascular 
morbidity and mortality in this patient population [ 16 ]. 
The hypertension is due in part to volume expansion, 
but evidence is increasing for a major sympathetic com-
ponent [ 16 , 17 ]. Plasma norepinephrine levels tend to be 
mildly to moderately increased in hemodialysis patients 
both because of impaired clearance and increased cen-
tral sympathetic activity. In nondiabetic hemodialysis 
patients, MSNA is increased in those with native kid-

neys but indistinguishable from normal in those with 
bilateral nephrectomy [ 18 ]. These clinical observations 
suggest that sympathetic activation in end-stage renal 
disease can be triggered by a pressor refl ex arising in the 
failing kidneys, a concept that was proven conclusively 
in experimental rat models [ 19 ]. In many species, the 
kidneys are richly innervated by sensory (afferent) fi bers 
that signal the brain in response to chemical changes in 
urine composition and mechanical changes in the renal 
pelvis. In rats, some of these afferent fi bers are excit-
atory, refl exively raising blood pressure when activated 
by ischemia or by urea. 

  In hemodialysis patients with native kidneys, recent 
studies show that hypertension is much better con-
trolled—and the need for antihypertensive medication 
greatly reduced—by increasing the weekly dialysis dose, 
either by daily daytime hemodialysis or by nocturnal 
hemodialysis [ 20 , 21•• , 22•• ]. The dramatic improvements 
in interdialytic hypertension are accompanied by reduced 
MSNA, plasma norepinephrine, and systemic vascular 
resistance. As cardiac output is unchanged, the reduced 
MSNA and blood pressure may be caused by more effec-
tive dialysis of some uremic toxins (or other chemical 
substances in the uremic milieu) that tonically activate 
excitatory renal afferents. 

  In a study by Zilch et al. [ 22•• ], conversion from con-
ventional three-times-weekly hemodialysis to short daily 
hemodialysis signifi cantly reduced but did not totally 
normalize MSNA. The decrease in MSNA was accompa-
nied by parallel reductions in systemic vascular resistance 
and blood pressure, with unchanged ultrafi ltration 
volume and cardiac output. The need for antihyperten-
sive medication was eliminated in half the patients. All 
values returned to prestudy levels when patients were 
switched back to conventional hemodialysis, suggesting 
a real effect. However, this was a small study of only 
11 patients and the provocative fi ndings need to be con-
fi rmed in larger studies. 

  In a study of 10 hemodialysis patients by Chan et al. 
[ 21•• ], conversion to nocturnal hemodialysis completely 
normalized blood pressure and virtually eliminated the 
need for antihypertensive medication. The improvement 
was rapid, occurring within only 2 months, and was 
associated with improved arterial baroreceptor control 
of heart rate and arterial compliance, presumably due to 
a reduced calcium-phosphorus product with less arterial 
wall calcifi cation. Baroreceptors are pressure-sensitive 
nerve endings that respond to mechanical deformation 
of the vascular walls in which they are embedded. The 
same level of arterial blood pressure should cause greater 
baroreceptor fi ring when the aortic arch and carotid 
sinus vessels are compliant (nocturnal hemodialysis) than 
when they are stiff (conventional hemodialysis). Thus, the 
improved blood pressure control could be due to reduced 
neurogenic vasoconstrictor tone (ie, MSNA) in the resis-
tance arterioles and improved compliance of the conduit 
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arteries. Large outcome trials are needed to determine if 
cardiovascular morbidity and mortality are substantially 
improved by conversion from conventional to noctur-
nal hemodialysis. If so, nocturnal hemodialysis should 
become part of Medicare benefi ts. 

  The sympathetic nerves are activated not only in 
patients with end-stage renal disease but also in those with 
stage 2 to 3 chronic kidney disease [ 16 , 17 ]. Interestingly, 
the activation mechanism seems to involve a central action 
of angiotensin II—a central rather than peripheral (refl ex) 
mechanism of action [ 17 , 23 ]. Thus, angiotensin-convert-
ing enzyme inhibitors and angiotensin receptor blockers 
can reduce elevated levels of MSNA in patients with 
hypertension and chronic kidney disease but not in those 
with hypertension and normal renal function [ 9•• , 16 , 24 ]. 
However, the initial studies by Koomans et al. [ 16 ] and 
by Neumann et al. [ 24 ] were limited to small numbers of 
patients with chronic kidney disease. 

  A recent study by Neumann et al. [ 25•• ] confi rmed 
and extended the previous conclusions with 10 times 
the number of patients with chronic kidney disease. 
The new data substantiate that either an angiotensin-
converting enzyme inhibitor or angiotensin receptor 
blocker reduces sympathetic activation in chronic kid-
ney disease. However, MSNA was not completely 
normalized, indicating that other mechanisms almost 
certainly are involved. 

  From a clinical standpoint, it would be important to 
know whether more complete normalization of sympa-
thetic nerve activity—by adding sympatholytics to the 
antihypertensive regimen—slows progression of chronic 
kidney disease and reduces cardiovascular morbidity 
and mortality beyond that achieved by blood pressure 
reduction and RAAS inhibition alone [ 26 ]. Some animal 
data suggest this may be the case [ 16 ], but unfortunately 
industry has little monetary incentive to sponsor clinical 
trials involving generic sympatholytics. Government and 
foundation sponsorships are needed. 

  The sympathetic nervous system may be an even more 
important therapeutic target for obesity-related hyperten-
sion, which is increasingly important in the initiation and 
progression of chronic kidney disease and other forms of 
hypertensive target-organ disease [ 9•• , 27 ]. 

  Obesity-Related Hypertension: 
With and Without Obstructive Sleep Apnea
  It is estimated that obesity contributes to as much as 60% 
of all hypertension [ 28 ]. Sympathetic activation is con-
sidered one of the most important mechanisms linking 
obesity to hypertension and hypertensive target-organ 
damage [ 29 ]. With weight gain, increased sympathetic 
nerve activity is thought to be a compensatory mecha-
nism to burn more fat, but at the expense of sympathetic 
activation in tissues regulating blood pressure—kidney 
and vascular smooth muscle [ 30 ]. However, a recent 

study questions this teleology. Shibao et al. [ 31 ] found 
that ganglionic blockade caused a greater decrease 
in blood pressure in obese than in lean hypertensive 
patients but surprisingly had a smaller effect on resting 
energy expenditure. 

  What stimulates the sympathetic nerves in obese 
individuals? There are two hypotheses, which are not 
mutually exclusive: 1) adipokines (leptin and other sub-
stances released by adipocytes) cross the blood-brain 
barrier and activate sympathetic nerve activity centrally, 
and 2) obstructive sleep apnea causes hypoxia and acti-
vates the carotid body chemoreceptors [ 9•• , 28 ].

  In obstructive sleep apnea, repeated arterial desatu-
ration during sleep triggers wild swings in MSNA and 
blood pressure [ 32 ]. Furthermore, the chemorefl ex seems 
to reset, causing sustained sympathetic activation even 
during the day. A recent study in rats implicates the 
neuronal isoform of nitric oxide synthase (nNOS) in 
this resetting process [ 33 ]. Intermittent hypoxia reduced 
brain levels of nNOS. Neuronally generated nitric 
oxide is involved in the signaling pathways that toni-
cally restrain sympathetic outfl ow from the brainstem 
[ 34 ]. Thus, sympathetic nerve activity increases dur-
ing hypoxia-induced reductions in brainstem nNOS. 
In patients with obstructive sleep apnea, the increased 
nighttime and daytime levels of MSNA can be so severe 
as to produce plasma and urine norepinephrine levels 
mimicking a pheochromocytoma [ 35 ].

  If obstructive sleep apnea leads to a common form 
of neurogenic hypertension, why is continuous positive 
airway pressure (CPAP)—the best available treatment 
for obstructive sleep apnea—so underwhelming as an 
antihypertensive therapy? Three recent meta-analyses 
show that CPAP lowers blood pressure by only 2 mm Hg 
on average [ 36–38 ]. Is this because sympathetic nerve 
activity had not been normalized? We do not have suf-
fi cient data to tell. However, the meta-analyses indicate 
considerable interindividual variation in blood pres-
sure reduction with CPAP; the greatest effect being in 
patients with congestive heart failure, whose daytime 
systolic blood pressure fell by 15 mm Hg and daytime 
MSNA by 17% [ 39 ]. 

  The clearest evidence linking MSNA and blood pres-
sure reduction with correction of obstructive sleep apnea 
comes from a single case report: blood pressure, MSNA, 
and obstructive sleep apnea all were normalized with 
CPAP but unaffected by uvulopalatopharyngoplasty 
[ 40 ]. In another study, short-term withdrawal of CPAP 
led to worsening of obstructive sleep apnea and increased 
urinary norepinephrine [ 41 ]. The fi eld needs prospective, 
adequately powered long-term randomized controlled 
trials of CPAP for obstructive sleep apnea-related hyper-
tension with sizeable microneurographic substudies. 
Even if the outcomes are positive, newer therapeutic 
approaches are needed to overcome the adherence prob-
lems inherent with CPAP. 
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  In this regard, investigators have shown that 
obstructive sleep apnea is not only a hyperadrenergic 
state but also a state of hyperaldosteronism [ 42–44 ]. 
Excessive stimulation of mineralocorticoid receptors in 
the brainstem has been shown to increase sympathetic 
nerve activity—at least in animals [ 44 ]. Furthermore, 
hyperaldosteronism can cause laryngeal edema, which 
consequently can aggravate obstructive sleep apnea 
[ 45 ]. Recent evidence suggests that mineralocorti-
coid receptor antagonists can ameliorate obstructive 
sleep apnea–induced hypertension, but further studies 
are needed to determine if this is a robust effect and 
mediated at least in part by reduced sympathetic nerve 
activity [ 44 ]. 

  Most overweight and obese hypertensive individu-
als do not have obstructive sleep apnea. Despite initial 
evidence suggesting that obstructive sleep apnea is a 
prerequisite for sympathetic activation in human obesity, 
subsequent data have shown convincingly that this is 
not the case [ 9•• ]. Esler et al. [ 9•• ] and Lambert et al. 
[ 46•• ] have provided evidence that without obstructive 
sleep apnea, obesity-related hypertension is accompanied 
by a highly characteristic pattern of sympathetic acti-
vation—one that differs qualitatively from that in lean 
hypertensive individuals.

  In obese and nonobese hypertensive patients, previous 
work has shown that sympathetic activation is targeted 
to the kidneys and the skeletal muscle bed [ 9•• ]. In non-
obese hypertensive patients, the sympathetic activation 
also is targeted to the heart, presumably contributing 
to left ventricular hypertrophy and ventricular arrhyth-
mias. However, in obese patients with hypertension, the 
heart somehow is spared this sympathetic activation 
[ 9•• ]. Thus, the earlier work by Esler, Lambert, and col-
leagues has implicated the cardiac sympathetic nerves 
in pressure-overload cardiac hypertrophy (ie, hyper-
tension-related left ventricular hypertrophy) but not in 
obesity-related cardiac remodeling and hypertrophy. 
Their latest work uses a higher power “microscope” 
to dissect out fundamental differences in sympathetic 
discharge patterns in obese and nonobese hypertensive 
individuals [ 46•• ]. 

  Most microneurographic studies report MSNA as 
multiunit activity—the integrated electrical activity of 
10 to 100 individual axons fi ring at different rates. With 
refi nement in the technique, it now is possible to record 
the discharge rates of single axons within a human 
muscle nerve fascicle [ 8•• ]. Using such single-unit 
recordings, Lambert et al. [ 46•• ] recently found that 
hypertension in nonobese patients is associated with 
an increased fi ring rate of single axons that already are 
active. In contrast, obesity increases MSNA by recruit-
ing previously silent fi bers, without an increase in fi ring 
rate. The remarkable implication is that the central neu-
ral circuits driving postganglionic MSNA are frequency 
modulated in lean patients with hypertension but ampli-

tude modulated in obesity-related hypertension—“FM” 
versus “AM”! If distinct signaling mechanisms could 
be delineated, perhaps more specifi c drug targets could 
be established. 

  Whatever the precise mechanisms by which obesity 
begets sympathetic activation, a recent study shows 
that—at least in dogs—obesity-related hypertension 
can be completely normalized by sustained refl ex 
sympathetic inhibition with an implanted carotid 
baroreceptor pacemaker [ 47 ]. In the 1960s, carotid 
baroreceptor pacing was shown to be an effective 
therapy for refractory hypertension and angina [ 48 ]. 
However, this therapy was short lived due to rapid 
development of much better antihypertensive drugs 
and technical limitations of pacemaker surgery—tissue 
secretions shorted out the electrical contact between the 
pacing electrodes and the baroreceptor nerves within 
days or weeks after pacemaker implantation. Now, 
50 years later, there is renewed interest in developing a 
baroreceptor pacemaker for human hypertension [ 48 ]. 
In the past decade, new antihypertensive drug discovery 
has slowed considerably, and technical breakthroughs 
in electrode manufacturing allow long-term barorecep-
tor pacing in dogs and apparently even in humans [ 48 ]. 
A new-generation baroreceptor pacemaker currently 
is undergoing evaluation in multicenter clinical trials, 
and could be a radical nonpharmacologic treatment 
for obesity-related hypertension and other forms of 
human hypertension with a strong sympathetic neural 
component [ 48 ]. 

  Conclusions
  Using microelectrode recordings of sympathetic activity 
and radiotracer measurements of regional norepineph-
rine spillover in human hypertensive patients, recent 
research has advanced several provocative fi ndings with 
novel—but still largely potential—therapeutic implica-
tions for clinical hypertension. These include a stronger 
scientifi c rationale for using 1) combined  α / β -blockers 
in the early phases of primary hypertension and  obesity-
related hypertension; 2) RAAS blockers as central 
sympatholytics in hypertension associated with chronic 
kidney disease; and 3) a higher dialysis dose—either 
nocturnal or short daily hemodialysis—to reduce uremic 
stimulation of a blood pressure-raising refl ex arising in 
the failing kidneys. New outcomes trials are needed if we 
are to translate this largely theoretical body of research 
into everyday clinical practice. 
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