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In this review we present the case for both hormonal and neu-
rotransmitter actions of angiotensin II (ANG) In the control of
neuronal excitability In a simple neural pathway involved In cen-
tral autonomic regulation. We will present both single-ceil and
whole-animal data highlighting hormonal roles for ANG In con-
trolling the excitability of subfornical organ (SFO) neurons.
More controversially we will also present the case for a neuro-
transmitter role for ANG in SFO neurons in controlling the ex-
citability of Identified neurons In the paraventricular nucleus
(PVN)of the hypothalamus. In this review we highlight the simi-
larities between the actions of ANG on these two populations of
neurons in an attempt to emphasize that whether we call such
actions "hormonal" or "neurotransmitter" is largely semantic.
In fact such definitions oniy refer to the method of delivery of
the chemical messenger, in this case ANG, to Its cellular site of
action, In this case the AT1 receptor. We also described In this
review some novel concepts that may underlie synthesis, meta-
bOlic processing, and co-transmitter actions of ANG In this
pathway. We hope that such suggestions may lead ultimately to
the development of broader gUiding principles to enhance our
understanding of the mUltiplicity of physiological uses for
single chemical messengers. [E.B.M.2001, 226:85-96]
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A
ngiotensin II (ANG) is an 8 amino acid peptide
recognized for its endocrine roles in the regulation
of vascular resistance and control of aldosterone

secretion. In association with the perceived global role of
ANG in the regulation of body fluids, many studies carried
out over the past 20 years have also identified complemen-
tary functions for ANG within the CNS. Circulating ANG
has been shown to act at circumventricular organs (CYOs,
specialized CNS sites that lack the normal blood brain bar-
rier) to stimulate drinking, vasopressin (VP), oxytocin
(OXY), and ACTH secretion, to enhance sympathetic out-
flow, and to control baroreflex sensitivity. Interestingly,
ANG-sensitive neurons located within one of these CYOs
apparently use this peptide as a neurotransmitter to commu-
nicate with regions of the CNS protected by the blood-brain
barrier (I). Identified central actions of ANG are not, how-
ever, exclusively associated with the regulation of fluid vol-
ume. Substantial evidence has also suggested physiological
roles for this peptide in long-term potentiation in the hip-
pocampus (2), the control of reproduction (3, 4), and
memory (5, 6).

The paraventricular nucleus (PVN) of the hypothala-
mus is one such CNS site that has been suggested to receive
ANGergic input from the SFO. The PVN is an essential
hypothalamic nucleus in the regulation of a number of neu-
roendocrine and autonomic functions including body fluid
homeostasis and cardiovascular regulation. Neurons in the
PVN must be able to monitor the body's internal environ-
ment, integrate these messages, and send the appropriate
signals to both other central nuclei and peripheral regulatory
organs so that a constant environment is maintained. The
release of the neuropeptides OXY and VP from neurosecre-
tory neurons represents one of the major mechanisms
through which the PVN is able exert control over the inte-
rior milieu.
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In this review, rather than attempt to summarize and
integrate all that is known about potential central actions of
ANG in autonomic control (for review see [7-9]) we focus
specifically on a single neuronal pathway from subfornical
organ (SFO) to PVN (Fig. I). Here we review data high-
lighting the roles of ANG both as a circulating chemical
messenger (hormone) influencing the excitability of SFO
neurons and as a bona fide neurotransmitterdelivered to its
site of action synaptically, and as a consequencecontrolling
the excitability of PVN neurons.

Angiotensin Receptors

A large number of studies have utilized both immuno-
cytochemical and ill situ hybridization techniques to de-
scribe the distribution of ANG receptors within the CNS.
The majority of early work identified the autoradiographic
distribution of labeled ANG as an indication of ANG-
binding sites within the brain (10-12). All of these reports
identified high densities of ANG binding in forebrain
CVOs, including the SFO and the ME. Additional binding
in hypothalamic regions with suggested roles in the regula-

tion of body fluid balance was described including the SON
and PVN.

Caudal aggregations of ANG binding were also iden-
tified in the dorsal vagal complex, including the nucleus
tractus solitarius (NTS) and the most caudal of the CVOs,
the area postrema (AP). From these observations emerged
the picture of a central ANG system, with a global role in
controllingneuronal excitability, which was complementary
to the peptide's peripheral role in the regulation of body
fluids.The attractiveness of such an hypothesis sustained its
popularity despite the emergence of considerable data de-
scribing additional binding sites for ANG in hippocampus,
locus coeruleus, cerebellum, olfactory tract, superior collie-
ulus, and medial geniculate (1O, II), sites without estab-
lished roles in the regulation of body fluids, These obser-
vations did, however, provide clear indications that ANG
may serve multiple roles as a neurotransmitter in neural
pathways with distinctly separate functional roles.

The development of non-peptidergic ANG antagonists
provided the primary technological impetus for the descrip-
tion of separate ANG receptors (AT1(A and B) and AT2) ,
which were eventually shown to have differential distribu-

Fl ure 1. Schematic illustration of cellular and physiological actions of ANG in .both SF? and PVN. The schematic representation of an SFOne~ron rojecting to PVN shown on the left represents the n~uronal p.op~latlon that IS the focus of this review. The center panels showI~S of an SFO and PVN neurons' responses to bath applied ANG In Vlt~O. These ratemeter records illustrate dose-dependent excitatorye~t~p of ANG on these neurons that are abolished by AT1 receptor antaqonlsts (data not shown here). On the right the histograms illustrate:c~~~atic representations of the known physiological effects of ~xogenous ANG administration into SFO (top) and PVN (bottom). For displaypurposes changes greater than 400% are labeled above the cylinder on these graphs.
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tions in the adult brain. Such conclusions were initially
drawn from experiments demonstrating differential dis-
placement of ANG binding with AT 1 and AT2 antagonists
(11, 13-15). Interestingly these studies have again sug-
gested some degree of functional homogeneity in that AT I

receptors predominate in all areas with established roles in
the control of body fluids including SFO, organum vascu-
losum of the lamina terminalis (OVLT), medial preoptic
nucleus (MPO), PVN, supraoptic nucleus (SON), dorsal
motor nucleus of the vagus (DMV), nucleus tractus soli-
tarius (NTS), area postrema (AP), and nucleus ambiguus. In
addition, they have shown varied distribution of both recep-
tor subtypes in the other regions of the brain where ANG
binding has been described.

Recently numerous reports using more definitive in situ
hybridization techniques have effectively confirmed such
observations by describing the distribution of mRNAs for
AT1A, AT IB , and AT2 receptors (16-18). Interestingly, one
of these reports has also suggested that the AT IA receptor
~ay be preferentially distributed in CNS sites accessed by
circulating ANG such as the SFO, while AT IB was found in
sites protected by the blood-brain barrier (17). The potential
functional relevance of this observation has, however, yet to
be addressed.

Angiotensinergic Pathways in theBrain
The data described above demonstrate an extensive dis-

tribution of ANG-binding sites at locations within the brain
that cannot theoretically be accessed by circulating ANG
(this peptide does not cross the normal blood-brain barrier).
This information provided the first persuasive evidence for
the existence of specific angiotensinergic neurons and thus
pathways within the CNS. Such observations led to a tre-
mendous investment of effort directed toward the identifi-
cation of all components on the renin angiotensin system
within the CNS. Again, here we focus on the literature
describing such components in the SFO and PVN. Despite
this effort, controversy still exists as to whether all compo-
nents of the system are contained in single "angiotensiner-
gic" neurons.

Angiotensin. Support for the existence of such a net-
work came from the demonstration of nerve cell bodies and
fibers that bound immunocytochemical probes directed
against ANG (l, 19-23). One of these studies in particular
seemed to point to the existence of an interconnected an-
giotensinergic network of neurons that matched the ana-
tomical description of pathways playing significant roles in
the control of fluid balance (l). Thus angiotensinergic neu-
ron identified in the SFO, which send ANG immunoreactive
fibers (AIF's) to second-order neurons in the MPO, SON,
and PVN. Neurosecretory cell bodies in SON and PVN have
in addition been shown to be ANG immunoreactive and
again give rise to AIFs which course to both the posterior
pituitary (PP) and median eminence (ME). These immuno-
cytochemical studies therefore lead to the conclusion that

many nerve cell bodies contain ANG-like immunoreactivity
and apparently transport this peptide through identified axo-
nal projections to terminal sites of these cell bodies where
the peptide is presumably utilized as a neurotransmitter.
Whether these presynaptic neurons in fact contain the bio-
chemical machinery necessary for the synthesis and post-
translational processing of this peptide cannot, however, be
addressed using such immunocytochemical probes.

Angiotensinogen. There is really no dispute with
regard to the conclusion that Ao is widely distributed within
the CNS (24-30). The forebrain distribution of An reported
in these studies is also for the most part as expected in that
it overlaps with the regions described demonstrating ANG
immunoreactivity including the SFO, PVN, SON, and
MPO. The primary controversy with regard to the distribu-
tion of Ao lies with the question of whether it is synthesized
in glia or neurons. The immunocytochemical data are clear
with a number of different reports showing Ao-Iike immu-
noreactivity localized in both of these cell types (29, 31). In
contrast it would appear that nearly all studies have utilized
in situ hybridization techniques to describe An mRNA dis-
tribution have localized this gene product in glial cells (28,
31). This apparently paradoxical lack of colocalization has
led to the recent suggestion that glial cells may in fact be
responsible for the production of Ao' which is then released
and taken up by neurons where it undergoes further pro-
cessing (32). Although the specific mechanisms underlying
such sequences have yet to be described (secretion and up-
take of Ao) ' multicellular processing is clearly a dominant
feature of the peripheral renin angiotensin system.

Renin. Although studies have described the presence
of renin or renin mRNA within the CNS (33-35), to date
there has apparently been no systematic attempt to define
the distribution of this enzyme either in specific anatomical
regions or in specific cell groups.

Angiotensin Converting Enzyme. The reported
profile for the distribution of ACE is again, as one would
predict, in accordance with the primary regions of the CNS
where ANG has been identified. The SFO as well as the
choroid plexus (36-38) has been shown to selectively bind
1251_35 1A, an inhibitor of this enzyme. Additional binding
has been reported in forebrain autonomic centers in which
ANG has been localized, including the PVN, SON, MPO,
and medial septum (MS) (36-39).

The data presented above therefore confirm the pres-
ence of all of the traditional components of the renin an-
giotensin system within the CNS. This, however, is not the
issue when considering whether ANG satisfies the classical
criterion that individual neurons must contain all of the
machinery for synthesis and secretion of the "putative neu-
rotransmitter." Clearly the available data do not allow ANG
to meet this criterion. Although the cellular localization of
renin and ACE has not yet been satisfactorily addressed, the
majority of evidence regarding Ao suggests that while the
peptide itself can be found in neurons the mRNA associated

HORMONAL AND NEUROTRANSMITTER ROLES FOR ANGIOTENSIN 87



tral roles for both circulating and centrally produced ANG
in the regulation of cardiovascular function. Following
identification of the CVOs as central targets for circulating
ANG it quickly became apparent that the SFO represented
a site at which ANG could exert profound influences over
central cardiovascular control. Lesion (45, 46) and micro-
injection (58) studies supported the conclusion that the cen-
tral pressor effects of circulating ANG resulted from its
ability to influence the activity of SFO neurons. This view
has since been further corroborated by both ill vivo (59-63)
and ill vitro (64-67) demonstrations of excitatory effects of
ANG on SFO neurons (Fig. I). Systemic ANG has also
been reported to increase c-fos expression in SFO neurons
(68).

Hormonal Effects in Subfornical Organ
Drinking. It was perhaps the initial recognition that

circulating ANG stimulated drinking as a direct result of
actions in the CNS that did more than any single observa-
tion to focus attention on actions of this peptide in the brain.
The fact that such effects were observed following both
systemic (40,41) and ICV (42,43) administration of ANG, Neurotransmitter Effects inwhen combined with the presence of ANG receptors in the Paraventricular Nucleus
CVOs, served to focus attention on these specialized struc- In addition to the traditional endocrine roles of circu-tures as potential targets at which ANG influenced neural luting ANG, there is considerable evidence supporting atissue to elicit such effects. The microinjection studies of nonclassical function as a bona [ide neurotransmitter. ThisSimpson et al. (44) suggested SFO as the target for circu- concept is derived from observations that seem to fulfill thelating ANG (Fig. I), an hypothesis that was eventually con- previously established criteria for implication as a neuro-firmed by the observation that destruction of the SFO abel- transmitter, including the identification of ANG-like immu-ished the drinking response to systemic ANG (45-47). noreactivity in somata, fibers, and nerve terminals, as wellMany different groups have also examined the potential role as the appropriate localization of post-synaptic receptorsof projections emanating from the SFO to hypothalamic (Fig. 2). Historically, it has been maintained that intracel-regions implicated in the control of drinking (41, 47, 48). lular and even specific subcellular (pre-synaptic terminal)The technical inability to obtain single-unit recordingsfrom localization of the materials required for direct synthesis ofconscious freely moving animals has, however, precluded a the putative neurotransmitter molecule is an absolute pre-more in-depth analysis of the role on central ANG in con- requisite. In the case of ANG, this direct connection doestrolling the excitability of neurons directly involved in the not seem to hold absolutely. Rather than discount the po-control of fluid intake. tential for true ANG-mediated neurotransmission, we willHormone Secretion. ANG has been clearly shown discuss other alternatives that may justify amendments toto playa double role, both as hormone and neurotransmitter, these previously outlined criteria.in the control of both VP and OXY from the posterior Traditional Neurotransmitter Criteria. There ispituitary (Fig. I). Increases in circu,lating ANG hav~ been now considerableevidence of functional synaptic release ofshown to result in large increases 111 the concentration of ANG in PVN. Push-pull perfusion experiments have dern-both OXY and VP, effects that arc abolished by destruction onstrated endogenous physiologically relevant release ofof the SFO (49, 50). In addition, both systemic (51) and ANG in the PVN (69, 70), The physiological (71) and elec-local (52) application of ANG have also been shown to trophysiologicul (72-75) consequences of activation of pu-result in AT I receptor-mediated increases in neuronal ac- tative ANGergic input to PVN neurons have also beentivity of antidromically identified OXY and .VP neurons. shown to be abolished by specific AT I receptor antagonists.Similar data have been obtained demonstrating roles for Finallyexogenous administrationof ANG and ANG-relatedhoth peripheral (53,54) and central,(55).A~G in the control peptidcs into this region also mimics the effects of electricalof ACTH secretion from the antenor pituttury presumably or chemical stimulation of presumed ANGergic cell groupsthrough the same population of SPO ne~lrons a~ld their pro-, in SFO (42, 76), Despite such persuasive evidence it needsjcctions to the PVN (Fig. I). Further eVlde.nce JI1 support 01 to be clearly stated that ANG does not satisfy one of thesuch a central regulatory role for ANG m co~trol of the standard criteria necessary to be accepted as a traditionaladrenocorticul axis comes from the demo~stratlon o~ pro- neurotransmitter, i.e., the synthetic machinery necessary forI' nd effects of glucocorticoids in regulation of angroten- its production has not been localized in nerve terminals ofsinogen mRNA expression in diverse regions of the CNS SFO neurons in the PVN. However, this situation is similarincluding the PVN (56). . , . . for all neuropeptides that have been primarily suggested toCardiovascular Control. The initial observations be synthesized in the cell body of the peptidergic neuronof Bickerton and Buckley (57) identifying a centrally m~- and then transportedto axon terminals for exocytotic releasediated component of the hypertensiv~ response to s,ystemlc following action potential triggered calcium influx. In theANG represent the first of many studies demonstraung cen- case of ANGergic SFO neurons this modus operandum is
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with synthesis appears to be primarily located in glia. These
observations support the conclusion that the production of
ANG for use by neurons as a neurotransmitter is a multi-
cellular process in contrast to that for other transynaptic
messengers. Perhaps such a conclusion should not be alto-
gether surprising in view of our current understanding of the
mechanisms underlyingthe productionof this peptide in the
periphery.



Flgu 2 S h t' t t' f ngl'otens'lnergic neurotransmission from the SFO to PVN. Circulating ANG binds to AT, receptors on
re • c ema IC represen a Ion 0 a , ' . " f h AT ANG

neuro in th SFO (<D) d l t allzsd as the ANG-AT receptor-ligand complex, Following dissociation romtel receptor, may
ns In elan ISIn ern I , , , 't' hanl hown i ("") ("") S t' I fbe anterogradely transported toward the presynaptic terminal via a COIC~lclne-~ensl Ive mec anl~m, as s own In 16J., ~ ynap IC re ease 0

vesicular ANG occurs with action potential propagation to the pre~ynaptl~ terminal. In th~ synaptic cleft. ANG II may bind to AT, receptors on
the Post-synaptic PVN cell or may be cleaved to ANG III by amlnopeptldases present In the cleft. Subsequently. ANG III may also act on

post-synaptic AT, receptors.

clearly supported by studies describing ANG immunoreac-
tivity in somata which could be visualized more clearly
folIowing pretreatment with colchicine, indicating that a
large amount of ANG peptide is of somatic origin, and is
transported in an anterograde fashion toward axon termi-
nals, potentialIy for release during chemical neurotransmis-
sion (I).

Together with the anatomical and neurochemical evi-
dence suggesting potential for the use of ANG as a neuro-
transmitter, many electrophysiological studies have shown
direct evidence in support of this hypothesis. PVN neurons
projecting to the spinal cord receive excitatory, ANGergic
input from the SFO (72), as do identified SON neurons (77).
Interestingly, in these in vivo electrophysiological studies,
electrical stimulation of the SFO resulted in a long-duration
post-synaptic excitation. FolIowing treatment with a non-
peptidergic AT, receptor antagonist, this long-duration re-
sponse was blocked, with only the underlying rapid excit-
atory phase remaining. These data suggest that chemical
neurotransmission at this SFO-PVN synapse is mediated by

both a rapid (putative amino acid) and slow (ANG) mes-
senger. III vitro studies have shown that ANG can have
direct, excitatory effects on neurons within the PVN (Fig. I)
that are blocked by AT, receptor antagonists (67, 75). In
addition to direct electrophysiological measurements, evi-
dence suggests that many of the physiological responses
governed by the SFO-PVN pathway are mediated by neu-
rotransmitter actions of ANG. Direct microinjection of
ANG into the PVN causes dose-dependent elevations in
blood pressure (73, 78), drinking (78), CRH mRNA (79),
and vasopressin release (80) (Fig. I). Conversely, receptor
blockade can prevent similar effects initiated by stimulation
of the SFO-PVN pathway, thus providing evidence for in-
hibition of the effects of endogenous ANG release. The
hypertensive effects of SFO stimulation are inhibited by
blockade of AT, receptors by losartan (81). Similarly, the
dipsogenic response to SFO stimulation can be antagonized
by local application of saralasin to the MnPO (48), suggest-
ing that ANGergic pathways from the SFO also underlie
this behavior.
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their ligand as a form of homologous desensitization (89).
Subsequent to internalization, the receptor-ligand com-
plex dissociates, leaving free ANG II within the cytoplasm.
Although this process has not been studied directly in
ANGergic neurons, circumstantial evidence suggests that
somatically originatingANG is transportedout of the soma.
This may provide a potential mechanism through which
ANGergic neurons may effectively acquire their transmitter
molecule through an energetically favorable mechanism
that is highly efficient, although not traditional.

Novel Concepts in Angiotensin Neurotrans-
mission. AlthoughANG II has been localizedin ceIl bod-
ies and fibers, and exogenous administration can exert spe-
cific physiological effects, there is somecontroversy regard-
ing which form of ANG actuaIly mediates post-synaptic
responses within the CNS. Over the course of the last de-
cade, there has been increasing evidence suggesting that
ANG III has direct biological effects in a numberof central
autonomic systems (82, 83), apparently through actions at
AT, receptors (84). These data come largely from studies
employing exogenous administration of ANG Ill. More re-
cently, however, the developmentof more selective amino- Cellular Mechanisms of Actionpeptidase m and p inhibitors has allowed investigators to Effects on Signal Transduction Pathways. Theelucidate potential roles of endogenously produced ANG distribution and ontogeny of AT receptors have been exten-III. These studies have been enlightening, and they chal- sively studied in the CNS, and it is clear that receptor sub-lenge some of the dogma surrounding central actions of type is critical in the action of ANG in any tissue. Bio-ANG peptides.Firstly, in manycentral ANGergic pathways chemical studies have only recently begun to uncover theaminopeptidase m has been localized(85) and has shown to multitude of signal transduction pathways that these recep-be increased in brains of spontaneously hypertensive rats tors are capable of activating. In addition, studies have be-(86). Secondly, inhibition of these enzymes activity leads to gun to describe the ramifications of such actions to physi-a reduction in systemic blood pressure (87) and VP secre- ological and pathological processes.tion (88), presumably through a decrease in ANG III pro- While the signal transduction cascades which underlieduction. Note that these two effects are normally ascribedto the physiological effects of ANG remain largely unidenti-the actions of ANG II in the large body of literature on the fied, a number of reports have documented the relationshipsubject. Clearly, these studies serve to fulfil two of the between ANG and G protein coupled receptors (Fig. 3).traditional criteria for identification of ANG III as a neuro- Studies reveal that AT) receptors are coupled to either ac-transmitter: (i) exogenous administration induces biological tivation of phospholipase C (PLC) and the subsequenteffects and (ii) blockade of action of endogenous ANG III stimulation of phosphotidyl inositol (PI) hydrolysis (90-92)(in this case by blocking cleavage of ANG II to ANG III). or to the inhibition of adenylyl cyclase (91). PI hydrolysisThe observations that inhibition of aminopeptidase activity effects are largely dependent upon mobilization of internallargely attenuates hypothalamic actions normally ascribed calcium and/or activation of protein kinase C (PKC). Stud-to ANG II (Fig. 2) suggest two key features of this system ies have also indicated ATI receptor stimulation of phos-which must be paramountto the ANGergic neurotransmitter pholipase D (PID) and phospholipase A2 (PLA2), in addi-system: (i) that conversion of synaptically released ANG II tion to the Ras/Raf/MAP kinase and JAK (93-95). Theto ANG III must occur rapidly and (ii) that ANG III must physiological consequences of activation of these pathwaysact on the same receptor population that ANG II is believed by ANG, however, remain poorly understood. In addition,to act on but with at least equal or higher affinity. Should stimulation of AT] receptor also leads to increased tran-this second feature not hold true, it would be expected that scription of immediate early genes such as c-fos, fos b.blockade of aminopeptidase activity would not have signifi- C~iUIl, jU/I b, and KROX-24 and to the production of their re-cant biological effects, as the overspill of ANG II would be spective gene products in the SFO, MnPO, PVN, and SONable to activate ATI receptors to a similar degree, thus (90, 96).
producing the desired biological effect, be it an increase in Most of the information on the effects of AT2 receptorblood pressure or VP release. . .. . activation (Fig. 3) on neurons has been obtained from eitherOne of the traditional neurotransmitter cntena outlined tumor cell lines or from the newborn rat hypothalamus inpreviously is that of location of machine~y for int~'insic p.ro- culture. While AT2 receptors are also G protein coupled,duction of the transmitter molecule. Typically, this consists experiments in PC12 cells suggest that their actions areof one of the final enzymes required for synthesis and is largely dependent upon activation of PLA2 and the subse-often used to identify the neuronal chemical phenotype. quent production of arachidonic acid (AA) (93, 97-99).This criterion may not. however, hold true with ANG neu- Stimulation of phosphotyrosine phosphatase (i.e., MKP-I)rons as there is a considerable discrepancy in the literature and/or serine/threonine phosphatase type 2A (PP-2A) inwith'respect to the colocalization of ANG II and angioten- cultured neurons has also been observed, which may under-sin-converting enzyme and/or angiotensinogen as outlined lie the neurite outgrowth that has been reported (93, 100,above. This apparent shortfall may be resolved with the 10I). Sumners et al. have shown in neonatal neurons thatunique coincidence that many a~giotensinergic n~urons are AT2 receptor effects are in part dependent on a decrease inalso angiotensin sensitive. As WIth other G-protem coupled cGMP, an end point that may be the critical element inreceptors (OPCRs), AT, receptors internalize along with many of this receptor's actions (102).
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Figure 3. ANG activates signal transduction cascades that result in
neuronal excitation and neurotransmitter release. This schematic
~ummarizes the intracellular signaling pathways involved in mediat-
~ng ANG excitation of PVN neurons. Comprehensive details regard-
Ing.ANG facilitation and inhibition of lA' IK, lea' and NSCC are de-
scnbed in the text. AT, receptor mediated effects are G-protein
Coupled and are largely dependent upon activation of PLC and the
SUbsequent mobilization of internal calcium and stimulation of PKC.
P~C is capable of phosphorylating ion channels directly and modu-
lating their activity while an increase in internal [Ca2+] results in either
CAMKII and/or NOS activation. Somatic excitation following ANG
r~ceptor activation is principally due to inhibition of IAand IK coupled
~Ith Increases in lea and NSCC which ultimately result in a decre~se
I~ n~t outward current as previously described. AT2 receptor activa-
tion IS capable of modulating hypothalamic ion channels (e.g., lea)
a!though the AT2 receptor contribution to neuronal excitation is con-
sidered minimal. Dendritic ion channels, specifically lA' are also
r~gulated by ANG. Inhibition of dendritic IA via AT, receptor activa-
lion maximlzas incoming excitatory stimuli, resulting in somatic de-
polarization. The net effect of ANG-AT, receptor binding is an in-
crease in PVN "output" and thus facilitation of neurotransrJ.1itter. re-
lease at the neuron terminal, which results in the physlotoqlca!
responses, observed following PVN stimulation. Arrows r~present
pathways. ANG, angiotensin II; GLU, glutamate; lA' transient .~ut 
Ward potassium current; IK voltage-dependent delayed rectifier;
NSCC, nonspecific cationic conductance; lea' total calcium current;
PLC, phospholipase C; PiP2 , phosphatidylinositol 4,S-bispho~~hate;
~AG; diacylglycerol; IP3 , inositol 1,4,S-triphosphate; NOS, nltric ox-
I~e synthase; NO, nitric oxide; PKC, protein kinase C; CAMKII, ,cal-
cium/calmodulin-dependent protein kinase II; PP2S, senne/
threonine phosphatase type 2A.

Effects on Ion Channels. The evolution of sophis-
ticated patch clamp techniques to measure the effects of
ANG on membrane-located ion channels has revealed many
of the mechanisms by which this peptide modulates neuro-
nal activity. ANG has been shown to act upon a variety of
ionic conductances, including voltage dependent potassium
and calcium currents as well as nonselective cationic cur-
rents. Ultimately, the effects of ANG on these channels are
largely dependent upon the type of angiotensin receptor
localized in a particular cell type. In many cases, AT I and
AT2 receptor activation has been observed to elicit opposing
outcomes on similar channels. Figure 3 shows possible out-
comes of ANG binding on AT I and AT2 receptors to elicit

excitatory effects on a PVN neuron. Obviously, the final
physiological actions of this peptide represent the cumula-
tive effects of AT receptor-mediated actions on multiple ion
channels, and ultimately on the complex interactions be-
tween these channels in single neurons.

Potassium currents. ANG has been shown to act on
both the transient outward (lA) and the delayed rectifier (lK)

potassium currents. IA is thought to exist to some degree in
most central neurons is thought to play a critical role in
regulating action potential timing and propagation of den-
dritic inputs. IA can be identified by its unique voltage de-
pendent activation, fast kinetics of inactivation, and phar-
macological sensitivity to millimolar concentrations of
4-aminopyridine (4-AP) (103). In neurons, IA dampens ex-
citation and increases the interspike interval and is impor-
tant in the maintenance of synaptic input (103). Correspond-
ingly, IA is extremely important in the regulation of neuro-
nal burst firing, a critical phenomenon in modulating
neuropeptide release from PVN and SON neurons (104,
105). In SFO neurons, ANG has been shown to decrease IA

as a result of interactions with AT I receptors, an observation
consistent with the finding that ANG caused an AT I recep-
tor-mediated decrease in open probability of single A-type
K+ channels (74, 93, 106). The AT I-mediated reduction in
IA has been observed in neurons in the SFO, SON, and
PVN, where such effects are maintained in synaptic isola-
tion (TTX or Ca2+-free/C02+ medium). These data may ex-
plain the underlying excitatory actions of ANG on these
neuronal subpopulations, specifically the observed increase
in firing frequency. They do not, however, correlate well
with the reported decreased input resistance in PVN and
SON neurons following ANG application, suggesting an
increase rather than a decrease in conductance (74, 75, 107).

The specific K+ channel isoforms underlying the ob-
served IA in these neurons have not yet been elucidated. The
cloned K+ channels from rat brain, Kv104 and Kv304, have,
however. been demonstrated to give rise to A-type currents
(106). The effects of AT2 receptor stimulation on IA have
not been studied as extensively, although a potentiation of
IA has been reported (108).

The intracellular signaling pathways, which underlie
the modulatory effects on lA' remain less well understood.
Preliminary studies indicate that PKC may be involved as
the PKC activator PMA dramatically reduces the open time
probability of the A-type channel (90, 109). AT2 receptor
modulation of IA appears to be dependent on AA and PLA2
as the response of ANG on IA via the AT2 receptor can be
largely abolished via inhibition of PLA2 (93).

The effects of ANG on the voltage-dependent delayed
rectifier, IK , a current critical in neuronal repolarization,
have also been studied. IK channels are much more diverse
than their IA counterparts, but again they can be differenti-
ated by their biophysical and pharmacological characteris-
tics. The inhibitory nature of the action of ANG on IK

correlates well with the excitatory actions of ANG in SON
and cultured brainstem/hypothalamic neurons. Stunners et
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al. demonstrate that in newborn hypothalamic and brain
stem cultures ANG reduces IK , an effect that is mediated by
the ATI receptor (110).This reductionis partially abolished
by inhibitors of either calmodulin and/or CaM KII or was
mimickedby intracellularapplication of activated(autothio-
phosphorylated) CaM KIIa. Correspondingly, ANG actions
at the AT, receptor also stimulate an increase in neuronal
intracellular calcium and consequently CaM KII activity.
Concurrent inhibition of PKCa, and CaM KIIa completely
abolished the ANG effects on IK , demonstrating the in-
volvement of PKCa. Interestingly, single-cell RT-PCR
analysis has revealed the presence of AT, receptor, CaM
KIIa, and PKCa subunit mRNAs in those neurons that
show a decrease in IK following ANG application (III).
Thus inhibition of IK involves a Ca2+/calmodulin/CaM KII
signalingpathwayas well as PKC (93). Contrary to findings
in hypothalamic cultures, Li and Ferguson show that IK is
not reduced by ANG in PVN neuronsand thereforedoes not
likely mediate ANG-induced excitatory actions in this
nucleus (75).

Confoundingly, activation of the AT2 receptor results
in a potentiation of IK that can be mimicked by CGP42112A
(AT2 receptor agonist) (93). The AT2 receptor-mediated
stimulatoryeffects of ANG are abolishedby pertussistoxin,
suggesting the involvement of a G, or Go protein (108).
PP-2A has been implicated as okadaic acid and anti-PP2A
antibodies abolish the AT2 receptor augmentation of IK •
Furthermore, intracellular application of Giu antibodies
abolishes the response. In this regard, ATI receptor activa-
tion and the subsequent inhibition of both IA and IK likely
comprise major mechanisms that underlie known physi-
ological consequences of ANG receptor activation in both
SFO and PVN.

Calcium currents. Calcium channels, ubiquitous
among excitable cells, are known to play important regula-
tory and electrical roles. Increases in intracellular calcium
have been shown to have a myriadof consequences, includ-
ing activation of Ca2+-dependent .enzymes, su.pport of mi-
tochondrial function, and modulation of other Ion channels,
such as Ca2+-activated K+ channels. These channels, much
like K" channels, can be differentiated on the basis of their
biophysical propertiesand their sensitivityto pharmacol~gi 
cal agents. ANG has been shown to act on. se'.'~ral ct~lclUm
channel subtypes to increase neuronal excitability (FIg. 3).

Sumners et al. demonstrate that ANG increases total
calcium current, Ic,,' in response to AT I receptor activation
(97). In contrast, AT2 receptor stimulation does not appear
to have an effect on lea in cultured neurons (93, 97, 110,
112). Interestingly, the ANG-induced modulation of cal-
cium channels appears to be tissue specific, as ANG has
been demonstrated to have opposite effects on similar chan-
nel subtypes in different tiss~es. Shapiro.ef al. dem~nstrate
that ANG inhibits N-type Ca-+channels In rat superior cer-
vical ganglion cells. This inhibition is blo~ked by .Iosarta~,
attenuated by the inclusion of GDP-r3-S III the pipette, IS

pertussis toxin insensitive and voltage independent.
BAPTA, a calcium chelator, attenuates this inhibition sug-
gesting a dependence on mobilization of intracellular cal-
cium (113). In contrast, enhancement of N-type Ca2+ cur-
rent subsequent to ATJ receptor activation was observed in
rat sympathetic neurons(102). T-type Ca2+ channels critical
in excitation contractioncoupling and facilitation of neuro-
transmitter release at the soma are inhibited by ANG in the
undifferentiated NGI08-15 neuroblastoma x glioma cells
(93, 114).The actions of ANG on the L-type Ca2+ channel
appear to be paradoxically 2-fold in rat retinal ganglion
neurons, where interestingly ANG inhibits L-type Ca2+ cur-
rents in one population of cells while potentiating them in
another (115). Unfortunately, information investigating the
pathways that underlie this dichotomy of angiotensinergic
effects on L-type Ca2+ channels remains inconclusive. AT,
modulation does, however, appear to occur through an in-
direct signaling pathway rather than being membrane de-
limited. The stimulation of lea largely appears to be similar
in nature to the reduction of IK as it involves Gq protein
cascade and PLC, although it is documented that CAM
kinase II is not involved (93). In nondifferentiated NGI08-
15 neuroblastoma x glioma cells, AT2 receptor activation
decreases T-type Ca2

+ currents via activation of phospho-
tyrosine phosphatase rather than PP-2A (93, 1(4). Clearly,
ANG is capableof modulating Ca2

+ channels in a numberof
systems that could potentially underlie neuronal activation.
In the hypothalamus, a number of studies have suggested a
decrease in net outward current following ANG receptor
stimulation, in part mediated by an increase in calcium con-
ductance, is responsible for neuronal excitation. The cal-
cium channel subtypes responsible for these observations
have not yet been identified.

Nonselective cationic conductance. The nonselec-
tive cationic conductance (NSCC), a voltage independent
current, has recently been implicated in facilitating the de-
polarizing effects of a number of well-known hormones
including ANG (116). Although, not as extensively studied
as the K+ and Ca2+ currents, the NSCC has been shown to
underlie the excitatory effects of ANG on MnPO and SON
neurons (117, 118). The actions of ANG on NSCC are AT I
receptor mediated as they are abolished in losartan. The
signal transduction pathways that trigger the activation of
NSCC following ATI receptor stimulation remain unknown
(102, 118). While a number of studies suggest the involve-
ment of a NSCC based on the observed decrease in input
resistance (increase in cationic conductance) and reversal
potential of the depolarizing current, few studies have in-
vestigated the NSCC and ANG using voltage clamp tech-
niques. Chakfe and Bourque have observed that ANG
modulates a stretch-inactivated cation channel that also un-
derlies the intrinsic osmosensitivity of magnocellular SON
neurons (I J6), suggesting an intriguing site for further in-
tegrationof diverse peripheral signals describing body fluid
status.
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Nonsomatic Effects of ANG

.Somatic actions of ANG have been assumed to be pri-
~anly responsible for the demonstrated effects of this pep-
tide on neuronal excitability and subsequent release of neu-
ropeptide. Important novel roles for ANG have more re-
cently been suggested in the modulation of terminal and
dendritic ion channels as well as the regulation of synaptic
efficacy.

Effects on Dendrites. Dendritic ion channels are
known to have critical roles in the maintenance of synaptic
efficacy and generation of neuronal excitation. Although
ANG has been shown to have excitatory actions on a num-
be~ .01' neuronal systems, the effects of this peptide on den-
dntlc ion channels remain unclear. Electrophysiological
st~dies have demonstrated the presence of IA on the den-
d~ltes of neurons in a number of systems, including the
hippocampus and cerebellum (119, 120). Further, a number
of studies have clearly demonstrated that magnocellular
neurons of the SON and PVN express a profound IA (75,
121, 122). The presence of IA on the dendrites of magno-
cellular neurons in PVN and SON has been suggested by the
demonstration that magnocellular neurons of the SON, fol-
lowing dissociation and the consequent loss of their den-
dritic trees, appear to lose their IA (123). As discussed
above, ANG has been shown to inhibit IA in SON and PVN,
an effect that may thus be the result of dendritic rather than
somatic actions of this peptide (75, 124).

CO-localization in Terminals. Interactions be-
tween GABA and ANG at the nerve terminal have also been
suggested by work showing numerous terminals in central
portions of the SFO that contain both GABA and ANG
immunoreactivity (125). Interestingly, immunogold-silver
aggregates recognizi~gANG were often detected near non-
synaptic portions of the plasma membrane while GABA
immunoperoxidase labeling was most intensely localized to
membranes of small clear vesicles that were aggregated
near the presynaptic junction. Chan and Pickel postulated
that neuronal ANG might modulate the inhibitory postsyn-
aptic responses to GABA following release from single
axon terminals (125).

ANG may also modulate glutamate-evoked PSPs as
suggested by the work of Xiong and Marshall showing that
iontophoretically applied ANG reduces the depolarization
induced by iontophoretically applied t.-glutamate in locus
coeruleus neurons (126). They also report, using intracellu-
lar recordings in an in vitro brain slice preparation, that
ANG depressed non-NMDA mediated EPSPs, demon-
strated to be AT2 receptor specific (blocked by PD 123177).
Interestingly, the effects of ANG on these neurons are se-
lective for glutamate, as they observe no effects of ANG on
the electrical properties of these neurons. They postulate
that the effect is likely mediated by an intracellular mes-
senger activated by ANG, and the effects appear to be post-

synaptic in nature as they are maintained in low Ca2+/hioh
? b

Mg-+ medium (127) .
Similarly, co-transmitter interactions between gluta-

mate and ANG have been suggested in PVN by data dem-
onstrating that separate components of the post-synaptic ef-
fects of SFO inputs on PVN neurons are the result of glu-
tamate and ANG actions on the post-synaptic cell (126).
Intriguingly, such interactions have also been suggested not
only to be responsible for the excitation of PVN neurons but
also to activate local feedback circuitry that modulates net-
work activity. We have recently reported that ANG. follow-
ing its excitatory actions on magnocellular neurons in PVN.
is capable of increasing the frequency of IPSPs in the same
population of cells (128). This increase in IPSPs observed in
the magnocellular neurons is shown to be NO dependent,
possibly reflecting the interaction of NO and perinuclear
inhibitory neurons surrounding PVN. This negative feed-
back pathway represents an important circuit whereby the
regulation of neuronal excitability and thus the extent of
neuropeptide release can be tightly controlled.

Conclusions

In this review we have presented the case for both
hormonal and neurotransmitter actions of ANG in the con-
trol of neuronal excitability in a simple pathway involved in
central autonomic regulation. The majority of readers will
probably be quite comfortable with the conclusion that
ANG exerts hormonal control over the excitability of SFO
neurons and perhaps equally uncomfortable with the de-
scription of this peptide as a neurotransmitter controllins the
excitability of PVN neurons. In this review we have high-
lighted the similarities between the actions of ANG on these
two populations of neurons in an attempt to emphasize that
whether we call such actions "hormonal" or "neurotrans-
mitter" is largely semantic. In fact such definitions only
~efer.to the method of delivery of the chemical messenger,
m this case ANG, to its cellular site of action, in this case
the AT, receptor. We have also emphasized in this review
some novel concepts that may underlie synthesis, metabolic
processing, and co-transmitter actions of ANG in this path-
way. We hope that such suggestions may lead ultimately to
the development of broader guiding principles to enhance
our understanding of the multiplicity of physiological uses
for single chemical messengers.
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