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The contribution of the central nervous system (CNS) to the development and maintenance of high blood pressure is well established. Increased activity of the sympathetic
nervous system during hypertensive conditions has been demonstrated experimentally
and clinically. Different types of dysregulation in CNS, as seen by alterations in neurotransmitter production and baroreceptor reflex function, have been detected in early stages
of hypertension. It was demonstrated that centrally acting drugs such as a-methyldopa,
clonidine or reserpine effectively lower blood pressure. Moreover, in animal experiments renal hypertension could be prevented by central chemical sympathectomy. And
psychosocial stress-induced sustained hypertension is well-known present phenomenom.
The biochemical mechanisms contributing to the blood pressure increase by means of
CNS are however lesser-known. Since lowering of blood pressure by the inhibition of the
renin-angiotensin-aldosterone system within peripheral but also central nervous system
was documented by several studies, it seems that brain angiotensin II may play a key role
in the contribution of CNS to hypertension. On the other hand, sufficient production of
nitric oxide within the system may effectively prevent increase in blood pressure.

Introduction
The renin-angiotensin system (RAS) plays an important role in both the short-term and long-lasting
regulation of blood pressure, as well as in fluid and
electrolyte balance. The RAS is a dual hormone
system, serving as both a circulating and a local tissue
hormone system with important neuromediator functions in the central nervous system (Jagadeesh 1998).
Now it is well established that the brain has its own
intrinsic RAS with all respective components present
in the central nervous system (Wilms et al 2005). The
RAS involves a family of bioactive angiotensin peptides with variable neurobiological activities. These
include angiotensin-1-8 (angiotensin II), angioten-

sin-3-8 (angiotensin IV), and angiotensin-1-7. Angiotensin II acts through two different specific receptors,
termed AT1 and AT2. Neuronal AT1 receptors mediate the stimulatory actions of angiotensin II on blood
pressure, water and salt intake, and the secretion of
vasopressin. On the other hand, neuronal AT2 receptors have an antagonistic role to AT1 ones. Among the
many potential effects mediated by stimulation of AT2
are neuronal regeneration after injury and the inhibition of pathological growth. Angiotensin-1-7 mediates
its antihypertensive effects by stimulating the synthesis and release of vasodilator prostaglandins and nitric
oxide and by potentiating the hypotensive effects
of bradykinin (von Bohlen und Halbach & Albrecht
2006.)
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Nitric oxide antagonizes the effects of angiotensin II
on vascular tone, cell growth, and renal sodium excretion, and also down-regulates the synthesis of angiotensin-converting enzyme and AT1 receptors. Moreover,
angiotensin II decreases nitric oxide bioavailability by
promoting oxidative stress (Zhou et al 2004).

Angiotensin II in CNS
Angiotensin II has profound effects in the central
nervous system (CNS), including promotion of thirst,
regulation of vasopressin secretion, and modulation
of sympathetic outflow. Despite its importance in cardiovascular and volume homeostasis, angiotensinergic
mechanisms are incompletely understood within the
CNS (Wilms et al 2005).
A signaling mechanism for angiotensin II involving reactive oxygen species (ROS) has been identified
in a variety of peripheral tissues. Recently, the involvement of ROS in angiotensin II-mediated signaling in
the CNS has been reported (Zimmerman et al 2002).
Brain especially suffers from the long-term impact of
the increased production of reactive oxygen species
(Schaffer et al 2006). Because of low activity of antioxidant defence system, brain is susceptible to oxidative
stress more than other organs. Brain has low catalase
activity and only moderate levels of the antioxidant
enzymes like superoxide dismutase (Lau et al 2005).
The hypothesis that superoxide is a key mediator of the
actions of angiotensin II in the CNS was tested in mice
using adenoviral vector-mediated expression of superoxide dismutase (AdSOD). Changes in blood pressure,
heart rate, and drinking elicited by injection of angiotensin II in the CNS were abolished by prior treatment
with AdSOD in the brain, whereas the cardiovascular
responses to carbachol, another central vasopressor agent, were unaffected (Zimmerman et al 2002).
Angiotensin II also stimulated superoxide generation in
primary CNS cell cultures which was prevented by the
AT1 receptor antagonist losartan as well as by AdSOD
(Zimmerman et al 2002).
NADPH oxidase has been identified as one of
the major producers of ROS in the brain (Bokoch et
al 2003). NADPH oxidase–dependent production
of superoxide radical (O2–) was documented to be
responsible for a majority of oxidative injury in the
brain (Bokoch & Knaus 2003; Kovacsova et al 2010). It
is hypothetised that angiotensin II, similarly like in the
peripheral tissues, activates NADPH oxidase leading to
increased superoxide generation. Finally, the increased
production of ROS may raise blood pressure via activation of the sympathetic nervous system (SNS). Angiotensin converting enzyme inhibitors and AT1 receptor
antagonists, similarly like in the circulation, may represent a powerful tool in the inhibition of angiotensin II
effects within the brain (Pechanova et al 2004; Wilms et
al 2005).
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Angiotensin II and non-angiotensin II
receptors
In adult spontaneously hypertensive rats, the intracerebroventricular (icv) administration of AT1 receptor
antagonist – losartan induced long-lasting significant
blood pressure reductions only 18h after intracerebroventricular injection. The slow development of blood
pressure reduction and its persistence might be due to
the formation of an active losartan metabolite, different from losartan per se. In older SHR, the hypotensive effect of losartan was not significant. These results
suggest that in the CNS of the younger SHR, an active
RAS is implicated in the establishment of the hypertensive state, and that the receptor for this function may
be different from AT1, since it has a selectivity profile
different from AT1 and also AT2 receptor types (Paré et
al 1993). These observations evoked a question about
other types of receptors which could be reached and
affected by angiotensin II.
Rabkin (2007) suggested the role of opioids in
brain angiotensin II-mediated increase of blood pressure. The kappa opioid antagonist, MR 2266 (icv)
significantly reduced and MR 2266 (icv) completely
prevented the increase in blood pressure produced
by angiotensin II. In contrast, the mu opioid receptor
antagonist, naloxone (icv), did not significantly attenuate the blood pressure responses to angiotensin II.
Also the effect of angiotensin II on baroreceptor function was significantly antagonized by the kappa opioid
receptor antagonist MR 2266. These data indicate that
endogenous opioids modulate the pressor response to
intracerebral angiotensin II and this effect is mediated
mainly through endogenous kappa opioid agonists and
kappa opioid receptors rather than mu opioid receptors
(Rabkin 2007).
Jose et al (1999) suggested that also dopaminergic
system in the CNS may participate in the regulation of
systemic blood pressure. They hypothetized that postsynaptic dopamine D2-like (D2, D3 and D4) receptors
increase blood pressure, while presynaptic D2-like
receptors produce rather the opposite effect. Indeed,
aberrant dopaminergic regulation of aldosterone secretion, via D2-like receptors, has been reported to be
involved in some forms of hyperaldosteronism and
hypertension. Different forms of hypertension may also
be caused by an aberrant renal dopaminergic system
(Jose et al 1999).
Endothelin-1 also directly regulates central and
peripheral nervous system activity, cardiac output,
renal Na+ and water excretion, systemic vascular resistance, and venous capacitance. Endothelin-1 mediates
these effects via two types of receptors, ETA and ETB,
which are expressed in the vascular smooth muscle
cells, endothelial cells, intestines and brain (Piechota
et al 2010). Increased levels of endothelin-1 have been
demonstrated in the ischemic brain, and endothelin
receptor antagonism has been shown to improve the
Copyright © 2010 Activitas Nervosa Superior Rediviva ISSN 1337-933X
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Fig. 1: Angiotensin II and nitric oxide in CNS. Angiotensin II in CNS may exert the pressor effects via different receptors including
AT1, kappa opioid, ETA and D2-like receptors. Consequently, it could increase NADPH oxidase activity leading to increase reactive
oxygen species (ROS) generation. ROS decreases bioavailability of nitric oxide (NO), a vasodilatory agent. Moreover, angiotensin II
may activate aldosteron which contributes to blood pressure increase through mineralocorticoid receptors.

outcome of cerebral ischemia. A 50% increase in the
ETA receptor was found in the brain of spontaneously
hypertensive stroke-prone rats compared with that of
the age-matched Wistar-Kyoto controls, but endothelin antagonism reversed this upregulation completely
(Jesmin et al 2004). D’Amico et al (1999) demonstrated
that ETA antagonist, FR139317, reduced the pressor
effects of angiotensin II in the periaqueductal gray
area of rats. This fact may indicate involvement of ETA
receptors in pressor angiotension II action within the
brain.
The mineralocorticoid hormone aldosterone,
involved in the renin-aldosteron-angiotensin system,
is a major activator of mineralocorticoid receptors
and epithelial sodium channels. It was documented
that aldosterone can be synthesized in the brain even
in adrenalectomized Wistar rats (Gomez-Sanchez et al
2005). Blockade of aldosterone biosynthesis in the CNS
by intracerebroventricular infusion of the 3-hydroxysteroid dehydrogenase blocker trilostane prevents hypertension in Dahl salt-sensitive rats on high salt intake
(Gomez-Sanchez et al 2005). These studies suggest that
also aldosterone in the CNS may mediate some forms
of hypertension, at least the form caused by high salt
diet. Further, the study of Huang et al (2006) indicated
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that in Wistar rats, a chronic increase in cerebrospinal
fluid [Na+] may increase hypothalamic aldosterone
and activate CNS pathways involving mineralocorticoid receptor, and ouabain-like compounds, leading to
increases in AT1-receptor density and angiotensin converting enzyme (ACE) activity in brain areas involved
in cardiovascular regulation and hypertension.

Angiotensin II and nitric oxide
It is evident that nitric oxide (NO) exerts not only its
peripheral vasodilatory action but it is also involved in
the central regulation of sympathetic tone (Lassegue
& Griendling 2004; Parohova et al 2009; Bernatova
et al 2010). The balance between angiotensin II and
NO levels in the rostral ventral medulla seems to be
crucial for the control of the sympathetic tone. Consequently, the reduced NO production in the central
nervous system of rats with hypertension induced by
NG-nitro-L-arginine methyl ester (L-NAME) treatment
is reflected by enhanced sympathetic vasoconstriction
as it was demonstrated by Pechanova et al (2004, 2009).
Exaggerated sympathetic nerve activity in L-NAME
hypertensive rats can be attenuated by a local increase
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of NO concentration (Tsuchihashi et al 2000) or by a
selective blockade of renin-angiotensin system in the
rostral ventrolateral medulla (Bergamaschi et al 2002).
It is highly probable that ROS exerts similar influence on NO bioavailability formed by endothelial NO
synthase in blood vessels or neuronal NO synthase in
the rostral ventral medulla. Thus many antihypertensive effects of various antioxidants might be exerted
not only at the level of resistant vessels but also in the
CNS, influencing sympathetic tone which is the most
powerful tool for blood pressure control. The results
of Campese et al (2004) suggested that the effects of
tempol, a superoxide dismutase mimetic, on SNS activity may be in part dependent and partialy independent
of nitric oxide. Thus, tempol may exert direct vasodilation of the peripheral circulation and also reflex activation of the SNS.
Recent findings revealed a considerable blood pressure reduction in salt-loaded Dahl rats chronically
treated with N-acetylcysteine. This antihypertensive
effect was almost entirely mediated by the reduction
of sympathetic vasoconstriction, whereas the changes
of NO-dependent vasodilation were not significant
(Kunes et al 2004). This is in good agreement with earlier report of Cunha et al (1993) documented that the
development of L-NAME-induced hypertension was
prevented by early sympathectomy. The augmentation
of the pentolinium-induced blood pressure fall appears
early in the development of this form of experimental
hypertension because it was already present in rats
subjected to L-NAME treatment for one week only.
These results indicated considerably greater contribution of the SNS than the RAS to the maintenance of
high blood pressure in rats with hypertension induced
by chronic L-NAME administration, although the
relative contribution of both pressor systems remains
unaltered compared with normotensive controls. This
was true for both the early and the established phases
of L-NAME-induced hypertension. These observations
thus confirmed previous findings of Qiu et al (1994)
and Zanchi et al (1995), who also described a greater
blood pressure decrease after SNS blockade than after
acute RAS inhibition.
Nevertheless, numerous studies demonstrated that
chronic therapy with angiotensin AT1 receptor blockers or angiotensin-converting enzyme inhibitors prevented the development of this form of experimental
hypertension (Pollock et al 1993; Takemoto et al 1997).
One of the possible explanations for the high efficiency
of antihypertensive drugs targeting the RAS could be
based upon the interaction of nitric oxide and angiotensin II in the central regulation of sympathetic
tone. Enhanced sympathetic nerve activity in animals
with L-NAME-induced hypertension is ascribed to
reduced NO formation and/or enhanced angiotensin
II action in two brain structures: the rostral ventrolateral medulla and the nucleus tractus solitarii. The rostral ventrolateral medulla was reported to be a source
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of exaggerated sympathetic nerve activity in L-NAME
hypertensive rats (Bergamaschi et al 1999). The angiotensin II-dependent increase of sympathetic tone and
blood pressure in L-NAME-induced hypertension can
be attenuated by the presence of NO (Tsuchihashi et
al 2000) or by the blockade of the RAS in this brain
region (Bergamaschi et al 2002). The nucleus tractus
solitarii represents another site in the central nervous
system in which angiotensin II can activate sympathetic
tone during chronic inhibition of nitric oxide synthase
(Eshima et al 2000). The latter brain structure is rather
interesting due to its involvement in baroreflex control,
since augmented sympathetic tone in L-NAME hypertensive rats was ascribed to the attenuation of its baroreflex control (Scrogin et al 2004; Souza et al 2001).

Conclusion
Control of blood pressure by the RAAS is exerted
through multiple actions of angiotensin II, a small peptide which is a potent vasoconstrictor hormone implicated in the genesis and maintenance of hypertension
within both peripheral and central nervous system.
New data concerning the role of RAAS also support the
existence of complex site-specific interactions between
multiple angiotensins and multiple receptors in the
mediation of important central functions including
blood pressure regulation. The balance of angiotensin
II and nitric oxide within central nervous system seems
to have a key role in this important regulation.
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