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Abstract
Purpose of Review The present paper will review the results of experimental and clinical studies aimed at defining the functional
behavior of the central and peripheral nervous system in adrenal pheochromocytoma.
Recent Findings The contribution of sympathetic neural influences to the development of high blood pressure values in pheo-
chromocytoma is complex. Studies performed in experimental animal models have shown that hypertension and the concomitant
high circulating levels of catecholamines can lead to inhibition of central sympathetic neural outflow by reflex mechanisms and
direct stimulation of central adrenergic receptors, respectively. However, these studies have also shown that high circulating
levels of catecholamines favor a downregulation of alpha- and beta-adrenergic receptors, lessening their response to endogenous
and exogenous adrenergic stimulation. The present paper reviews results of human studies performed by our group and others on
the behavior of the central and peripheral nervous system in human pheochromocytoma. We discuss data collected in patients
with different levels of peripheral sympathetic drive, i.e., before and after surgical removal of the adrenal pheochromocytoma.
Summary In the presence of elevated plasma catecholamine level, such as that characterizing adrenal pheochromocytoma,
microneurography shows that central sympathetic neural activity is normal or even inhibited. At the peripheral vascular level,
pheochromocytoma is characterized by a reduced vascular reactivity to exogenous sympathetic stimulation but a normal response
by the vessels to endogenous adrenergic stimulation.
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Introduction

There are several important reasons for the current interest in
pheochromocytoma by clinical and basic researchers. First,
research into this rare but clinically relevant secondary form
of hypertension has provided critical data on catecholamine
metabolism and function. Second, pheochromocytoma repre-
sents a unique “model” of selective, chronic neuroadrenergic
stimulation, which mainly involves the adrenal glands and the

peripheral sympathetic nervous system [1••], in contrast to
other hypertension conditions primarily characterized by the
presence of a central nervous system sympathetic overdrive,
such as essential hypertension and congestive heart failure [2•,
3•]. Finally, since pheochromocytoma can be successfully
cured by surgical interventions, this “model” of chronic pe-
ripheral adrenergic activation appears to be reversible. This
feature facilitates investigation of the neuroadrenergic cardio-
vascular drive before and after the removal of the tumor, thus
at different functional circulating plasma catecholamine
levels. This indicates that pheochromocytoma can be regarded
as a unique model of reversible hypertension with peripheral
neuroadrenergic overactivity.

This paper reviews current knowledge of the behavior of
the central sympathetic nervous system regulation of the car-
diovascular system in pheochromocytoma and discusses the
results obtained by our group and others, which employed
sophisticated approaches to assess central sympathetic out-
flow in humans, such as the microneurographic technique. It
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also examines the functional status of peripheral sympathetic
drive at the vascular level, by reporting the results of studies
performed by our group, which looked at the vascular re-
sponses to homologous (or endogenous) and heterologous
(exogenous) sympathetic stimulation. It is worth mentioning
that in both the abovementioned studies, the results are based
on the functional evaluation of the adrenergic nervous system
before and after surgical removal of the chromaffin neoplastic
tissue, allowing collection of functional data at different cir-
culating norepinephrine and epinephrine plasma levels. The
clinical implications of these findings will be highlighted
briefly.

Pathophysiological Background

Pheochromocytoma is a tumor of the chromaffin cells anatom-
ically located within the sympathoadrenal tissue, which is ca-
pable of synthesizing biologically active compounds, such as
norepinephrine and epinephrine. Frequently, although not in-
variably, tumors located in the adrenal glands preferentially
release epinephrine, while extra-adrenal pheochromocytomas
store and release both catecholamine types. While in physio-
logical conditions secretion of catecholamines is under central
neural regulation, in the case of the presence of the tumor, this
process appears independent on the central neural influences,
presumably because the chromaffin tissue in is not innervated
[4]. The specific clinical picture of the tumor, which consists of
stable or paroxysmal hypertension, tachycardia, cardiac rhythm
disturbances, glucose intolerance, excessive and generalized
sweating, and orthostatic hypotension, is generally dependent
on the adverse cardiovascular and metabolic effects of high
catecholamine levels [1••, 5•]. From a cardiovascular view-
point, for example, the occurrence of tachycardia at rest and
the development of cardiac rhythm disturbances depend re-
spectively on the positive chronotropic and proarrhythmogenic
effects of norepinephrine and epinephrine on myocardial tissue
[1••, 5•]. On the other hand, from a metabolic viewpoint, the
increased plasma glucose levels largely depend on the stimu-
lating effects exerted by both catecholamines on glucogenesis
and gluconeogenesis [6••]. Furthermore, both catecholamines
are capable of triggering remarkable increases in blood pressure
levels which are dependent both on the vasoconstrictive prop-
erties of norepinephrine (mediated by alpha-1 adrenoreceptor
stimulation) and on the systolic blood pressure elevation medi-
ated by the epinephrine-dependent tachycardia [1••, 5•].
Finally, postural hypotension has been ascribed to the decrease
in circulating blood volume and/or to a hypothesized impair-
ment of reflexmechanisms regulating blood pressure values [7]
(see below). Altogether these effects explain the clinical com-
plexity of the disease, which has been regarded in the past for
the heterogeneity of its manifestations as the “great mimic.”

Behavior of Central Sympathetic Function
in Pheochromocytoma

Defining the behavior of the central nervous system in patients
with pheochromocytoma may have important pathophysio-
logical and clinical implications. One of them is represented
by the evidence that direct and reflex stimulation of the central
nervous systemmay be responsible in patients with pheochro-
mocytoma for the occurrence of hypertensive crises [6••]. In
addition, occurrence of central sympathetic stimulation in
these patients explains the occurrence of acute blood pressure
increases without further elevation in plasma catecholamine
levels, as not infrequently happens in current clinical practice
[1••, 8]. Finally, the presence of a central sympathetic stimu-
lation associated with elevated peripheral adrenergic over-
drive represents the background for employing centrally act-
ing drugs for lowering blood pressure in this clinical condition
before the surgical removal of the tumor [1••, 6••].

Results of different studies suggest that the sympathetic
outflow from the central nervous system should be almost
unaffected or even enhanced by the presence of pheochromo-
cytoma [9, 10]. It has been, for example, shown that in rats
harboring a transplantable pheochromocytoma, secreting nor-
epinephrine as well as dopamine clonidine administration, i.e.,
a drug acting on the central nervous system, triggers a blood
pressure reduction of a marked degree similar in magnitude to
the one detected in spontaneously hypertensive rats with a
marked increase in central sympathetic activity [11].
Furthermore, evidence has been provided that in patients with
pheochromocytoma, reflex sympathetic control of the cardio-
vascular system exerted by different reflexogenic areas, such
as the arterial baroreflex, the cardiopulmonary reflex, and the
chemoreflex, is functionally normal [12•]. In addition, cloni-
dine administration significantly lowers in patients with a
pheochromocytoma and elevated blood pressure and heart
rate values without substantially modifying the high circulat-
ing plasma levels of catecholamines secreted by the tumor
throughout its central sympathoinibitory effects [9]. Finally,
patients with a secondary hypertension due to pheochromocy-
toma display at the 24-h ambulatory blood pressure monitor-
ing a marked attenuation of the fall in blood pressure values
recorded during sleep in the nighttime period, a finding that
again points toward the presence of a “supranormal” central
sympathetic drive [13].

We had the chance to reexamine the central neurogenic
contribution in pheochromocytoma by performing sympathet-
ic nerve traffic recordings in the peroneal nerve in patients
with an adrenal form of this tumor [14]. The unique features
of this study were represented by (1) the use of the
microneurographic technique allowing to precisely quantify
efferent postganglionic sympathetic nerve traffic, which rep-
resents a faithful marker of central adrenergic drive [12•] and
(2) the study design, approved by the ethics committee of the
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institutions involved, which included two experimental ses-
sions, one performed 4–6 days before the surgical intervention
and the second 51 to 94 days after surgery. In both instances,
the patients were hospitalized to safely and properly assess via
microneurography sympathetic nerve traffic together with the
other hemodynamic and biochemical variables including ve-
nous plasma norepinephrine and epinephrine. The main re-
sults of the study, which was performed in 6 patients with an
adrenal pheochromocytomawith a mean age of 49.3 years, are
shown in Fig. 1. Surgical removal of pheochromocytoma in-
duced a significant marked reduction in both plasma norepi-
nephrine and epinephrine values, which was accompanied by
a clear-cut decrease in clinic systolic and diastolic blood pres-
sure as well as in heart rate. More importantly, efferent post-
ganglionic muscle sympathetic nerve traffic showed a

significant increase after surgery, both when expressed as
burst incidence over time (bursts/min) and as burst incidence
corrected for heart rate (bursts/100 heart beats). This finding
may suggest that in pheochromocytoma, central sympathetic
nerve traffic undergoes an inhibition by the elevated circulat-
ing plasma levels of catecholamines produced by the tumor
and that a restoration of normal sympathetic central outflow
may occur when norepinephrine and epinephrine synthesis
returns to normal, i.e., after surgery. It thus appears that in
contrast to what has been previously discussed as evidence
of a normal (or even augmented) central sympathetic neural
drive, pheochromocytoma is characterized by a central
sympathoinhibition. Although the results of these studies are
difficult to be reconciled with each other in a unifying hypoth-
esis, two important study limitations should be emphasized.

Fig. 1 Bar graphs showing
venous plasma norepinephrine
(NE), plasma epinephrine (E),
systolic (S) blood pressure (BP),
diastolic (D) blood pressure (BP),
heart rate (HR), and efferent
postganglionic muscle
sympathetic nerve activity
(MSNA), expressed as bursts/
minute (bs/min) and as bursts
corrected for heart rate (bursts/
100 heart beats (bs/100hb)) in 6
patients with an adrenal
pheochromocytoma before (open
bars) and about 2 and a half
months after (dashed bars)
surgical removal of the tumor.
Data are shown as means ±
standard errors. Asterisks
(*P < 0.05, **P < 0.01) refer to
the statistical significance of the
values recorded before (pre-) and
after (post) surgery. Figure drawn
from data presented as table in 14
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First, it is difficult to compare the results of the different stud-
ies performed in pheochromocytoma because frequently pro-
found differences occur between study populations as far as
the predominance of different catecholamine release is con-
cerned. In particular, some patients predominantly secrete epi-
nephrine, others norepinephrine, and additional others both
the two catecholamines. This appears to be important given
the substantial differences these two adrenergic neurotrans-
mitters may have on the central nervous system and on the
cardiovascular function as well [4, 15]. Second, because the
microneurographic technique allows only at investigating cen-
tral sympathetic neural outflow to the skeletal muscle district,
it is difficult to generalize the results of these studies to other
regional areas, such as the coronary, the cerebral, or the renal
circulation, which frequently display a behavior heteroge-
neous and dissimilar from the one seen in the muscle vascular

one [16••]. Only studies based on regional norepinephrine
radiolabeled spillover technique [4, 16••] will allow in the
future at clarifying this still controversial and intriguing issue.

Behavior of Peripheral Sympathetic Function
in Pheochromocytoma

Studies performed in rats harboring pheochromocytoma have
shown that the pressor responses to alpha-adrenergic agonists
are attenuated, and this phenomenon is progressively more
pronounced as the time after pheochromocytoma transplanta-
tion increases [17]. In the early stages after the tumor implan-
tation, the phenomenon is selective for the exogenous admin-
istration of the alpha-adrenergic receptor agonist norepineph-
rine while at a later stage, i.e., 6 to 7 weeks after the tumor

Fig. 2 Bar graphs showing
venous plasma norepinephrine
(NE), plasma epinephrine (E),
mean arterial pressure (MAP),
heart rate (HR), forearm blood
flow (FBF, venous occlusion
plethysmography), and forearm
vascular resistance (FVR) in 6
patients with an adrenal
pheochromocytoma before (open
bars) and about 2 months after
(dashed bars) surgical removal of
the tumor. Data are shown as
means ± standard errors.
Asterisks (*P < 0.05, ** P < 0.01)
refer to the statistical significance
of the values recorded before
(pre-) and after (post) surgery
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transplantation; this is the case also for the vasoconstrictor
responses to non-adrenergic substances such as vasopressin
and angiotensin II [17]. This functional adrenergic receptor
desensitization is accompanied by a downregulation in recep-
tor subtypes, with a consistent decrease (about 70%) in the
number of alpha-1 adrenergic receptors anatomically located
in the membranes of cells in the kidneys and lungs [18]. The
results of these studies have been confirmed also in humans,
with the evidence that in pheochromocytoma patients, the
elevated circulating levels of norepinephrine markedly impair
the forearm blood flow vasodilatation induced by infusion of
acetylcholine, which is mainly mediated by the endothelium
[19, 20, 21•]. This behavior is in sharp contrast with the one
seen during administration of isosorbide dinitrate, which

triggers a forearm vasodilatation independent on nitric oxide
production and thus not mediated by the endothelium [19, 20,
21•]. It thus appears that in pheochromocytoma, catechol-
amines selectively impair endothelium- mediated vasodilata-
tion [22]. This conclusion was confirmed, in the
abovementioned study [19], by the finding that an almost
complete normalization of the vascular responses to acetyl-
choline was obtained in the same patients 4 weeks after the
surgical removal of pheochromocytoma.

The abovementioned findings, although of major impor-
tance for clarifying the nitric oxide/sympathetic interactions
in pheochromocytoma, do not allow at determining two as-
pects of major relevance in the pathophysiology of the dis-
ease. First is whether the downregulation of the adrenergic

Fig. 4 Progressive reductions in
forearm blood flow (ΔFBF) and
progressive increase in forearm
vascular resistance (ΔFVR)
induced by intravenous infusion
of norepinephrine at increasing
doses (NE infusion, left panels)
and by a mild degree of lower
body negative pressure (LBNP,
right panels) in 6 patients with a
pheochromocytoma before (pre-)
and after (post) surgical removal
of the tumor. Data are shown as
percent (means ± standard errors)
changes compared with baseline
values (shown in Fig. 2).
Asterisks (*P < 0.05) refer to the
statistical significance of the
values recorded before (pre) and
after (post) surgery

Fig. 3 Progressive reductions in
forearm blood flow (ΔFBF) and
progressive increase in forearm
vascular resistance (ΔFVR)
induced by intravenous infusion
of norepinephrine at increasing
doses (NE infusion, left panels)
and by a mild degree of lower
body negative pressure (LBNP,
right panels) in 6 patients with a
pheochromocytoma before (pre-)
and after (post) surgical removal
of the tumor. Data are shown as
absolute mean ± standard error
changes compared with baseline
values (shown in Fig. 2).
Asterisks (*P < 0.05) refer to the
statistical significance of the
values recorded before (pre-) and
after (post) surgery
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receptors is a phenomenon which can be selectively detected
for the exogenous stimulation of the sympathetic function
only or rather it also affects the endogenous “neurogenic”
one. The issue appears to be of major clinical relevance be-
cause the occurrence of a generalized functional desensitiza-
tion affecting both endogenous and exogenous adrenergic
stimulation may imply that functional homeostasis is almost
lost in the disease. An additional intriguing question is wheth-
er the functional adrenergic desensitization is a phenomenon
which can be favorably affected by surgical removal of pheo-
chromocytoma or in contrast it is irreversible.

To address the two abovementioned questions, we evaluated
patients with a documented adrenal pheochromocytoma, with an
age amounting to 34.8 ± 4.6 years [23]. In each patient, we mea-
sured throughout high-performance liquid chromatography ve-
nous plasma norepinephrine and epinephrine levels along with
clinic blood pressure and heart rate values. Measurements also
included forearm blood flow, as assessed throughout venous oc-
clusion plethysmography, and forearm vascular resistance (mean
arterial pressure divided by forearm blood flow). All measure-
ments were obtained at rest and during (1) exogenous adrenergic
stimulation via stepwise intravenous infusion of norepinephrine
(5–50 μg/min) and (2) endogenous sympathetic stimulation re-
flexly induced by producing via a mild degree of lower body
negative pressure a reflex forearm vasoconstriction mediated by
the deactivation of cardiopulmonary volume receptors [7]. The
unique feature of the study, which was approved by the ethics
committees of the institutions involved, consisted in the collec-
tion of the abovementioned adrenergic vascular responses at
baseline and then about 2 months after successful surgical re-
moval of pheochromocytoma. The main study findings can be
summarized as follows. First, as shown in Fig. 2, the surgical
removal of the adrenal tumoral mass induced, as expected, a
significant and marked reduction in venous plasma norepineph-
rine and epinephrine levels, with a complete normalization of
their circulating values. This was accompanied by a significant
reduction in systolic and diastolic blood pressure, together with a
significant decrease in heart rate. Forearm blood flow values
significantly increased while forearm vascular resistance signifi-
cantly decreases, indicating the occurrence of a marked periph-
eral vasodilatation. Norepinephrine stepwise infusion elicited, as
expected, a progressive reduction in forearm blood flow and a
specular progressive increase in forearm vascular resistance
(Fig. 3, left panels). The vascular responses to exogenously ad-
ministered norepinephrine were markedly and significantly po-
tentiated after the surgical removal of pheochromocytoma, sug-
gesting that in the pre-surgery condition, there was a downregu-
lation of alpha-1 vascular adrenoreceptors which was almost
completely reversed after surgery, when a normalization of cate-
cholamine production occurred. In contrast, the vascular re-
sponses to endogenous reflex adrenergic stimulationwere similar
in magnitude before and after the surgical procedure (Fig. 3, right
panels), suggesting that the functional downregulation of the

alpha-adrenergic receptors selectively affects exogenous sympa-
thetic stimulation only. The results were similar when the data
were expressed as percent rather than as absolute values (Fig. 4).
It can be thus concluded that in pheochromocytoma, the vascular
adrenergic receptor downregulation affects quite selectively the
responses to exogenous sympathetic stimulation (infusion of nor-
epinephrine) and that no such phenomenon does occur for en-
dogenously produced norepinephrine, such as that triggered by
reflex stimuli (lower body negative pressure).

Conclusions

Pheochromocytoma is characterized by complex functional
modifications of both the central and peripheral sympathetic ner-
vous system, which include both central and peripheral alter-
ations. Both these neuroadrenergic abnormalities appear to be
reversible with surgery. Many questions remain, however, about
the behavior of peripheral as well as central sympathetic function
in pheochromocytoma. They include the following:

– Is the behavior of the central sympathetic neural drive
different in pheochromocytomas predomitantly secreting
epinephrine vs those mainly producing norepinephrine?

– Is the adrenergic receptor desensitization a phenomenon
peculiar of pheochrocytoma predomitantly secreting
norepinephrine?

– What is the time course of the process leading to a res-
toration of a normal vascular adrenergic reactivity after
surgical treatment?

– Are paragangliomas characterized by adrenergic alterations
similar to the ones described in pheochromocytoma?

– Do the metabolic effects of the tumoral chromaffin cells
on glucose metabolism and insulin sensitivity participate
at the vascular adrenergic desensitization?

– Are pa rox i sma l ph eoch romocy t oma fo rms
Bsympathetically^ different from the ones characterized
by a stable hypertensive state?

Future studies are thus recommended to address the
abovementioned questions, which, as previously emphasized,
are relevant not only for better understanding the variegated
pathophysiology of pheochromocytoma but also for improv-
ing the clinical outcome of the disease and its management.
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