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Many Studies suggest that changes in sympathetic nerve activity in the central nervous system might have a crucial role in blood
pressure control. The present paper discusses evidence in support of the concept that the brain renin-angiotensin system (RAS)
might be linked to sympathetic nerve activity in hypertension. The amount of neurotransmitter release from sympathetic nerve
endings can be regulated by presynaptic receptors located on nerve terminals. It has been proposed that alterations in sympathetic
nervous activity in the central nervous system of hypertension might be partially due to abnormalities in presynaptic modulation
of neurotransmitter release. Recent evidence indicates that all components of the RAS have been identified in the brain. It has
been proposed that the brain RAS may actively participate in the modulation of neurotransmitter release and influence the central
sympathetic outflow to the periphery. This paper summarizes the results of studies to evaluate the possible relationship between
the brain RAS and sympathetic neurotransmitter release in the central nervous system of hypertension.

1. Introduction

There is increasing evidence to suggest that sympathetic
nervous activity in both central and peripheral nervous
systems may play a major role in the regulation of blood
pressure, and that hypertension is accompanied character-
istically by increased sympathetic nervous activity in both
humans and animal models [1, 2]. Pharmacologic studies
have demonstrated that depletion of central and peripheral
catecholamine stores could prevent or attenuate the devel-
opment of hypertension [3, 4]. The concept on the release
of sympathetic neurotransmitters from nerve endings has
been considerably refined by the demonstration of multiple
presynaptic receptors, which were shown to either facilitate
or inhibit their release [5, 6]. The renin-angiotensin system
(RAS) including angiotensin receptors is widely distributed
in the brain [7–9]. It is proposed that the RAS facilitates the
sympathetic nervous system and that angiotensin-converting
enzyme (ACE) inhibition and angiotensin receptor blockade
are antiadrenergic [10, 11]. However, the interaction between
the brain RAS and sympathetic nervous system are not fully
understood. In the present paper, we discuss the relationship

between the brain RAS and sympathetic neurotransmitter
release and further evaluate the role of RAS in the regulation
of sympathetic nerve activity in the central nervous system of
hypertension.

2. Amount of Norepinephrine Release in
the Central Nervous System of Hypertension

Augmented norepinephrine (NE) release and catecholamine
synthesis as well as tyrosine hydroxylase gene expression
have been reported at central sites related to blood pressure
regulation in adult spontaneously hypertensive rats (SHR)
[12, 13]. In a study presented earlier, Qualy and Westfall
[14] observed that stimulation-evoked NE release from
paraventricular hypothalamic nucleus in hypertensive rats
was significantly increased in comparison with normotensive
rats. We have been demonstrating that the stimulation-
evoked NE release from hypothalamic slices was significantly
greater in SHR than in normotensive Wistar-Kyoto (WKY)
rats, suggesting that the release of NE from the hypotha-
lamus may contribute to the elevated sympathetic nerve
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activity in hypertension [15–22]. It was also demonstrated
that, by using electrophysiological method, higher discharge
rates were detected in neurons of the rostral ventrolateral
medulla (RVLM) of neonatal SHR [23]. On the other hand,
the stimulation-evoked NE release in the slices of whole
medulla oblongata was not significantly different between
SHR and WKY rats [24–29]. Recently, Teschemacher et al.
[30] demonstrated that although overall electrophysiological
characteristics of C1 and A2 catecholaminergic neurons in
the brain were compatible between SHR and WKY rats,
the angiotensin II- (Ang II-) induced Ca2+-mobilization was
reduced in A2 neurons of SHR. Because A2 neurons are a
part of an antihypertensive circuit, the reduced sensitivity
of the A2 cells to Ang II might further compromise their
homeostatic role in SHR. There might be regional differences
in the amount of NE release in the central nervous system of
hypertensive models.

In human hypertensive subjects, Esler et al. [31] stud-
ied the brain NE release and its relation to peripheral
sympathetic nervous activity by using transmitter washout
method. They showed that overall NE overflow into the
internal jugular vein was significantly increased in subjects
with essential hypertension compared with normotensive
subjects. The finding indicated that central sympathetic
tone might be activated in essential hypertension, although
precise mechanisms regulating central sympathetic neu-
rotransmitter release in human hypertension is not fully
understood.

3. Role of Renin-Angiotensin System in
the Regulation of Norepinephrine Release in
the Central Nervous System

3.1. Angiotensin II. It was shown that angiotensin I (Ang
I) and Ang II injected to the central nervous system
significantly elevated blood pressure [32]. Davern and Head
[33] showed that the chronic subcutaneous infusion of Ang
II caused rapid and marked neuronal activation in circum-
ventricular organs, such as subfornical organ, the nucleus
of the solitary tract, paraventricular nucleus, and supraoptic
nucleus. In an in vitro study presented earlier, Garcia-
Sevilla et al. [34] demonstrated that Ang II facilitated in a
concentration-dependent manner the potassium-evoked NE
release in the rabbit hypothalamus, which was antagonized
by saralasin. The result indicated that the increase in NE
release might be mediated through presynaptic angiotensin
facilitatory receptors on noradrenergic nerve terminals. It
was also shown that Ang II increased the potassium-evoked
NE release from slices of rat parietal cortex, and that the
effect was blocked by saralasin, but not by the Ca channel
blocker, nimodipine [35]. Moreover, the facilitative action
of Ang II on NE release might be pronounced in the
hypothalamus of SHR compared with normotensive rats
[36]. In a microdialysis study, Qadri et al. [37] showed
that intracerebroventricular administration of 100 ng of Ang
II increased blood pressure and NE release in anterior
hypothalamus of conscious rats, which was antagonized by
the Ang II receptor blocker. By using the similar method,

Stadler et al. [38] also reported that Ang II led to significant
dose-dependent increases of NE release in the paraventricu-
lar nucleus.

Several lines of evidence demonstrate that function and
signaling of the angiotensin type 1 (AT1) receptors are
quite different from the angiotensin type 2 (AT2) sites and
that these receptors may exert opposite effects on blood
pressure regulation [39]. Gelband et al. [40] demonstrated
that neuronal AT1 receptors might have a pivotal role in
NE neuromodulation, and that evoked NE neuromodulation
might involve AT1 receptor-mediated, losartan-dependent,
rapid NE release, inhibition of potassium-channels and
stimulation of Ca2+-channels. Furthermore, they proposed
that AT1 receptor-mediated enhanced neuromodulation
might involve the Ras-Raf-MAP kinase cascade and lead
to an increase in NE transporter, tyrosine hydroxylase,
and dopamine β-hydroxylase mRNA transcription. On the
other hand, neuronal AT2 receptors might signal via a Gi-
protein and be coupled to activation of PP2A and PLA2,
and stimulation of potassium-channels. Nap et al. [41]
showed that prejunctional AT1 receptors might belong to
the AT1B receptor subtype because AT1B receptor inhibition
by high concentrations of PD 123319 could suppress the
Ang II-augmented noradrenergic transmission. Gironacci et
al. [36] demonstrated that Ang-(1-7), which is synthesized
by angiotensin converting enzyme 2 (ACE2), significantly
decreased the potassium-induced NE release in the hypotha-
lamus of SHR by stimulating the AT2 receptors. In addition,
they showed that the inhibitory effect of Ang-(1-7) on
NE release was blocked by the nitric oxide (NO) synthase
inhibitor and the bradykinin (BK) B2 receptor antagonist.
The finding indicated that Ang-(1-7) reduced NE release
from the hypothalamus of SHR via the AT2 receptors, acting
through a BK/NO-mediated mechanism. Recent findings
have also revealed that the Mas oncogene may act as a
receptor for Ang-(1-7) [42–44]. It is strongly suggested
that activation of the ACE2-Ang-(1-7)-Mas axis might act
as a counterregulatory system against the ACE-Ang II-AT1

receptor axis [42–44].
Bourassa et al. [45] demonstrated that AT1 receptor

binding in both RVLM and caudal ventrolateral medulla
as well as dorsomedial medulla was increased in SHR
compared with normotensive rats. Conversely, expression
of the novel, non-AT1, non-AT2, Ang II and III binding
site, which was recently discovered, might be decreased in
the RVLM and dorsomedial medulla of SHR [45]. They
proposed that increased AT1 receptor binding in the RVLM
might contribute to the hypertension of SHR, whereas
reduced radioligand binding to the novel, non-AT1, non-
AT2, angiotensin binding site in the RVLM of SHR might
indicate a role for this binding site to reduce blood pressure
via its interactions with Ang II and III.

In this context, the facilitative effect of Ang II on NE
release might be an important factor in the excitation of sym-
pathetic tone in the central nervous system, although further
studies should be performed to assess more thoroughly
the precise roles of the different types of Ang II receptors
in the regulation of central sympathetic nerve activity in
hypertension.
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3.2. Angiotensin-Converting Enzyme Inhibitors. All compo-
nents of the RAS have been identified in the brain, and
the brain RAS might actively participate not only in blood
pressure elevation, but also in target organ damages [7–
9, 46]. It is proposed that the inhibition of brain ACE
activity may be associated with blood pressure reduction
induced by ACE inhibitors (ACEIs). Captopril, a widely
accepted ACEI, may block the conversion of Ang I to Ang
II and has been used as an effective antihypertensive agent
in both human and experimental hypertension [47, 48].
Several studies have provided evidence that the distribution
of the target sites for ACEIs might be widespread [49, 50].
It was demonstrated that captopril administered centrally
significantly lowered blood pressure in intact conscious
SHR [51]. Intracerebroventricular administration of capto-
pril significantly suppressed the pressor responses to Ang
I given by the same route in SHR [52]. Baum et al.
[53] also observed the attenuation of pressor responses to
intracerebroventricular Ang I by ACEI in conscious rats.
It was shown that oral administration of captopril caused
the inhibition of brain ACE activities [50, 54, 55]. It was
demonstrated that the ACE activities in various tissues 1
hour after oral administration of several ACEIs and that
captopril significantly reduced the ACE activities in aorta,
heart, kidney, lung, and brain. Berecek et al. [56] showed
that chronic intracerebroventricular injection of captopril
attenuated the development of hypertension in young SHR
in association with a depression in whole animal reactivity
to vasoactive agents and an increased baroreflex sensitivity.
It was also observed that central administration of captopril
produced a significant depression in vascular reactivity to
vasoconstrictor agents in the isolated perfused kidney of
SHR in vivo [57]. The findings propose the hypothesis that
central action of captopril might be, at least in part, related
to vascular relaxation.

The different structures of ACEIs may influence their
tissue distribution and routes of elimination. Cushman et al.
[55] examined the effects of various ACEIs on brain ACE
activity in SHR. They showed that not only captopril, but
also zofenopril produced a modest, short-lasting inhibition
of ACE activity in the SHR brain. On the other hand,
fosinopril, lisinopril, and SQ 29,852 had delayed but long-
lasting inhibitory actions, and ramipril and enalapril showed
no effects. More studies are necessary to determine the
distribution, binding activity to ACE, and metabolism of
each ACEI in the brain.

In an in vitro study presented previously, we showed that
captopril significantly inhibited the stimulation-evoked NE
release in slices of rat hypothalamus and medulla oblongata
[58], as well as in peripheral tissues, such as rat mesenteric
arteries [59]. It might be possible that the inhibition of NE
release by captopril might be partially due to a reduction
in Ang II formation in the central nervous system. The
modulation of central NE release by captopril might reduce
the sympathetic outflow to the periphery, which could par-
tially explain the hypotensive effects of the ACEI. Recently,
Bolterman et al. [60] showed that captopril selectively
lowered Ang II, oxidative stress, and endothelin in SHR. On
the other hand, it was demonstrated that captopril had an

asymmetrical effect on the angiotensinase activity in frontal
cortex and plasma of SHR [61]. It might be possible that
multiple neuroendocrine actions of ACEIs in the brain could,
at least in part, contribute to their blood pressure-lowering
efficacy in both human and experimental hypertension.

3.3. Angiotensin Receptor Blockers. It was shown that Ang II
administered intracerebroventricularly at a dose that induces
drinking behavior in rats significantly increased potassium-
stimulated release of NE in the hypothalamus [62]. It can be
suggested that Ang II is important primarily in pathological
states and that NE plays a substantial role in the brain
Ang II-induced drinking response. Furthermore, losartan, an
angiotensin receptor blocker (ARB), significantly inhibited
the potassium-stimulated NE release in the hypothalamus,
acting via the AT1 receptor subtype [62]. Averill et al. [63]
showed that losartan attenuated the pressor and sympathetic
overactivity induced by Ang II and L-glutamate (an excita-
tory amino acid) in RVLM of SHR. Huang et al. [64] showed
that central infusion of an AT1 receptor blocker prevented
sympathetic hyperactivity and hypertension in Dahl salt-
sensitive hypertensive rats on high salt diet.

Previous studies have reported only a limited ability
of systemic ARB to cross the blood brain barrier [65–69].
Gohlke et al. [65] reported that orally applied AT1 receptor
blocker candesartan suppressed the central responses of Ang
II in a dose- and time-dependent manner in conscious rats,
indicating that the AT1 receptor blocker might effectively
inhibit the centrally mediated action of Ang II upon
peripheral application. It was also shown that peripherally
administered candesartan markedly decreased AT1 binding
areas outside (subfornical organ and area postrema) and
inside (paraventricular nucleus of the hypothalamus and
nucleus of the solitary tract) the blood-brain barrier [66,
67]. Unger [68] proposed that candesartan might be the
most effective ARB in crossing the blood-brain barrier. On
the other hand, Pelisch et al. [69] demonstrated that CV-
11974, the active form of candesartan, was undetectable in
brain tissue after oral candesartan treatment, suggesting that
candesartan may not cross the intact blood-brain barrier
in its active form, or may reach the brain at undetectable
levels. They proposed the possibility that undetectable levels
of ARB in the brain tissue would be enough to modulate
the brain RAS. Further studies are required to determine the
relationship between the molecular characteristics of ARBs
and their properties to cross the blood-brain barrier [69].

In human hypertensive subjects, Esler [70] proposed
that the ability of ARBs to antagonize neural presynap-
tic angiotensin AT1 receptors appears to differ markedly
between the individual agents in this drug class. Recently,
Krum et al. [71] examined whether ARBs inhibited central
sympathetic outflow in human subjects. Using the whole
body NE spillover method in humans with essential hyper-
tension, they demonstrated that eprosartan and losartan
did not materially inhibit central sympathetic outflow or
act presynaptically to reduce NE release at existing rates
of nerve firing. They concluded that sympathetic nervous
inhibition might not be a major component of the blood
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pressure-lowering action of ARBs in subjects with essential
hypertension.

On the other hand, de Champlain et al. [72] showed that
the hypotensive action of valsartan may be mediated in part
by an inhibition of the sympathetic baroreflex in patients
with essential hypertension. It was also demonstrated that
valsartan not only decreased blood pressure, but also shifted
the baroreflex set point in hypertensive subjects [73]. Addi-
tional studies are necessary to determine the potential effects
of ARBs on sympathetic nerve activity in the central nervous
system of both human and experimental hypertension.

3.4. Direct Renin Inhibitors. Recent years have seen the devel-
opment of the nonpeptide, orally long-term effective direct
renin inhibitor (DRI), aliskiren, which may block the initial
stages of the RAS and exert a sustained antihypertensive
action in hypertensive subjects [74–76].

With regard to the influences of aliskiren on central
sympathetic nervous system, Huang et al. [64] examined
whether central infusion of aliskiren prevented sympa-
thetic hyperactivity and hypertension in Dahl salt-sensitive
hypertensive rats on high salt diet. Intracerebroventricular
infusion of aliskiren markedly inhibited the increase in Ang
II levels in the cerebrospinal fluid and in blood pressure
caused by intracerebroventricular infusion of rat renin. In
Dahl-salt sensitive rats, high salt intake increased resting
blood pressure, enhanced pressor and sympathoexcitatory
responses to air stress, and desensitized arterial baroreflex
function. All of these effects were significantly prevented by
intracerebroventricular infusion of aliskiren. These results
indicated that intracerebroventricular infusions of aliskiren
were effective in preventing salt-induced sympathetic hyper-
activity and hypertension in Dahl-salt sensitive rats. Because
the ARB also exerted similar effects [64], the result strongly
confirms the idea that renin in the brain plays an important
role in the salt-induced hypertension.

In a clinical study, it was shown that aliskiren significantly
reduced sympathetic hyperactivity and blood pressure in
patients with chronic kidney disease (CKD) [77]. However,
Fogari et al. [78] reported that the increase in plasma NE
evoked by Ca channel blocker, amlodipine, was not reduced
by aliskiren addition in hypertensive subjects. It is strongly
suggested that DRI might directly inhibit sympathetic neu-
rotransmitter release, and that the hypotensive action of
DRI might largely depend on its inhibitory effect on the
sympathetic nerve activity in the central nervous system.

3.5. (Pro)renin Receptor. Recent evidence indicates that
the (pro)renin receptor (PRR), which is a newly dis-
covered member of the brain RAS, might contribute to
the pathogenesis of hypertension [79–82]. Li et al. [83]
demonstrated that PRR protein was highly expressed in
neurons and upregulated in the subfornical organ and the
periventricular nucleus in Ang II-dependent hypertensive
mice. In addition, they found that PRR knockdown in
the brain significantly decreased blood pressure in renin-
angiotensinogen transgenic hypertensive mice, which was

associated with a decrease in sympathetic tone and improve-
ment of spontaneous baroreflex sensitivity. Furthermore,
PRR knockdown was associated with downregulation of the
AT1 receptors. It is proposed that PRR blockade in the central
nervous system might represent a novel approach for the
treatment of neurogenic hypertension.

3.6. Mineralcorticoid Receptor. It has been shown that aldos-
terone as well as Ang II might act within the central
nervous system and cause the sympathetic hyperactivity
to increase blood pressure [84–87]. Huang et al. [84]
proposed that brain aldosterone-mineralcorticoid receptor
(MR)-ouabain pathway might have a pivotal role in Ang
II-induced neuronal activation and pressor responses. The
sympathoexcitatory effect of aldosterone was blocked by
intracerebroventricular of MR antagonist [86]. It was also
shown that central infusion of aldosteone synthase inhibitor
prevented sympathetic hyperactivity and hypertension by
central sodium loading [88]. In a clinical study, Raheja
et al. [89] showed that MR blockade by spironolactone
prevented chlorthalidone-induced sympathetic activation
in hypertensive subjects. Blockade of MR receptors and
inhibition of aldosterone synthesis in the central nervous
system might lead to a reduction in systemic blood pressure,
although it remains unclear whether MR receptor blockers
might exert greater antihypertensive effects than other RAS
inhibitors.

3.7. Oxidative Stress. The involvement of oxidative stress
is implicated in the pathogenesis of hypertension. It was
demonstrated that superoxide anions in the RVLM, which
might generate hydroxyl radicals, were increased in SHR-
SP (stroke prone), suggesting that increased oxidative stress
would lead to enhancing the central sympathetic outflow
[90, 91]. Recent evidence indicates the possible link between
Ang II and NADPH oxidase-derived oxidative stress in
the central nervous system [92, 93]. Mertens et al. [93]
proposed that AT1 receptors might activate the NADPH
oxidase complex which could be the most important source
of reactive oxygen species (ROS) and suggested that the
produced superoxide anion would be converted into H2O2

by superoxide dismutase or combine with NO to generate
peroxynitrite, thereby decreasing NO-bioavailability and
promoting lipid and protein oxidation. Additional studies
are necessary in order to further unravel the implications of
oxidative stress in the Ang II-induced neurotoxicity in the
brain.

4. Renin Angiotensin System and Other
Neurotransmitter Release in the Central
Nervous System

4.1. Dopamine Release. There is increasing evidence to
suggest that dopaminergic nerve activity in the central
nervous system may play a crucial role in the regulation
of blood pressure [94–102]. Recent evidence has suggested
a functional interaction between brain angiotensin mecha-
nisms and dopamine neurons, although the influences of the
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RAS on central dopaminergic activities in hypertension are
controversial [94–102].

It has been demonstrated that ACE is localized through-
out the brain and, importantly, is found in neurons of
striatum and nigrostriatal tract [48]. In addition, there has
been increasing evidence in favor of the involvement of
nigrostriatal dopaminergic systems in the pathogenesis of
hypertension. Linthorst et al. [95] reported that substantia
nigra lesions caused a profound attenuation of the develop-
ment of hypertension in SHR. Brown et al. [103] showed that
the Ang II-induced dopamine release was completely blocked
by the AT1 receptor antagonist, losartan, but not by the AT2

receptor antagonist, PD 123177, suggesting that Ang II acting
via the AT1 receptor subtype might facilitate the release of
dopamine, in the rat striatum. By using the microdialysis
method, Mendelsohn et al. [104] showed that administration
of Ang II into the rat striatum caused an increase in the
release of dihydroxyphenylacetic acid (DOPAC), a dopamine
metabolite, and proposed that dopamine release was under a
tonic facilitative influence of Ang II.

On the other hand, it has been proposed that the
nigrostriatal dopaminergic system may mediate baroreflex
sensitivity in rats because both striatal dopamine release and
baroreflex responses produced by phenylephrine and carotid
occlusion were attenuated by lesions of the nigrostriatal
dopaminergic pathway [105]. It has also been reported
that centrally administered Ang II increased exploratory
behavior in rats and that this effect was antagonized by
the dopamine receptor antagonist sulpiride. The finding
indicated that Ang II potentiated central dopaminergic
effects and dopamine-mediated behavioral responses [106].
Banks et al. [107] demonstrated that the ACE inhibitor
captopril inhibited apomorphine-induced oral stereotypy
in rats. The observation suggests that a decrease in Ang
II formation caused by the ACE inhibitor could block
nigrostriatal output. In an in vitro study, we examined
the effects of captopril on the release of dopamine, and
further determined a possible role of RAS in the regulation
of dopaminergic neurotransmission in the central nervous
system [108]. We showed that captopril inhibited the release
of dopamine in the rat striatum in a dose-dependent
manner [108]. Although the mechanisms underlying the
neurosuppressive effects of captopril remain to be elucidated,
the finding suggests that the inhibition of dopaminergic
neurotransmission may be related to the central action of the
ACEI.

Jenkins et al. [109] observed that AT1 receptors have been
identified on dopamine containing cells in the substantia
nigra and striatum of human brain using receptor autora-
diography. Mertens et al. [110] showed that AT1 and AT2

receptors might exert an opposite effect on the modulation
of DA synthesis in the striatum. Speth and Karamyan [111]
demonstrated that the novel, non-AT1, non-AT2 binding site
for angiotensin peptides as a mediator of nontraditional
actions of Ang II, could have a role in the stimulation of
dopamine release from the striatum.

Several studies have been made to elucidate the possible
link between the brain RAS and the dopaminergic cell death
in Parkinson’s disease [93, 112, 113]. One hypothesis is that

AT1 receptors might play a pivotal role in Parkinson’s disease.
As mentioned above, the stimulation of AT1 receptors might
lead to the activation of the NADPH oxidase complex
and the generation of ROS [92, 93]. Mertens et al. [93]
proposed that AT2 receptor agonists alone or in combination
with AT1 receptor blockers might effectively improve the
pathological conditions in Parkinson’s disease. It was also
shown that chronic treatment of ACEI increased striatal
dopamine content in the MPTP-mouse [112]. On the other
hand, it was demonstrated that administration of PRR
blocker significantly decreased 6-hydroxydopamine-induced
dopamine cell death in the cultures, suggesting that the
potential neuroprotective strategies for dopamine neurons in
Parkinson’s disease should address not only Ang II but also
PRR signaling [113].

In this context, it can be speculated that the striatal
dopaminergic system may actively participate in the control
of blood pressure and behavioral responses, although further
studies should be performed to assess the precise role of the
RAS in the regulation of central dopaminergic nerve activity
and its modulation by the RAS inhibitors.

4.2. Acetylcholine Release. Previous studies have shown that
the central cholinergic system may also actively participate in
blood pressure control [114–123]. Buccafusco and Spector
[114] demonstrated that cholinergic stimulation of the
central nervous system by direct receptor agonists produced
pressor responses involving activation of central muscarinic
receptor sites. It was shown that pressor responses induced by
intracerebroventricular injection of Ang II were significantly
blocked by hemicholinium-3 (an inhibitor of Ach synthesis),
which may indicate a possible interaction between the
cholinergic nervous system and the RAS in the brain [115].
Vargas and Brezenoff [116] also reported that the decrease in
Ach content of the hypothalamus, striatum, and brainstem
caused by hemicholinium-3 was associated with a reduction
in systemic blood pressure in SHR. In an in vitro study,
we have shown that captopril significantly inhibited the
stimulation-evoked Ach release in rat striatum [108]. The
finding may propose the hypothesis that the inhibition of
central cholinergic activity could contribute, at least in part,
to the hypotensive mechanisms of captopril.

Recently, the possible link between the brain RAS
and the pathophysiology of Alzheimer’s disease has been
documented. Tota et al. [124, 125] observed that perindopril
and candesartan significantly ameliorated the scopolamine-
induced impairment in memory, cerebral blood flow, and
cholinergic function in mice. In addition, they suggested
that activation of AT1 receptors might be involved in the
scopolamine-induced amnesia and that AT2 receptors could
contribute to the beneficial effects of the RAS inhibitors.
The findings might propose the idea that inhibition of the
brain RAS in hypertensive subjects would be neuroprotective
against Alzheimer’s disease, although further studies are nec-
essary to assess more thoroughly the relationships between
the RAS and central cholinergic nerve activity and their
roles in the regulation of blood pressure and neurological
functions.
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Brain RAS

HypertensionCentral sympathetic 
neurotransmitter release

Angiotensin II

(pro)renin receptor

mineralcorticoid receptor

Vasopressin 

Glutamate

GABA
Oxidative stress

ACE2-Ang-(1-7)-Mas axis,
ACEI, ARB, DRI(−) (−)

ACE-Ang II-AT1 receptor axis

Figure 1: Schematic demonstration of the possible relationship between the brain RAS and sympathetic neurotransmitter release in
hypertension. RAS: renin-angiotensin system, ACE: angiotensin converting enzyme, ACEI: angiotensin converting enzyme inhibitor, ARB:
angiotensin receptor blocker, DRI: direct renin inhibitor, GABA: γ-aminobutyric acid, (–): inhibition.

4.3. Vasopressin Release. Brain RAS also modulates the car-
diovascular and fluid-electrolyte homeostasis by interacting
hypothalamic-pituitary axis and vasopressin release [126,
127]. It was shown that the angiotensinogen-deficient rats
had lower plasma levels of vasopressin and an altered
central vasopressinergic system [128, 129]. It was also
demonstrated that PRR receptor knockdown significantly
reduced AT1 receptors and vasopressin levels in the renin-
angiotensinogen double-transgenic hypertensive mice [83],
suggesting that the brain RAS might have a pivotal role in the
regulatory mechanisms of vasopressin neurotransmission.

4.4. Glutamate/GABA (γ-Aminobutyric Acid) Release. The
role of the brain RAS on glutamate/GABA neurotrans-
mission has also been described [130–132]. It was shown
that bilateral microdialysis of the AT1 receptor blocker,
ZD7155, into the RVLM significantly decreased glutamate
and increased GABA levels [130]. In contrast, administration
of AT2 receptor blocker, PD 123319, increased glutamate and
decreased GABA levels within the RVLM [131]. Fujita et
al. [132] demonstrated that administration of candesartan
suppressed ischemia-induced increases in the extracellular
glutamate with a concomitant reduction in the production
of ROS in the retinal ischemia-reperfusion injury model of
the rat, indicating that candesartan might protect neurons
by decreasing extracellular glutamate after reperfusion and
by attenuating oxidative stress via a modulation of the AT1

receptor signaling. These findings suggested that the RAS
might have a crucial role in the regulation of cardiovascular
and neurological functions by modulating glutamate/GABA
release in the brain.

5. Conclusion

All components of the RAS have been identified in the central
nervous system, and the brain RAS may regulate blood

pressure by modulating sympathetic nerve activity. It has
been proposed that the RAS may have a stimulatory influence
on the sympathetic nervous system. The brain RAS may
augment presynaptic facilitation of sympathetic neurotrans-
mitter release and enhance the central sympathetic outflow.
In the present paper we discussed the relationship between
the brain RAS and sympathetic neurotransmitter release
in hypertension (Figure 1). Ang II strongly potentiates
sympathetic neurotransmitter release in the central nervous
system. In contrast, the inhibitors of the RAS, such as ACEIs,
ARBs, and DRIs might suppress sympathetic hyperactivity in
the brain. The release of vasopressin, glutamate, and GABA
could also be altered by the RAS inhibition. Although the
clinical significance of the modulation of central sympathetic
neurotransmitter release by the RAS inhibitors is not fully
understood, the current findings may be consistent with
the idea that the neurosuppressive effect could partially
contribute to their hypotensive action in hypertension.

Clearly, more studies are required to further evaluate the
precise role of the brain RAS in the control of sympathetic
nerve activity, blood pressure, and neurological functions.
In addition, better knowledge of the cellular mechanisms in
the brain RAS could provide useful information concerning
the development of a more specific and more physiological
approach to hypertensive research.
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Neuvonen, “Effects of 6-hydroxydopamine on spontaneously
hypertensive rats,” Naunyn-Schmiedeberg’s Archives of Phar-
macology, vol. 284, no. 1, pp. 1–13, 1974.

[5] S. Z. Langer, “Presynaptic autoreceptors regulating transmit-
ter release,” Neurochemistry International, vol. 52, no. 1, pp.
26–30, 2008.

[6] K. Tsuda and Y. Masuyama, “Presynaptic regulation of
neurotransmitter release in hypertension,” Clinical and
Experimental Pharmacology and Physiology, vol. 18, no. 7, pp.
455–467, 1991.

[7] D. Ganten and G. Speck, “The brain renin-angiotensin
system. A model for the synthesis of peptides in the brain,”
Biochemical Pharmacology, vol. 27, no. 20, pp. 2379–2389,
1978.

[8] M. Bader, J. Peters, O. Baltatu, D. N. Müller, F. C. Luft, and
D. Ganten, “Tissue renin-angiotensin systems: new insights
from experimental animal models in hypertension research,”
Journal of Molecular Medicine, vol. 79, no. 2, pp. 76–102,
2001.

[9] O. C. Baltatu, L. A. Campos, and M. Bader, “Local renin-
angiotensin system and the brain—a continuous quest for
knowledge,” Peptides, vol. 32, no. 5, pp. 1083–1086, 2011.

[10] D. I. Diz, A. C. Arnold, M. Nautiyal, K. Isa, H. A. Shaltout,
and E. A. Tallant, “Angiotensin peptides and central auto-
nomic regulation,” Current Opinion in Pharmacology, vol. 11,
no. 2, pp. 131–137, 2011.

[11] J. C. Balt, M. J. Mathy, M. Pfaffendorf, and P. A. Van Zwieten,
“Sympatho-inhibitory properties of various AT1 receptor
antagonists,” Journal of Hypertension, vol. 20, no. 5, pp. S3–
S11, 2002.

[12] K. Pacak, G. Yadid, G. Jakab, J. W. M. Lenders, I. J. Kopin,
and D. S. Goldstein, “In vivo hypothalamic release and
synthesis of catecholamines in spontaneously hypertensive
rats,” Hypertension, vol. 22, no. 4, pp. 467–478, 1993.

[13] V. Reja, A. K. Goodchild, J. K. Phillips, and P. M. Pilowsky,
“Tyrosine hydroxylase gene expression in ventrolateral
medulla oblongata of WKY and SHR: a quantitative real-time
polymerase chain reaction study,” Autonomic Neuroscience:
Basic and Clinical, vol. 98, no. 1-2, pp. 79–84, 2002.

[14] J. M. Qualy and T. C. Westfall, “Release of norepinephrine
from the paraventricular hypothalamic nucleus of hyper-
tensive rats,” American Journal of Physiology—Heart and
Circulatory Physiology, vol. 254, no. 5, part 2, pp. H993–
H1003, 1988.

[15] K. Tsuda, H. Yokoo, and M. Goldstein, “Neuropeptide Y and
galanin in norepinephrine release in hypothalamic slices,”
Hypertension, vol. 14, no. 1, pp. 81–86, 1989.

[16] K. Tsuda, S. Tsuda, M. Goldstein, and Y. Masuyama, “Effects
of calcitonin gene-related peptide on [3H]norepinephrine
release in medulla oblongata of spontaneously hypertensive

rats,” European Journal of Pharmacology, vol. 191, no. 1, pp.
101–105, 1990.

[17] K. Tsuda, S. Tsuda, M. Goldstein, and Y. Masuyama, “Effects
of neuropeptide Y on norepinephrine release in hypotha-
lamic slices of spontaneously hypertensive rats,” European
Journal of Pharmacology, vol. 182, no. 1, pp. 175–179, 1990.

[18] K. Tsuda, S. Tsuda, M. Goldstein, and Y. Masuyama,
“Effects of Bay K 8644, a Ca2+ channel agonist, on
[3H]norepinephrine release in hypothalamus of sponta-
neously hypertensive rats,” European Journal of Pharmacol-
ogy, vol. 194, no. 1, pp. 111–114, 1991.

[19] K. Tsuda, S. Tsuda, I. Nishio, Y. Masuyama, and M. Goldstein,
“Calcitonin gene-related peptide in noradrenergic transmis-
sion in rat hypothalamus,” Hypertension, vol. 19, no. 6, pp.
639–642, 1992.

[20] K. Tsuda, S. Tsuda, M. Goldstein, I. Nishio, and Y. Masuyama,
“Modulation of noradrenergic transmission by neuropeptide
Y and presynaptic α2 adrenergic receptors in the hypotha-
lamus of spontaneously hypertensive rats,” Japanese Heart
Journal, vol. 33, no. 2, pp. 229–238, 1992.

[21] K. Tsuda, S. Tsuda, I. Nishio, Y. Masuyama, and M. Goldstein,
“Synergistic effects of BAY K 8644 and bradykinin on nore-
pinephrine release in the hypothalamus of spontaneously
hypertensive rats,” Clinical and Experimental Pharmacology
and Physiology, vol. 22, supplement 1, pp. S54–S57, 1995.

[22] K. Tsuda, S. Tsuda, I. Nishio, and Y. Masuyama, “Role of
dihydropyridine-sensitive calcium channels in the regulation
of norepinephrine release in hypertension,” Journal of Car-
diovascular Pharmacology, vol. 38, no. 1, pp. S27–S31, 2001.

[23] T. Matsuura, H. Kumagai, A. Kawai et al., “Rostral ven-
trolateral medulla neurons of neonatal Wistar-Kyoto and
spontaneously hypertensive rats,” Hypertension, vol. 40, no.
4, pp. 560–565, 2002.

[24] K. Tsuda, M. Goldstein, and Y. Masuyama, “Neuropeptide
Y and galanin enhance the inhibitory effects of clonidine
on norepinephrine release from medulla oblongata of rats,”
American Journal of Hypertension, vol. 3, no. 10, pp. 800–802,
1990.

[25] K. Tsuda, S. Tsuda, Y. Masuyama, and M. Goldstein, “Nore-
pinephrine release and neuropeptide Y in medulla oblongata
of spontaneously hypertensive rats,” Hypertension, vol. 15,
no. 6, pp. 784–790, 1990.

[26] K. Tsuda, S. Tsuda, I. Nishio, Y. Masuyama, and M. Goldstein,
“Modulation of norepinephrine release by galanin in rat
medulla oblongata,” Hypertension, vol. 20, no. 3, pp. 361–366,
1992.

[27] K. Tsuda, S. Tsuda, I. Nishio, Y. Masuyama, and M. Goldstein,
“Glutamatergic regulation of [3H]-noradrenaline release in
the medulla oblongata of normotensive and spontaneously
hypertensive rats,” Journal of Hypertension, vol. 12, no. 5, pp.
517–522, 1994.

[28] K. Tsuda, S. Tsuda, I. Nishio et al., “Effects of β-endorphin
on norepinephrine release in hypertension,” Journal of Car-
diovascular Pharmacology, vol. 36, no. 6, pp. S65–S67, 2000.

[29] K. Tsuda, S. Tsuda, and I. Nishio, “Role of α2-adrenergic
receptors and cyclic adenosine monophosphate-dependent
protein kinase in the regulation of norepinephrine release
in the central nervous system of spontaneously hypertensive
rats,” Journal of Cardiovascular Pharmacology, vol. 42, supple-
ment 1, pp. S81–S85, 2003.

[30] A. G. Teschemacher, S. Wang, M. K. Raizada, J. F. R. Paton,
and S. Kasparov, “Area-specific differences in transmitter



8 International Journal of Hypertension

release in central catecholaminergic neurons of sponta-
neously hypertensive rats,” Hypertension, vol. 52, no. 2, pp.
351–358, 2008.

[31] M. D. Esler, G. W. Lambert, C. Ferrier et al., “Central ner-
vous system noradrenergic control of sympathetic outflow
in normotensive and hypertensive humans,” Clinical and
Experimental Hypertension, vol. 17, no. 1-2, pp. 409–423,
1995.

[32] G. D. Fink, J. R. Haywood, W. J. Bryan, W. Packwood, and
M. J. Brody, “Central site for pressor action of blood-borne
angiotensin in rat,” The American Journal of Physiology, vol.
239, no. 3, pp. R358–R361, 1980.

[33] P. J. Davern and G. A. Head, “Fos-related antigen immunore-
activity after acute and chronic angiotensin II-induced
hypertension in the rabbit brain,” Hypertension, vol. 49, no.
5, pp. 1170–1177, 2007.

[34] J. A. Garcia-Sevilla, M. L. Dubocovich, and S. Z. Langer,
“Angiotensin II facilitates the potassium-evoked release of
3H-noradrenaline from the rabbit hypothalamus,” European
Journal of Pharmacology, vol. 56, no. 1-2, pp. 173–176, 1979.

[35] Y. Huang, J. Rogers, and G. Henderson, “Effects of
angiotensin II on [3H]noradrenaline release and phos-
phatidylinositol hydrolysis in the parietal cortex and locus
coeruleus of the rat,” Journal of Neurochemistry, vol. 49, no.
5, pp. 1541–1549, 1987.

[36] M. M. Gironacci, M. S. Valera, I. Yujnovsky, and C.
Peña, “Angiotensin-(1–7) inhibitory mechanism of nore-
pinephrine release in hypertensive rats,” Hypertension, vol.
44, no. 5, pp. 783–787, 2004.

[37] F. Qadri, E. Badoer, T. Stadler, and T. Unger, “Angiotensin II-
induced noradrenaline release from anterior hypothalamus
in conscious rats: a brain microdialysis study,” Brain Research,
vol. 563, no. 1-2, pp. 137–141, 1991.

[38] T. Stadler, A. Veltmar, F. Qadri, and T. Unger, “Angiotensin
II evokes noradrenaline release from the paraventricular
nucleus in conscious rats,” Brain Research, vol. 569, no. 1, pp.
117–122, 1992.

[39] U. M. Steckelings, L. Paulis, P. Namsolleck, and T. Unger,
“AT2 receptor agonists: hypertension and beyond,” Current
Opinion in Nephrology and Hypertension, vol. 21, no. 2, pp.
142–146, 2012.

[40] C. H. Gelband, C. Sumners, D. Lu, and M. K. Raizada,
“Angiotensin receptors and norepinephrine neuromodula-
tion: implications of functional coupling,” Regulatory Pep-
tides, vol. 73, no. 3, pp. 141–147, 1998.

[41] A. Nap, J. C. Balt, M. J. Mathy, M. Pfaffendorf, and P. A.
Van Zwieten, “Different AT1 receptor subtypes at pre- and
postjunctional sites: AT1A versus AT1B receptors,” Journal of
Cardiovascular Pharmacology, vol. 43, no. 1, pp. 14–20, 2004.

[42] M. Iwai and M. Horiuchi, “Devil and angel in the renin-
angiotensin system: ACE-angiotensin II-AT1 receptor axis vs.
ACE2-angiotensin-(1–7)-Mas receptor axis,” Hypertension
Research, vol. 32, no. 7, pp. 533–536, 2009.

[43] M. Iwai, H. Nakaoka, I. Senba, H. Kanno, T. Moritani,
and M. Horiuchi, “Possible involvement of angiotensin-
converting enzyme 2 and Mas activation in inhibitory effects
of angiotensin II type 1 receptor blockade on vascular
remodeling,” Hypertension, vol. 60, no. 1, pp. 137–144, 2012.

[44] A. J. Ferreira, M. Bader, and R. A. Santos, “Therapeutic tar-
geting of the angiotensin-converting enzyme2/Angiotensin-
(1-7)/Mas cascade in the renin-angiotensin system: a potent
review,” Expert Opinion on Therapeutic Patients, vol. 22, no.
5, pp. 567–574, 2012.

[45] E. A. Bourassa, X. Fang, X. Li, A. F. Sved, and R. C. Speth,
“AT1 angiotensin II receptor and novel non-AT1, non-AT2

angiotensin II/III binding site in brainstem cardiovascular
regulatory centers of the spontaneously hypertensive rat,”
Brain Research, vol. 1359, pp. 98–106, 2010.

[46] O. Baltatu, J. A. Silva, D. Ganten, and M. Bader, “The brain
renin-angiotensin system modulates angiotensin II-induced
hypertension and cardiac hypertrophy,” Hypertension, vol.
35, no. 1, part 2, pp. 409–412, 2000.

[47] G. L. Plosker and D. McTavish, “Captopril: a review of
its pharmacology and therapeutic efficacy after myocardial
infarction and in ischaemic heart disease,” Drugs & Aging,
vol. 7, no. 3, pp. 226–253, 1995.

[48] S. M. Strittmatter, M. M. Lo, J. A. Javitch, and S. H. Snyder,
“Autoradiographic visualization of angiotensin-converting
enzyme in rat brain with [3H]captopril: localization to a
striatonigral pathway,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 81, no. 5, pp.
1599–1603, 1984.

[49] T. Unger, B. Schull, W. Rascher, R. E. Lang, and D. Ganten,
“Selective activation of the converting enzyme inhibitor MK
421 and comparison of its active diacid form with captopril
in different tissues of the rat,” Biochemical Pharmacology, vol.
31, no. 19, pp. 3063–3070, 1982.

[50] M. L. Cohen and K. D. Kurz, “Angiotensin converting enzyme
inhibition in tissues from spontaneously hypertensive rats
after treatment with captopril or MK-421,” Journal of
Pharmacology and Experimental Therapeutics, vol. 220, no. 1,
pp. 63–69, 1982.

[51] J. S. Hutchinson and F. A. O. Mendelsohn, “Hypotensive
effects of captopril administered centrally in intact conscious
spontaneously hypertensive rats and peripherally in anephric
anaesthetized spontaneously hypertensive rats,” Clinical and
Experimental Pharmacology and Physiology, vol. 7, no. 5, pp.
555–558, 1980.

[52] T. Unger, I. Kaufman-Buehler, B. Schoelkens, and D. Ganten,
“Brain converting enzyme inhibition: a possible mechanism
for the antihypertensive action of captopril in spontaneously
hypertensive rats,” European Journal of Pharmacology, vol. 70,
no. 4, pp. 467–478, 1981.

[53] T. Baum, F. T. Becker, and E. J. Sybertz, “Attenuation of
pressor responses to intracerebroventricular angiotensin I by
angiotensin converting enzyme inhibitors and their effects on
systemic blood pressure in conscious rats,” Life Sciences, vol.
32, no. 12, pp. 1297–1303, 1983.

[54] M. L. Cohen and K. Kurz, “Captopril and MK-421: stability
on storage, distribution to the central nervous system, and
onset of activity,” Federation Proceedings, vol. 42, no. 2, pp.
171–175, 1983.

[55] D. W. Cushman, F. L. Wang, W. C. Fung, C. M. Harvey, and
J. M. DeForrest, “Differentiation of angiotensin-converting
enzyme (ACE) inhibitors by their selective inhibition of ACE
in physiologically important target organs,” American Journal
of Hypertension, vol. 2, no. 4, pp. 294–306, 1989.

[56] K. H. Berecek, T. Okuno, S. Nagahama, and S. Oparil,
“Altered vascular reactivity and baroreflex sensitivity induced
by chronic central administration of captopril in the spon-
taneously hypertensive rat,” Hypertension, vol. 5, no. 5, pp.
689–700, 1983.

[57] K. H. Berecek and D. N. Shier, “Alterations in renal vascular
reactivity induced by chronic central administration of
captopril in the spontaneously hypertensive rat,” Clinical and
Experimental Hypertension A, vol. 8, no. 7, pp. 1081–1106,
1986.



International Journal of Hypertension 9

[58] K. Tsuda, S. Tsuda, I. Nishio, Y. Masuyama, and M. Goldstein,
“Effects of captopril on [3H]-norepinephrine release in rat
central nervous system,” Clinical and Experimental Pharma-
cology and Physiology, vol. 22, no. 9, pp. 610–613, 1995.

[59] K. Tsuda, H. Shima, M. Kuchii, I. Nishio, and Y. Masuyama,
“Effects of captopril on neurosecretion and vascular respon-
siveness in hypertension,” Clinical and Experimental Hyper-
tension A, vol. 9, no. 2-3, pp. 375–379, 1987.

[60] R. J. Bolterman, M. C. Manriquez, M. C. Ortiz Ruiz, L.
A. Juncos, and J. C. Romero, “Effects of captopril on the
renin angiotensin system, oxidative stress, and endothelin in
normal and hypertensive rats,” Hypertension, vol. 46, no. 4,
pp. 943–947, 2005.

[61] A. B. Segarra, I. Prieto, I. Banegas et al., “Asymmetrical effect
of captopril on the angiotensinase activity in frontal cortex
and plasma of the spontaneously hypertensive rats: expand-
ing the model of neuroendocrine integration,” Behavioural
Brain Research, vol. 230, no. 2, pp. 423–427, 2012.

[62] S. Stancheva, L. Alova, and M. Stefanova, “Effect of peptide
and nonpeptide antagonists of angiotensin II receptors
on noradrenaline release in hypothalamus of rats with
angiotensin II-induced increase of water intake,” Pharmaco-
logical Reports, vol. 61, no. 6, pp. 1206–1210, 2009.

[63] D. B. Averill, T. Tsuchihashi, M. C. Khosla, and C. M.
Ferrario, “Losartan, nonpeptide angiotensin II-type 1 (AT1)
receptor antagonist, attenuates pressor and sympathoexcita-
tory responses evoked by angiotensin II and L-glutamate in
rostral ventrolateral medulla,” Brain Research, vol. 665, no. 2,
pp. 245–252, 1994.

[64] B. S. Huang, R. A. White, L. Bi, and F. H. Leenen, “Central
infusion of aliskiren prevents sympathetic hyperactivity and
hypertension in Dahl salt-sensitive rats on high salt intake,”
American Journal of Physiology, vol. 302, no. 7, pp. R825–
R832, 2012.

[65] P. Gohlke, S. Von Kügelgen, T. Jürgensen et al., “Effects of
orally applied candesartan cilexetil on central responses to
angiotensin II in conscious rats,” Journal of Hypertension, vol.
20, no. 5, pp. 909–918, 2002.

[66] Y. Nishimura, T. Ito, K. Hoe, and J. M. Saavedra, “Chronic
peripheral administration of the angiotensin II AT1 receptor
antagonist candesartan blocks brain AT1 receptors,” Brain
Research, vol. 871, no. 1, pp. 29–38, 2000.

[67] Y. Nishimura, T. Ito, and J. M. Saavedra, “Angiotensin II
AT1 blockade normalizes cerebrovascular autoregulation and
reduces cerebral ischemia in spontaneously hypertensive
rats,” Stroke, vol. 31, no. 10, pp. 2478–2486, 2000.

[68] T. Unger, “Inhibiting angiotensin receptors in the brain:
possible therapeutic implications,” Current Medical Research
and Opinion, vol. 19, no. 5, pp. 449–451, 2003.

[69] N. Pelisch, N. Hosomi, M. Ueno et al., “Systemic candesartan
reduces brain angiotensin II via downregulation of brain
renin-angiotensin system,” Hypertension Research, vol. 33,
no. 2, pp. 161–164, 2010.

[70] M. Esler, “Differentiation in the effects of the angiotensin
II receptor blocker class on autonomic function,” Journal of
Hypertension, vol. 20, no. 5, pp. S13–S19, 2002.

[71] H. Krum, E. Lambert, E. Windebank, D. J. Campbell, and
M. Esler, “Effect of angiotensin II receptor blockade on
autonomic nervous system function in patients with essential
hypertension,” American Journal of Physiology, vol. 290, no. 4,
pp. H1706–H1712, 2006.

[72] J. de Champlain, M. Karas, L. Assouline et al., “Effects
of valsartan or amlodipine alone or in combination on
plasma catecholamine levels at rest and during standing in

hypertensive patients,” Journal of Clinical Hypertension, vol.
9, no. 3, pp. 168–178, 2007.
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