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Introduction
Angiotensin II (Ang II) acts at several different sites
in the central nervous system (CNS) to exert physiological effects on cardiovascular, neuroendocrine
and behavioural systems. These effects may be
exerted either by systemic Ang II, acting on neurons
that are located in regions lacking the blood-brain
barrier, or by synaptically-released Ang II subsequent
to its generation in the brain.
Angiotensinogen and processing enzymes
The existence of an endogenous source of brain
Ang II is a long-established concept.1-5 Ang II-like
immunoreactivity occurs in a discrete pattern
throughout the nervous system6,7 having a predominant association with regions involved in fluid and
electrolyte homeostasis, cardiovascular control and
neuroendocrine regulation. There is a very high correlation between the distribution of Ang II-like
immunoreactive nerve terminals and Ang II (AT1and AT2-) receptors, suggesting that Ang II may act
via direct release across synapses.7-9 However, there
has also been a suggestion that Ang II may act by
volume transmission through the extracellular space
and this is substantiated by the very high concentrations of angiotensinogen in the cerebrospinal fluid.10
Angiotensin receptors
Ang II elicits its biological actions by binding to specific membrane-bound receptors on target cells to
activate multiple intracellular transduction pathways. Using selective receptor ligands, two major
Ang II receptor subtypes (AT1 and AT2) were identified.11 These were subsequently cloned and their
intracellular signalling cascades identified.12-15
Physiological and pharmacological studies with the
receptor subtype-selective antagonists have revealed
that the known biological actions of Ang II are mediated by AT1-receptors.11 By contrast, although AT2receptors have been reported to show biological
activities in cultured cell lines in vitro including cellular antiproliferation and apoptosis,16,17 their physiological role in vivo is still being elucidated.18
In addition to AT1- and AT2-receptors, other
receptors for Ang peptides have been proposed but
none have yet been cloned or definitively identified.
These include receptors for Ang III, Ang [1-7] and
Ang [3-8].19
The distribution of angiotensin AT1- and
AT2-receptors in the brain
The distribution of AT1- and AT2-receptors in the

CNS has been mapped in detail using in vitro
autoradiography,20-23 in situ hybridisation histochemistry9,24-27 and immunohistochemistry.27 These
studies have been performed in a number of
species including the human.28-30 Detailed maps of
the distributions of these receptors are included
in several recent comprehensive reviews.9,31,32
Most circumventricular organs, including the
subfornical organ, vascular organ of the lamina terminalis (OVLT), median eminence, anterior pituitary and the area postrema of the hindbrain,
contain high densities of AT1-receptors.9,23 These
regions are exposed to blood-borne Ang II and are
the sites where systemic Ang II may act to alter
drinking and salt appetite, blood pressure (BP),
and pituitary hormone release. In the forebrain,
AT1-receptors also occur at many regions within
the blood-brain barrier, such as the median preoptic nucleus, hypothalamic paraventricular nucleus,
anteroventral preoptic, suprachiasmatic and
periventricular nuclei, and discrete regions of the
lateral and dorsomedial hypothalamus.9,23
In the hindbrain, a striking distribution of AT1receptors is observed in regions involved in regulation of autonomic activity and cardiovascular
reflexes, for example, the lateral parabrachial
nucleus, nucleus of the solitary tract, dorsal motor
nucleus of the vagus, intermediate reticular
nucleus and rostral and caudal ventrolateral
medulla.9,23 In the sympathetic preganglionic
neurons of the spinal cord, a high density of AT1receptors is also found. Thus AT1-receptors occur
in the brainstem nuclei involved in the regulation
of heart rate and sympathetic vasomotor activity,
and thus BP.31
Overall, we can say that the distribution of the
AT1-receptor is highly conserved across all species
studied and is associated with regions of the brain
known to be involved in fluid and electrolyte
balance, control of neuroendocrine function and
central regulation of autonomic activity.31 In contrast, AT2-receptor distribution is very variable
between species and the only constant site of
expression in the adult brain is in the molecular
layer of the cerebellar cortex.32 Whilst having a
wide distribution in the rat,23,26 the AT2-receptor
only occurs in a very limited number of sites in
the adult brain in other species.28,29 Little is known
about the function of the AT2-receptor in the
brain, although the AT2-receptor knockout mouse
has some behavioural deficits indicative of altered
brain function.33,34
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Actions of systemic angiotensin on
the brain
Blood-borne Ang II exerts a number of actions on
the brain, despite its lack of passage across the
blood-brain barrier. Included in the centrally-mediated responses that are stimulated by circulating
Ang II, are water drinking and salt hunger, vasopressin (AVP) and adrenocorticotropic hormone
(ACTH) secretion, and a centrally-mediated
increase in arterial pressure.
Pressor responses
The proposal that the pressor response to systemic Ang II, which primarily involves constriction
of vascular smooth muscle, also involves an action
on the brain came from the work of Bickerton and
Buckley.35 Initially these observations were dismissed, owing to the supraphysiological doses of
Ang employed. However, it was later shown that
much lower doses were required when infused
into the circulation supplying the brain.36-38 The
central pressor response to systemic Ang II
involves direct sympatho-excitation, AVP release
and inhibition of baroreceptor activity.37,39-45
Recent experiments, using specific AT1-receptor antagonists (ARB) or angiotensin-converting
enzyme inhibitors (ACE-I), have shown that, under
many physiological and pathological conditions,
systemic Ang II supports BP by activation of sympathetic efferent pathways and inhibition of baroreceptor reflex gain.46-50 Systemic Ang II can affect
either sympathetic vasomotor nerve activity or
baroreceptor reflex gain through several sites,
including the subfornical organ and area postrema
centrally, and at the sympathetic ganglia and sympathetic nerve terminals peripherally.51-55 The relative
importance of these sites has not been determined.
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Thirst
Following the early demonstrations by Fitzsimons
and colleagues that water drinking was a response
to stimulation of the renin-angiotensin-aldosterone
system56 or to systematically-administered Ang II,57
the question arose as to its site of action in the brain.
How could a circulating peptide like Ang II, which is
unable to cross the blood-brain barrier, induce water
drinking? Subsequent studies showed that two circumventricular organs, the subfornical organ and
OVLT were involved in Ang II-induced drinking.58,59
Neurons in both of these regions are rich in AT1receptors23 and are activated (as shown by c-fos
expression) by intravenous Ang II.60 Although the
down-stream neural pathways subserving Anginduced thirst are not well understood, a pathway
via the median preoptic nucleus is probably
involved.61
Demonstration of a central dipsogenic action
of Ang II in humans is lacking at present.
Intravenously-infused Ang II at doses producing
moderate physiological blood levels, did not significantly increase thirst scores in human volunteers.62 However, the concomitant increase in arterial pressure that occurs with systemic infusion of
Ang II may activate baroreceptors, providing a
strong inhibitory influence on water drinking.

Such an inhibitory effect has been demonstrated
in rats,63 but would not be expected to result from
increased endogenously-generated Ang II which
occurs under physiological conditions of hypovolaemia or sodium depletion, where BP does not
rise. Evidence that is suggestive of a central dipsogenic effect of circulating Ang II in humans is the
intense thirst observed in patients with chronic
renal failure undergoing intermittent renal
haemodialysis.64,65 These patients have elevated
plasma levels of renin and Ang II and their intense
thirst is extinguished by treatment with ACE-I.65
Vasopressin secretion
Systemic infusion of Ang II can also result in AVP
secretion if the concomitant pressor response to
the infused Ang II is counteracted.66 The site(s) of
action of blood-borne Ang II which results in AVP
secretion appear to be the subfornical organ,
although the OVLT may also play a role. There are
direct projections from the subfornical organ to
the sites of the AVP-secreting neurons in the
supraoptic and paraventricular nuclei,67,68 and
ablation of the subfornical organ prevents AVP
secretion in response to systemically-administered Ang II.69 In addition, a role for the OVLT in
Ang II-mediated vasopressin secretion is possible,
because ablation of this site blocks vasopressin
secretion in response to intravenous infusion of
Ang II in the dog.59
Adrenocorticotropic hormone (ACTH)
secretion
Increased circulating levels of ACTH and corticosteroids may be stimulated by systemic infusion of
Ang II in dogs and rats.66,70,71 This increased steroid
secretion is more pronounced if the infusion is
made directly into the carotid artery.66 As secretion of corticotropin-releasing hormone in the
pituitary portal blood is observed, an action of Ang
II on the brain is likely to be responsible. The circumventricular organs have been suggested as the
sites at which Ang II exerts this response,71 but
which of the circumventricular organs mediates
this response is still unresolved. The median eminence seems a likely site of action in view of the
high levels of AT1-receptors there, and evidence
that the subfornical organ is not the site of action
of Ang II for this response.71
Sodium intake
Circulating Ang II acting on circumventricular
organs plays a significant role in the initiation of
sodium appetite by salt-deficient animals. In rats,
systemic infusion of Ang II increases sodium
intake72 and high doses of ACE-I block salt appetite
during sodium depletion.73-75
Actions of centrally generated
angiotensin
In addition to the actions of blood-borne Ang II on
circumventricular organs, there is now considerable evidence that Ang generated within the brain
may influence central neural pathways regulating
a number of functions.
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Pressor responses
Depending on the cerebral site stimulated, the
pressor response to Ang II in the brain involves
changes in autonomic efferent activity, inhibition
of baroreceptor reflex function and stimulation of
vasopressin release.
Sympathetic nerve activity
Intracerebroventricular (ICV) administration of Ang
II results in increases in BP due to a combination of
increased vasopressin release and sympathetic nerve
activity.76,77 However, direct recordings in the rat
suggest that the changes in sympathetic nerve activity are not the primary cause of increased BP in
response to ICV Ang II.78 In addition, renal sympathetic nerve activity appears to be inhibited by
central Ang II, independent of changes in BP and
baroreceptor reflex alterations.79
Microinjections of Ang II into distinct brain
nuclei induce sympathetically-mediated increases
in BP. Ang II excites neurons in the hypothalamic
paraventricular nucleus with identified projections to the spinal cord.80 Activation of these
neurons may explain the increase in BP produced
by direct microinjection of Ang II into the paraventricular nucleus.81 Microinjection of Ang II
into the nucleus of the solitary tract produces
depressor (low-dose) and pressor responses.82,83
The pressor response involves activation of sympathetic efferent pathways. The rostral ventrolateral medulla contains a population of sympathetic
premotor neurons whose tonic activity is essential
for the maintenance of sympathetic vasomotor
tone and normal resting BP.84 Microinjection of
Ang II into the rostral ventrolateral medulla causes
a sympathetically-mediated pressor response.85-87
Similarly, intrathecal injections of Ang II induce a
sympathetically-mediated increase in BP, presumably by activation of sympathetic preganglionic
neurons in the intermediolateral cell column.88
The precise site in the brain at which ICVadministered Ang II inhibits renal sympathetic
nerve activity is not known, although stimulation
of the hypothalamic paraventricular nucleus
(PVN) can produce an inhibition of the renal nerve
activity.89 Microinjections of Ang II into the caudal
ventrolateral medulla inhibit sympathetic vasomotor activity and produce a decrease in BP.90 The
physiological role of Ang II at this site is not clear.
Vagal efferent nerve activity
Microinjections of Ang II into the dorsal motor
nucleus of the vagus induce a decrease in BP and
heart rate which is proposed to be due to inhibition of cardiac vagal motor neurons.91
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Modulation of baroreceptor reflex function
Microinjections of Ang II into the nucleus of the
solitary tract (NTS) inhibit baroreceptor reflex
control of sympathetic nerve activity and heart
rate.92,93 The involvement of Ang II in modulation
of visceral reflexes in the NTS has recently been
comprehensively reviewed.94 Inhibition of baroreceptor reflex function is proposed to occur via
potentiation of inhibitory interneuron activity

within the NTS possibly involving nitric oxide production. In addition, Ang II potentiates chemoreflex function possibly via presynaptic facilitation
of substance P release from primary afferents.94-97
Thirst mechanisms
Probably the most spectacular demonstration that
Ang II acts within the brain as a neurotransmitter
is the rapid and copious water drinking that
occurs within seconds of its injection into the
hypothalamic/preoptic region of the brain or the
cerebral ventricles.98
A likely site at which Ang II exerts this effect is
the median preoptic nucleus in the anterior wall of
the third ventricle. This nucleus is rich in both AT1receptors and Ang II-containing nerve terminals.7,23
Direct injection of Ang II into the median preoptic
nucleus rapidly stimulates water drinking.99 Ablation
of the median preoptic nucleus,61 but not subfornical
organ,100 abolishes drinking induced by centrallyinjected Ang II. The administration of AT1-receptor
antagonists (ARBs), such as losartan, directly into the
brain, have been shown to effectively block some
physiological drinking responses.101-104
Vasopressin secretion
ICV injection of Ang II stimulates vasopressin
secretion.105 It is unlikely that this is a direct action
via AT1-receptors on the AVP-containing neurons
of the supraoptic and paraventricular nuclei of the
hypothalamus.9,23 Neuronal inputs to the supraoptic and paraventricular nuclei come from several
regions rich in Ang II receptors and Ang II-containing terminals, including the caudal ventrolateral medulla, NTS and the lamina terminalis.106 Thus,
these may be sites at which Ang II acts as a neurotransmitter to influence vasopressin release.107
ACTH secretion
In addition to Ang II from the circulation stimulating
the hypothalamo-pituitary-adrenal (HPA) axis, there
is also evidence of a central angiotensinergic influence on corticotropin-releasing hormone and ACTH
secretion. Infusions of Ang II into the lateral or third
cerebral ventricle increases plasma concentrations
of corticosteroids or ACTH in a number of
species.71,108,109 A possible site of action of Ang II to
influence the HPA axis is the corticotropin-releasing
hormone-containing parvocellular neurons of the
PVN. These neurons are rich in AT1-receptors.110,111
Sodium appetite
Centrally-administered renin or Ang II can cause a
long-lasting stimulation of salt appetite in species
as diverse as rats, pigeons, sheep and pigs,112 suggesting that angiotensinergic mechanisms within
the brain participate in regulating sodium
appetite. In contrast to the water drinking that is
quickly initiated following central injection of Ang
II, the increased sodium intake may occur only
after several hours and may persist for days.
Interpretation of this Ang II-induced sodium
hunger is difficult because of its long latency and
long-lasting effect and the fact that part of it (but
not all) may be secondary to sodium depletion,
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resulting from a natriuretic response that also
occurs in response to centrally-administered Ang
II.113 Central administration of AT2-, as well as AT1antagonists has been shown to reduce sodium
intake in response to ICV Ang II.102 Regions of the
brain that have been implicated in central Ang IIinduced sodium appetite include the ventral
lamina terminalis and the amygdala.114
Natriuresis
Contrasting with the sodium-retention and
increased aldosterone secretion that result from
circulating Ang II, is the natriuretic effect that
occurs in response to ICV administration of Ang II
in a number of species.113,115 The rapid natriuresis
following ICV injection of Ang II may come about
because BP increases (causing a pressure natriuresis), renal sympathetic nerve activity is suppressed,79 plasma levels of renin fall,116 vasopressin
secretion increases,105,117 or a natriuretic agent is
released into the circulation. One of these factors,
alone or in combination with one or more of the
others, may be the link between brain and kidney
mediating this response. Ablation of the Ang II receptor-rich region of the AV3V region of the brain abolishes the natriuretic response to ICV Ang II in sheep
(Pennington and McKinley, unpublished observations), suggesting that the median preoptic nucleus
and/or OVLT are sites of such central Ang action.
Renin secretion
Circulating Ang II exerts a powerful inhibitory influence on renin secretion by the kidney. There is also
evidence that a central angiotensinergic influence
may inhibit renal renin secretion. In several species,
ICV infusion of Ang II reduces renin secretion by
the kidney.116,118-120 ICV Ang II reduces plasma renin
levels in sodium-depleted sheep without inducing a
pressor response, indicating that the inhibition of
renin secretion is not secondary to baroreceptor
activation.118 Prior ICV treatment with losartan
blocks this response and, in fact, central losartan
treatment further increases plasma renin levels in
sodium-depleted sheep,118 indicating AT1-receptor
involvement. Central administration of Ang II to the
lateral ventricle also causes a reduction in renal
sympathetic nerve activity,81 which may be a factor
contributing to the reduction in plasma renin levels
with this treatment.
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Thermoregulation
Indications that central angiotensinergic mechanisms participate in thermoregulation came initially from observations that centrally-administered Ang II produced a reduction in body temperature in monkeys and rabbits.121,122 This effect is
due to increased heat radiation from the skin and
decreased metabolic heat production.122,123 The
effects of ICV Ang II on thermoregulation in the
rat can be blocked by losartan,124 indicating an AT1receptor mediated response.
Memory
There is considerable evidence linking brain Ang II
with a role in cognition. Behavioural studies have

reported that exogenous administration of renin
or Ang II, acting through AT1-receptors, disrupts
learning and memory in passive avoidance,
operant and retention behaviour paradigms.125-128
In line with this behavioural observation, Ang II
inhibits depolarisation-induced release of acetylcholine from rat entorhinal and human temporal
cortex.129,130 Thus, Ang II might inhibit cognitive
performance by inhibiting cholinergic function.
Interestingly, ACE-I improve the cognitive performance of mice or rats.131
Conclusion
Angiotensin exerts a wide range of actions in the
brain, following either delivery from the circulation
to reach AT1-receptors in the circumventricular
organs, or following generation within the brain to
access AT1-receptors at sites within the blood-brainbarrier. Many of these actions concern central
pressor, autonomic and renal effects which, in
concert with neuroendocrine and behavioural
actions, help to maintain BP and body fluid and electrolyte homeostasis. In addition,Ang II has actions in
other areas including thermoregulation, modulation
of catecholaminergic and cholinergic neurotransmission and effects on cognition. By contrast to
these AT1-receptor-mediated effects, the role of Ang
II acting at brain AT2-receptors is yet to be determined. Much remains to be learned about the role
of Ang II in the brain. For example, our understanding of the details of the biochemical and cellular
pathways of the formation of brain Ang II remains
unclear. The action of Ang II at the majority of CNS
sites containing AT1-receptors is not known. Thus,
we have only just begun to explore the central roles
of this important physiological regulator.
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