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Preface

The 1974 volume on angiotensin edited by Irvine H. Page and E. Merlin Bumpus
expanded the Handbook of Experimental Pharmacology series. In the preface, the
editors of the first edition commented on their subject matters as follows:

“.Initially, it seemed that the action of angiotensin was relatively simple but
this proved grossly misleading... Even after two decades [since angiotensin was
identified as the major effector peptide of the renin-angiotensin system (editors’
note)] the multiplicity of its actions appears not to have been fully discovered. To
call attention to its many functions is one of the purposes of this book.”

Thirty years later, this statement still holds true. Nevertheless, this new edition
of the volume on angiotensin attempts to provide an updated account of the
knowledge and findings accumulated since the complexity of angiotensin was so
accurately recognized.

Certainly, the editors of the first volume on angiotensin would have been grati-
fied by the wealth of new data on their subject flooding the literature since 1974,
adding to the complexity of actions of angiotensin peptides they had predicted.
This, of course, does not make our present-day task of understanding the multiple
facets of the renin-angiotensin system any easier. However, it justifies our current
endeavor to take a new look at this venerable system that still offers so many hid-
den miracles to be unveiled and described and, after all, has proved in the last
30 years to be of utmost clinical importance.

It is indeed the advent of the inhibitors of the renin-angiotensin system, nota-
bly the angiotensin-converting enzyme inhibitors and the angiotensin AT, recep-
tor antagonists, which has helped enormously in gaining deeper insights into the
system, notwithstanding the fact that these compounds have become some of the
most successful drugs ever developed, not only to control hypertension but also
to protect target organs like the kidney, heart, blood vessels, and brain, and, most
importantly, to reduce cardiovascular mortality.

Naturally, the focus of any published work on medical science changes over the
years and between editions. In 1974, much emphasis was laid on the biochemistry
of the renin-angiotensin system, since the major discoveries had been made in
this area. The interaction of renin and converting enzyme with their substrates,
newly developed assays to analyze the various components of the system, and an-
giotensin analogs and their structure-function relationships were in the center of
interest.
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In the years that followed, attention gradually shifted to other areas, such as
the genetics of the renin-angiotensin system, angiotensin receptors, their regula-
tion, signaling pathways and various functions, and the inhibitors of the renin-
angiotensin system with their mechanisms of action and their clinical use.

Moreover, whereas 30 years ago angiotensin II was still predominantly seen as
a regulator of blood pressure and body volume, this peptide and its active frag-
ments together with another major effector molecule of the system, the adrenal
steroid aldosterone, are now considered to play an important role in a variety of
(patho-) physiological functions that may be as diversified as vascular growth and
atheroma formation, renal protein handling and glomerulosclerosis, cardiac left
ventricular hypertrophy, fibrosis and postinfarction remodeling, or central osmo-
regulation and neuroregeneration. And along with the immense progress in biolo-
gical sciences that we have witnessed during the last decades, the renin-angioten-
sin-aldosterone system has been connected to a number of biological phenomena
such as cellular differentiation, neuroplasticity, and apoptosis.

This shift in scientific interest and research activities is reflected in the present
volume, although we strongly felt that the fundamental knowledge on the system
accumulated and substantiated over the last 100 years should never be omitted
but be present as an undercurrent to help our understanding and, even more im-
portantly, to put our temporary knowledge of today into a historical perspective.

The editors of the 1974 volume finished their preface stating, “..Books today
are expensive and time-consuming to read...”

Again, their statement holds true for the two volumes of this new edition. To-
day, electronic media provide us with virtually any information including, of
course, what has been written on angiotensin to date, and a host of review articles
has been published on almost every aspect of the renin-angiotensin-aldosterone
system. However, as with Page and Bumpus in their day, we are convinced that
even in our time, there is still a place for books of this kind which invite the scho-
lar to in-depth reading of what acknowledged experts have compiled as the essen-
tials in their field.

When we asked the authors if they were willing to contribute to this edition,
we did so with a certain degree of apprehension for the above-mentioned reasons
but were overwhelmed by their unanimous positive response to our request. We
would like to thank all authors for their efforts to make this volume a solid source
of comprehensive information. We would also like to express our gratitude to our
secretaries, Miranda Schréder and Undine Schelle, as well as to Sibylle Melzer and
Ellen Scheibe and also to Susanne Dathe, our partner at Springer-Verlag, for their
continuous, invaluable support, which enabled us to achieve our task.

Berlin and Frankfurt, January 2004 Thomas Unger
Bernward A. Schélkens
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Abstract There is an increasing body of evidence that oxidative stress markedly
contributes to endothelial dysfunction and to poor prognosis in patients with
coronary artery disease and hypertension. Among many stimuli for oxidative
stress in vascular tissue, the role of angiotensin II has been extensively studied.
When given acutely, angiotensin II stimulates the release of nitric oxide and ac-
tivates a nonphagocytic NAD(P)H oxidase, leading to formation of superoxide
and of the nitric oxide/superoxide reaction product peroxynitrite. Peroxynitrite
in turn may cause tyrosine nitration of prostacyclin synthase and/or oxidation
of zinc-thiolate complexes of the nitric oxide synthase associated with inhibi-

T. Unger et al. (eds.), Angiotensin

© Springer-Verlag Berlin Heidelberg 2004



4 N. Tsilimingas et al.

tion or uncoupling of these enzymes. Further, angiotensin II causes endothelial
dysfunction, hypertension, increases the endothelin expression, and inhibition
of the cGMP-cGK-I signaling cascade, all of which are secondary to angiotensin
I1-stimulated production of reactive oxygen species.

Keywords Angiotensin II - NADPH oxidase - Endothelium - Peroxynitrite -
Superoxide

Abbreviations

ACE Angiotensin converting enzyme

ADMA Asymmetric dimethylarginine

AT-1 Angiotensin type 1 receptor

BH, Tetrahydrobiopterin

cGK c¢GMP-dependent protein kinase

cGMP Cyclic guanosine monophosphate

DDAH Dimethylarginine dimethyl-aminohydrolase
H,0, Hydrogen peroxide

LDL Low-density lipoprotein

L-NAME NC-nitro-L-arginine methyl ester

L-NNA NC-nitro-L-arginine

NADH Reduced nicotinamide adenine dinucleotide

NADPH Reduced nicotinamide adenine dinucleotide phosphate
NOS III Nitric oxide synthase

nox Nonphagocytic NAD(P)H oxidase

0,~ Superoxide

ONOO- Peroxynitrite

OH Hydroxyl radical

PDE 1A1 Phosphodiesterase type 1A1

PKC Protein kinase C

PRMT Protein arginine methyltransferase
P-VASP Phosphorylated vasodilatory stimulated phosphoprotein
RAAS Renin-angiotensin-aldosterone system
ROS Reactive oxygen species

sGC Soluble guanylyl cyclase

SOD Superoxide dismutase

1

Introduction

In the last decade, a great deal has been learned about the critical role of reac-
tive oxygen species (ROS) in the pathophysiology of vascular disease. The effects
of angiotensin II on ROS production and its functional consequences for endo-
thelial function, hypertension, endothelin expression and activation of superox-
ide (0,7) producing enzymes such as the NAD(P)H oxidase, have been studied
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extensively. In this review, mechanisms by which angiotensin II-mediated ROS
production affects vascular function will be discussed.

2
Endothelial Dysfunction, Oxidative Stress and Prognosis

Traditionally, the role of the endothelium was thought to be primarily that of a
selective barrier to the diffusion of macromolecules from the blood lumen into
interstitial space. During the past 20 years, numerous additional roles for the
endothelium have been defined such as regulation of vascular tone, modulation
of inflammation, promotion as well as inhibition of vascular growth, and modu-
lation of platelet aggregation and coagulation. Endothelial dysfunction is char-
acteristic of patients with apparent coronary atherosclerosis or patients with
cardiovascular risk factors such as hypercholesterolemia, hypertension, diabetes
and chronic smoking. Recent studies indicate that assessment of endothelial
function in both the coronary and peripheral circulation provide important
prognostic information concerning future cardiovascular events (Al Suwaidi et
al. 2001; Heitzer et al. 2001). Examination of patients with mild coronary artery
disease and endothelial dysfunction, at the level of coronary conductance and
vessel resistance, demonstrated a greater incidence of cardiovascular events
compared to patients with better endothelial function (Schachinger et al. 2000).
More recent studies indicate that endothelial dysfunction in patients with angio-
graphically normal coronary arteries was predictive of subsequent cardiovascu-
lar events (Halcox et al. 2002). Although the mechanisms underlying endothelial
dysfunction may be multifactorial, there is a growing body of evidence that in-
creased production of free radicals may considerably contribute to this phenom-
enon. In patients with coronary artery disease, the extent of vitamin C-induced
improvement of endothelial dysfunction was a strong and independent predic-
tor of subsequent cardiovascular events (Heitzer et al. 2001). This indicates that
high oxidative stress in vascular tissue not only contributes to endothelial dys-
function, but also decisively determines the prognosis in patients with cardio-
vascular risk factors.

3
Oxidative Stress

3.1
Reactive Oxygen Species

ROS are molecules that are initially derived from oxygen but have undergone
univalent reduction, so that they readily react with other biological products.
ROSs include 0,7, hydrogen peroxide (H,0,), hydroxyl radical (OH), nitric ox-
ide (NO) and the NO/O, ™ reaction product peroxynitrite. Of these, O,~, H,0,,
NO and ONOO™ are formed in response to angiotensin II treatment and modify
the activity of signaling proteins and enzymes. In contrast to 0,~, NO, OH,
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H,0,, ONOO™ and hypochlorous acid are not free radicals per se, but have oxi-
dizing effects that markedly contribute to oxidative stress. Superoxide is dis-
muted by superoxide dismutase (SOD) to the more stable radical H,0,. Catalase
and glutathionperoxidase are important scavengers of H,0,, leading to the for-
mation of water. The rapid bimolecular reaction between NO and O, to yield
ONOO" is more than three times faster than the enzymatic dismutation of O,~
catalyzed by SOD. Thus, ONOO~ formation represents a major potential path-
way for NO reactivity, which depends on rates of tissue O, ™ production. ONOO~
has a cytotoxic potential about 1,000 times higher than that of H,0, and has a
low stimulatory capacity of the target enzyme guanylyl cyclase. ONOO~ will also
protonate to peroxynitrous acid (ONOOH), to yield an oxidant with the reactiv-
ity of ‘OH, via metal independent mechanisms. Peroxynitrite in pure form will
cause oxidative damage to protein, lipid, carbohydrate, DNA, subcellular or-
ganelles, and cell systems. Peroxynitrite may also cause tyrosine nitration of
prostacyclin synthase (Zou et al. 1999) and oxidation of the zinc-thiolate com-
plex of NOS (Zou et al. 2002) leading to uncoupling or inhibition of targeted en-
zymes.

3.2
Angiotensin and ROS Production

3.21
Endothelium

Incubation of cultured rat aortic endothelial cells with angiotensin II stimulates
release of NO (Pueyo et al. 1998). These actions are mediated by the AT, recep-
tor as confirmed by their inhibition with the AT, receptor antagonist losartan.
For example, angiotensin II-stimulated cGMP production by reporter cells was
prevented by a specific calmodulin antagonist, suggesting that angiotensin II
stimulated endothelial calmodulin-dependent NOS (Pueyo et al. 1998). In por-
cine pulmonary endothelial cells, there is evidence that angiotensin IV rather
than angiotensin II contributes to NO release, since an angiotensin IV antago-
nist blocked both angiotensin II- and angiotensin IV-induced NO production
(Hill-Kapturczak et al. 1999). Angiotensin II also stimulates the production of
0,7, which is mediated by the AT, receptor (Sohn et al. 2000). There is also evi-
dence that stimulation of the AT, subtype functionally antagonizes AT, recep-
tor-induced O, production, involving a tyrosine phosphatase pathway (Sohn et
al. 2000). The simultaneous release of NO and O, ", in response to angiotensin II
stimulation, has been recently demonstrated in vitro (Pueyo et al. 1998) as well
as in humans (Dijkhorst-Oei et al. 1999). In cultured endothelial cells, angioten-
sin II stimulated the formation of ONOO™, as indicated by the increase in lumi-
nol-dependent chemiluminescence and by the inhibitory effects of SOD and
NOS III inhibitors on chemiluminescence signals (Pueyo et al. 1998). By using
venous occlusion plethysmography, Tonk Rabelinks’ group showed that in a
NO-free system (achieved by N°-monomethyl-L-arginine treatment), angioten-
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sin Il-induced vasoconstriction was significantly enhanced in the forearm circu-
lation of healthy volunteers. Likewise, angiotensin II-induced vasoconstriction
was greatly diminished in response to concomitant treatment with vitamin C,
suggesting that angiotensin II simultaneously stimulates NO and O,” produc-
tion in humans (Dijkhorst-Oei et al. 1999).

3.2.2
Vascular Smooth Muscle

Incubation of cultured smooth muscle cells with angiotensin II leads to a
marked increase in the production of O,. The likely O, source was identified
as a NADH/NADPH driven oxidase (Griendling et al. 1994). This assumption
was based on inhibitor experiments where diphenylene iodonium (inhibitor of
flavin-containing oxidases, DPI) and quinacrine inhibited NADH and NADPH-
stimulated O, production (Griendling et al. 1994). Further studies demonstra-
ted that O, production induced by angiotensin II was inhibited by N-acetylcys-
teine and by the free radical scavenger tiron (Laursen et al. 1997). Angiotensin
[I-induced formation of the O, dismutation product H,O, can be detected
within minutes (Ushio-Fukai et al. 1996). Both antisense against the p22Ph°x
NADPH oxidase subunit and overexpression of catalase prevent angiotensin
II-stimulated formation of H,0, (Ushio-Fukai et al. 1996). Intracellular signaling
mechanisms by which angiotensin II stimulates ROS formation is still under de-
bate, and may involve arachidonic acid made by phospholipase A,, or indirectly
via phospholipase D-mediated degradation of phosphatidylcholine to phospha-
tidic acid (Griendling et al. 1994).

Most of the experiments to detect O, production in homogenates use the
chemiluminescence substance lucigenin. Lucigenin has been demonstrated to
undergo redox cycling when used in high concentrations (250 pM), and in par-
ticular when NADH (Janiszewski et al. 2002) is used as a substrate. These limi-
tations do not occur when low concentrations of lucigenin (5 pM) (Li et al.
1998) and NADPH as substrate are used (Griendling et al. 2000). Recent studies
using electron paramagnetic resonance to detect O, produced by cultured
smooth muscle cells, in response to angiotensin II stimulation, revealed that
NADPH is the major substrate for oxidase (Sorescu et al. 2001). In cultured en-
dothelial cells, both NADPH and NADH were equally effective in stimulating su-
peroxide production (Somers et al. 2000). Thus, the question whether NADH
and/or NADPH are the preferred substrate for this enzyme is still under debate.
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4
Effects of Angiotensin Il

4.1
Activation of Oxidases

41.1
Effects of Angiotensin Il on the Activity and Expression
of the Nonphagocytic NAD(P)H Oxidase

Although vascular NAD(P)H oxidase is quite similar to the phagocytic multi-
component NAD(P)H oxidase, there are several distinct features that allow dif-
ferentiation between both oxidases (Griendling et al. 2000). Activation occurs
within seconds with the phagocytic oxidase, and within minutes or hours with
the nonphagocytic oxidase (see also Table 1). The O, -producing capacity of
the phagocytic oxidase is in the micromolar range, and O, is being released in
a burst-like fashion. In contrast, a steady release of low amounts of O, 7, in the
nanomolar range, is produced by vascular NADPH oxidase. Endothelial and ad-
ventitial cells, as well as inflammatory cells such as neutrophils and macro-
phages, express NAD(P)H oxidase consisting of the flavocytochrome bssg sub-
units gp91P"°* and p22P"°%, the cytosolic factors p47Ph°* and p67P'%, and the
small GTPase racl (Griendling et al. 2000). In contrast to endothelial, adventitial
and inflammatory cells, smooth muscle cells lack gp91P"**; however, recent stud-
ies identified the existence of two gp91P"** homologs, namely nox1 and nox4
(Lambeth et al. 2000; Suh et al. 1999). Because gp91P"** and nox harbor electron
transfer moieties of the enzyme and thus serve as the catalytic component, reg-
ulation of these subunits is of utmost importance to the ultimate functioning of
the enzyme.

In vitro, incubation of endothelial and smooth muscle cells with angiotensin
II resulted in increases in activity and expression of NADPH oxidase subunits

Table 1 Characteristics of phagocytic and vascular NAD(P)H oxidases
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such as gp91ph°", p22ph°", p47ph°", p67ph°", noxl and nox4 (Touyz et al. 2002;
Wingler et al. 2001). Antisense directed against p22P"* and nox-1 resulted in an
inhibition of angiotensin II-induced ROS formation (Lassegue et al. 2001), while
antisense against nox4 resulted in a decrease in basal O, production (Szocs et
al. 2002). In vivo treatment with angiotensin II increased expressions of p22Ph°*
(three- to fourfold), gp91Ph°* (threefold), p47 and p67P'°* in endothelial and
smooth muscle cells, and the adventitia, respectively (Cifuentes et al. 2000; Di
Wang et al. 1999; Mollnau et al. 2002; Pagano et al. 1998; Pagano et al. 1997).
Likewise, in experimental hypercholesterolemia, increased activity of the
NAD(P)H oxidase was linked with increased AT, receptor expression, and the
activity of the enzyme was reduced by in vivo AT, receptor blockade (Warnholtz
et al. 1999). Evidence for a role of the RAAS in the regulation of gp91P"** iso-
form expression in smooth muscle cells was provided by Mollnau et al. (2002)
and Wingler et al. (2001), who demonstrated increased expression of nox1l and
nox4 in aortas from hypertensive, angiotensin II-infused animals and in trans-
genic rats, overexpressing the Ren2 gene.

Further insight into the role of NAD(P)H oxidase in vascular disease was pro-
vided by knockout experiments. Infusion of angiotensin II into wild-type mice
increased O, production, blood pressure, media viscosity, gp91P"** expression
and nitrotyrosine content (footprint for ONOO -induced vascular damage) in
vascular tissue, all of which were significantly reduced in gp91P"* knockout an-
imals (Wang et al. 2001). Infusion of angiotensin II caused significantly greater
increases in vascular O, production in aortas from wild-type mice as com-
pared to aortas from p47Ph°* knockout animals (Brandes et al. 2002). Likewise,
infusion of angiotensin II at subpressor doses caused myocardial hypertrophy
in wild-type, but not in gp91P"** knockout mice, suggesting an involvement of
myocardial NAD(P)H oxidase in mediating myocardial hypertrophy indepen-
dent of changes in blood pressure (Bendall et al. 2002). These data clearly indi-
cate a crucial role for the NAD(P)H oxidase in mediating angiotensin II-induced
increases in oxidative stress, in vascular and myocardial tissue.

41.2
Angiotensin Il and the Nitric Oxide Synthase

As mentioned above, angiotensin II stimulates the simultaneous release of NO
and O, leading to ONOO™ formation (Pueyo et al. 1998). Long-term incubation
of pulmonary endothelial cells with angiotensin II markedly increased NOS III
expression at the mRNA and protein levels, with a maximum after 8 h (+300%)
(Olson et al. 1997). These effects were mediated by the AT-1 subtype, since pre-
treatment with losartan abolished the effects on NOS III expression. Despite the
marked increases in NOS III expression, angiotensin II treatment usually led to
significant endothelial dysfunction (Mollnau et al. 2002). The discrepancy be-
tween the increases in NOS III expression and vascular O, production may in-
dicate that NOS III is itself a significant O, source, under these conditions. Re-
cent results from in vivo studies in angiotensin II-treated, hypertensive animals
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confirm this concept. At both the RNA and protein levels, NOS III enzyme was
up-regulated more than twofold in the myocardium (Tambascia et al. 2001) and
vessels (Mollnau et al. 2002; Sullivan et al. 2002) of angiotensin II-treated ani-
mals as compared to controls. Nevertheless, there was considerable endothelial
dysfunction as well as a marked decrease in vascular NO bioavailability in an-
giotensin II-treated animals, indicating that vascular O, from hypertensive ani-
mals may either overwhelm nitric oxide production of up-regulated NOS III, or
that the up-regulated NOS III itself is uncoupled, thereby contributing to O,~
production.

Conditions leading to NOS III uncoupling, such as BH, deficiency (NOS III
cofactor) (Xia et al. 1998) and intracellular L-arginine (NOS III substrate)
(Gorren et al. 1998) depletion, have been characterized. In BH, deficiency, elec-
trons flowing from the NOS III reductase domain to the oxygenase domain are
diverted to molecular oxygen, rather than to L-arginine, resulting in production
of O, rather than NO. What conditions are responsible for NOS IIT uncoupling
in vessels from angiotensin II-infused animals? In vitro angiotensin II treatment
increased the vascular formation of the NO/O,™ reaction product, ONOO~
(Pueyo et al. 1998). Peroxynitrite in turn has been shown to rapidly oxidize the
active NOS III cofactor BH, to inactive molecules, e.g., BH; switching NOS III
from a NO to an O, -producing enzyme (Laursen et al. 2001). An alternative
explanation whereby ONOO™ may cause NOS III uncoupling was recently re-
ported by Zou et al (2002). Using cultured endothelial cells, ONOO™ was shown
to directly cause oxidation of the zinc-thiolate complex within the enzyme, all
of which may favor NOS III monomer over dimer formation, leading to NOS III
uncoupling. Likewise, Jennifer Pollock’s group demonstrated increased NOS III
expression in vessels from angiotensin II-infused animals (Sullivan et al. 2002).
Interestingly, a considerable portion of the increased NOS III protein was locat-
ed in the cytosolic fraction. Since NOS III in its activated state is a membrane-
associated enzyme (targeted to caveolae and golgi membranes via N-myristoyla-
tion and palmitoylation processes), redistribution toward the cytosol and there-
fore the altered subcellular location of NOS III may also contribute to endotheli-
al dysfunction and NOS III uncoupling in this particular animal model.

As pointed out above, another mechanism leading to NOS III uncoupling is
depletion of intracellular L-arginine. Recent in vitro and in vivo studies demon-
strate that in almost all situations where oxidative stress is encountered in vas-
cular tissue, intracellular and plasma concentrations of asymmetric dimethy-
larginines (ADMA) are increased (Boger et al. 2000a; Boger et al. 1998). This
phenomenon may be explained either by an increase in the activity of methylat-
ing enzymes such as S-adenosylmethionine-dependent methyltransferases
(PRMT Type I) (Boger et al. 2000b), or a decrease in the activity of ADMA
demethylating enzymes such as dimethylarginine dimethylaminohydrolase
(DDAH); all of which result in increased intracellular production of ADMA. In
concentrations reached by stimulation of methyltransferases or inhibition of
DDAH, ADMA has been shown to significantly inhibit NOS III activity. Interest-
ingly, the activity of both enzymes regulating intracellular ADMA concentra-
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tions has been reported to be redox-sensitive. Oxidative stress increases the ac-
tivity of methylating enzyme such as PRMT I (Boger et al. 2000b), while de-
creasing the activity of demethylating DDAH (Ito et al. 1999). These observa-
tions may explain why in angiotensin II hypertension, L-arginine is able to im-
prove endothelial dysfunction in experimental animals (Pucci et al. 1995), even
when intracellular L-arginine levels are not decreased (the so-called L-arginine
paradox). Recent studies with patients diagnosed with essential hypertension re-
vealed increased plasma levels of ADMA (Surdacki et al. 1999). Interestingly,
treatment with ACE-inhibitors, AT receptor blockers, but not beta-blockers, re-
duced plasma ADMA levels. However, all drugs were able to normalize blood
pressure, pointing to a role for the RAAS in mediating increased plasma ADMA
levels in hypertensive patients (Ito et al. 2001).

How can we assess NOS III uncoupling in vascular tissue? Pritchard et al. pre-
viously demonstrated that NOS III inhibition in endothelial cells cultured with
L-NNA increased steady state O, levels (Vasquez-Vivar et al. 1998). These find-
ings indicate that a large portion of baseline O, production is scavenged due to
its interaction with NO. After incubation of endothelial cells with native LDL,
O, levels increased markedly, a phenomenon which largely was blocked by
L-NAME(Pritchard et al. 1995). Reduction of steady state O, levels by means
of NOS III inhibition identified NOS III as an important O, source. The as-
sumption that NOS III is uncoupled in angiotensin II hypertension was
strengthened recently by experiments with the NOS inhibitor L-NNA. Vascular
0O, production was assessed using lucigenin- and coelenterazine-derived che-
miluminescence. In control vessels with an intact endothelium, NOS-inhibition
with L-NNA increased vascular O, 7, indicating that basal production of endo-
thelium-derived nitric oxide quenches the baseline chemiluminescence signal.
In contrast, incubation of aortas, from angiotensin II-treated animals, with
L-NNA markedly reduced the chemiluminescence signal, thus indicating that
NOS III is an important O, source (Mollnau et al. 2002). It seems that in most
situations where high oxidative stress is encountered, NOS III is in an uncou-
pled state as observed in the experimental animal (Hink et al. 2001; Laursen et
al. 2001; Oelze et al. 2000) and in patients with hypercholesterolemia (Stroes et
al. 1997) and diabetes (Heitzer et al. 2000b) and in chronic smokers (Heitzer et
al. 2000a).

413
Angiotensin Il and the Xanthine Oxidase

Xanthine oxidase is an oxidoreductase that catalyzes the oxidation of hypoxan-
thine and xanthine in purine metabolism. This enzyme exists in two intercon-
vertible forms, either as xanthine dehydrogenase or xanthine oxidase. Recent
studies with double-transgenic rats (ATGR) harboring human renin and angio-
tensinogen genes provide evidence for angiotensin II involvement in the regula-
tion of xanthine oxidase-mediated O,~ production (Mervaala et al. 2001).
Incubation of vascular tissue with SOD and the xanthine oxidase inhibitor
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oxypurinol, improved endothelial dysfunction. Increased production of 8-iso-
prostaglandin F2a, decreased NO production, increased xanthine oxidase activi-
ty in the kidney, and endothelial dysfunction were corrected by in vivo treat-
ment with the angiotensin II (type 1) receptor blocker valsartan, pointing to a
role for angiotensin II xanthine oxidase activation in this particular animal
model.

4.2
Effects of Angiotensin Il-induced Hypertension on cGMP,
sGC and <GK-I Signaling

Vessels from animals with angiotensin II-evoked hypertension show not only re-
duced vasodilation to endothelium-dependent vasodilators, but also to endothe-
lium-independent vasodilators such as SNP and NTG (Rajagopalan et al. 1996).
Reduced nitrovasodilator responses, in vessels from angiotensin-infused hyper-
tensive animals, may be explained by the reduced expression of both sGC sub-
units (Mollnau et al. 2002). This observation complements reports from other
animal models of hypertension, where the expression of one or both sGC sub-
units (a; and B;) and/or NO-dependent sGC activity were significantly de-
creased (Jacke et al. 2000; Kloss et al. 2000; Lopez-Farre et al. 2002; Ruetten et
al. 1999). In all these animal models, endothelial dysfunction was associated
with enhanced vascular ROS formation. Normalization of blood pressure by hy-
dralazine-treatment (Bauersachs et al. 1998), vitamin C treatment (Marques et
al. 2001), in vivo PKC-inhibition, Ca“-antagonist or chronic ACE-inhibitor
treatment (Jacke et al. 2000), normalized or even enhanced sGC expression. The
question remains whether the high blood pressure or the observed increases in
ROS production within smooth muscle cells represents the crucial stimulus for
a decrease in sGC expression. Georg Kojda’s group recently showed that incuba-
tion of vascular tissue with the sGC inhibitor LY83583, a redox-cycler that gen-
erates intracellular O,~, mimicked the changes observed in vessels from choles-
terol-fed animals: that is, sGCB; subunit expression was up-regulated. However,
in contrast to hypercholesterolemic animals, NO-dependent activity of sGC, in
aortic cytosol, was abolished (Laber et al. 2002). Thus, it appears that the ob-
served decrease in sGC expression, in vessels from angiotensin II-treated ani-
mals, was mainly elicited by high blood pressure and not linked to increased
0,” formation. Infusion of angiotensin II did not modify ¢GK I expression.
However, cGK I activity, as assessed by phosphorylation of the ¢cGK-I substrate,
the vasodilatory stimulated phosphoprotein (P-VASP), was markedly reduced,
suggesting a signaling defect upstream of cGK I (Mollnau et al. 2002). This was
supported by the fact that in vivo treatment with chelerythrine reduced oxida-
tive stress and improved both endothelial dysfunction and P-VASP (M. Oelze,
unpublished observation). Angiotensin II increased the activity and expression
of the PDE1A1 isoform in cultured smooth muscle cells, providing evidence that
increased cGMP metabolism may partly contribute to endothelial dysfunction
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and decreased cGK I activity, as observed in angiotensin II-induced hyperten-
sion (Kim et al. 2001).

43
Key Role for Protein Kinase C in Angiotensin Il Induced 0, Production

Recent in vitro studies revealed that angiotensin II down-regulates nox4, while
markedly up-regulating the noxl isoform (Lassegue et al. 2001). Up-regulation
of nox1 was also observed in response to the phorbol ester, phorbol myristate
acetate (a direct activator of PKC). Angiotensin II-induced up-regulation of
noxl was inhibited by specific inhibitors of PKC, suggesting a crucial role for
PKC in the up-regulation of the nox1 message (Gorlach et al. 2000). Antisense
noxl mRNA completely inhibited angiotensin II-induced O,~ production,
supporting a role for noxl in redox signaling in vascular smooth muscle cells
(Lassegue et al. 2001). The results obtained from our recent in vivo experiments
support this concept. Using a nonradioactive PKC assay, we found a twofold in-
crease in whole vessel homogenates from angiotensin Il-treated animals, as
compared with controls. While nox4 expression was only slightly modified by
angiotensin II treatment, dramatic increases in the expressions of nox1 (~seven-
fold), gp91ph°X (threefold) and p22f’h°X (threefold) were observed. In vitro and
in vivo treatment with the PKC inhibitor chelerythrine markedly reduced an-
giotensin II-stimulated O,~ production and prevented up-regulation of nox1
(Mollnau et al. 2002). An interesting aspect of this particular study was that the
in vivo PKC inhibition also prevented the up-regulation of p22P'%, suggesting
that PKC may function as a general regulator of oxidase function by regulating
both activity and expression. Interestingly, recent in vitro studies indicate that
0,7 is a strong stimulus for PKC activation (Nishikawa et al. 2000). Thus, PKC
increases oxidative stress in angiotensin II-treated vascular tissue by stimulating
NADPH-oxidase mediated O, production, and by its activation in response to
oxidative stress in a positive feedback fashion.

44
Angiotensin Il, Oxidative Stress, Endothelin Expression
and Enhanced Sensitivity to Vasoconstrictors

Vasoconstriction and hypertension result from angiotensin II action on the AT,
receptor and its subsequent activation of second messenger pathways, including
PKC. Incubation of endothelial (Chua et al. 1993) and smooth muscle cells
(Sung et al. 1994) with angiotensin II stimulates preproendothelin expression
via activation of the AT, receptor and then PKC. Infusion of angiotensin II for
5 days leads to a marked increase in sensitivity to vasoconstrictors such as
phenylephrine, KCl and serotonin, while the sensitivity to endothelin-1 is signif-
icantly reduced (Rajagopalan et al. 1997). In vivo treatment with an ET, receptor
antagonist normalized hypercontractile responses and prevented desensitization
of the vasculature to endothelin-1. Endothelin expression, as assessed by immu-
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nostaining, was increased throughout the vascular wall (Rajagopalan et al.
1997). Superoxide is a strong stimulus for preproendothelin expression in endo-
thelial (Kahler et al. 2000) but also smooth muscle cells (Kahler et al. 2001).
Endothelin itself also stimulates vascular O,~ production (Wedgwood et al.
2001). Increased production of endothelin within smooth muscle and/or endo-
thelial cells may prime PKC, which in turn may mediate hypersensitivity to a
variety of vasoconstrictors and activate the NADPH oxidase. Recent studies also
indicate that vasoconstriction induced by angiotensin II, but not by endothelin-
1, phenylephrine or potassium chloride, is mediated via stimulation of vascular
0,~ production. TEMPOL, a potent SOD mimetic, markedly attenuated the
maximal constriction in response to angiotensin II, in spontaneously hyperten-
sive rats (Shastri et al. 2002).

4.5
Role of 0, in Angiotensin ll-Induced Hypertension

Angiotensin II stimulates vasoconstriction via AT, receptor and ROS produc-
tion, which shorten the half-life of NO. To assess the contribution of O, in
angiotensin II-induced hypertension, animals were treated with angiotensin
IT and the blood pressure lowering effects of liposome encapsulated SOD was
tested (Laursen et al. 1997). As a reference constrictor, norepinephrine was
used. Despite similar degrees of hypertension, angiotensin II, but not nor-
epinephrine, caused a marked increase in vascular O, production. SOD treat-
ment reduced blood pressure in angiotensin II- but not in norepinephrine-treat-
ed rats (Laursen et al. 1997). Likewise, SOD enhanced in vivo hypotensive re-
sponses to acetylcholine and in vitro responses to endothelium-dependent va-
sodilators, indicating that angiotensin II-induced hypertension is likely the re-
sult of increased NO degradation, secondary to the stimulatory effects of vascu-
lar O, production. To analyze the contribution of vascular NAD(P)H oxidase
in angiotensin II-induced hypertension, Fukui et al. studied the time course of
angiotensin II-induced hypertension and the expression of the NADPH oxidase
subunit p22P™°%, Blood pressure began to rise within 3 days of angiotensin II
treatment, and remained elevated for up to 14 days (Fukui et al. 1997). Expres-
sion of p22PP°* was significantly increased on day 3 and peaked on day 5, after
pump implantation. SOD treatment lowered blood pressure and inhibited ex-
pression of p22P"°%, indicating that oxidative stress may be crucial for enzyme
expression. Further evidence for the role of O, in the pressor response of an-
giotensin II was provided by Wang et al. (2002). The authors demonstrate that
angiotensin II-induced simultaneously increased blood pressure and blunted
vascular O, production in vessels from mice overexpressing human SOD.
(Wang et al. 2002).

Similar findings were obtained from animals with renovascular hypertension.
In vessels from hypertensive animals, marked endothelial dysfunction was asso-
ciated with increased NAD(P)H oxidase-mediated superoxide production. In
vitro treatment with SOD and the PKC-inhibitor calphostin C, reduced superox-
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ide production and improved endothelial function, suggesting an involvement
of PKC in activating the oxidase in this particular renin-dependent hypertension
(Heitzer et al. 1999).

5
Condusions

Based on the above findings, we propose that ROS play a pivotal role in mediat-
ing endothelial dysfunction under angiotensin II treatment: Angiotensin II acti-
vates NAD(P)H oxidases in endothelial and smooth muscle cells and within the
adventitia, partly via PKC activation. NAD(P)H oxidase-derived O, may com-
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- endothelium - sGC inhibition
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Enhanced sensitivity to - apoptosis activity
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- cell migration

Catalase

melial dysfunction, Hypertg

Fig. 1 Scheme depicting mechanisms underlying angiotensin Il (Ang //)-induced endothelial dysfunc-
tion and hypertension. Stimulation of the AT; receptor subtype activates NAD(P)H oxidase in a protein
kinase C (PK()-dependent fashion. NAD(P)H oxidase activation increases superoxide (0,~) production
within endothelial and smooth muscle cells and within the adventitia, while stimulation of the AT; sub-
type leads to an inhibition of 0, formation. Superoxide may react with nitric oxide (NO) to produce
the reactive intermediate peroxynitrite (ONOO-). ONOO— may cause NOS Il uncoupling, inhibition of
the activity of the soluble guanylyl cyclase (sGC) and of the cGMP-dependent protein kinase-I. Superox-
ide dismutase (SOD) dismutes 0, to hydrogen peroxide (H0,), which has been shown to be a potent
stimulus for cell proliferation, apoptosis, cell migration and cell survival. Superoxide increases the ex-
pression of preproendothelin within endothelial cells and smooth muscle cells, leading to enhanced en-
dothelin-mediated vasoconstriction, but also leading to hypersensitivity of the vasculature to vasocon-
stricting agonists such as norepinephrine and serotonin. All these events may contribute at least in part
to endothelial dysfunction and hypertension in response to angiotensin Il treatment
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bine with NO to form the highly reactive intermediate ONOO™. Peroxynitrite
oxidizes the NOS III cofactor BH, to BH,, or may cause oxidation of the zinc-
thiolate complex of NOS III. Superoxide may also stimulate and/or inhibit L-ar-
ginine methylating or ADMA demethylating enzymes, leading to increased in-
tracellular concentrations of ADMA. Intracellular BH; depletion, oxidation of
the zinc-thiolate complex of NOS III, and/or increased ADMA concentrations
will lead to NOS III uncoupling, which may further increase oxidative stress
within vascular tissue. Superoxide also stimulates preproendothelin expression
in endothelial and smooth muscle cells, leading to enhanced endothelin-mediat-
ed constriction and to a hypersensitivity of the vasculature to vasoconstricting
agonists such as norepinephrine and serotonin. It is conceivable that all these
mechanisms contribute to endothelial dysfunction and hypertension, in re-
sponse to angiotensin II treatment (see Fig. 1).
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Abstract Atherosclerosis is a chronic inflammatory disease perpetuated by a va-
riety of pro-inflammatory mediators. Fatal endpoints of this inflammatory dis-
ease are myocardial infarction, stroke or sudden death, which together remain
the major cause of morbidity and mortality in industrialized countries. Accu-
mulated evidence obtained from pathological observations, state-of-the-art im-
aging and large-scale clinical trials showed that these fatal events are mainly
endpoints of pathological vascular remodeling processes, suggesting a close in-
teraction between inflammation and vascular remodeling. In this regard, the re-
nin-angiotensin system (RAS) was—at least partially—accused of contributing
to the development and/or progression of atherosclerosis. The Heart Outcome
and Prevention Evaluation (HOPE) study convincingly demonstrated that clini-
cal blockade of the RAS may reduce fatal endpoints of severe atherosclerosis,
which is characterized by the pathological triad of inflammation, RAS and re-
modeling: this suggests a role for the RAS in plaque development and stability.
Since experimental and clinical evidence point to inflammatory mediators such
as interferon-p, interleukin-14, interleukin-18 and -10, and interleukin-6 (1) as
promotors/predictors of cardiovascular events, we will discuss the clinical basis
and the potential molecular and cellular interactions between the RAS and cy-
tokines, and their potential impact on remodeling processes at the atheroscle-
rotic plaques. In particular, we will focus on the interaction of angiotensin II
(ANG II) and cytokines such as interleukin 6 (IL-6), and their potential impact
on plaque development and stability.

T. Unger et al. (eds.), Angiotensin
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Abbreviations

ANGII Angiotensin II

MMP Matrixmetalloproteinases

PAI-1 Plasminogen activator inhibitor 1
C-RP C reactive protein

RAS Renin-angiotensin system

ACE Angiotensin-converting enzyme
1

Introduction: Role of Inflammation in Atherosclerosis

Inflammation is a hallmark of atherosclerosis (Ross 1993, 1999), and atheroscle-
rotic plaques are chronic inflammatory lesions composed of dysfunctional en-
dothelium, smooth muscle cells, lipid-laden macrophages, and T lymphocytes
(van der Wall et al. 1994). These lipid-laden activated macrophages and T-lym-
phocytes stimulate adjacent cells to erode the collagen and elastin framework
that forms the plaque’s cap (Libby 1995; Davies and Thomas 1985). Mediators
of inflammation like interferons, interleukin 1, interleukin 6 (IL-6) and tumor
necrosis factor, are thought to be involved in the development of unstable pla-

Fig. 1 Schematic showing how cytokines such as IL-6 may contribute to plaque destabilization by en-
hancing metalloprotease (MMP) activity and suppressing their TIMP inhibitors (tissue inhibitors of met-
alloprotease). This latter is mediated by maturation of T and B cells and also involves the expression
and presentation of chemokines such as MCP-1 and its CCR2 receptor



Angiotensin Il and Atherosclerosis 23

ques (Fig. 1). Myocardial infarction is one fatal endpoint of progressive athero-
sclerosis, and is thought to be a result of pathological remodeling processes
(Ross 1999).

2
Renin-Angiotensin-System and Plaque Stability

Blockade of the RAS has been extensively investigated in the treatment of hyper-
tension and heart failure. Recently, it was suggested that blockade of the RAS
may also be beneficial in preventing or reducing atherosclerosis and its seque-
lae, and that drugs that interfere with this system may also be useful in patients
without hypertension or heart failure.

The impact of an activated renin-angiotensin system (RAS) on the develop-
ment of acute myocardial infarction, as a clinical endpoint of plaque instability,
was first demonstrated in epidemiological studies in the early 1990s. Alderman
and colleagues demonstrated that an elevated renin-sodium profile (a surrogate
marker of RAS activation) is associated with a fivefold higher risk of myocardial
infarctions as compared to those with lower profiles (Aldermann et al. 1991). In
addition, genetic data indicated that the deletion (D/D) polymorphism in the
angiotensin-converting enzyme (ACE) gene is associated with higher tissue and
plasma levels of ACE, whereas the insertion polymorphism ACE-I/I genotype is
associated with lower ACE levels, and the ACE-1/D level with intermediate levels
(Cambien et al. 1992). Cambien and colleagues reported an increased prevalence
of ACE-DD genotype in a population of subjects with prior myocardial infarc-
tions, as compared to those without previous infarctions; neither group had oth-
er significant CV risk factors (Cambien et al. 1994).

Although the results of these studies remain controversial, some observations
indicate that genetically defined polymorphisms of RAS components may be as-
sociated with increased risk of myocardial infarction (Danser et al. 1995).

The results of these epidemiological observations stimulated a variety of in
vitro studies and clinical studies investigating the potential mechanisms by
which ANG II may contribute to and how chronic RAS inhibition may prevent
the development of acute coronary syndrome. Earlier studies focused primarily
on the role of the RAS in hypertension, but it is now well established that the
RAS can affect cardiac and vascular structure and function via numerous com-
plex pathways (Rolland et al. 1993). RAS has traditionally been described as a
classic endocrine system, in which renin of renal origin acts on angiotensinogen
of hepatic origin to produce angiotensin I in the plasma. Angiotensin I in turn
is converted by pulmonary endothelial angiotensin-converting enzyme (ACE) to
angiotensin II, considered the primary mediator of physiological actions of the
RAS and its detrimental effects in various disease states (Jackson 2001). Recent-
ly, the importance of local tissue RASs, of other angiotensin peptides in addition
to angiotensin II such as angiotensin III, IV and angiotensin (1-7) (Dzau 2001;
Tallant and Ferrario 1999), and of the interaction with other systems such as the
endogenous kallikrein-kininogen-kinin system have been established. Since
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most actions of angiotensin II are exerted through angiotensin type 1 (AT1) re-
ceptors, other specific cell surface receptors, including AT2, AT4 and angioten-
sin (1-7), are involved in the actions of angiotensin peptides and are discussed
elsewhere in this book.

The major effects of angiotensin II (Jackson 2001) include vasoconstriction;
enhancement of peripheral noradrenergic transmission; increased central ner-
vous sympathetic discharge; release of aldosterone; decreased urinary Na+; in-
creased urinary K+ excretion; migration, proliferation, and hypertrophy of vas-
cular smooth muscle cells; hypertrophy of cardiac myocytes; proliferation and
increased synthetic capacity of fibroblasts leading to increased cardiac and vas-
cular extracellular matrix formation; release of thromboxane A2; and increased
production of matrix metalloproteinases. Other effects are stimulation of plas-
minogen activator inhibitor-1 (PAI-1) synthesis, activation of endothelial
NADP/NADPH oxidase leading to increased generation of superoxide anion,
and activation and release of mediators of inflammation. Important cardiac and
vascular consequences of these effects include an increase in blood pressure,
changes in preload and afterload, cardiac hypertrophy and remodeling; hyper-
trophy and remodeling of blood vessels, decreased nitric oxide (NO) activity, in-
creased oxidative stress, endothelial dysfunction, increased oxidation of low-
density lipoprotein (LDL) cholesterol, thrombosis, and plaque growth and rup-
ture (Dzau 2001; Jackson 2001).

Some recent experimental studies pointed to the potential interaction of ANG
II with inflammatory cells (Ross 1999; Alexander 1994). ANG II was shown to
enhance the migration and differentiation of blood-derived monocytes to mac-
rophages, then into atherosclerotic plaques (Hernandez-Presa et al. 1997), a
mechanism thought to be essential for both the progression of atherosclerosis
and the development of acute coronary syndrome (Ross 1999).

In various animal models, it was conclusively shown that the RAS contributes
to plaque development. In fact, infusion of angiotensin II in apoE-deficient mice
exacerbated experimental atherosclerosis and blockade of AT1 receptors by
losartan blunted atherosclerotic plaque formation in monkeys (Strawn et al.
2000; Weiss et al. 2001). Molecular and cellular mechanisms, however, remained
to be determined.

3
Angiotensin Il, Superoxide Anions and Inflammation

Reactive oxygen species—generated by the membrane-bound NADPH oxidase
system and stimulated by ANG II via the AT1 receptor—seem to be a pivotal
step in the cross-link of inflammatory processes that contribute to atheroscle-
rotic plaque formation. Griendling and colleagues first demonstrated that ANG
II stimulates the generation of reactive oxygen species in vascular cells and
macrophages (Greindling and Alexander 1997; Greindling et al. 1994), which
are known activators for cytoplasmic signaling cascades such as the NF-kB,
MAP-kinases or JAK/STAT cascade (Chakraborti and Chakraborti 1998) (Fig. 2).
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Fig. 2 Model cascade of angiotensin Il (ANG I} signal transduction leading to vascular smooth muscle
cell hypertrophy, vasoconstriction and inflammation. Upon binding to its G protein-coupled AT1 recep-
tor, ANG Il activates via tyrosine phosphorylation second messenger system such as the JAK/STAT cas-
cade, connector proteins such as SHC, and subsequently p21ras

Together, these mechanisms may enhance oxidative stress within the vascular
wall and lead to activation of redox-sensitive genes, such as those for pro-
inflammatory cytokines (Northermann et al. 1989; Kishimoto et al. 1995).
IL-6 transcription was shown to be regulated by a redox-sensitive mechanism
(Fuhrman et al. 1994; Han et al. 1999; Schieffer et al. 1998). A pivotal cellular
signaling intermediate, involved in ANG II-dependent pro-atherogenic potency,
may be oxygen free radicals (Fig. 3).

ANG II is capable of stimulating superoxide anions via the NADH/NADPH
oxidase system, which involves a free-radical-forming enzyme formerly exclu-
sively known for leukocytes (Greindling and Alexander 1997; Greindling et al.
1994). Superoxide anions are known activators of signaling systems such as the
JAK/STAT or NF-kB system (Schieffer et al. 1998; Pagano et al. 1997). These ob-
servations suggest that ANG II may—via redox-sensitive mechanisms—activate
IL-6 synthesis and release. Recent observations indicated that pro-inflammatory
eicosanoids like leukotriene B4 and thromboxanes are involved in AT1 receptor-
dependent NADPH oxidase activation. The latter not only links inflammation
with the RAS, but also pro-thrombotic mechanisms. Pro-inflammatory eicosa-
noids are to elevated in patients with unstable angina and do play a critical role
with their vasoconstrictive and mitogenic properties. A major urinary metabo-
lite of thromboxane A, synthesized from extrarenal sources is 11-dehydro
thromboxane B, (TXB2), which is elevated in patients with unstable angina, and
a major portion of this metabolite is believed to come from activated platelets.
Eikelboom and colleagues (Eikelboom et al. 2002) reported that patients en-
rolled in the HOPE trial, whose urinary 11-dehydro TXB2 levels were in the
highest quartile, had an odds ratio of 2 for developing myocardial infarction,
and 3.5 for cardiovascular-related death compared with those subjects in the
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Fig. 3 Interactions and contributions of inflammatory mediators oxidized lipoprotein and ANG I to
plaque destabilization. This involves signaling mechanisms such as NF-kB, the JAK/STAT cascade and su-
peroxide anions. Together, these mediators reduce collagen concentration and smooth muscle cell con-
tent in the atherosclerotic lesion and simultaneously enhance the concentration of tissue factor. This
molecular and cellular mimicry leads to destabilization of the fibrous cap and promotes atherosclerotic
plaque instability

lowest quartile. The deaths occurred in spite of the prophylactic measure of
100 mg of acetylsalicylic acid; the underlying mechanism remained to be deter-
mined.

When ANG II-induced effects are blocked by chronic ACE inhibition, macro-
phage recruitment into the vessel wall was abolished, in both a rabbit model of
atherosclerosis and apoE-deficient mice (Hernandez-Presa et al. 1997; Fuhmann
et al 1994). Blockade of the AT1 receptor by losartan prevented the accumula-
tion of oxidative reactants in atherosclerotic vessel walls and reduced the extent
of atherosclerotic lesion in the apo E-deficient animal model and monkeys
(Keidar et al. 1997; Kalra et al. 2002). Thus, the interaction between reactive oxy-
gen species, inflammatory cells and the RAS seem to be important not only for
development of acute coronary syndrome, but also for the progression of ath-
erosclerosis (Fig. 4). With regard to development of atherosclerotic lesions, evi-
dence from other animal models, including rodents and primates, showed that
ACE inhibition may reduce the extent of vascular lesions (Chobanian et al. 1990;
Hayek et al. 1995; Aberg and Ferrer 1990). Additional mechanisms by which the
RAS, via ANG II, may encourage the development of atherosclerosis and involve
the activation of thrombosis pathways via PAI-1 (Ridker et al. 1993) and the
stimulation of pro-inflammatory cytokines. PAI-1 serum levels in formerly heal-
thy volunteers of the Physician Health Study were shown to be elevated and as-
sociated with a higher risk of myocardial infarction (Ridker and Vaughan 1995).

Recent evidence suggests that tumor necrosis factor (TNFa) and interleukin-
15 are expressed in the shoulder region of atherosclerotic plaques (Mach et al.
1997; Fiotti et al. 1999). Both cytokines are known stimulators of extracellular
matrix degrading metalloproteinases, e.g., MMP-1, MMP-2,MMP-3 and MMP-9
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Fig. 4 Scheme of angiotensin Il-induced cytokine synthesis and release. Via AT1 receptor activation,
ANG I induces the release of arachidonic acid from the plasma membrane, which in turn activates
NADPH oxidase via arachidonic acid metabolites. Superoxide anions generated by NADPH oxidase will
subsequently stimulate synthesis and release of pro-inflammatory cytokines such as IL-6 and COX2. This
action can be blunted by AT1 receptor antagonists

(for summary see Rabbani and Topol 1999). However, their potential interaction
with neurohumoral systems such as the RAS and their overall impact on the
progression of atherosclerosis or development of acute coronary syndrome re-
mains to be determined. Unpublished experiments from our laboratory demon-
strated that ANG II does not stimulate TNFa or Interleukin 15 expression in hu-
man coronary vascular smooth muscle cells or macrophages. However, ANG II
is capable of inducing TNFa in myocytes (Kalra et al. 2002).

Serum levels of interleukin 6 are elevated in patients with unstable angina
(Biassuci et al. 1996; Marx et al. 1997) and have been implicated in the onset of
acute coronary syndrome (Marx et al. 1997). Similar relationships have not been
documented for other cytokines such as TNFa or IL1-8. Thus, from a clinical
point of view, the pathophysiological role of IL-6 is of particular interest. The
question arises of whether IL-6 is only a marker or in fact a mediator.

IL-6 is involved in a variety of physiological functions, including the stimula-
tion of acute phase protein synthesis (a2-macroglobulin and C-RP leading to
the activation of complement cascades), the induction of pro-thrombotic factors
(e.g., PAI-1) and the stimulation of matrix degrading enzymes, such as MMP-1
and MMP-9 (Kishimoto et al. 1995; Solis-Herruzo et al. 1996).

A recent report by Rekhter and co-workers demonstrated that the delicate
balance of plaque stability is controlled, on one hand, by intrinsic properties of
the tissue and, on the other hand, by external forces to which the plaque is sub-
jected (Rekhter et al. 2000). Based on this evidence, increased lipid content and
decreased collagen content have been long suspected to decrease the mechanical
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Fig. 5 Model cascade leading to coronary plaque rupture—role of angiotensin Il. Summary of potential
intermediates activated by angiotensin Il via interleukin 6. ANG Il induces IL-6 independently of lipid
peroxidation and vasoconstriction, most probably via superoxide anions. In contrast, MMP expression
and activation is induced in an IL-6-dependent manner in vitro. Together, these factors initiate the pro-
cess of plaque destabilization and may contribute to the development of an acute coronary syndrome

strength of plaques (Fig. 5) (Richardson et al. 1989; Davies et al. 1994). Thus,
potential plaque-rupturing factors may include a powerful vasoconstrictor, e.g.,
angiotensin II, responsible for an increase in local circumferential stress, and
pro-inflammatory cytokines such as IL-6, stimulating extracellular matrix de-
composition. Rekhter et al. demonstrated that collagen loss was focal a feature
that may have important consequences for formation of weak spots in plaques,
(Rekhter et al. 2000) which are prone to rupture: vulnerable plaques [36]. Colla-
gen loss was also found to occur predominantly in areas rich in macrophage-de-
rived foam cells (CD68 positive cells) (Galis et al. 1994); this is in agreement
with previous observations that human atheroma tends to rupture in areas with
inflammatory infiltrates (Gamos et am/ 1994; van der Wal et al. 1994; Shah et al.
1995).

In this regard, Diet and co-workers first demonstrated that the ANG II-
forming protease ACE is expressed in human atherosclerotic plaques (Diet et
al. 1996). The authors demonstrated that in early- and intermediate-stage
atherosclerotic lesions, ACE was predominantly expressed in lipid-laden macro-
phages (similarly to pro-inflammatory cytokines), whereas in advanced lesions,
ACE was predominantly localized throughout the microvasculature of plaques
(Diet et al. 1996). Potter and co-workers further demonstrated that lipid-laden
macrophages contain ANG II in a primate model of atherosclerosis (Potter et al.
1998). In humans, at least two major enzymes—ACE and chymase—are in-
volved in the conversion of ANG-I to ANG-11, and may contribute to ANG II for-
mation in coronary arteries. Further investigations, in normal and atheroma-
tous coronary arterial tissue from patients dying of noncardiovascular diseases,
demonstrated that only ACE but not chymase was colocalized with ANG-II in
the intima of stable arthrosclerotic plaques (Ohishi et al. 1999). These findings
suggest that ACE is likely the primary source of ANG II in atherosclerotic hu-
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man coronary arteries (Shieffer et al. 2000). Interestingly, Hoshida and col-
leagues demonstrated that tissue ACE activity is selectively up-regulated in pa-
tients with acute coronary syndromes, but serum ACE activity is not Hoshida et
al. 2001). These observations suggest that tissue ACE activity may be an impor-
tant regulator of ANG II formation at atherosclerotic lesions (Dzau 2001).

Recent evidence suggests that IL-6 is increased in patients with acute coro-
nary syndrome (Biassuci et al. 1996). In this regard, our laboratory demonstra-
ted that ANG II and ACE are expressed predominantly in areas of clustered
macrophages, in atherosclerotic coronary segments (Diet et al. 1996; Potter et al.
1998; Ohishi et al. 1999). Since both ANG II and IL-6 may interact and also may
be involved in the development of acute coronary syndrome, we investigated the
in vitro and in vivo interactions between ANG II and IL-6. Our results demon-
strated that ANG II induces the synthesis and release of IL-6 in smooth muscle
cells and human macrophages (Schieffer et al. 2000), and immunohistological
analysis further showed that ANG II, the AT1 receptor, and ACE are expressed
at strategically relevant sites of human coronary atherosclerotic plaques, that is,
at the shoulder of macrophage-rich atherosclerotic plaques. Furthermore, ANG
IT was detected in close proximity to potential plaque rupture sites in coronary
artery sections from patients who died from acute myocardial infarctions. Co-
localization of components of the RAS with IL-6 was observed in stable coro-
nary plaques and atherectomy tissues (Schieffer et al. 2000). Together, these
findings suggest that the RAS may contribute to inflammatory processes within
the arthrosclerotic vascular wall, and thereby may contribute to the develop-
ment of acute coronary syndrome (Schieffer et al. 2000).

However, is the in vitro interaction and the in vivo colocalization of ANG II
and IL-6 of clinical importance for the stability of atherosclerotic lesion? As a
mediator of inflammation, IL-6 stimulates a variety of intracellular signaling
mechanisms, including the traditional cytokine signaling cascade of JAK-kinas-
es and STAT transcription factors (signal transducers and activators of tran-
scription) (Kishimoto et al. 1995) (Fig. 1). Via this signaling cascade, IL-6 medi-
ates its physiological functions, including macrophage differentiation, B-cell
maturation, acute phase protein and smooth muscle cell proliferation. As indi-
cated above, cytokine-stimulated smooth muscle cells synthesize and release en-
zymes responsible for extracellular matrix degradation, which may potentially
destabilize the fibrous caps of plaques (Rabbani and Topol 1999) and may play
an important role for pro-inflammatory cytokines (e.g., IL-6) in the develop-
ment of acute coronary syndrome. Finally, IL-6 regulates expressions of adhe-
sion molecules and other cytokines, (e.g., IL-18 and TNFa), which together may
enhance an inflammatory reaction at atherosclerotic plaques.

Since both ANG II and IL-6 activate identical cellular signaling events, we in-
vestigated whether ANG II induces the release of PAI-1 and C-RP via activation
of the JAK/STAT cascade. Preliminary results demonstrated that PAI-1 and C-RP
were released when smooth muscle cells were stimulated with ANG II (Han et
al. 1999). Preliminary results from ANG Il-stimulated, IL-6-deficient murine
smooth muscle cells revealed that depletion of IL-6 blunted ANG II-induced
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metalloprotease expression and activity. Based on these findings, we suggest a
model in which ANG I, via IL-6, may promote the development of acute coro-
nary syndrome via induction of pro-thrombotic, complement activation and ac-
tions of matrix degrading factors (e.g., PAI-1, CRP, metalloproteases). Accumu-
lation of these factors contribute to the subsequent pro-atherogenic potency of
ANG II (see Fig. 4).

Thus it is suggested that IL-6 induction by ANG II is redox-sensitive and in-
volves the aforementioned signaling cascades. In-fact, recent observations re-
ported that blockade of superoxide anion generation by ANG II abolished ANG
II-induced IL-6 release in vitro [47]. In summary, generation of superoxide an-
ions via the AT1 receptor seems to be pivotal for the pro-inflammatory and pro-
atherogenic properties of ANG II.

4
Impact of Angiotensin Il Inhibition in Patients
with Coronary Artery Disease

The most conclusive evidence for the beneficial effects of angiotensin II (ANG
1I) inhibition in patients with atherosclerotic vascular disease, is demonstrated
by large morbidity and mortality trials. Initial trials consisted of patients with
reduced left ventricular ejection fraction (LVEF), with or without heart failure,
and demonstrated that long-term therapy with ACE inhibitors reduced the risk
for MI and cardiovascular death (Pfeffer et al. 1992; Yusuf et al. 1992; Rutherford
et al. 1994; Kober et al. 1992; AIRE Study Investigators 1993; Flather et al. 2000).
More recently, the HOPE trial (Yusuf et al. 2000) demonstrated a similar effect
in patients with cardiovascular disease, but with preserved LVEF. This random-
ized trial involved over 9,000 patients with a mean age of 55 years, presenting
with CAD, prior stroke, peripheral arterial disease, or diabetes. These patients
were then randomly assigned to either 10 mg/d of ramipril or placebo. After
4.5 years, the clinical study reported a statistically significant reduction in the
composite primary endpoint of MI, stroke, or death from cardiovascular causes.
In addition, the risk of stroke, MI, revascularization procedures, heart failure,
and new diabetes was reduced. These beneficial effects of treatment were at-
tained with only a modest reduction in blood pressure (a 3-mmHg reduction in
systolic and a 1.8-mmHg reduction in diastolic blood pressure).

The only ACE inhibitor trial that failed to demonstrate a treatment benefit is
the QUIET trial (Pitt et al. 2001)), which randomized 1,750 patients with CAD
to treatment with 20 mg/d of quinapril or placebo. After a mean of 27 months,
there were no significant differences in major ischemic events between the treat-
ment and control groups. However, this study had several important limitations
such as the lack of statistical reliability due to small sample size and the enroll-
ment of low-risk study subjects (i.e., with a low incidence of major ischemic
events); the quinapril dosage; and the choice of a composite primary outcome,
which included so-called soft events.
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The long-term effects of ACE inhibitor therapy on MI risk, in large ran-
domized trials, support a beneficial action of these agents in atherosclero-
sis. The Perindopril Protection Against Recurrent Stroke Study (PROGRESS)
(PROGRESS Collaborative Group 2001), conducted in 6,105 patients with prior
stroke or transient ischemic attack, reported a 28% reduction in recurrent
stroke and a 26% reduction in major ischemic events after 5 years of treatment
with an ACE inhibitor-based regimen (4 mg/d of perindopril with or without
the addition of the diuretic indapamide). This beneficial effect of treatment is at
least in part due to blood pressure lowering, but also to the antiatherosclerotic
actions of ACE inhibitors.

These large morbidity and mortality trials clearly support an important role
for ACE inhibitors in the treatment of atherosclerotic vascular diseases, al-
though several questions do remain. Thus, it is uncertain whether the benefits
seen with ramipril in the HOPE trial extend to other ACE inhibitors and to low-
risk patients with CAD and with preserved LV function (e.g., younger individu-
als with less extensive disease than the HOPE study participants and those treat-
ed aggressively with lipid-lowering agents). Also whether ACE inhibitors are su-
perior to other drugs in preventing atherosclerotic complications in hyperten-
sion remains in question.

Some of these questions will be answered by ongoing clinical trails. The Pre-
vention of Events with Angiotensin-Converting Enzyme (PEACE) (Pfeffer et al.
2001) trial with over 8,000 participants and the European Trial of Reduction of
Cardiac Events with Perindopril in Stable Coronary Artery Disease (EUROPA)
(Davies et al. 1994) with over 10,000 patients, are evaluating trandolapril and
perindopril in CAD with preserved LV function. The Ischemic Management with
Accupril Post-Bypass Graft via Inhibition of Converting Enzyme (IMAGINE)
trial, which enrolled over 2,000 patients, is testing the effect of early quinapril
treatment, post-bypass graft surgery. The Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT), which has completed the
randomization of over 40,000 study participants, is comparing different blood
pressure-lowering drugs, including lisinopril (Pepine 1996).

5
AT1 Blocker or ACE Inhibitors in Patients with Coronary Artery Disease?

The angiotensin II receptor blockers (AT1 antagonists) available for clinical use
all bind to the AT1 receptor with high affinity. AT1 antagonists reduce the activ-
ity of AT1 receptor-mediated actions of angiotensin II more effectively than do
ACE inhibitors. ACE inhibitors reduce biosynthesis of angiotensin II produced
by ACE action on angiotensin I, but do not inhibit alternate non-ACE angioten-
sin II-generating pathways such as those of chymase, cathepsin G, or tonin. In
contrast to ACE inhibitors, AT1-antagonists indirectly activate AT2 receptors, al-
though the importance of AT2-mediated effects is not clearly defined. Recent ev-
idence suggests that AT2 receptors may exert antiproliferative, pro-apoptotic,
and vasodilatory actions and may also have a modest effect on promoting bra-
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dykinin release. ACE inhibitors more effectively increase angiotensin (1-7) lev-
els more than AT1-antagonists, and this may result in additional beneficial car-
diac and vascular effects. Lastly, ACE inhibitors increase the levels of various
ACE substrates that are not angiotensin peptides, including bradykinin. In-
creased bradykinin levels may also contribute to the beneficial cardiovascular
effects of ACE inhibitors. Whether or not these distinct pharmacological differ-
ences between AT1 antagonists and ACE inhibitors result in significant differ-
ences in therapeutic outcomes is unknown at present.

In vivo and in vitro studies demonstrate that AT1 antagonists inhibit most of
the biological actions of angiotensin II, leading to decreased vascular smooth
muscle cell contraction, decreased pressor responses, improved renal blood
flow, and decreased cellular hypertrophy and hyperplasia (Sun et al. 2001;
Ferrario 2002). Animal models treated with AT1 antagonists demonstrated de-
creased cardiac and arterial medial hypertrophy. Reduced extent of atheroscle-
rotic lesions, in response to AT1 receptor blockade treatment, was also observed
in several animal models of atherosclerosis (Hayek et al. 1995; Aberg and Ferrer
1990; Strawn et al. 2000).

The clinical effects of AT1 antagonists on vascular functions and structures
in normotensive individuals has been evaluated in several trials. The Brachial
Artery Normalization of Forearm Function (BANFF) study compared the effects
of daily administration of 20 mg of quinapril, 10 mg of enalapril, 50 mg of losar-
tan, or 5 mg of amlodipine on endothelial function, as assessed by brachial ar-
tery flow-mediated vasodilation in 80 patients with CAD. After 2 weeks of treat-
ment, losartan had no significant effect, whereas quinapril improved endothelial
function, and this effect was related to the presence of an insertion allele of the
ACE genotype (Chakraborti and Chakraborti 1998). In addition, our group
(Hornig et al. 2001) studied 35 patients with CAD and reported that 4 weeks of
treatment with 100 mg/d of losartan had a similar beneficial effect on endotheli-
al function as 10 mg/d of ramipril. The different findings from these two studies
may be related to the higher losartan dose, the length of therapy, and the assess-
ment of endothelium-mediated vasodilation in the radial artery (as opposed to
the more sensitive method of measuring brachial artery dilation). The Losartan
Intervention for Endpoint reduction in hypertension study (LIFE) (Hornig et al.
2001; Dahlof et al. 2002) randomized over 9,000 patients (55-80 years of age)
with moderate to severe hypertension and left ventricular hypertrophy to either
losartan or atenolol treatment. Mean follow-up time was 4.8 years. Even though
the blood pressure lowering was similar in both groups (a 30-mmHg decrease
in systolic and a 17-mmHg decrease in diastolic blood pressure), the composite
endpoint of death, MI or stroke was significantly lower in the losartan group.
The greatest benefit was the 25% reduction in the incidence of stroke. Trends
toward fewer all-cause deaths, cardiovascular deaths, and infarctions were ob-
served in the losartan group; however, these observed differences were statisti-
cally insignificant. No significant differences were noted in the incidences of an-
gina, heart failure, revascularization, and resuscitated cardiac arrest.
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Whether AT1 receptor blockade is as effective as ACE blockade in patients
with MI or chronic atherosclerotic vascular disease was studied in the OPTI-
MAAL trial (Dickstein and Kjekshus 2002). With over 5,000 patients enrolled in
the study, the results showed that 50 mg of losartan had no beneficial effect with
respect to mortality and clinical events, as compared to 150 mg of captopril.
The investigators therefore suggest that at the moment, first-line treatment of
patients with documented atherosclerosis should be ACE inhibitors. However,
ongoing large-scale clinical trials will compare AT1 antagonists against ACE in-
hibitors, and evaluate AT1 antagonists versus placebo in ACE-intolerant pa-
tients. The combination therapy of AT1 receptor antagonist and ACE inhibitor
will be investigated. Combined therapy is theoretically appealing and was
shown, in the Randomized Evaluation Of strategies for Left Ventricular Dysfunc-
tion (RESOLVD) study (McKelvie et al. 1999) to be more beneficial than either
single treatment in improving the neurchormonal balance and left ventricular
remodeling. The Valsartan in Acute MI (VALIANT) trial (Cohn and Tognoni
2001) was designed to randomize over 14,000 patients with heart failure and/or
LVEF with less than 40% within 10 days after MI to treatment with valsartan
alone or in combination with captopril (Cohn and Tognoni 2001). The Ongoing
Telmisartan Alone and the Ramipril Global Endpoint Trial (ONTARGET) (Yusuf
2002) will enroll approximately 23,000 patients 55 years or older with a history
of CAD, stroke, or peripheral arterial disease: however, subjects will be without
heart failure or known low LVEE The Telmisartan Randomized Assessment
Study in ACE Inhibitor-Intolerant Patients with Cardiovascular Disease (TRAN-
SCEND) trial (Yusuf 2002) will compare telmisartan to placebo in 5,000 patients
who cannot tolerate ACE inhibitors. The ONTARGET and TRANSCEND trials
are designed to test the effectiveness of AT1-antagonists and/or combined
AT1-/ACE-inhibitor treatment in reducing atherosclerotic events. Based on these
studies, the current recommended action for first-line treatment of patients with
documented atherosclerosis remains ACE inhibitors.

6
Conclusion

Components of the RAS are expressed in the shoulder region of coronary
atherosclerotic plaques, areas prone to increased risk of plaque rupture. In vitro
observations suggest a close interaction between ANG II and IL-6, which in-
volves the generation of pro-inflammatory eicosanoids and superoxide anions
by the NADPH oxidase system. This interaction of ANG II and IL-6 may play a
pivotal role in vessel wall inflammation, thrombosis and remodeling, by stimu-
lating acute phase proteins, pro-thrombotic factors such as PAI-1 and metallo-
proteases. Thus, the induction of IL-6 by ANG II may be one important mecha-
nism by which ANG II could be involved in the development of atherosclerosis
and acute coronary syndrome.
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Abstract Extracellular matrix (ECM) is an important structural and functional
constituent of both healthy and diseased blood vessels. Vascular cells are em-
bedded in the multicomponent network of the ECM that contains collagens, oth-
er glycoproteins, proteoglycans and carbohydrates. The interaction between em-
bedded cells and ECM is mediated through specific transmembrane receptors
such as integrins or syndecans. Upon activation integrins initiate intracellular
signaling cascades and establish a connection to the cytoskeleton. Production of
ECM by vascular smooth muscle cells, which are the main source of ECM in
blood vessels, is regulated by a variety of growth factors, cytokines and peptide
hormones, among them angiotensin IT (ANG II). ANG II regulates the composi-
tion of the vascular ECM by a variety of mechanisms, including increased ex-
pression of particular ECM genes, which is mediated either directly or via the
stimulation of autocrine growth factor release. In addition, ANG II induces plas-
minogen activator inhibitor I (PAI1), which is involved in the fine tuning of pro-
teolytic ECM turnover. This review focuses on the regulation of fibronectin, col-
lagen and proteoglycan expression by ANG II in VSMC and blood vessels and
on the modulation of ECM degradation by matrix metalloproteinases. Further-
more, the modulation of focal adhesion signaling through the convergence with
ANG II-induced tyrosine phosphorylation is discussed.

T. Unger et al. (eds.), Angiotensin
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Abbreviations

ANGII Angiotensin II

ECM Extracellular matrix

EGF Epidermal growth factor

FAK Focal adhesion kinase

EN Fibronectin

GAG Glycosaminoglycan

GPCR G protein-coupled receptor

HA Hyaluronic acid

MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase

PAI-1 Plasmin activator inhibitor 1
PDGF Platelet derived growth factor
PI3K Phosphatidylinositol 3-kinase
PKC Protein kinase C

PLC Phospholipase C

Pyk-2 Proline-rich tyrosine kinase 2
RGD Arginine, glycine, aspartate motif
TGFp1 Transforming growth factor beta 1
TIMP Tissue inhibitor of MMP

TN-C Tenascin

uPA Urokinase plasmin activator

1

Introduction

Increased activity of the renin angiotensin aldosterone system (RAAS) is associ-
ated with higher risks of cardiovascular morbidity and mortality, caused by ele-
vation of arterial blood pressure and by blood pressure-independent mecha-
nisms (Alderman et al. 1991). Trophic effects of angiotensin II (ANG II) on the
vasculature include cellular hypertrophy, increased migration and mitosis of
vascular cells. Increased accumulation of vascular extracellular matrix (ECM) is
involved in these adverse pressure-independent effects of ANG II. The peri- and
extracellular portions of the arterial wall are composed of ECM, which has a
strong influence on the phenotype of vascular cells. The ECM of blood vessels is
elaborated by vascular cells, and forms a complex network comprising colla-
gens, glycoproteins, proteoglycans and hyaluronic acid (HA). Many ECM mole-
cules bind to each other, creating a multicomponent scaffold that interacts with
embedded cells. Vascular cells express integrins, CD44 and other ECM receptors
that enable cells to form contacts with the ECM, and transduce signals from the
ECM to the inside of the cells (for review see Giancotti and Ruoslahti 1999). In
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situ, vascular smooth muscle cells (VSMC) are surrounded by basement mem-
brane comprising mainly collagen I, -III, -IV, -VI, laminin and perlecan. The
basement membrane is believed to augment the differentiated phenotype of
VSMC, which is characterized by contractility, low synthetic and proliferative
activity (Thyberg and Hultgardh-Nilsson 1994). The ECM surrounding VSMC
can undergo rapid and extensive remodeling during development of vascular
disease. ECM remodeling entails degradation of old components, synthesis of
new components and expression of new cell surface integrin receptors. The
ECM is capable of determining the responsiveness of vascular cells to growth
factors, peptide hormones and cytokines (Raines et al. 2000). In addition, ECM
(a) modulates mechanical properties of the vessel wall, i.e., vascular stiffness
and atherosclerotic plaque stability; (b) sequesters growth factors, i.e., trans-
forming growth factor beta-1 (TGFS1) and fibroblast growth factor-2 (FGF-2);
and (c) participates in lipid accumulation and modification.

This chapter focuses on VSMC—the main source of vascular ECM—and the
effect of ANG II on ECM composition, ECM-mediated signals and ECM-mediat-
ed changes in the phenotype of VSMC. ANG II mediates the majority of its ac-
tions via two G-protein-coupled receptors (GPCRs), angiotensin II type 1 recep-
tor (AT, receptor) and angiotensin II type 2 receptor (AT, receptor). As most
known effects of ANG II on ECM expression, function and signaling are mediat-
ed by AT, receptors, this review discusses mainly AT, receptor-mediated effects
in vasculature and VSMC. AT, receptor-mediated effects on ECM in VSMC will
be only briefly summarized (see Sect. 3.1, “AT, Receptor and Vascular EMC”).
ANG II has a profound impact on the expression and degradation of vascular
ECM and ECM-mediated signaling, which are thought to contribute significant-
ly to the long-term effect of ANG II on vascular remodeling.

2
Focal Adhesion Complex and Cellular Phenotype

It has long been known that ECM contact is essential for adhesion, growth and
survival of adhesive cells in connective tissues. Cells interact with the ECM via
specific receptors. The best-characterized, and likely the most important group,
are integrin heterodimers (Aplin et al. 1998); however, other ECM receptors are
also potent modulators of cellular function and phenotype, such as the HA-re-
ceptors, CD-44 and the receptor for HA-mediated motility (RHAMM) (Turley et
al. 2002). Transformed cells lose the integrin dependency for cell cycle progres-
sion and survival, which is fundamental to their propensity for metastasis. As
with most cells in adult tissues, VSMC are permanently engaged with the sur-
rounding ECM and form stable contacts with the ECM (focal adhesions). How-
ever, in order to proliferate and migrate during tissue remodeling, cells need to
break existing focal adhesions and establish new contacts. This leads to local
changes in the activity of downstream signaling events, such as mitogen-activat-
ed protein kinase (MAPK) activity, which converge with the signaling of recep-
tor tyrosine kinases or GPCR. The phenotype of a cell at a given time reflects
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the integration of a variety of signals initiated by extracellular ligands of inte-
grins and other adhesion receptors, tyrosine kinase receptors, GPCRs, and addi-
tional mediators such as nitric oxide, reactive oxygen species or mechanical fac-
tors. Structural components of the focal adhesion complex are briefly intro-
duced. Integrins are heterodimeric transmembrane receptors comprising alpha
and beta subunits that mediate cell adhesion to the ECM at focal adhesions.
Eight beta subunits and 16 alpha subunits have been cloned in mammals,
forming at least 23 defined af-heterodimers (for review see Aplin et al. 1998;
Giancotti and Ruoslahti 1999). The integrin heterodimers have relatively broad
substrate specificities, often allowing the ligation of a particular heterodimer by
several ECM molecules. Often, it is the arginine-glycine-aspartate (RGD) se-
quence within the protein core of ECM molecules that is recognized by integrins
(Fig. 3). Upon interactions with their respective ligands, integrins cluster and
enable cells to form focal contacts with the surrounding ECM. Integrins are de-
void of enzymatic activity and associate with adapter proteins such as vinculin,
talin, paxillin, and p130°*, to form a multimolecular platform, the focal adhe-
sion complex, which allows initiation of signaling cascades that transduce infor-
mation from the ECM into the cell (Fig. 3). Adaptor molecules of the focal adhe-
sion complex connect to actin-containing filaments of the cytoskeleton. Further-
more, integrins recruit various tyrosine kinases to the focal adhesion complex,
including focal adhesion kinase (FAK), integrin linked kinase (ILK), Src-family
kinases and proline-rich tyrosine kinase 2 (Pyk-2). Through these kinases, inte-
grins initiate signaling cascades that support mitogenic growth factor signaling,
control cell cycle progression and inhibit apoptosis. Another important function
of integrins is the control of cell spreading and migration, which is in part me-
diated through the Rho-family of small guanine nucleotide-binding proteins,
Rho, Rac and Cdc42 (Keely et al. 1997). From the above-mentioned interactions
between cells and ECM, it can be concluded that any factor that alters the com-
position of ECM or interferes with the signals generated by the ECM receptors
will thereby have a profound impact on cell behavior, phenotype and gene ex-
pression. These mechanisms of interference will be further discussed, with re-
spect to ANG II.

3
Modulation of ECM-Mediated Signals by ANG Il

There are at least three avenues via which ECM-mediated signals can be modu-
lated by ANG IL Firstly, ANG II, via AT, or AT, receptors, can induce or repress
ECM gene expression; this can be either a direct effect or one mediated indirect-
ly through the autocrine release of growth factors. Secondly, ANG II regulates
degradation of ECM components, which terminates existing ECM signals, and
generates new signals through either the formation of bioactive ECM fragments
or the exposure of cryptic sites within ECM molecules. Thirdly, ANG II recep-
tor-mediated signals interfere with focal adhesion signaling that is initiated by
ECM-integrin interaction. See Fig. 1.
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Fig. 1 Interrelationship between ANG Il, ECM and vascular remodeling. ANG Il induces the expression
of a variety of ECM genes, inhibits ECM degradation and directly interferes with the signaling of focal
adhesion complexes. Consequently, the composition of the ECM changes, which has direct effects on
vessel structure, mechanical properties and ultimately vessel function. ANG Il modulates the phenotype
of vascular cells directly by interference with focal adhesion signaling and indirectly via changes in the
composition of ECM. Alterations of the vascular phenotype, including the propensity of cells to prolifer-
ate and migrate, contribute to changes in vessel structure, function and progression of vascular disease

3.1
AT, Receptor and Vascular ECM

The AT, receptor is discussed, in detail, in the chapters by Balt and Pfaffendorf
and by Wruck et al,, of this volume. AT, receptors are abundantly expressed
during embryonic development, but are less present after birth. It is, however,
present in adult human vasculature, e.g., in renal and coronary arteries. The AT,
receptor often counteracts with the AT, receptor and is involved in regeneration
and repair programs (for review see de Gasparo et al. 2000; Stoll and Unger
2001). Knowledge about AT, receptor effects on ECM remodeling in the vessel
wall and VSMC is limited, and thus will only be discussed briefly. It is possible
that the functional significance of AT, receptors during ECM remodeling is un-
derestimated, since many studies investigating ANG II and ECM were per-
formed in cultured adult VSMC, which do not express AT, receptors. During
vascular disease, expression of AT, receptors is induced and thus could poten-
tially play a role in the control of ECM remodeling or ECM signaling (Akishita
et al. 2000a; Nakajima et al. 1995). In support of this hypothesis are studies
showing that experimental overexpression of AT, receptors in cultured VSMC
induce collagen, fibronectin (FN) and proteoglycan expression (Chassagne et
al. 2002; Mifune et al. 2000; Shimizu-Hirota et al. 2001). Moreover, in microvas-
cular endothelial cells endogenously expressed AT, receptors mediate growth
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inhibition and induction of thrombospondin 1 (TSP-1) (Fischer et al. 2001a).
Experiments using gene transfer of the AT, receptor into the rat balloon injury
model demonstrated inhibition of neointimal hyperplasia by the AT, receptor
(Nakajima et al. 1995). This is in agreement with known antiproliferative effects
of the AT, receptor in cultured endothelial cells (Stoll et al. 1995), which has
been confirmed in many other cell types, including VSMC. Most studies using
AT, receptor-deficient mice suggest that AT, receptors inhibit hypertrophy and
vascular fibrosis (Akishita et al. 2000b; Brede et al. 2001). In contrast, the one
study in rats and another in AT, receptor-deficient mice revealed the opposite
results, suggesting that AT, receptors promote hypertrophy and fibrosis (Levy et
al. 1996; Senbonmatsu et al. 2000). These contrasting results might be related to
differences in genetic background, since different AT, receptor-deficient mouse
strains (FVB/N vs C57B6) were used. The FVB/N mice, in which the AT, recep-
tor was shown to inhibit vascular fibrosis (Akishita et al. 2000b; Brede et al.
2001), are known to form an extensive neointima in response to vascular injury.
In contrast C57B6 mice, in which the AT, receptor was reported to support vas-
cular fibrosis (Senbonmatsu et al. 2000), are less responsive to arterial injury
(Harmon et al. 2000). An alternative explanation for these contradictory results
might be the differences in the function of AT, receptors in vessels of different
origin. Furthermore, many glycoproteins and proteoglycans known to be in-
volved in fibrotic remodeling and neointimal hyperplasia have yet to be charac-
terized with respect to regulation by the AT, receptor. Thus, although experi-
mental evidence suggests that the AT, receptor is involved in regulation of vas-
cular ECM composition in vivo, a definitive conclusion is not yet possible as to
whether it is inhibitory or stimulatory and which ECM components are regulat-
ed by the AT, receptor.

3.2
Modulation of Expression

ECM remodeling during vascular disease (i.e., atherosclerotic lesion develop-
ment) involves the formation of significant amounts of new ECM components
such as proteoglycans, FN, osteopontin, tenascin C (TN-C), vitronectin and
TSP-1. These molecules are all important modulators of VSMC phenotype, and
most of them are up-regulated in response to ANG II in VSMC (see Table 1).
With respect to modulation of ECM expression, this review focuses on collagen,
FN and proteoglycans, since there exists convincing evidence of significant roles
for these ECM components in various vascular diseases and for interrelation-
ships with the RAAS.

3.2.1
Fibronectin

Fibronectin (FN) is a glycoprotein of the vascular ECM (Ruoslahti 1988), which
can be derived from the circulation or synthesized by cells of the vascular wall.
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Table 1 The table displays a selection of representative studies on the regulation of individual ECM
glycoproteins and proteoglycans by Ang Il. The involved receptors are indicated as well as the involve-
ment of autocrine factors

1T, Down- or up-regulation.

2 Retroviral overexpression of AT-2 receptors in VSMC.
ND, not determined.

Cellular FN generated by vascular cells is distinct from plasma FN that is secret-
ed by the liver, by virtue of the FN type III modules (ED-A, ED-B) generated by
alternative splicing (for review see Kosmehl et al. 1996). FN is expressed at low
levels in normal healthy arteries. However, it is markedly induced and accumu-
lated during atherosclerosis and neointimal hyperplasia (Labat-Robert et al.
1985). Soluble dimeric FN molecules polymerize into a FN matrix in an integrin
(a581) dependent manner (Pickering et al. 2000). FN is a ligand to several inte-
grin heterodimers such as avf33, avf5 and a551. Among these integrins, only
a5pB1 is specific for FN. The FN-integrin interactions induce signaling cascades
that merge with those of growth factors and ANG II (see also Sect. 3.4, “Modula-
tion of Focal Adhesion Signaling”) and determine the response of VSMC to
these stimuli.

Animal studies in rats along with in vitro studies of human and rat VSMC
have shown that FN is induced by ANG II via the AT, receptor. After balloon in-
jury Spraque-Dawley rats exhibited a marked up-regulation in FN, which was
blocked by a specific AT, receptor antagonist (Kim et al. 1995). Furthermore,
the AT, receptor induces FN also ANG II in uninjured vessels (Himeno et al.
1994). The effect of ANG II on FN was at least partially independent of blood
pressure elevation. Recently, it was demonstrated that AT, receptors mediate FN
expression, especially FN-EIIIA, via signaling involving phosphatidylinositol-
specific phospholipase C (PI-PLC), protein kinase C (PKC), protein tyrosin
phosphorylation and phosphatidylinositol 3 kinase (PI3K), eventually leading
to activation of the AP1-like binding site of the FN promotor (Tamura et al.
1998, 2000). AT, receptors are also involved in stretch-induced FN expression
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Fig. 2 Interdependency of tissue RAS and fibronectin expression. In VSMCs, FN induces, via avf33-inte-
grins, the expression of angiotensinogen, cathepsin D and ACE, leading to autocrine generation of ANG
I and up-regulation of TGFS1. In turn, ANG Il and TGFf31 induce additional FN expression. Furthermore,
ANG 1l itself induces release of active TGF31 and increases the expression of TGF31-type 1 receptors
(not shown). Through this mechanism, VSMCs shift toward the synthetic, proliferative and migratory
phenotype

(Tamura et al. 2000). In addition, mechanical stretch induces angiotensin-con-
verting enzyme (ACE) and AT, receptor expression, and ANG II generation in
VSMC (Matsubara et al. 2000). Furthermore, cultured VSMC express angiotensi-
nogen, cathepsin D, ACE and TGFf1 in response to contact with FN, which re-
sults in increased ANG II production (Hu et al. 2000). The described interdepen-
dencies between mechanical stretch, FN expression, ANG II generation and au-
tocrine TGFfS1 may create a positive feedback loop leading to sustained increase
in FN expression and activity of the tissue renin-angiotensin system. See Fig. 2.
The functional significance of ANG II induced FN production in VSMC is
confirmed by the phenotypic modulation of VSMC by FN: VSMC, in contact with
FN, are more responsive to mitogenic and migratory stimuli (Hedin and Thyberg
1987). Furthermore, VSMC proliferation depends on FN matrix assembly, as in-
hibition of FN assembly was shown to almost completely inhibit SMC prolifera-
tion (Mercurius and Morla 1998). After balloon injury of the rat carotid artery,
the luminal dedifferentiated VSMC up-regulate the FN-specific integrin, a581,
and rapidly assemble a polymeric FN matrix (Pickering et al. 2000). In vivo, in
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neointimal cells, FN is thought to provide a substrate for adhesion, to promote
cell migration and proliferation and to prevent apoptosis. ANG II-induced FN is
therefore likely to support the proliferative response of neointimal cells and to
facilitate the migratory response of VSMC during vascular remodeling.

3.2.2
Collagen

Type I collagen is abundant in both normal adult arteries and remodeled arte-
ries in vascular disease. The polymerization process of collagen, in contrast
to FN fibril formation, is independent of interactions with cells and integrins.
The size of collagen type I fibrils, the degree of lateral fusion and the three-di-
mensional orientation within the ECM are, however, subject to modulation by
proteoglycans (i.e., decorin), type III collagen and other ECM components.
VSMC adhere to collagen mainly via 0281, but also a1f1 and a3f1 integrins
(Yamamoto and Yamamoto 1994; Gardner 1996). Functional consequences of
collagen accumulation in the vessel wall are complex and can vary among vascu-
lar diseases such as hypertension, restenosis and atherosclerosis. Depending on
the fibrillar organization of collagen, different consequences have been de-
scribed, ranging from promotion to inhibition of proliferation and migration.
Functional aspects of collagen accumulation in the vessel wall and its interrela-
tionships with the RAS are discussed in following paragraphs.

The extent of collagen type I and III deposition in the vascular wall and the
three-dimensional organization of collagen determine mechanical properties of
blood vessels. One clinically important aspect is arterial stiffness, which—if it is
increased—is associated with higher cardiovascular morbidity and mortality in
patients (O’Rourke and Frohlich 1999). Increased vascular stiffness contributes
to the development of increased systolic blood pressure, pulse pressure and aor-
tic pulse wave velocity, which then expands the vascular load on the heart fol-
lowed by adverse left ventricle remodeling and impaired cardiac function
(Lakatta 1993). In chronic hypertension, increased vascular collagen accumula-
tion and vascular stiffness are observed (Ooshima et al. 1974). Many in vitro
(Kato et al. 1991) and animal studies (Fakhouri et al. 2001) suggest that ANG II,
via the AT receptor, increases collagen expression by VSMC and collagen accu-
mulation in vessel walls. In human VSMC, paracrine release of TGFf1 mediates
collagen synthesis and expression, in response to AT; receptor activation (Ford
et al. 1999). The significance of AT, receptor-driven collagen expression is fur-
ther underlined by the association between aortic stiffness and AT, receptor
polymorphisms in hypertensive patients (Benetos et al. 1996).

In vascular lesions, collagen accumulation can be both detrimental and bene-
ficial. Collagen is an important constituent of vascular lesions, serving as a scaf-
fold for the binding of other ECM components such as FN and proteoglycans.
Extensive collagen accumulation will increase neointimal thickness and the ex-
tent of stenosis. On the other hand, high collagen content of the fibrous cap,
which is determined by the balance of collagen expression and degradation, will
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increase atherosclerotic plaque stability (Plutzky 1999). Recently, this view was
experimentally confirmed by the inhibition of TGFf1 resulting in decreased pla-
que stability in primary atherosclerosis in mice (Lutgens et al. 2002; Mallat et al.
2001). Therefore, with respect to the atherosclerotic plaque, increased expres-
sion of collagen in response to ANG II would not necessarily be detrimental to
the individual. Another interesting consequence of ANG II-mediated stimula-
tion of collagen deposition in the vascular wall is the phenotypic modulation of
VSMC. 1t is well known that polymeric collagen inhibits VSMC proliferation in-
duced by serum, platelet derived growth factor (PDGF) BB and other growth
factors (Raines et al. 2000). It was shown that the growth-inhibiting effects of
fibrillar collagen are mediated by cyclin-dependent kinase inhibitors p27 and
p21 (Koyama et al. 1996). In contrast, monomeric collagen supports VSMC
growth (Koyama et al. 1996). It seems to be a contradiction that ANG II should
support via the AT, receptor proliferation (Su et al. 1998) and at the same time
increase synthesis of collagen type I, which is antiproliferative in its polymer-
ized form. However, ANG II often causes vascular and cellular hypertrophy
rather than hyperplasia (Geisterfer et al. 1988). Therefore, it can be hypothe-
sized that the induction of a fibrillar collagen matrix could balance mitogenic
stimulation by ANG II and other factors in the vessel wall.

In summary, AT, receptor-induced collagen accumulation in adult arteries
contributes to increased wall stiffness, which is associated with elevated cardio-
vascular morbidity and mortality. ANG II-driven collagen and ECM accumula-
tion will adversely affect atherosclerotic plaques and restenotic lesions by in-
creasing neointimal volume. On the other hand, collagen deposition in the fi-
brous cap can stabilize the plaque. How the phenotype of VSMC will be affected
by ANG II-mediated stimulation of collagen expression depends on fibrillar or-
ganization, the extent of proteolysis and the presence of other ECM molecules.
In conclusion, regulation of collagen expression and accumulation by ANG II is
of functional and clinical significance since collagen regulates SMC phenotype,
contributes significantly to the ECM of vascular lesions and determines me-
chanical properties of the vessel wall.

3.23
Proteoglycans

Proteoglycans consist of a protein core with one or more glycosaminoglycan
(GAG) chains attached. Vascular proteoglycans are differentiated into extracellu-
lar and pericellular proteoglycans. The main extracellular proteoglycans pro-
duced by VSMC are chondroitin/dermatan sulfate proteoglycans (CS/DS-PGs)
versican, biglycan, decorin and the heparan sulfate proteoglycan (HS-PG) per-
lecan (Evanko et al. 1998; Yao et al. 1994). Important pericellular proteoglycans
in VSMC are HS-PGs syndecan 1-4 and glypicans. The former are transmem-
brane molecules that are capable of signaling and function as coreceptors for
FGF-2 (Kiefer and Barr 1990). In the following paragraph, the functional signifi-
cance of proteoglycans and associated molecules for VSMC phenotype is sum-
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marized. Proteoglycans do not directly interact with integrins; however, they
may interrupt integrin-ECM interactions by displacing integrin ligands and
modulate the polymerization of integrin ligands such as collagens and FN.
Biglycan and versican are modulators of elastic fiber formation (Merrilees et al.
2002; Reinboth et al. 2002). Decorin is a regulator of collagen fibril formation
(Danielson et al. 1997; Fischer et al. 2000; Scott and Haigh 1988) and an inhibi-
tor of TGFf1 activity in VSMC (Fischer et al. 2001b; Yamaguchi et al. 1990). Ver-
sican contains glomerular G1 and G3 domains, both of which are believed to
promote proliferation (Yang et al. 1999; Zhang et al. 1998). Biglycan and versi-
can bind low-density lipoproteins (LDL) and oxidized LDL (oxLDL), resulting
in increased lipid accumulation in the vessel wall (O’Brien et al. 1998). Interest-
ingly, versican and biglycan are also induced by oxLDL in VSMC, which is prob-
ably a positive feedback loop aggravating lipid accumulation (Chang et al.
2000). Taken together, proteoglycans are believed to play an important role
during vascular remodeling and the progression of human restenotic and
atherosclerotic lesions, by providing a pro-proliferative and pro-migratory
environment and by sequestering LDL particles within the ECM. PG synthesis
is increased in large arteries of hypertensive rats (Walker-Caprioglio et al.
1992). Furthermore, ANG II stimulates CS/DS-PG production in cultured rat
VSMC (Bailey et al. 1994) and in the vasculature of Spraque-Dawley rats in
vivo (Simon et al. 1994). It has also been suggested that ANG II regulates the ex-
tent of sulfation in GAG side chains in VSMC (Castro et al. 1999). With respect
to specific gene regulation, ANG II induces the expression of syndecan-1
(Cizmeci-Smith et al. 1993), versican, biglycan and perlecan via the AT, receptor
in rat VSMC (Shimizu-Hirota et al. 2001). This ANG II effect seems to involve
transactivation of the EGF receptor and activation of MAPK/ERK kinase (MEK)
(Shimizu-Hirota et al. 2001). Recently, it was demonstrated that ANG II induces
proteoglycans with a higher affinity to LDL in VSMC, by modulating the com-
position and sulfation of the GAG chains (Figueroa and Vijayagopal 2002). This
mechanism could be of relevance in vivo since it could support lipid accumula-
tion and foam cell formation in the vessel wall. These in vitro results are sup-
ported by the observation that a AT, receptor antagonist reduces biglycan and
decorin expression in the kidney of hypertensive rats (Sasamura et al. 2001). In
summary, ANG II, via the AT, receptor, regulates PG expression in VSMC in vit-
ro and in vivo. This regulation is likely biologically relevant since even a subtle
shift in PG expression by ANG II can significantly alter the properties of vascu-
lar ECM, as detailed above.

3.24
Induction of Autocrine Factors

In VSMC, ANG II induces autocrine release of TGFB1 (Gibbons et al. 1992; Itoh
et al. 1993) through activation of the AP-1 complex (Morishita et al. 1998). Ad-
ditionally, PDGF A-chain and FGF-2 are released in response to ANG II (Itoh et
al. 1993; Naftilan et al. 1989). Recent experiments in mice have implicated the
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Kriippel-like zinc-finger transcription factor 5 (KLF-5) in the expression of
PDGF-A and probably also TGFf1 in response to ANG II (Shindo et al. 2002).
Furthermore, the study conducted by Shindo et al. (2002) demonstrated that the
induction of PDGF-A chain and TGFp1 is essential for hyperplastic and fibrotic
vascular remodeling in response to arterial injury in heterozygote KLF-5-defi-
cient mice. Autocrine release of these growth factors contributes to the migrato-
ry, proliferative or hypertrophic responses of VSMC to ANG II, as shown in
numerous in vivo and in vitro studies (for review see Berk 2001). With respect
to ECM modulation, TGFS1 induction is particularly important since it inhibits
ECM degradation by matrix metalloproteinases (MMPs), via up-regulation
of tissue inhibitors of MMPs (TIMPs) and plasminogen activator inhibitor-1
(PAI-1, see Sect. 3.3, “Inhibition of EMC Turnover”), and down-regulation of
MMPs. TGFp1 is also a potent inducer of ECM-expression (Roberts et al. 1992).
Vascular proteoglycans such as biglycan, versican and perlecan are induced by
TGFp1, as well as collagen, FN and many other ECM molecules (Iozzo 1997;
Schénherr et al. 1991). The importance of autocrine release of growth factors in
response to ANG II for ECM remodeling ANG II was recently demonstrated: in
vascular VSMC, ANG II induces, via the AT, receptor and autocrine release of
TGFp1, collagen type-1, FN and proteoglycans (Ford et al. 1999; Matsubara et al.
2000; Shimizu-Hirota et al. 2001). Autocrine release of the PDGF-A chain might
be of importance for ECM expression as well, since PDGF-A elevates expression
of vascular proteoglycans versican and biglycan in VSMC (Schénherr et al.
1991; Schonherr and Wight 1993). In contrast, autocrine release of FGF-2 is
thought to be less important with respect to ECM.

Additionally, cyclooxygenase (COX) 2 is induced by ANG II in VSMC, result-
ing in increased synthesis of prostacyclin and prostaglandin E2 and E1 (Ohnaka
et al. 2000). These eicosanoids are important modulators of VSMC proliferation
and migration (for review see Schror and Weber 1997; Weber and Schror 1999).
Knowledge of the role of prostaglandin derivatives on ECM synthesis and degra-
dation in SMC is still sparse, but a few studies reported modulation of ECM ex-
pression and degradation in SMC by eicosanoids. For example, prostaglandin
E2 induces the expression of the HA-binding proteins and tumor necrosis factor
stimulated protein-6, which is significant for the formation of pericellular ECM
coats and migration (Fujimoto et al. 2002). Prostacyclin suppresses proteogly-
can synthesis in VSMC (Koh et al. 1993), while prostaglandins E1 and E2 sup-
press procollagen synthesis in VSMC (Fitzsimmons et al. 1999). In ciliary SMC,
prostaglandins stimulated the release of MMP-1, -2, -3, and -9 (Weinreb et al.
1997). Taken together, induction of growth factors and other mediators (i.e., cy-
clooxygenase products) provides ANG II with a powerful mechanism to en-
hance or extend its actions on ECM components, which would otherwise not be
directly affected by AT-1- or AT-2-mediated signaling.



Angiotensin Il and Vascular Extracellular Matrix 51

3.3
Inhibition of ECM Turnover

In whole tissues and organs, ECM degradation balances new ECM synthesis
thereby controlling ECM accumulation and composition. A shift in this balance
will determine the extent of vascular fibrosis, neointimal expansion and plaque
stability. On the cellular and subcellular levels, spatial and local coordination of
ECM degradation is required for cell migration and proliferation (reviewed in
Stetler-Stevenson and Yu 2001). Proteolytic cleavage of ECM has been implicat-
ed in angiogenesis, wound healing and metastasis, and in promoting VSMC mi-
gration and proliferation (for review see Stetler-Stevenson et al. 1993). There-
fore, it is evident that modulation of ECM degradation is an important pathway
through which ANG II can influence cellular phenotype and ECM accumulation
during vascular remodeling. Clinical evidence has demonstrated that serum lev-
els of MMP-1 (collagenase 1) and MMP-9 are decreased in hypertensive patients
(Laviades et al. 1998; Li-Saw-Hee et al. 2000). Antihypertensive treatment with
ACE inhibitors enhanced collagen degradation, increased MMP-1 levels and de-
creased TIMP-1 levels (Laviades et al. 1998). ACE inhibitors were effective in
normalizing increased collagen synthesis in hypertensive patients (Diez et al.
1995). A similar increase in collagen degradation, due to pharmacological ACE
inhibition, has been demonstrated in SHR rats (Brilla et al. 1996). These data
suggest that, during hypertension, the balance between collagen synthesis and
degradation is shifted toward a fibrogenic state that may result in tissue fibrosis,
and that RAAS is an important mediator of this shift.

Plasmin activates many of the MMPs, like MMP-1, -8, -3, -10, -7 and -9, in
the vascular wall (for review see Murphy and Knauper 1997). Therefore, serum-
derived plasmin is a key activator of MMPs and ECM turnover in vasculature.
In addition, plasmin itself participates in the degradation of fibronectin, laminin
and proteoglycans (Kenagy et al. 2002; Mignatti and Rifkin 1993). The activators
of plasmin, urokinase plasminogen activator (uPA) and tissue plasminogen acti-
vator (tPA), are serine proteases capable of ECM degradation. Urokinase PA in-
teracts with its receptor on the cell membrane of vascular cells, and catalyzes
the activation of plasminogen at the cell membrane. In addition, uPA-uPA re-
ceptor complexes induce intracellular signaling and modulate cell proliferation
and migration (Dumler et al. 1999). PAI-1 is the main inhibitor of uPA-mediated
plasmin activation, and thus inhibits fibrinolysis and MMP activation and inter-
fers with the uPA-uPA receptor-mediated signaling. PAI-1 resides within the
pericellular ECM, bound to vitronectin (Preissner et al. 1990). In various vascu-
lar diseases, elevated PAI-1 levels are associated with decreased fibrinolysis and
increased ECM accumulation: PAI-1 is elevated in atherosclerotic plaques
(Schneiderman et al. 1992), increased in the serum of patients developing reste-
nosis (Huber et al. 1992), and is positively correlated to the risk of myocardial
infarction (Eriksson et al. 1995; Hamsten et al. 1985).

Since VSMC are capable of synthesizing both the activators and inhibitors of
ECM degradation, the coordination of ECM turnover will depend on differential
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regulation of the various components. ANG II acts by strongly inducing PAI-1
expression, which in turn leads to decreased activation of MMPs by plasmin.
ANG II infusion induces rapid elevations in plasma PAI-1 concentration (Ridker
et al. 1993). In the rat balloon injury model, PAI-1 expression is rapidly induced
within 3 h after injury, returns to baseline at 2 days and strongly increases
thereafter. The second induction between 2 and 7 days was abolished by ACE-
inhibition (Hamdan et al. 1996). TGFS1 and thrombin are also strong inducers
of PAI-1 expression. In human vascular SMC, the AT, receptor mediates PAI-1
induction and suppression of tPA and MMP-2 secretion (Papakonstantinou et
al. 2001; Takeda et al. 2001; van Leeuwen et al. 1994). PAI-1 induction by the
AT receptor is mediated via activation of the PAI-1 promotor and prolongation
of mRNA half-life, and is dependent on EGF receptor transactivation and MEK/
ERK and RhoA activation (Takeda et al. 2001). Another study suggested that
PKC and AP-1 activation are also involved (Ahn et al. 2001). In line with these
in vitro studies, pharmacological blockade of AT-1 receptors was shown to pre-
vent PAI-1 induction in the rat aorta, independent of lowering blood pressure
(Nakamura et al. 2000). Thus, ANG II promotes fibrosis of the arterial wall
through PAI-1 induction, which inhibits MMP activation, resulting in decreased
ECM turnover. With respect to the RAAS, recent evidence suggests that aldoster-
one promotes fibrosis as well. Aldosterone and ANG II were shown to synergis-
tically up-regulate PAI-1 in VSMC and EC (Brown et al. 2000a). In a rat model
of glomerulosclerosis, aldosterone antagonism decreased PAI-1 levels (Brown et
al. 2000b). In humans, aldosterone levels correlate with PAI-1 antigen concen-
trations (Brown et al. 1998; Sawathiparnich et al. 2002). In summary, experi-
mental and clinical evidence suggests an inhibitory role of the RAAS in ECM
turnover. In addition to up-regulation of ECM expression (see also Sect. 3.2,
“Modulation of Expression”), ANG II inhibits MMP activity via PAI-1 and
TGEFf1, thereby disturbing the balance between ECM synthesis and degradation,
eventually leading to ECM accumulation and tissue fibrosis.

34
Modulation of Focal Adhesion Signaling

Integrin ligation by ECM molecules induces clustering of integrins and forma-
tion of focal adhesion complexes. Subsequently, FAK and ILK become activated
and initiate intracellular signaling cascades. Downstream of the activated focal
adhesion complex, activation of Src, Ras, MAPKs, PI3K and small GTPases oc-
curs (for review see Giancotti and Ruoslahti 1999). Most of these mediators of
integrin signaling are also involved in growth factor and ANG II signaling. Re-
cently, a number of studies showed that growth factor mediated signaling is
strongly influenced by ECM composition and integrin signaling (Schwartz and
Baron 1999). It can be assumed that integrins modulate, in a similar way, the re-
sponse of VSMC to ANG II. In support of this hypothesis is the observation that
stimulation of DNA synthesis by ANG II was more pronounced in cells plated
on FN or collagen (Sudhir et al. 1993). Furthermore, phosphorylation levels of
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MAPK/ERK kinase (MEK) and extracellular signal-regulated kinase (ERK), in
response to ANG 11, are strongly elevated if VSMC were plated on FN (Tamura
et al. 2001), suggesting that integrin ligation and ANG II stimulation act syner-
gistically on MEK and ERK activation. In human VSMC, collagen and FN sup-
port, likely via the transcription factor egr-1 (early growth response gene 1),
AT receptor-mediated expression of PDGF-A , which then mediates DNA syn-
thesis and mitosis (Ling et al. 1999). This effect was specific for FN and collagen,
since on plastic and laminin, PDGF-A was not induced by ANG II, suggesting
that the autocrine production of growth factors in response to ANG II is depen-
dent on ECM as well.

ANG II-mediated signaling is partially dependent on Ca'*-sensitive trans-
activation of epidermal growth factor receptors (EGF-R) (Eguchi et al. 1998;
Murasawa et al. 1998; Touyz et al. 2002). Proteolytic activity of MMPs and elas-
tases can expose new RGD-binding sites for 3 integrins in VSMC (Jones et al.
1997). Subsequently, 3 integrin ligation induces TN-C expression, which pro-
motes via avf33 integrins EGF-R signaling, thereby strongly enhancing EGF-in-
duced proliferation (Jones et al. 1997). Interestingly, TN-C is induced by ANG II
in VSMC (Mackie et al. 1992). Thus, a positive feedback loop might exist, since
ANG II signaling is partially dependent on EGF receptor transactivation, EGF-R
signaling is enhanced by TN-C-induced integrin signaling and TN-C is induced
by ANG L.

ANG 11 also directly interferes with focal adhesion signaling. FAK phosphor-
ylation and activation, as well as paxillin phosphorylation are initiated in re-
sponse to AT, receptor activation (Leduc and Meloche 1995; Turner et al. 1995).
These are rapid responses to ANG II and are followed by translocation of FAK
to focal adhesions (Okuda et al. 1995; Polte et al. 1994). In addition, p130°* is
phosphorylated in response to ANG II (Sayeski et al. 1998) and serves as an
adapter molecule providing SH3 and SH2 domains. The SH3 domain of p130*
mediates c-src binding , whereas the SH2 domain mediates binding of FAK.
p130° also recruits paxillin and tensin, thereby playing a crucial role in inte-
grin-mediated signaling, cell adhesion and cytoskeletal organization.

Since the AT receptor is a GPCR, activation of intermediate kinases must oc-
cur to mediate phosphorylation of FAK and other constituents of the focal adhe-
sion complex, in response to ANG IL. A tyrosine kinase that is likely to play an
important role is Pyk-2, which is closely related to FAK. Upon AT, receptor
stimulation, Pyk-2 is translocated to focal adhesions and activated. The translo-
cation is dependent on the cytoskeleton. In response to ANG II, Pyk-2 forms a
complex with the upstream regulators of the ERK pathway, src, Shc and Grb2
(Rocic et al. 2001b; Sabri et al. 1998), which leads subsequently to ERK activa-
tion (Eguchi et al. 1999). Pyk-2 activates src, which is of importance since c-src
stimulates bundling of actin filaments and assembly of focal adhesion in VSMC
(Ishida et al. 1999). Effects of c-src on actin filaments involve phosphorylation
of p130°®, paxillin and tensin, which mediates cross linking of actin filaments.
Pyk-2 also mediates FAK-phosphorylation in response to AT,-receptor activa-
tion, as shown by experimental down-regulation of Pyk-2 expression in VSMC
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(Rocic et al. 2001b; Rocic and Lucchesi 2001a). Furthermore, the PI3-K/
Akt-p70S6 pathway is activated downstream of Pyk-2 in response to ANG II
(Rocic and Lucchesi 2001a).

Integrin signaling also utilizes Pyk-2-mediated tyrosine phosphorylation,
leading to an association between Pyk-2 and p130 “*, PI3K and paxillin, and ac-
tivation of c-src (Kaplan et al. 1995; Lakkakorpi et al. 1999). Litvak et al. (2000)
demonstrated that Pyk-2 translocates to the focal adhesion sites after stimula-
tion of both GPCR (histamine type 1 receptor) and adhesion to FN (Litvak et al.
2000). The G protein induced activation of Pyk-2 was PKC dependent and seems
to occur in a similar fashion upon AT, receptor stimulation in VSMC (Frank et
al. 2002). In addition, clustering of integrins and integrin-dependent Pyk-2
translocation to focal adhesions are PKC dependent. The observation that Pyk-2
is activated by both AT, receptors and integrins suggests that Pyk2 might be an
important proximal point of convergence between AT, receptor- and integrin-
induced signals. Convergence of AT, receptor and integrin signaling at the level

Fig. 3A, B Convergence of integrin and AT; receptor signaling at focal adhesions. VSMCs form focal
contacts with the surrounding ECM. The focal contacts are mediated by integrin o8 heterodimers that
recognize arginine-glycine-aspartate (RGD) motifs within the core proteins of ECM components (A). Cy-
toplasmic tails of integrins recruit a multimolecular complex (focal adhesion complex) of adapter mole-
cules and kinases that establish firm contacts with the cytoskeleton and initiate signaling cascades that
determine cellular phenotype. Possible interrelationships between the signaling of AT; receptors, EGF
receptors and integrins are presented schematically (B). Emphasized is the role of Pyk-2 as a possible
point of convergence, mediating FAK and Src activation, EGF receptor transactivation, and initiation of
the Ras/Raf, Jak/Stat and PI3K/Akt pathways. (FAK focal adhesion kinase; Pyk-2 proline-rich protein ki-
nase 2; PI3K phosphatidylinositol 3-kinase)
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of Pyk-2, and possible interrelationships between the signaling pathways of inte-
grins and AT receptors are depicted in Fig. 3.

Some recent studies started to demonstrate the functional and pathophysio-
logical significance of modulating Pyk-2 activity by integrins and ANG II. Pyk-2
phosphorylation, in response to ANG II, is increased in VSMC derived from
SHR compared to those from WKY (Rocic et al. 2002). Pyk-2 has been reported
to modulate VSMC migration in response to ANG II (Blaschke et al. 2002). In
addition, EGF-R might be a target for Pyk-2 in response to ANG II, resulting in
transactivation of EGF-R and ERK1/2 activation (Ginnan and Singer 2002). Fur-
thermore, it was shown that AT receptor-mediated activation of JAK2 (janus ki-
nase 2) is dependent on Ca**, PKCS and their target kinase Pyk-2 (Frank et al.
2002) in VSMC.

Taken together, ANG II interferes with FA signaling by initiating the recruit-
ment, phosphorylation and activation of several key molecules of the focal ad-
hesion complex, among them FAK, Paxillin, tensin, c-src, p130 cas and Pyk-2.
All these molecules are critically involved in integrin signaling. Activation of
Pyk-2 might be of particular importance as a point of convergence, as it is di-
rectly activated in response to AT receptors and after integrin ligation. Down-
stream of Pyk-2 are the PI-3 kinase/Akt pathways, the ERK/MAPK pathways,
and possibly the JAK/STAT pathway, which regulate VSMC proliferation, migra-
tion and protein synthesis.

4
Summary and Conclusion

Angiotensin II increases the expression of a variety of ECM molecules, either di-
rectly or via the autocrine release of growth factors, inhibits proteolytic removal
of ECM, and directly interferes with the signaling of focal adhesions. These ac-
tions provide ANG II with a repertoire of pathways that will lead to changes in
ECM composition and subsequently to long-term structural and mechanical al-
terations of the vessel wall. VSMC within the altered ECM will be subjected to
changes in integrin signaling, leading to phenotypic modulation, and the re-
sponsiveness to other stimuli such as growth factors and ligands of GPCRs. The
remarkable success of pharmacological modulation of the RAAS is without
doubt not only due to the acute effects on hemodynamic parameters, but also to
the inhibition of detrimental changes in ECM composition, cellular phenotype
and vessel structure. The pharmacological interference with the RAAS is there-
fore also an example of successful therapeutic ECM modulation and should en-
courage further research on targeted modulation of vascular ECM.
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Abstract Angiotensin II induces vasoconstriction, endothelial dysfunction, vas-
cular inflammation and structural changes that are associated with cell prolifer-
ation and hypertrophy as well as fibrosis of the media of vessels. Similar chang-
es occur in experimental and human hypertension. Large and small arteries are
remodeled in hypertension, and their structure, function and mechanics are al-
tered. These changes participate in the mechanisms of elevation of blood pres-
sure and in the pathophysiology of its complications. For this reason it has been
thought that renin-angiotensin blockade with either angiotensin-converting en-
zyme (ACE) inhibitors or angiotensin receptor blockers could prevent or regress
toward normal the vascular changes present in experimental or human hyper-
tension. Changes found in small resistance arteries may be the first manifesta-
tion of target organ damage in hypertensive patients. Endothelial dysfunction is
often found in vessels from experimental animals and in many patients with ele-
vated blood pressure. Interruption of the renin-angiotensin system may correct
many of these abnormalities. Both ACE inhibitors and angiotensin AT, receptor
blockers have been shown to improve vascular structure and endothelial dys-
function in experimental hypertension and in human essential hypertension. In
patients, whereas renin-angiotensin blockade corrected vascular changes, the
same level of blood pressure lowering with a beta-blocker failed to favorably im-
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pact the vasculature. Improved outcomes in clinical trials using ACE inhibitors
and angiotensin AT, receptor antagonists may be a consequence in part of the
vascular protective effects offered by these agents.

Keywords Converting enzyme inhibitors - AT, receptor antagonists -
Endothelium - Resistance arteries - Remodeling

1
Introduction

Previous chapters have detailed the effects of angiotensin IT on smooth muscle
contraction, generation of oxidative stress, endothelial dysfunction, inflamma-
tion, growth and proliferation. We have recently reviewed the cellular mecha-
nisms that at the level of smooth muscle cells lead to the pathophysiological
consequences that angiotensin II has on blood vessels (Touyz and Schiffrin
2000). Angiotensin II will not only induce vasoconstriction, but also activation
of growth pathways, stimulation of production of reactive oxygen species, of
mediators of inflammation (NFkappaB, AP-1) that increase the expression of cy-
tokines, chemokines and adhesion molecules and lead to vascular damage asso-
ciated with angiotensin II infusion. Many of these changes in blood vessels
found in response to angiotensin II are similar to the remodeling documented
in experimental animals and in humans with high blood pressure.

Large conduit arteries in hypertensive experimental animals exhibit in-
creased lumen diameter and a thickened wall, with fibrosis of the media and en-
hanced stiffness of the wall (Laurent 1995; Safar et al. 1996). In addition, endo-
thelial function of large arteries has been shown to be impaired in different
models of experimental hypertension (Lockette et al. 1986, Liischer et al. 1986).
The structure and function of small arteries of the mesenteric circulation, the
heart and the kidney (Deng and Schiffrin 1992; Li and Schiffrin 1995; Li et al.
1996; Thybo et al. 1994), and in the brain of spontaneously hypertensive rats
(SHRs) (Baumbach and Heistad 1989; Thybo et al. 1994) present structural ab-
normalities with some similarity to those induced by angiotensin II infusion in
rats (Griffin et al. 1991) and also resemble those described in gluteal subcutane-
ous small arteries of hypertensive humans (Aalkjaer et al. 1987; Heagerty et al.
1993; Korsgaard et al. 1993; Park and Schiffrin 2001; Schiffrin 1992; Schiffrin
and Deng 1999; Schiffrin et al. 1993). Indeed, the first manifestation of target or-
gan damage present in mild hypertension in humans before development of car-
diac hypertrophy, increased carotid intima-media thickness or microalbumin-
uria and nephroangiosclerosis is the remodeling of small arteries, demonstrated
by biopsy studies of subcutaneous vessels (Park and Schiffrin 2001). Resistance
arteries play a critical role in determining peripheral resistance (Christensen
and Mulvany 1993; Folkow 1995; Mulvany and Aalkjaer 1990), but may also par-
ticipate in triggering complications of high blood pressure such as stroke and
nephroangiosclerosis, and, increasingly recognized, also in myocardial ischemia
(Brush et al. 1988; Hasdai D et al. 1997; Kinlay et al. 1998). Whereas large arte-
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ries in hypertension present two types of changes [atherosclerosis, a disease of
the intima triggered by inflammation and endothelial dysfunction and associat-
ed with dyslipidemia, and arteriosclerosis, that is, thickening of the vessel wall
with fibrosis of the media, and increased lumen diameter (outward hypertro-
phic remodeling)], small arteries of hypertensive patients exhibit a reduction in
the lumen and external diameter, normal or increased media thickness and in-
creased media-to-lumen ratio but normal media cross-section (or volume of the
media per unit length) (Heagerty et al. 1993; Korsgaard et al. 1993; Park and
Schiffrin 2001; Schiffrin 1992; Schiffrin and Deng 1999; Schiffrin et al. 1993).
The latter is what has recently been defined as “inward eutrophic remodeling”
(Mulvany et al. 1996). These vessels have the same number of smooth muscle
cells and little evidence of cell hypertrophy (Korsgaard et al. 1993), although
some studies in experimental animals have reported either hyperplasia or cell
hypertrophy or both. In humans, cells are restructured around a smaller vessel
lumen. It is unknown how this rearrangement occurs. It is possible that apopto-
sis offsets growth to result in eutrophic remodeling. Indeed, angiotensin II-in-
duced growth may be associated with secondarily enhanced apoptotic rates in
the muscular media (Diep et al. 1999). Another mechanism may be chronic va-
soconstriction, recently shown experimentally to induce inward eutrophic re-
modeling (Bakker et al. 2002). Angiotensin II and other vasoconstrictors act via
a complex array of signaling mechanisms inside the cell, including MAP kinases
and others, to elicit the constrictor, growth, motility and inflammatory changes
that may contribute to remodeling (Touyz and Schiffrin 2000). Eutrophic re-
modeling found in resistance arteries may also result in part from changes in
cell adhesion molecules (Intengan and Schiffrin 2000, 2001; Intengan et al.
1999a) or extracellular matrix deposition or the spatial arrangement of fibrillar
material. We have recently shown in both spontaneously hypertensive rats
(SHRs) (Intengan et al. 1999a; Sharifi et al. 1998) and in human resistance arte-
ries from hypertensive patients (Intengan et al. 1999b) that collagen deposition
is enhanced, and we believe that this is a fundamental aspect of vascular remod-
eling associated with hypertension, with reorganization of extracellular fibrillar
elements, or changes in expression or topographic distribution of cell adhesion
molecules, resulting in changes in cell-extracellular matrix attachment. Interest-
ingly, collagen production by smooth muscle cells is stimulated by angiotensin
IT acting on AT, receptors, which generates the hope that it may be possible to
prevent or regress vascular fibrosis with renin-angiotensin blockade, as has
been recently demonstrated both in vivo in experimental animals and in vitro
on smooth muscle cells in culture (Intengan et al. 1999a; Schiffrin et al. 1998;
Sharifi et al. 1998; Touyz et al. 2001; Vacher et al. 1995). In secondary forms of
hypertension (Rizzoni et al. 1996, 2000) and perhaps in essential hypertension
as blood pressure elevation becomes more severe, eutrophic remodeling may be
replaced by hypertrophic remodeling, with increased media cross-sectional
area, although this transition has not been demonstrated. On the other hand, in
angiotensin II-infused rats and in SHRs, some measure of hypertrophic remod-
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eling as a consequence of activation of growth pathways may be found (Deng
and Schiffrin 1992; Diep et al. 2000; Griffin et al. 1991).

Similarly to what occurs in response to angiotensin II infusion into experi-
mental animals (Rajagopalan et al. 1996), the function of small blood vessels is
also altered in hypertensive patients. The media stress developed in response to
angiotensin II is increased or sometimes normal, whereas responses to most
vasoconstrictors are reduced (Aalkjaer et al. 1987; Schiffrin et al. 1992, 1993).
Interestingly, under some experimental conditions, if a state of mild hyperaldos-
teronism is induced by angiotensin II infusion, angiotensin II binding is en-
hanced rather than down-regulated (Schiffrin et al. 1984, 1985). This effect ap-
pears to be the result of mineralocorticoid action (Schiffrin et al. 1984, 1985;
Ullian et al. 1992, 1996) and could be a mechanism for augmented vascular re-
sponsiveness to angiotensin II in hypertension. The structural abnormalities of
resistance arteries, however, also contribute to enhance vasoconstrictor re-
sponses (Folkow 1982), participating in the mechanisms that lead to an elevated
vascular tone in hypertension.

Endothelial function is impaired in hypertension: vasodilatory responses to
acetylcholine in precontracted vessels are blunted both in hypertensive animals
(Lockette et al. 1986; Liischer et al. 1986) and humans (Deng et al. 1995; Panza
et al. 1990), although normal responses have been reported in some studies
(Cockroft et al. 1994). In our own studies, 40% of mild hypertensive patients
may present impaired response to acetylcholine (Park and Schiffrin 2001). En-
dothelial dysfunction may be due to deficient generation of nitric oxide or in-
creased degradation of nitric oxide, the latter perhaps a consequence of en-
hanced oxidative stress in the vascular wall (Tschudi et al. 1996), which can
be induced by angiotensin II through stimulation of NADPH oxidase (Cai and
Harrison 2000; Rajagopalan et al. 1996). Alterations in generation of endotheli-
um-derived hyperpolarizing factors (EDHFs) has also been blamed for abnor-
mal endothelial responses to acetylcholine in hypertension (Taddei et al. 2001).
In some experimental animals, endothelium-dependent relaxation is blunted be-
cause acetylcholine induces contractions via generation of a cyclooxygenase-
derived endothelium-dependent contracting factor or EDCF (Deng et al. 1995;
Diedrich et al. 1990). The agent involved may be an endoperoxide or other cy-
clooxygenase-derived products. Another endothelium-derived vasoconstrictor
that potentially plays an important role in abnormal endothelial function, and
in elevated blood pressure and its consequences is endothelin-1 (Schiffrin
1999). Angiotensin II has been shown to induce the expression of endothelin
in experimental animals (Rajagopalan et al. 1997) and could be involved in the
enhanced production of endothelin by small arteries, which has been shown to
occur in moderate to severe hypertension (Schiffrin et al. 1997).
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2
Effect of Renin-Angiotensin Blockade on the Vasculature
of Experimental Animals

2.1
ACE Inhibitors

Treatment of SHRs with various ACE inhibitors (Deng and Schiffrin 1993; Dohi
et al. 1994; Harrap et al. 1990; Li and Schiffrin 1996; Rizzoni et al. 1995, 1998;
Sharifi et al. 1998; Thybo et al. 1994) has been shown to improve impaired endo-
thelial function and result in regression of vascular remodeling, including the
deposition of excess collagen (Intengan et al. 1999a; Schiffrin et al. 1998; Sharifi
et al. 1998). Effects of ACE inhibitors may be the result of inhibition of angio-
tensin II generation or of accumulation of bradykinin, both of which could also
beneficially influence endothelial function (angiotensin II reduction by attenua-
tion of oxidative stress and decreased scavenging of nitric oxide, bradykinin via
stimulation of nitric oxide synthase).

2.2
Angiotensin Receptor Blockers

SHRs treated with angiotensin II receptor antagonists (Ledingham et al. 2000; Li
et al. 1997; Rizzoni et al. 1998; Shaw et al. 1995) were demonstrated to exhibit
correction of abnormal endothelial function and regression of vascular remod-
eling and the excess collagen deposition in the media of blood vessels (Schiffrin
et al. 1998). Angiotensin receptor antagonists such as losartan, irbesartan, val-
sartan or others probably act mostly via blockade of angiotensin II-induced re-
modeling, which is mediated in large measure by increased production of reac-
tive oxygen species (Touyz et al. 2002). As well, the absence of blockade of AT,
receptors stimulated by the elevated angiotensin II concentrations found under
treatment with AT; antagonists may stimulate nitric oxide production, which
has anti-growth and pro-apoptotic effects, and also would correct the nitric ox-
ide deficiency. The effect of angiotensin II on nitric oxide may involve stimula-
tion of bradykinin via AT, receptors, which in turn would stimulate nitric oxide
synthase activity (Gohlke et al. 1998).

3
Effects of Renin-Angiotensin Blockade on the Vasculature
in Essential Human Hypertension

3.1
ACE Inhibitors

We have studied the effects of antihypertensive treatment on blood vessels of
hypertensive patients by performing biopsies of gluteal subcutaneous tissue and
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Fig. 1 Diagram demonstrating the structure of small (resistance) arteries of hypertensive patients as
demonstrated by the media-to-lumen ratio and the eutrophic remodeling present of gluteal subcutane-
ous small arteries from hypertensive patients. Improvement of media-to-lumen ratio of small arteries
was observed in patients treated with the ACE inhibitors cilazapril for 1 (Schiffrin et al. 1994) or 2 years
(Schiffrin et al. 1995), perindopril for 1 year (Thybo et al. 1995), or lisinopril for 3 years (Rizzoni et al.
1997), or with the angiotensin receptor blocker losartan (Schiffrin et al. 2000) or irbesartan (Schiffrin et
al. 2002). In contrast, patients treated with the beta-blocker atenolol for 1 (Schiffrin et al. 2000, 2002;
Thybo et al. 1995) or 2 years (Schiffrin and Deng 1995) experienced no improvement. Similar improve-
ment was noted on endothelial dysfunction with the ACE inhibitors (Rizzoni et al. 1997; Schiffrin and
Deng 1995; Schiffrin et al. 1994) or with the angiotensin receptor blockers (Schiffrin et al. 2000, 2002;
Ghiadoni et al. 2000) but not with the beta-blocker

dissecting out small arteries that were then mounted on a myograph and inves-
tigated (Deng and Schiffrin 1999; Deng et al. 1995; Mulvany et al. 1996; Park and
Schiffrin 2001; Schiffrin and Deng 1999; Schiffrin et al. 1992, 1993). We first
showed that the angiotensin-converting enzyme inhibitor cilazapril corrected
the structure of these small arteries dissected from gluteal subcutaneous biop-
sies in hypertensive patients (Fig. 1), whereas the beta-blocker atenolol had no
effect despite identical blood pressure lowering (Schiffrin et al. 1994, 1995). As-
sociated with the regression of vascular remodeling, we were able to report as
well improved endothelial function (Schiffrin and Deng 1995; Schiffrin et al.
1994). The angiotensin-converting enzyme inhibitor perindopril compared to
atenolol in a 1-year trial later showed identical results on vascular structure of
small arteries from hypertensive patients (Thybo et al. 1995). Another study ex-
amined the effect of the ACE inhibitor lisinopril on hypertensive patients with
left ventricular hypertrophy (Rizzoni et al. 1997). Vessels from hypertensive pa-
tients were compared at the end of the 3 years of treatment to those of a differ-
ent group of untreated hypertensive subjects. Improved structure and endotheli-
al function of resistance arteries were demonstrated.
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3.2
Angiotensin Receptor Blockers

More recently we evaluated the effects of the AT, receptor antagonist losartan
(Fig. 1) compared to atenolol (Schiffrin et al. 2000). Treatment for 1 year with
losartan resulted in correction of small artery structure and endothelial dys-
function in the losartan-treated patients, whereas there was no change in the at-
enolol-treated group, even though blood pressure control was identical. A de-
crease in the stiffness of wall components of small arteries could also be demon-
strated in the losartan-treated group of patients, but was not found in the pa-
tients treated with atenolol (Park et al. 2000). In our and other studies (Schiffrin
and Deng 1996; Schiffrin et al. 1994,1995,1996), patients on atenolol have never
derived vascular benefits from treatment with the beta-blocker atenolol. Thus,
since beta-blockade and renin-angiotensin blockade induced the same blood
pressure lowering in hypertensive subjects, the effects of either angiotensin re-
ceptor blockers or ACE inhibitors appear quite selective, and beta-blockers a
good negative control. Although patients in these studies were randomly as-
signed to treatment with the beta-blocker, we speculated that it could be possi-
ble that, since groups in each study were small, this could have resulted in some
assignment bias. For this reason, we conducted a study in which we switched
patients who had been in the course of other studies randomly assigned to
be part of an atenolol group, to the angiotensin receptor blocker irbesartan
(Schiffrin et al. 2002). Patients were treated for 1 year and blood pressure was
reduced in this group to the same level as that achieved under atenolol. In this
study, patients who exhibited altered structure of small arteries despite good
blood pressure control for 1 year under atenolol had improved structure after
1 year of treatment with irbesartan. Maximal acetylcholine-induced endotheli-
um-dependent relaxation was impaired when patients were on atenolol and was
unchanged from before starting treatment, whereas it was normalized by irbe-
sartan. Thus, while beta-blocker treatment did not correct the vascular structure
or endothelial dysfunction in these hypertensive patients, switching the patients
to treatment with irbesartan with identical control of blood pressure resulted in
normalization of structure of blood vessels and endothelial function. Another
study reported that hypertensive patients treated with irbesartan for 2 months
exhibited improved distensibility of the carotid and reduced cross-sectional area
of the radial artery (Benetos et al. 2000), which can be presumed to be favorable
effects on these larger vessels, one a conduit artery, the other a large muscular
artery. The angiotensin receptor blocker candesartan was shown to improve
bradykinin-induced dilatation of the forearm circulation of hypertensive pa-
tients, which suggests that altered EDHF production was corrected by candesar-
tan in this particular study (Ghiadoni et al. 2000).
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4
Pathophysiological Relevance of Evidence Obtained with ACE Inhibitors
and Angiotensin Receptor Blockers in Hypertensive Humans

It is important to determine whether the effects of ACE inhibitors and angioten-
sin receptor blockers reported above have a pathophysiological impact and alter
the natural course of the disease. In favor of pathophysiological relevance of the
results just reviewed are the following: (a) changes demonstrated on gluteal sub-
cutaneous small arteries in hypertensive humans are similar to those in hyper-
tensive rat vessels from more physiologically important vascular beds (coronary,
renal and cerebral small arteries) (Intengan and Schiffrin 2000, 2001); (b) treat-
ment with the angiotensin-converting enzyme inhibitors enalapril (Motz and
Strauer 1996) and perindopril improved coronary reserve (Schwartzkopff et al.
2000), and perindopril also decreased pericoronary fibrosis in small vessels in
the heart, as demonstrated by endomyocardial biopsy (Schwartzkopff et al.
2000); (c) there is a reasonably good correlation between endothelial function of
small arteries obtained from gluteal subcutaneous biopsies and brachial artery
flow-mediated dilatation, which is an endothelium-dependent response (Park et
al. 2001). Brachial artery flow-mediated dilatation correlates with coronary va-
somotion (Anderson et al. 1995), and endothelial dysfunction of the coronary
vasculature has been shown to be predictive of cardiovascular events (Heitzer T
et al. 2001; Schichinger et al. 1999), which underscores the relevance of findings
using the gluteal subcutaneous small artery model in humans.

5
Conclusion

The data reviewed demonstrates that regression toward normal of the structural
and functional changes present in small arteries of hypertensive humans can be
achieved using agents that interrupt the renin-angiotensin system. For equal de-
gree of blood pressure lowering, drugs that normalize the altered structure and
endothelial dysfunction of small arteries, such as ACE inhibitors or angiotensin
receptor blockers, may improve outcomes in hypertension to a greater degree
than agents that do not, such as beta blockers. A recent systematic review of ef-
fects of beta-blockers in hypertensive patients aged more than 60 years has
demonstrated that in ten trials (involving 16,164 patients), diuretic therapy was
superior to B-blockade with regard to all endpoints (Messerli et al. 1998). Beta-
blocker therapy was ineffective in preventing coronary heart disease, cardiovas-
cular mortality, and all-cause mortality, although it did reduce the odds for ce-
rebrovascular events. We speculate that the absence of benefit demonstrated
may result from the fact that beta-blockers do not provide vascular protection,
as our studies and those of other investigators have demonstrated (Schiffrin et
al. 1994, 1995, 1996, 2000, 2002; Thybo et al. 1995). In the Captopril Prevention
Project (Hansson et al. 1999a), cardiovascular mortality was lower with capto-
pril than with conventional therapy, but the rate of fatal and nonfatal infarction
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was similar. However, fatal and nonfatal strokes were more common with capto-
pril, which may have resulted from the fact that patients allocated to captopril
had higher blood pressure before and during the study. STOP-2 (Hansson et al.
1999b; Lindholm et al. 2000) and HOPE (The Heart Outcomes Prevention Evalu-
ation Investigators 2000) using ACE inhibitors, and the recent publication of the
LIFE study (Dalhof et al. 2002; Lindholm et al. 2002) as well as several trials with
diabetic renal patients (Brenner et al. 2001; Lewis et al. 2001; Viberti et al. 2002)
using angiotensin receptor blockers, suggest that blockade of the renin-angio-
tensin system may offer cardiovascular and renal protection beyond blood pres-
sure control. Whether benefits beyond blood pressure lowering found in some
of these trials depend in part on the vascular protective actions of agents that
interrupt the renin-angiotensin system, however, has yet to be conclusively
demonstrated. Nevertheless, it does appear that blockade of the renin-angioten-
sin system may indeed have beneficial effects beyond blood pressure reduction
that could depend to a large extent on the vascular protective action of these
agents.

Acknowledgements. The work of the author reported here was supported by grants
13570 and 37917, and a Group grant to the Multidisciplinary Research Group on Hyper-
tension, all from the Canadian Institutes of Health Research (or formerly the Medical
Research Council of Canada), and by grants from Bristol-Myers Squibb and Sanofi-Syn-
thélabo, Hoffmann-LaRoche and Merck-Frosst.

References

Aalkjaer C, Heagerty AM, Petersen KK, Swales JD, Mulvany MJ (1987) Evidence for in-
creased media thickness, increased neuronal amine uptake, and depressed excita-
tion-contraction coupling in isolated resistance vessels from essential hypertensives.
Circ Res 61:181-186

Anderson TJ, Uehata A, Gerhard MD, Meredith IT, Knab S, Delagrange D, Lieberman EH,
Ganz P, Creager MA, Yeung AC (1995) Close relation of endothelial function in the
human coronary and peripheral circulations. ] Am Coll Cardiol 26:1235-1241

Bakker ENTP, Van der Meulen ET, Van den Berg BM, Everts V, Spaan JAE, VanBavel E
(2002) Inward remodeling follows chronic vasoconstriction in isolated resistance ar-
teries. ] Vasc Res 39:12-20

Baumbach GL, Heistad DD (1989) Remodeling of cerebral arterioles in chronic hyperten-
sion. Hypertension 13:968-972

Benetos A, Gautier S, Lafleche A, Topouchian ], Frangin, G, Girerd X, Sissmann ], Safar
ME (2000) Blockade of angiotensin II type 1 receptors: effect on carotid and radial
artery structure and function in hypertensive humans. ] Vasc Res 37:8-15

Brenner BM, Cooper ME, de Zeeuw D, Keane WE, Mitch WE, Parving H-H, Remuzzi G,
Snapinn SM, Zhang Z, Shahinfar S (2001) Effects of losartan on renal and cardiovas-
cular outcomes in patients with type 2 diabetes and nephropathy. N Engl ] Med
345:861-869

Brush JE, Cannon RO, Schenke WH, Bonow RO, Leon MB, Maron BJ, Epstein SE (1988)
Angina due to coronary microvascular disease in hypertensive patients without left
ventricular hypertrophy. N Engl ] Med 319:1302-1307

Cai H, Harrison DG (2000) Endothelial dysfunction in cardiovascular diseases—the role
of oxidant stress. Circ Res 87:840-844



74 E. L. Schiffrin

Christensen KL, Mulvany MJ (1993) Mesenteric arcade arteries contribute substantially
to vascular resistance in conscious rats. ] Vasc Res 30:73-79

Cockroft JR, Chowienczyk PJ, Benjamin N, Ritter JM (1994) Preserved endothelium-de-
pendent vasodilatation in patients with essential hypertension New Engl ] Med
330:1036-1040

Dahlof B, Devereux RB, Kjeldsen SE, Julius S, Beevers G, Faire U, Fyhrquist E, Ibsen H,
Kristiansson K, Lederballe-Pedersen O, Lindholm LH, Nieminen MS, Omvik P, Oparil
S, Wedel H, the LIFE Study Group (2002) Cardiovascular morbidity and mortality in
the Losartan Intervention For Endpoint reduction in hypertension study (LIFE): a
randomised trial against atenolol. Lancet 359:995-1003

Deng LY, Schiffrin EL (1992) Effects of endothelin-1 and vasopressin on small arteries of
spontaneously hypertensive rats. Am ] Hypertens 5:817-822

Deng LY, Schiffrin EL (1993) Effect of antihypertensive treatment on response to endo-
thelin of resistance arteries of hypertensive rats. ] Cardiovasc Pharmacol 21:725-731

Deng LY, Li J-S, Schiffrin EL (1995) Endothelium-dependent relaxation of small arteries
from essential hypertensive patients. Clin Sci 88:611-622

Diedrich DA, Yang Z, Biihler FR, Liischer TF (1990) Impaired endothelium-dependent re-
laxations in hypertensive small arteries involve the cyclooxygenase pathway. Am J
Physiol (Heart Circ Physiol) 258:H445-H451

Diep Q, Li JS, Schiffrin EL (1999) In vivo study of the role of AT, and AT, angiotensin
receptors in apoptosis in rat blood vessels. Hypertension 34:617-624

Dohi Y, Criscione L, Pfeiffer K, Liischer TF (1994) Angiotensin blockade or calcium an-
tagonists improve endothelial dysfunction in hypertension: studies in perfused me-
senteric resistance arteries. ] Cardiovasc Pharmacol 24:372-379

Folkow B (1982) Physiological aspects of primary hypertension. Physiol Rev 62:347-504

Folkow B (1995) Hypertensive structural changes in systemic precapillary resistance ves-
sels: how important are they for in vivo haemodynamics? ] Hypertens 13:1546-1559

Ghiadoni L, Virdis A, Magagna A, Taddei S, Salvetti A (2000) Effect of the angiotensin II
type 1 receptor blocker candesartan on endothelial function in patients with essential
hypertension. Hypertension 35:501-506

Gohlke P, Pees C, Unger T (1998) AT2 receptor stimulation increases aortic cyclic GMP in
SHRSP by a kinin-dependent mechanism. Hypertension 31:349-355

Griffin SA, Brown WC, MacPherson F, McGrath JC, Wilson, VG, Korsgaard N, Mulvany
M]J, Lever AF (1991) Angiotensin II causes vascular hypertrophy in part by a non-
pressor mechanism. Hypertension 17:626-635

Hansson L, Lindholm LH, Niskanen L, Lanke ], Hedner T, Niklason A, Luomanmaki K,
Dahlof B, De Faire U, Morlin C, Karlberg BE, Wester PO, Bjorck JE (1999a) Effect of
angiotensin converting enzyme inhibition compared with conventional therapy on
cardiovascular morbidity and mortality in hypertension: the Captopril Prevention
Project (CAPPP) randomised trial. Lancet 353:611-616

Hansson L, Lindholm LH, Ekbom T, Dahléf B, Lanke ], Scherstén B, Wester PO, Hedner
T, De Faire U (1999b) Randomised trial of old and new antihypertensive drugs in el-
derly patients: cardiovascular mortality and morbidity in the Swedish Trial in Old
Patients with Hypertension-2 study. Lancet 354:1751-1756

Harrap SB, Van der Merwe WM, Griffin SA, McPherson F, Lever AF (1990) Brief angio-
tensin converting enzyme inhibitor treatment in young spontaneously hypertensive
rats reduces blood pressure long-term. Hypertension 16:603-614

Hasdai D, Gibbons R], Holmes DR], Higano ST, Lerman A (1997) Coronary endothelial
dysfunction is associated with myocardial perfusion defects. Circulation 96:3390-
3395

Heagerty AM, Aalkjaer C, Bund SJ, Korsgaard N, Mulvany MJ (1993) Small artery struc-
ture in hypertension: Dual processes of remodelling and growth. Hypertension
21:391-397



Renin-Angiotensin Inhibitors and Vascular Effects 75

Heitzer T, Schlinzig T, Krohn K, Meinertz T, Miinzel T (2001) Endothelial dysfunction,
oxidative stress, and risk of cardiovascular events in patients with coronary artery
disease. Circulation 104:2673-2678

Intengan HD, Schiffrin EL (2000) Structure and mechanical properties of resistance arte-
ries in hypertension. Hypertension 36:312-318

Intengan HD, Schiffrin EL (2001) Vascular remodeling in hypertension: roles of apopto-
sis, inflammation and fibrosis. Hypertension 38:581-587

Intengan HD, Thibault G, Li JS, Schiffrin EL (1999a) Resistance artery mechanics, struc-
ture, and extracellular components in spontaneously hypertensive rats effects of an-
giotensin receptor antagonism and converting enzyme inhibition. Circulation
100:2267-2275

Intengan HD, Deng LY, Li JS, Schiffrin EL (1999b) Mechanics and composition of human
subcutaneous resistance arteries in essential hypertension. Hypertension 33 (part
11):366-372

Kinlay S, Selwyn AP, Libby P, Ganz P (1998) Inflammation, the endothelium, and the
acute coronary syndromes. ] Cardiovasc Pharmacol 32:562-566

Korsgaard N, Aalkjaer C, Heagerty AM, Izzard AS, Mulvany M] (1993) Histology of sub-
cutaneous small arteries from patients with essential hypertension. Hypertension
22:523-526

Ledingham JM, Phelan EL, Cross MA, Laverty R (2000) Prevention of increases in blood
pressure and left ventricular mass and remodeling of resistance arteries in young
New Zealand genetically hypertensive rats: the effects of chronic treatment with val-
sartan, enalapril and felodipine. ] Vasc Res 37:134-145

Lewis EJ, Hunsicker LF, Clarke WR, Berl T, Pohl MA, Lewis JB, Ritz E, Atkins RC, Rohde
R, Raz I (2001) Renoprotective effect of the angiotensin receptor antagonist irbesar-
tan in patients with nephropathy due to type 2 diabetes N Engl ] Med 345:851-860

Li J-S, Schiffrin EL (1996) Effect of calcium channel blockade or angiotensin converting
enzyme inhibition on structure of coronary, renal and other small arteries in SHR.
] Cardiovasc Pharmacol 28:68-74

Li J-S, Sharifi MA, Schiffrin EL (1997) Effect of AT, angiotensin receptor blockade on
structure and function of small arteries in SHR. J Cardiovasc Pharmacol 30:75-83

Lindholm LH, Hansson L, Ekbom T, Dahlof B, Lanke J, Linjer E, Schersten B, Wester PO,
Hedner T, De Faire U (2000) Comparison of antihypertensive treatments in prevent-
ing cardiovascular events in elderly diabetic patients: results from the Swedish Trial
in Old Patients with Hypertension-2. ] Hypertens 18:1671-1675

Lindholm LH, Ibsen H, Dahlof B, Devereux RB, Beevers G, De Faire U, Fyhrquist F, Julius
S, Kjeldsen SE, Kristiansson K, Lederballe-Pedersen O, Nieminen MS, Omvik P, Oparil
S, Wedel H, Aurup P, Edelman J, Snapinn S, The LIFE Study Group (2002) Cardiovas-
cular morbidity and mortality in patients with diabetes in the Losartan Intervention
For Endpoint reduction in hypertension study (LIFE): a randomised trial against at-
enolol. Lancet 359:1004-1010

Laurent S (1995) Arterial wall hypertrophy and stiffness in essential hypertensive pa-
tients. Hypertension 26:355-362

Lockette W, Otsuka Y, Carretero O (1986) The loss of endothelium-dependent vascular
relaxation in hypertension. Hypertension 8 [Suppl 2]:1161-1166

Liischer TF, Vanhoutte PM (1986) Endothelium-dependent contractions to acetylcholine
in the aorta of the spontaneously hypertensive rat. Hypertension 8:344-348

Messerli FH, Grossman E, Goldbourt U (1998) Are S-blockers efficacious as first-line
therapy for hypertension in the elderly? JAMA 279:1903-1907

Motz W, Strauer BE (1996) Improvement of coronary flow reserve after long-term thera-
py with enalapril. Hypertension 27:1031-1038

Mulvany M]J, Aalkjaer C (1990) Structure and function of small arteries. Physiol Rev
70:921-971



76 E. L. Schiffrin

Mulvany MJ, Baumbach GL, Aalkjaer C, Heagerty AM, Korsgaard N, Schiffrin EL, Heistad
DD (1996) Vascular remodeling. Letter to the Editor. Hypertension 27:505-506

Panza JA, Quyyumi AA, Brush JE, Epstein SE (1990) Abnormal endothelium dependent
vascular relaxation in patients with essential hypertension. N Engl ] Med 323:22-27

Park JB, Schiffrin EL (2001) Small artery remodeling is the most prevalent (earliest?)
form of target organ damage in mild essential hypertension. ] Hypertens 19:921-930

Park JB, Intengan HD, Schiffrin EL (2000) Reduction of resistance artery stiffness by
treatment with the AT, receptor antagonist losartan in essential hypertension. J Re-
nin Angiotens System 1:40-45

Park JB, Charbonneau F, Schiffrin EL (2001) Correlation of endothelial function in large
and small arteries in human essential hypertension. ] Hypertens 19:415-420

Parving HH, Lehnert H, Brochner-Mortensen J, Gomis R, Andersen S, Arner P (2001)
The effect of irbesartan on the development of diabetic nephropathy in patients with
type 2 diabetes. N Engl ] Med 345:870-878

Rajagopalan S, Laursen JB, Borthayre A, Kurz S, Keiser ], Haleen S, Giaid A, Harrison DG
(1997) Role for endothelin-1 in angiotensin [I-mediated hypertension. Hypertension
30:29-34

Rizzoni D, Castellano M, Porteri E, Bettoni G, Muiesan ML, Cinelli A, Rosei EA (1995)
Effects of low and high doses of fosinopril on the structure and function of resistance
arteries. Hypertension 26:118-123

Rizzoni D, Porteri E, Castellano M, Bettoni G, Muiesan ML, Muiesan P, Giulini SM,
Agabiti-Rosei E (1996) Vascular hypertrophy and remodeling in secondary hyperten-
sion. Hypertension 28:785-790

Rizzoni D, Muiesan ML, Porteri E, Castellano M, Zulli R, Bettoni G, Salvetti M,
Monteduro C, Agabiti-Rosei E (1997) Effects of long-term antihypertensive treatment
with lisinopril on resistance arteries in hypertensive patients with left ventricular hy-
pertrophy. ] Hypertens 15:197-204

Rizzoni D, Porteri E, Bettoni G, Piccoli A, Castellano M, Muiesan ML, Pasini G, Guelfi D,
Agabiti-Rosei E (1998) Effects of candesartan cilexetil and enalapril on structural al-
terations and endothelial function in small resistance arteries of spontaneously hy-
pertensive rats. ] Cardiovasc Pharmacol 32:798-806

Rizzoni D, Porteri E, Guefi D, Piccoli A, Castellano M, Pasini G, Muiesan ML, Mulvany
M]J, Agabiti-Rosei E (2000) Cellular hypertrophy in subcutaneous small arteries of
patients with renovascular hypertension. Hypertension 35:931-935

Safar ME, Girerd X, Laurent S (1996) Structural changes of large conduit arteries in hy-
pertension. ] Hypertens 14:545-555

Schichinger V, Britten MB, Elsner M, Walter DH, Scharrer I, Zeiher AM (1999) A positive
family history of premature coronary artery disease is associated with impaired en-
dothelium-dependent coronary blood flow regulation. Circulation 100:1502-1508

Schiffrin EL (1992) Reactivity of small blood vessels in hypertension. Relationship with
structural changes. Hypertension19 [Suppl IT]:I11-119

Schiffrin EL (1999) Role of endothelin-1 in hypertension. Hypertension 34:876-881

Schiffrin EL, Deng LY (1995) Comparison of effects of angiotensin converting enzyme in-
hibition and beta blockade on function of small arteries from hypertensive patients.
Hypertension 25:699-703

Schiffrin EL, Deng LY (1996) Structure and function of resistance arteries of hypertensive
patients treated with a B-blocker or a calcium channel antagonist. ] Hypertens
14:1247-1255

Schiffrin EL, Deng LY (1999) Relationship of small artery structure with systolic, diastolic
and pulse pressure in essential hypertension. ] Hypertens 17:381-387

Schiffrin EL, Gutkowska J, Genest ] (1984) Effect of angiotensin II and deoxycorticoster-
one infusion on vascular angiotensin II receptors in rats. Am J Physiol (Heart Circ
Physioll5) 246:H608-H614



Renin-Angiotensin Inhibitors and Vascular Effects 77

Schiffrin EL, Franks DJ, Gutkowska ] (1985) Effect of aldosterone on vascular angiotensin
II receptors in the rat. Can J Physiol Pharmacol 63:1522-1527

Schiffrin EL, Deng LY, Larochelle P (1992) Blunted effects of endothelin upon small sub-
cutaneous resistance arteries of mild essential hypertensive patients. ] Hypertens
10:437-444

Schiffrin EL, Deng LY, Larochelle P (1993) Morphology of resistance arteries and compar-
ison of effects of vasoconstrictors in mild essential hypertensive patients. Clin Invest
Med 16:177-186

Schiffrin EL, Deng LY, Larochelle P (1994) Effects of a beta blocker or a converting en-
zyme inhibitor on resistance arteries in essential hypertension. Hypertension 23:83~
91

Schiffrin EL, Deng LY, Larochelle P (1995) Progressive improvement in the structure of
resistance arteries of hypertensive patients after 2 years of treatment with an angio-
tensin converting enzyme inhibitor. Comparison with effects of a beta blocker. Am J
Hypertens 8:229-236

Schiffrin EL, Deng LY, Sventek P, Day R (1997) Enhanced expression of endothelin-1 gene
in resistance arteries in severe human essential hypertension. ] Hypertens 15:57-63

Schiffrin EL, Li JS, Sharifi AM (1998) AT, angiotensin receptor blockade and angiotensin
converting enzyme inhibition: effects on vascular remodeling and endothelial dys-
function in SHR. In: Dhalla NS, Zahradka P, Dixon IMC, Beamish RE (eds) Angioten-
sin II receptor blockade: physiological and clinical implications. Kluwer Academic
Publishers, Norwell, MA, pp 33-40

Schiffrin EL, Park JB, Intengan HD, Touyz RM (2000) Correction of arterial structure and
endothelial dysfunction in human essential hypertension by the angiotensin antago-
nist losartan. Circulation 101:1653-1659

Schiffrin EL, Park JB, Pu Q (2002) Effect of crossing over hypertensive patients from a
beta-blocker to an angiotensin receptor antagonist on resistance artery structure and
on endothelial function. ] Hypertens 20:71-78

Schwartzkopff B, Brehm M, Mundhenke M, Strauer BE (2000) Repair of coronary arteri-
oles after treatment with perindopril in hypertensive heart disease. Hypertension
36:220-225

Sharifi AM, Li JS, Endemann D, Schiffrin EL (1998) Comparison of effects of the angio-
tensin converting enzyme inhibitor enalapril and the calcium channel antagonist am-
lodipine on small artery structure and composition, and on endothelial dysfunction
in SHR. ] Hypertens 16:457-466

Shaw LM, George PR, Oldham AA, Heagerty AM (1995) A comparison of the effect of an-
giotensin converting enzyme inhibition and angiotensin II receptor antagonism on
the structural changes associated with hypertension in rat small arteries. ] Hypertens
13:1135-1143

Taddei S, Virdis A, Ghiadoni L, Sudano I, Salvetti A (2001) Endothelial dysfunction in hy-
pertension. J Cardiovasc Pharmacol 38:511-S14

The Heart Outcomes Prevention Evaluation Study Investigators (2000) Effects of an an-
giotensin-converting-enzyme inhibitor, ramipril, on cardiovascular events in high-
risk patients. N Engl ] Med 342:145-154

Thybo NK, Korsgaard N, Eriksen S, Christensen KL, Mulvany M]J (1994) Dose-dependent
effects of perindopril on blood pressure and small-artery structure. Hypertension
23:659-666

Thybo NK, Stephens N, Cooper A, Aalkjaer C, Heagerty AM, Mulvany MJ (1995) Effect of
antihypertensive treatment on small arteries of patients with previously untreated es-
sential hypertension. Hypertension 25:474-481

Touyz RM, Schiffrin EL (2000) Signal transduction mechanisms mediating the physiolog-
ical and pathophysiological actions of angiotensin II in vascular smooth muscle cells.
Pharmacol Rev 52:639-672



78 E. L. Schiffrin

Touyz RM, Tolloczko B, Schiffrin EL (1994) Mesenteric vascular smooth muscle cells
from SHR display increased Ca2+ responses to angiotensin II but not to endothelin-
1. ] Hypertens12:663-673

Touyz RM, He G, El Mabrouk M, Schiffrin EL (2001) p38 MAP kinase regulates vascular
smooth muscle cell collagen synthesis by angiotensin II in SHR but not in WKY. Hy-
pertension 37:574-580

Touyz RM, Chen X, Tabet F, Yao G, He G, Quinn MT, Pagano PJ, Schiffrin EL (2002) Ex-
pression of a functionally active gp91phox-containing neutrophil-type NAD(P)H oxi-
dase in smooth muscle cells from human resistance arteries: regulation by angioten-
sin II. Circ Res 90:1205-1213

Tschudi MR, Mesaros S, Liischer TF, Malinski T (1996) Direct in situ measurement of ni-
tric oxide in mesenteric resistance arteries. Hypertension 27:32-35

Ullian ME, Schelling JR, Linas SL (1992) Aldosterone enhances angiotensin II receptor
binding and inositol phosphate responses. Hypertension 20:67-73

Ullian ME, Walsh LG, Morinelli TA (1996) Potentiation of angiotensin II action by corti-
costeroids in vascular tissue. Cardiovasc Res 32:266-273

Vacher E, Fornes P, Richer C, Bruneval P, Nisato D, Giudicelli J-F (1995) Early and late
haemodynamic and morphological effects of angiotensin II subtype 1 receptor
blockade during genetic hypertension development. ] Hypertens 13:675-682

Viberti G, Wheeldon NM, for the MicroAlbuminuria Reduction With VALsartan
(MARVAL) Study Investigators (2002) Microalbuminuria reduction with valsartan in
patients with type 2 diabetes mellitus: a blood pressure-independent effect. Circula-
tion 106:672-678



Part 4
Tissues

Brain/Nervous System



Angiotensin Pathways and Brain Function

F. Qadri

Institute of Experimental and Clinical Pharmacology and Toxicology,
University Clinic Schleswig Holstein Campus Liibeck, Liibeck, Germany
e-mail: gadri @medinf.mu-luebeck.de

1  Angiotensin Pathways and Central Cardiovascular Regulation. . . . . .. .. 82
1.1 Activation of Sympathetic Nervous System and Inhibition

of Baroreceptor Reflex. . . . . ... ... ... ... o 82
1.2 Arginine VasopressinRelease. . . . .. ........... ... .. .. .... 86
2 Angiotensin Pathways and Regulationof Thirst . . . . . .. ... ....... 87
3 Angiotensin Pathways and Sodium Excretion (Natriuresis). . . . . . .. ... 91
4 Conclusion. ......... ... .. .. ... .. . 93
References . . . . . . .. ... .. ... 93

Abstract The renin-angiotensin system (RAS) was initially identified as a circu-
lating humoral system with the effector peptide, angiotensin II (ANG II). The
existence of a brain RAS as one of the various tissue RASs is fully established.
ANG-containing pathways within brain areas are involved in central blood pres-
sure regulation, pituitary hormone release and in the maintenance of body fluid
homeostasis. In addition, ANG II and its main biologically active degradative
product ANG III play a pivotal role in drinking behavior, osmo- and thermoreg-
ulation and natriuresis. Systemic stimuli that may activate central angiotensin-
ergic pathways include plasma hypertonicity and circulating hormones such as
ANG IL In this chapter, the specific sites where ANG II/III is acting within poly-
synaptic neural pathways mediating homeostatic functions are reviewed.

Keywords Brain ANG pathways - Blood pressure - Body fluid homeostasis
Drinking behavior - AVP - Natriuresis - Osmoregulation

The renin-angiotensin system (RAS) was initially identified as a circulating hu-
moral system with the effector peptide, angiotensin II (ANG II), generated by
an enzymatic cascade. Angiotensinogen, which is synthesized in the liver, is
cleaved by renin, a product of the juxtaglomerular cells of the kidney, to form
ANG I, which in turn is cleaved by angiotensin-converting enzyme (ACE) to
form ANG II. Apart from the production of ANG II in plasma and peripheral
organs such as kidney, adrenal gland, vasculature, heart and ovaries, all compo-

T. Unger et al. (eds.), Angiotensin
© Springer-Verlag Berlin Heidelberg 2004



82 F. Qadri

nents of RAS have also been described in the brain (Ganten et al. 1984; Saavedra
1992).

Central ANG II interacts with the autonomic control of the cardiovascular sys-
tem to influence blood pressure, regulates body fluid homeostasis, modulates
neuroendocrine systems and possibly interacts with cognitive functions (Phillips
1987; Unger et al. 1988; Wright and Harding 1992). The classic actions of ANG II
are mediated through the AT; receptor, whereas the AT, receptor can offset or
counteract some of the effects mediated by the AT, receptor, e.g., cell prolifera-
tion, water intake and blood pressure (Lucius et al. 1999; Unger 1999). Mostly,
central ANG II-induced effects are similar to those of the systemic peptide on
peripheral target organs. Systemic ANG II affects the brain functions through
AT, receptors located in the circumventricular organs devoid of blood-brain
barrier (BBB) and neuronally derived ANG II acts at many sites in the CNS locat-
ed behind the BBB (Bunnemann et al. 1993; McKinley et al. 2001; Song et al.
1991).

1
Angiotensin Pathways and Central Cardiovascular Regulation

Blood pressure increases when ANG II is given iv. or injected into the lateral
brain ventricle. This response involves activation of the sympathetic nervous
system (SNS), release of arginine vasopressin (AVP) and inhibition of the baro-
receptor reflex (BRR) (Unger et al. 1983, 1985). The activation of SNS occurs via
fibers from the hypothalamic paraventricular nucleus (PVN) to the ventrolateral
medullary sympathetic nuclei in the brainstem. These nuclei project through
the spinal cord to the intermediate lateral nucleus, and from there via the sym-
pathetic chain to terminate on blood vessels. AVP is a strong vasoconstrictory
neurohormone. It is synthesized in the hypothalamic PVN and supraoptic nu-
cleus (SON) and stored in the neurohypophysis. Its release from the neurohypo-
physis is stimulated by the activation of AT; receptors. BRR inhibition is ob-
tained when brain ANG II acts on the first synapse of the vagus in the nucleus
tractus solitarii (NTS) in the brainstem (Casto and Phillips 1985).

1.1
Activation of Sympathetic Nervous System and Inhibition of Baroreceptor Reflex

The regulation of arterial blood pressure and heart rate is the result and out-
come of feedback or compensatory control systems that operate over short and
extended timeframes. The BRR is a relatively high-gain control system that pro-
vides for the regulation of arterial blood pressure over a timeframe of seconds
to minutes (short-term mechanisms in arterial blood pressure regulation). The
rapidity of this regulatory system is afforded by feedback loops operating
through the autonomic nervous system. On the other hand, arterial blood pres-
sure is also under the influence of neurohormones and sympathetic activity, for
example, salt and water balance, which are regulated by the RAS from the kid-
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ney. The effectiveness of this regulatory system occurs over periods of hours
and days (long-term mechanisms in arterial blood pressure regulation) (Averill
and Diz 2000; Dampney et al. 2002).

The medulla oblongata contains neuronal circuits such as the BRR arc capa-
ble of generating vasomotor sympathetic and cardiovascular tone, which play
an important role in the short-term regulation of arterial blood pressure. The
arterial baroreceptors are located in the walls of the carotid sinus and aortic
arch. Their adequate stimulus is stretch. Studies in conscious animals using
the method of immediate early gene expression in combination with neuro-
chemical tracing and immunohistochemistry, the central pathways and neuro-
transmitters that subserve the BRR arc, are investigated (Horiuchi et al. 1999; Li
and Dampney 1994). The BRR arc in the medulla oblongata is composed of the
following sequential arrangements of components. Peripheral afferent fibers
arising from arterial and atrial/ventricular baroreceptors make their initial syn-
apse upon the first-order neurons of the nucleus of the solitary tract (NTS).
NTS neurons may have axonal projections to vagal preganglionic neurons in the
nucleus ambiguus (Amb) and/or dorsal motor nucleus of the vagus. NTS also
innervates GABAergic neurons in the caudal ventrolateral medulla (CVLM), also
termed the depressor region of the ventrolateral medulla (VLM), since L-gluta-
mate injected into this nucleus lowered blood pressure. CVLM, in turns, inner-
vates neurons in the rostral ventrolateral medulla (RVLM), which sends axonal
projections to the sympathetic thoracic segment of the spinal cord. RVLM is
termed the rostral pressor region of the VLM, since L-glutamate given into this
nucleus increases blood pressure and sympathetic nerve activity.

The presence of AT, receptors within the NTS and throughout the vagal
sensory and motor systems has been shown by many authors (Diz et al. 1987;
Lenkei et al. 1997, 1998; Lewis et al. 1986). In addition to the anatomical evi-
dence, electrophysiological and pharmacological studies support the concept of
functional ANG II receptors in the NTS (Andresen and Mendelowitz 1996; Aver-
ill et al. 1987; Barnes et al. 1993; Casto and Phillips 1986; Rettig et al. 1986). En-
dogenous (Campagnole-Santos et al. 1988; Matsumura et al. 1998) or exoge-
nously (Casto and Phillips 1986; Michelini and Bonagamba 1998) administered
ANG T1I at the level of the NTS inhibits the baroreceptor control of heart rate. A
low dose of ANG II and ANG (1-7) microinjected into the NTS elicited depres-
sor and bradycardic responses in rats (Campagnole-Santos et al. 1989; Diz et al.
1984; Rettig et al. 1986). The hypotensive and bradycardic responses were the
combined effects of sympathetic inhibition and parasympathetic stimulation.
On the contrary, high doses of ANG II evoked pressor and tachycardic responses
(Casto and Phillips 1984; Mosqueda-Garcia et al. 1990; Rettig et al. 1986). These
effects of ANG II were mediated via the AT, receptor subtype found in the NTS
(Fow et al. 1994). Thus, it appears that ANG II and its metabolite ANG (1-7)
mimic baroreceptor afferent stimulation of the NTS.

The neurons within the CVLM and RVLM are an important switchboard of
the BRR arc. The presympathetic neurons in the RVLM play a pivotal role in the
tonic and reflex control of sympathetic vasomotor activity and thus resting arte-
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rial pressure. Topical application of ANG II to the RVLM increased blood pres-
sure and this effect was prevented by prior application of the ANG II antagonist,
SarThran (Andreatta et al. 1988). Subsequent studies showed that microinjec-
tion of ANG II into the RVLM increased sympathetic nerve activity and arterial
pressure and these effects were blocked by the broad-acting ANG II analog an-
tagonists, SarThran and Sar',Ile®-ANG II (Chan et al. 1991, 1994). Later studies
have shown that pressor and sympathoexcitatory effects of exogenously applied
ANG II were blocked by the AT, receptor selective antagonist losartan (Averill et
al. 1994). Although experiments employing exogenous administration of ANG II
or angiotensin peptides in the RVLM have been valuable in determining the
possible effect of peptides and the receptors at which angiotensin peptides may
act, the most interesting and valuable data come from studies where the involve-
ment of endogenous angiotensin peptides within the RVLM have been studied.
This has been achieved by microinjecting the broad-acting (SarThran) and later
the specific angiotensin receptor antagonist (losartan). In the early studies, uni-
lateral as well as bilateral microinjection of SarThran in the RVLM reduced
baseline blood pressure and sympathetic nerve activity (Muratani et al. 1993;
Sasaki and Dampney 1990). These initial data provide evidence for the concept
that ANG 1I found endogenously in the RVLM may be important in determining
the activity of vasomotor neurons, and hence the amount of vasomotor outflow
responsible for maintaining a normal or basal blood pressure. Attempts to de-
fine the specific angiotensin receptor subtypes responsible for the tonic excita-
tion of RVLM vasomotor neurons have led to some unexpected findings. It has
been reported that blockade of either AT; or AT, receptors in the RVLM does
not reduce baseline blood pressure or sympathetic nerve activity (Fontes et al.
1997; Hirooka et al. 1997; Lin et al. 1997). Thus, it seems that endogenous ANG
11 may also act at non-AT; and non-AT; receptors to stimulate vasomotor neu-
rons. Several authors have suggested that the naturally occurring angiotensin
peptide responsible for the tonic activation of sympathoexcitatory RVLM neu-
rons may be other than ANG II, for example it may be ANG I (Lima et al. 1996),
ANG (1-7) (Fontes et al. 1994; Lima et al. 1996) or ANG (3-8) (ANG IV) (Sved
and Ito 1999). To date, it is uncertain which of the naturally occurring angioten-
sin peptides are involved in the sympathoexcitatory action of neurons in the
RVLM.

Although the neurons in the CVLM play a key role in the maintenance of
blood pressure, modest attention has been paid to it as an important site of an
action for angiotensin peptides. Microinjection of ANG II or ANG (1-7) into the
CVLM caused dose-dependent decreases in blood pressure and sympathetic
nerve activity (Muratani et al. 1991; Sasaki and Dampney 1990; Silva et al.
1993), whereas SarThran increased blood pressure and renal sympathetic nerve
activity (Muratani et al. 1993; Sesoko et al. 1995). These data suggest that either
ANG 1II or ANG (1-7) found endogenously in the CVLM stimulates CVLM neu-
rons, which inhibit vasomotor neurons of the RVLM, since inhibition of the
RVLM abolished the pressor response evoked by the blockade of ANG II recep-
tors in the CVLM (Muratani et al. 1993). Nevertheless, these findings provide
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strong evidence for the notion that tonic stimulation of angiotensin receptors
on CVLM neurons contributes to the inhibitory influence of these neurons upon
presynaptic neurons of the RVLM.

Another short-term feedback regulation of the cardiovascular system is the
chemoreceptor reflex. The chemoreceptors are stimulated primarily by a de-
crease in the oxygen partial pressure of arterial blood. Their stimulation reflexly
evokes both an increase in ventilation (increases oxygen uptake) and sympa-
thetically mediated vasoconstriction (reduces oxygen consumption) in most
vascular beds, excluding the heart and brain (Dampney et al. 2002). Like barore-
ceptor primary afferent fibers, chemoreceptor primary afferent fibers terminate
in the NTS. However, in contrast to the baroreceptor reflex pathways, chemore-
ceptor signals are transmitted to the RVLM presympathetic neurons via a direct
excitatory glutamatergic synapse (Guyenet and Koshiya 1995). Whether ANG 11
is involved in this pathway has to be clarified.

Acute emotional and threatening stimuli can also elicit a marked cardiovascu-
lar response. The defense or alerting response (acute stress) is characterized by
an increase in arterial pressure, heart rate and skeletal muscle blood flow, accom-
panied by vasoconstriction in the splanchnic, renal and cutaneous vascular beds
(Hilton 1975). This response is appropriate for a living being that may need to
defend itself from a threatening situation. Such a response can be regarded as a
part of “feed-forward” and not a part of “feed-back” regulatory mechanisms
(Hilton 1975). After a long time spent in search of the so called defense area, re-
cently the dorsomedial hypothalamic nucleus (DMH) has been characterized
and identified as the brain region that plays a key role in integrating the cardio-
vascular response to acute stress. Activation of DMH neurons, by local injection
of either an excitatory amino acid or GABA receptor antagonists, resulted in a
cardiovascular response that is similar to the defense or alerting reaction. In ad-
dition, the neuroendocrine, gastrointestinal and behavioral changes were also
similar to those evoked by an acute emotional stress (DiMicco et al. 1996). Re-
cently it has been shown that the vasomotor and cardiac responses evoked from
the DMH are mediated by descending pathways that are dependent and indepen-
dent, respectively, of synaptic transmission within the RVLM (Fontes et al. 2001).
There are major inputs to the NTS from many supramedullary nuclei, including
those that play an important role in mediating cardiovascular responses to acute
stress. It has been shown that neurons in the DMH project directly to the NTS
and a high proportion of these have collateralized projections also to the RVLM
(Fontes et al. 2001). In addition, electrical stimulation of the hypothalamic de-
fense area modulates the BRR (Spyer 1994).

It seems that the NTS is the initial information-receiving center from the pe-
riphery and brain submedullary centers in the stress pathway. There are major
inputs to the NTS from many supramedullary nuclei, including those that are
believed to play important roles in mediating cardiovascular responses to acute
stress (short-term feed-forward regulation). The cardiovascular changes that re-
sult from the stimulation of baroreceptors or chemoreceptors (short-term feed-
back regulation) and occur after acute or emotional stress such as body exer-
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cise, defense reactions such as fight or flee, or air jet stress (short-term feed-for-
ward regulation) are regulated by the same BRR pathway and may be under the
control of the same neuropeptide, i.e., angiotensin and other neurotransmitters
(Dampney et al. 2002).

1.2
Arginine Vasopressin Release

Arginine vasopressin (AVP) is released from the posterior pituitary into the
blood circulation. Circulating AVP is synthesized in the hypothalamic magno-
cellular neurons originating from the SON and PVN (Bargmann and Scharrer
1951). The release of AVP from the posterior pituitary constitutes one of the
several mechanisms that operate to maintain cardiovascular and hydromineral
homeostasis.

AVP release induced by ANG II and ANG III is one of the mechanisms by
which these neuropeptides control volume homeostasis under conditions of hy-
povolemia, by reducing renal water loss and increasing blood pressure (Renaud
and Bourque 1991). The administration of ANG II into the lateral or third cere-
bral ventricles dose-dependently stimulates the secretion of AVP (Andersson et
al. 1972). Increases in circulating ANG II have been shown to result in large in-
creases in the concentration of both oxytocin (OXY) and AVP from the posteri-
or pituitary, effects that are abolished by the destruction of the SFO (Ferguson
and Kasting 1986, 1988; Knepel et al. 1982). Both systemic and local application
of ANG have also been shown to result in AT, receptor-mediated increases in
neuronal activity of antidromically identified OXY and AVP neurons (Ferguson
and Renaud 1986; Li and Ferguson 1993). In addition, the ablation of tissue in
the median preoptic nucleus (MnPOQ) located at the anterior wall of the third ce-
rebral ventricle also prevents an ANG-induced AVP release (Bealer et al. 1979).
The region plays an important role in the ANG-induced cardiovascular changes
and modulates the signals coming from the periphery. This region is rich in
ANG receptors and there are direct neural inputs from this region to the vaso-
pressin-secreting cells in the hypothalamic PVN and SON. Administration of
ANG II blockers into the MnPO prevents the stimulation of magnocellular neu-
rons in the PVN via stimulation of the SFO (Tanaka et al. 1987; Wilkin et al.
1989). Presumably, an angiotensinergic synapse in the MnPO has a key role in
AVP secretion. In addition, the forebrain ANG pathways, the NTS and the Al
cells of the CVLM, regions rich in ANG receptors, also send direct neural inputs
to the hypothalamic PVN and SON, and it is possible that they may also be the
sites at which ANG acts as neurotransmitter to stimulate AVP secretion (Allen
et al. 2000; Wilkin et al. 1989).

The release of AVP into the blood circulation is mediated via stimulation of
periventricular and hypothalamic AT, receptors (Veltmar et al. 1992; Qadri et al.
1993). In addition, AT, receptor-mediated increase in blood pressure, AVP re-
lease and drinking response were shown to be blocked by ICV injection of anti-
sense oligonucleotides to AT, receptor mRNA (Gyurko et al. 1993; Meng et al.
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1994). The importance of the hypothalamic PVN in the integration and trans-
mission of effects induced by peripheral or central ANG II is increasingly recog-
nized (Stadler et al. 1992; Swanson and Sawchenko 1983; Wright and Harding
1992). Using an in vivo microdialysis technique, it has been shown that ANG II
and ANG III are released within the PVN in response to local hyperosmotic
stimulation and dehydration (Harding et al. 1992; Qadri et al. 1994). In addition,
local microinjections of C-terminal ANG II and ANG III, but not shorter frag-
ments, can induce AVP release and drinking response via AT, receptors in the
PVN. On the other hand, the N-terminal ANG (1-7) was less potent in stimulat-
ing AVP release compared to the C-terminal ANG II and III and had no influ-
ence on drinking (Qadri et al. 1998a).

Blood-borne signals such as plasma hypernatremia act on osmo/sodium or
ANG receptors found in the circumventricular organs such as the subfornical
organ (SFO) and the organum vasculosum lamina terminalis (OVLT), regions
known to be involved in osmoregulation. Stimulation of these receptors in CVO
activates neural pathways that project to the hypothalamic PVN and SON, which
results in increased release of AVP into the circulation and increased mean arte-
rial blood pressure (Ferguson and Casting 1986; Gutman et al. 1988; Miselis
1982; Qadri et al. 1998a). Intracarotid injections of hyperosmolar saline (0.6 M
NaCl solution) increased the firing rate of neurosecretory cells in the PVN. The
firing rate of 60% of cells stimulated by hyperosmolar saline was blocked by lo-
cal application of hexamethonium into the PVN, of 80% after atropine pretreat-
ment and of 40% after the ANG antagonist saralasin (Akaishi and Negoro 1983).
In an in vivo study, a non-pressure-associated and moderate increase in osmo-
lality in the CSF (0.2 and 0.3 M saline, ICV) stimulates AVP release, which is
mediated through the AT, and cholinergic receptors found in the periventricular
and hypothalamic PVN, whereas pressure-associated and hyperosmolar saline
(0.6 M, ICV)-induced AVP was facilitated via AT, receptors found in the peri-
ventricular and hypothalamic PVN (Hogarty et al. 1994; Hohle et al. 1996; Qadri
et al. 1998b). Thus, all these data suggest that changes in the plasma ANG con-
centration and plasma osmolality (plasma Na+ concentrations) induced an in-
crease in blood pressure and AVP release via angiotensinergic and cholinergic
pathways in the brain.

2
Angiotensin Pathways and Regulation of Thirst

Thirst is a sensation aroused by a need for water, and relief from it sought by
drinking water. Increased sodium appetite indicates a need for sodium, and re-
lief will be sought by consuming salt or salty foods. The natural stimuli for
thirst can be divided into two types: hypovolumic and osmotic (Fitzsimons
1972). The hypovolumic stimulus occurs when there is volume loss such as from
slow dehydration over a period of time, massive vasodilation or rapid hemor-
rhage. The second natural stimulus for thirst is an increase in plasma osmotic
pressure. Loss of cell water is detected by osmoreceptors (possibly sodium-sen-



88 F. Qadri

sitive receptors) located mainly in the hypothalamus, and their stimulation gives
rise to thirst. Hypovolemia is detected by stretch receptors found in the walls of
the heart and vasculature (Gauer and Henry 1963; Smith 1957). During hypovo-
lemia ANG II levels in plasma increase due to low pressure in the renal artery
that stimulates renin release. The brain is then informed about the changes in
volume by inputs from the heart and baroreceptors located on the blood vessels
relayed through the nucleus tractus solitarii (NTS) in the dorsal part of the me-
dulla. The neural inputs stimulate the release of stored ANG II in the crucial ar-
eas of the brain that arouse thirst sensation. These brain areas are the circum-
ventricular organs devoid of a BBB such as the SFO and the OVLT, including the
median preoptic nucleus (MnPO), which lies within the BBB. The region most
vulnerable and vital to induce thirst is the MnPO, since destruction of the SFO
does not produce a lack of drinking behavior; however, destroying the MnPO
produces chronic lack of thirst (adipsia) (Johnson and Buggy 1978).

Circulating ANG II derived from renal renin contributes to hypovolumic
thirst and it also plays a role in increased sodium appetite along with the miner-
alocorticoids and other hormones. The idea that the kidney might contribute to
thirst, although not through renin secretion, was first proposed by Linazasoro et
al. (1954) and later Fitzsimons (1964) proposed and proved the involvement of
the renal renin-angiotensin system in certain types of drinking behavior in rats
that underwent caval obstruction. Obstruction of the abdominal vena cava just
above the renal veins mimic the circulatory effects of severe hypovolemia. With-
in 30 min of caval obstruction, there was an increase in water intake followed
much later by an increase in sodium intake, a marked fall in urine flow and
electrolyte excretion (Fitzsimons 1969a). It has been found that increased
drinking in response to caval obstruction is caused by ANG II, since ANG II
caused increased drinking following intravenous infusion into water-replete rats
(Fitzsimons and Simons 1969). Coincidentally during the investigation of nor-
epinephrine-induced eating in rats, it was observed that an intrahypothalamic
injection of ANG II caused drinking (Booth 1968) and later it was shown
that injection of small amounts of ANG II in the anterior hypothalamus and pre-
optic region caused dose-dependent increases in drinking in water-replete rats
(Epstein et al. 1970). In addition, ANG II injected into the brain areas has also
been shown to induce salt intake (Buggy and Fisher 1974). These pioneering
studies in search of mechanisms involved in the urge to drink water and eat salt
pointed out that increased circulating ANG II caused increased drinking and salt
eating by acting on accessible regions in the CNS. This indicates that ANG II
triggers some neuronal circuits that induce the sensation of thirst and the com-
pelling behavioral drive to find water and drink.

The systemic ANG II administration causes water-replete animals to drink
water, although the response is less intensive compared to the vigorous, short-
latency burst of drinking induced by ANG II injected into the brain (Abraham
et al. 1975; Epstein et al. 1970). Pharmacological experiments have been per-
formed using different techniques to study the effects of ANG II on drinking be-
havior and to map the central angiotensinergic pathways involved in drinking.
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Ablation of the SFO blocks the water intake induced by systemic infusion of
ANG II (Buggy and Fisher 1976; Simpson et al. 1978). Interestingly, drinking in-
duced by ICV injection is not inhibited by ablation of the SFO. This led to the
conclusion that ANG II acts at another region of the brain that lies behind
the BBB to stimulate drinking. On the other hand, ablation of the anteroventral
wall of the third ventricle (AV3V) of rat brain abolishes drinking in response to
ANG 1I given ICV (Buggy and Fisher 1976), suggesting a region that lies within
the AV3V region is crucial in ICV ANG II-induced drinking. Later it was demon-
strated that the MnPO, which is a major component of the AV3V region, medi-
ates drinking in response to ANG II given ICV. Furthermore, direct microinjec-
tion of ANG II into the MnPO induced drinking (ONeill and Broody 1987). Mi-
croinjections of ANG II into different ventral forebrain regions such as the ante-
rior hypothalamus, hypothalamic PVN and lateral hypothalamic area (LHA)
also induced an increase in water intake (do Vale et al. 1997; Qadri et al. 1998a;
Tanaka et al. 2001). These findings on tracing the pathways involved in ANG
II-induced drinking following hypovolemia or central ANG II injection were
supported by additional studies using different techniques. Immunohistochemi-
cal staining revealed that these regions are rich in angiotensinergic nerve termi-
nals (Lind et al. 1985) and AT receptors (Lenkei et al. 1997). Immunohisto-
chemical identification of the protein products of inducible transcription factors
or immediate early genes such as c-fos or c-jun has been used to map the pat-
tern of activation of neurons in the basal forebrain regions following different
types of stimuli that induce drinking and sodium appetite, including ANG II
(Hughes and Dragunow 1995; Lebrun et al. 1995; Blume et al. 1999). ICV injec-
tion of ANG II caused not only an intense c-fos expression but also other tran-
scriptional factors such as FosB, c-Jun, Krox-20/24 and JunD in the CVO such as
the SFO and OVLT, including the MnPO (Blume et al. 1998). There were also
high levels of expression in the SON, PVN and lateral division of the central nu-
cleus of amygdala and the bed nucleus of the stria terminalis (BNST) (Blume et
al. 1997; Herbert et al. 1992). ANG Il-induced Fos immunoreactivity was abol-
ished by pretreatment with AT, receptor antagonist losartan (Lebrun et al. 1995;
Rowland et al. 1994). ICV injections of antisense oligonucleotides complementa-
ry in nucleotide sequence to the mRNA encoding the first four amino acids of
angiotensinogen to block central production of angiotensinogen in the rat brain
greatly reduced the water intake in response to ICV injection of renin, suggest-
ing a probable reduction in the levels of the renin substrate angiotensinogen in
the brain regions critical in mediating the drinking response (Sinnayah et al.
1997).

ANG II given i.v. to conscious rats also resulted in an increased c-fos expres-
sion in forebrain, hypothalamic and medullary sites such as SFO and OVLT,
BNST, SON, PVN, central nucleus of amygdala, area postrema (AP) and NTS
(Badoer and McKinley 1997; McKinley et al. 1992; Oldfield et al. 1994;). Fos
staining of neurons in SFO and OVLT following i.v. infusion of ANG II is consis-
tent with the role of ANG II in hemorrhage, since these regions also show in-
creased c-fos expression after hemorrhage. Hemorrhage also resulted in c-fos
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expression in the SON, PVN, AP and NTS (Badoer et al. 1993a, 1993b). From
these data, an angiotensinergic thirst pathway could be proposed as follows:
neurons in the SFO that are stimulated by circulating ANG II following hypovo-
lemia have afferent axonal connections with neurons in the MnPO that subserve
thirst. MnPO, the major switch gear in the central thirst pathway, is further con-
nected with the hypothalamic AVP synthesizing and releasing regions SON and
PVN. An increase in plasma osmotic pressure, which induces thirst and stimu-
lates the release of AVP from the posterior pituitary into the blood circulation is
detected by ANG II neurons in the OVLT and SFO. Increased plasma osmolality
induces thirst and is mediated through AT, receptors (Hogarty et al. 1994).
Losartan, an AT, receptor antagonist, abolished the drinking and AVP response
of rats to a hyperosmotic stimulus (Hogarty et al. 1994; Qadri et al. 1998a). In
addition, it has been shown that the levels of ANG II and ANG III are increased
in the PVN of water-depleted rats and after an increase in plasma osmolality
(Wright and Harding 1994; Qadri et al. 1994). It is hypothesized that an increase
in plasma osmotic pressure is detected by ANG II neurons in the SFO and OVLT
and is relayed via angiotensinergic fibers to the PVN. In the PVN, ANG II as
a neurotransmitter or neuromodulator is released (Wright and Harding 1994;
Qadri et al. 1994) and binds to its receptors to stimulate the thirst circuits and
AVP release.

For a long time, it was thought that ANG II (1-8) is the only active peptide
which influences arterial blood pressure, AVP release, stimulates drinking be-
havior and salt appetite in the animals. The identification of biological activity
for the heptapeptide, ANG III (des-Asp'-ANG II) has changed this view (Blair-
West et al. 1971). ANG II and ANG III have been shown to stimulate equipotent-
ly water intake and AVP release when applied ICV or microinjected directly into
the PVN (Wright et al. 1985; Qadri et al. 1998a). As demonstrated for the osmot-
ically induced AVP release, the central pathway for drinking following water
deprivation appears to involve endogenous ANG II, acting on AT; receptors,
and cholinergic mechanisms, since pretreatment with losartan and the musca-
rinic receptor antagonist, atropine, each reduced water intake after 24 h water
deprivation (Stauss and Unger 1990).

Thus, from the above data a neural pathway involved in drinking could be
proposed as follows: neurons within the CVO, including MnPO, detect changes
in the chemical composition of plasma (hypo/hypernatremia) and fluid volume.
Their efferent neural pathways become important in driving subsequent physio-
logical responses. The SFO and OVLT share a number of efferent brain target re-
gions. These include the adjacent MnPO, with which they are both connected
and which sends efferent fibers to the hypothalamic PVN. The SFO and OVLT
send their efferent projections indirectly via the MnPO and directly to the hypo-
thalamic PVN and SON. These projections mediate their influences on neurohy-
pophysial hormone secretion in response to thirst stimuli (McKinley et al. 1999;
Miselis 1981; Thrasher and Keil 1987).



Angiotensin Pathways and Brain Function 9N

3
Angiotensin Pathways and Sodium Excretion (Natriuresis)

Intracerebroventricular (ICV) administration of ANG II causes a large increase
in the sodium excretion by the kidney (Andersson et al. 1972; Brooks and Malvin
1982; McKinley et al. 1994; Unger et al. 1989a, b). The natriuretic response fol-
lowing ICV injection of ANG II is most probably a synergistic effect of several
effects that appear parallel or simultaneously to induce sodium excretion such as
suppression of renal sympathetic nerve activity (May and McAllen 1997), reduc-
tion in plasma renin levels (Malayan et al. 1979; May and McAllen 1997), and an
increase in arterial blood pressure and plasma AVP levels (Malayan et al. 1979).
On the other hand, ICV administration of hypertonic saline stimulates many ef-
fects similar to ICV ANG II (via central AT; receptors) such as an increase in
pressor response and AVP release (Qadri et al. 1998b), reduction in renin secre-
tion (Eriksson and Fyhrquist 1976; McKinley and Mathai 1996) and renal nerve
activity (May and McAllen 1997), and natriuresis (He et al. 1989; Rohmeiss et al.
1995a; Sjoquist et al. 1986). The responses to hypertonic saline can be blocked
by AT; receptor blockers. All these data provide evidence for the central an-
giotensinergic influence on a wide range of homeostatic functions relating to
osmoregulation (Hogarty et al. 1994; Mathai et al. 1998; Rohmeiss et al. 1995a;
Qadri et al. 1998b).

The peripheral application of hyperosmotic saline stimulates AVP release,
which is mediated through central AT, receptors (Hogarty et al. 1994). Centrally
applied hyperosmotic saline engenders similar behavioral (drinking) and endo-
crine (AVP release) effects as observed with ANG II (see above) and could be
blocked by an AT receptor blocker. In addition, AVP release induced by hyper-
osmotic saline also involved central muscarinic cholinergic mechanisms. The
hyperosmotic saline-induced non-pressure-associated AVP release is mediated
through a periventricular and hypothalamic angiotensinergic and cholinergic
mechanisms, whereas pressure-associated AVP release is mediated through the
hypothalamic cholinergic mechanism (Qadri et al. 1998b). In case of hyperos-
motic saline, the induced non-pressure-associated natriuresis, but not the pres-
sure-associated natriuresis is mediated via the periventricular angiotensinergic
system (Rohmeiss et al. 1995a). As shown for the osmotically induced AVP re-
lease and natriuresis, the central pathway for drinking following water depriva-
tion appears to involve angiotensinergic and cholinergic mechanisms, since
treatment with losartan and the muscarine receptor antagonist atropine each re-
duced water intake after 24 h water deprivation (Stauss and Unger 1990).

The signals and pathways to the kidney that mediate the central action of
ANG II or hyperosmotic saline are emerging. Ablation of the lamina terminalis
results in severe hypernatremia. This is probably due to a negative fluid balance
as a result of disordered water intake and AVP release and also due to impaired
natriuretic mechanisms (Park et al. 1985). The natriuresis induced by ICV
hyperosmotic saline was attenuated by blockade of AT; receptors in the SFO
(Rohmeiss et al. 1995b). One of the first data sets providing evidence that the
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SFO is the relay station in mediating the non-pressure- and pressure-associated
natriuresis following central osmoreceptor stimulation. Recently, it has been
demonstrated that the MnPO is involved in body fluid regulation not only by
controlling AVP release and water intake, but also by modulating central sympa-
thetic outflow, which regulates body fluid balance through an effect on the kid-
ney (Yasuda et al. 2000). In this study, the renal sympathetic nerve activity
(RSNA) and mean arterial blood pressure were elevated by the injection of hy-
perosmotic saline into the third ventricle, and were attenuated by microinjec-
tion of lidocaine into the MnPO. In another recently published study, it was
demonstrated that there is an interaction between AT; and AT, receptors of the
PVN and the septal area in the control of ANG-induced physiological responses
in terms of water and sodium homeostasis and mean arterial blood pressure
modulation (Camargo et al. 2002). In addition, alpha-adrenergic pathways
involving the PVN are important for the water and sodium excretion and pres-
sor responses induced by angiotensinergic activation of the medial septal area
(Camargo and Saad 2001). Together, these data suggest common central an-
giotensinergic, cholinergic and adrenergic pathways between osmotically in-
duced AVP release, natriuresis and drinking in response to osmotic stimulation
involving the lamina terminalis and hypothalamic MnPO and PVN.

Taken together, blood-borne signals such as plasma hypernatremia act on os-
moreceptors (sodium and/or angiotensin receptors) found in the lamina termi-
nalis, specifically in the SFO. Stimulation of osmoreceptors in the lamina termi-
nalis (SFO) activates angiotensinergic pathway(s) through the MnPO that pro-
ject to the hypothalamic PVN, which results in increased release of AVP into the
circulation, an increase in the RSNA and an increase in mean arterial blood
pressure; all these effects concomitantly participate in the natriuresis/osmoregu-
lation.

It is of great interest to point out that there is an endogenous antagonisms of
ANG II-induced central natriuretic effects (Unger et al. 1990). Atrial natriuretic
peptide (ANP) was identified as a functionally antagonistic circulating hormone
involved in ANG II-induced body fluid regulation. Both ANG II and ANP have
been localized in close vicinity in forebrain areas involved in the central fluid
and electrolyte regulation. In addition, pretreatment of rats with ANP given ICV
dose-dependently antagonized the central ANG II-induced natriuretic effects
(Rohmeiss et al. 1989, 1991). These are one of the first data sets supporting the
notion of a functional antagonism between ANG II and ANP in the brain.

Is it Angiotensin II or III ? Des-Asp'-ANG II, or ANG III, was once believed
to be an inactive catabolic product of ANG II through N-terminal degradation.
The identification of biological activity for this heptapeptide in 1971 (Blair-West
et al. 1971) drastically changed this view, and it was the beginning of evaluations
of its physiological functions. However, among the main bioactive peptides of
the brain RAS, ANG II and ANG III exhibit the same affinity for AT; and AT,
receptors. Both peptides, injected ICV, cause similar increases in AVP release
and blood pressure. An increasingly large number of data provide evidence that
ANG III and not ANG II plays an important role in central regulation of cardio-
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vascular and body fluid volume homeostasis (Reaux et al. 2001; Yang et al.
1995).

4
Conclusion

All the data that has been reviewed here show that angiotensin is generated in
the brain and the angiotensinergic neuronal pathways play an important role in
the regulation and control of body fluid homeostasis. Homeostatic responses
that may be influenced by angiotensinergic pathways include increased arterial
blood pressure, AVP release into the circulation, thirst and renal sodium excre-
tion. Systemic stimuli that activate central angiotensinergic pathways include
plasma hypernatremia and circulating ANG II/ANG III. Although at present a
great deal of knowledge has been accumulated regarding the involvement and
importance of angiotensin and angiotensinergic pathways in brain functions,
several gaps in our knowledge still exist and await further elucidation.
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Abstract The presence of type 1 Ang II (AT,) receptors at sites critical for acti-
vation of the HPA axis, such as parvocellular corticotropin releasing hormone
(CRH) neurons in the hypothalamic paraventricular nucleus (PVN), brain nu-
clei with connections to the PVN, and pituitary corticotrophs provide evidence
for direct regulatory effects of the peptide on the HPA axis activity. Central AT,
receptors modulate CRH expression and possibly vasopressin in parvocellular
neurons of the PVN. Intracerebroventricular injection of low doses of Ang II in-
crease CRH mRNA and plasma ACTH. The latter effect is at least in part medi-
ated by CRH release, since it is prevented by CRH antiserum. However, in a
number of conditions plasma ACTH and glucocorticoid responses to stress are
unaffected by central AT, receptor blockade, indicating that Ang II is not essen-
tial for activation of the HPA axis during stress. Ang II could stimulate CRH se-
cretion directly through interaction with receptors in the PVN or median emi-
nence, or indirectly by stimulating afferent neural pathways from the circum-
ventricular organs. AT, receptors are present in the pituitary corticotroph and
Ang 11 stimulates ACTH secretion in vitro. However, there is little evidence for a
major role of Ang II directly regulating pituitary ACTH secretion and it is more
likely that the pituitary effects of the peptide relate to corticotroph differentia-
tion.

T. Unger et al. (eds.), Angiotensin
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1
Introduction

Activation of the hypothalamic pituitary adrenal axis (HPA) is essential for sur-
vival of the organism when confronted with alterations of the external or inter-
nal environment (Munck et al. 1984). The end result of HPA axis activation is
secretion of adrenal glucocorticoids, which influence metabolism, neurotrans-
mitter synthesis, immune system and signaling of other hormones such as thy-
roid hormone, catecholamines and vasoactive peptides (Munck et al. 1984;
Whithworth 1987; Wong et al. 1995). The production of adrenal glucocorticoids
is controlled by the anterior pituitary peptide, ACTH. The regulation of ACTH
synthesis and secretion is multifactorial, involving the stimulatory effect of the
neuropeptides, corticotropin-releasing hormone (CRH) and vasopressin (VP),
produced by parvocellular neurons of the hypothalamic paraventricular nucleus
(PVN) and negative feedback by glucocorticoids (Aguilera 1994; Antoni 1986;
Whitnall 1993). In addition, a number of neurotransmitters and peptides, in-
cluding angiotensin II (Ang II) have been implicated in the regulation of ACTH
secretion by acting directly on pituitary corticotrophs and/or indirectly by con-
trolling the expression and secretion of CRH and VP. A normal component of
the stress response in humans and experimental animals is activation of the re-
nin-angiotensin system, as a result of sympathetic activation (Golin et al. 1988).
This leads to increases in circulating Ang II, which contribute to cardiovascular
adaptation during stress and potentially to modulation of HPA axis activity.
Components of the renin angiotensin system, including AT, and AT, receptors,
have been identified in a number of sites related to the stress response, such as
the pituitary corticotroph, parvocellular neurons of the PVN, and brain nuclei
with afferent connections to the PVN (Aguilera et al. 1995b; Saavedra 1992; Song
et al. 1992). This chapter will discuss current knowledge on the involvement of
Ang II on the regulation of HPA axis activity at central and peripheral levels.

2
Central Regulation of the HPA Axis by Ang Il

A large body of evidence supports the involvement of Ang II in the central regu-
lation of the HPA axis (Aguilera et al. 1995b; Ganong and Murakami 1987). As
discussed below, morphological and functional studies have revealed the pres-
ence of Ang II receptors and other components of the renin-angiotensin system
in areas of the brain controlling HPA axis activity, and provided evidence for
modulatory effects of central Ang II on the HPA axis.
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2.1
Central Ang I Receptors and HPA Axis Activity

A prominent site of expression of Ang II receptors in the brain is the hypotha-
lamic PVN (Fig. I1H and M). This nucleus is the site of production of CRH and

Fig. 1A-0 Topographic distribution of Ang Il receptor subtypes in the rat brain determined by binding
autoradiography. Serial coronal sections of rat brain were incubated with '»I[Sar, lle®]Ang Il in the ab-
sence (F-J, total binding) or in the presence of saturating concentrations of AT;-specific antagonist,
Dup 753 (losartan) (A-E, AT, receptors), or the AT, antagonist, PD 123177 (K-0, AT, receptors). Abun-
dant AT, receptors are present in the PVN, a key hypothalamic center regulating the HPA axis, and areas
with connections to the PVN, including circumventricular organs (OVLT, SFO, ME and AP). AT, receptors
are present in the lateral septum, subiculum and inferior olive but not in areas relevant to HPA axis
activity (A-E). cc, cingular cortex; s/, lateral septum; OVLT, organum vasculoso of the lamina terminalis;
¢p, pirifom cortex; SFO, subfornical organ; ¢p choroid plexus; POM nucleus medianus; nist bed nucleus
of the stria terminalis; avpo anteroventral preoptic area; SFO, subfornical organ; PVN, hypothalamic
paraventricular nucleus; of, olfactory nucleus; pf, pirifom cortex; sub, subiculum; ME, median eminence;
ap, area postrema; nts, nucleus of the solitary tract; io, inferior olive
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VP, as well as a relay center for autonomic responses to stress (Cunningham and
Sawchenko 1988; Swanson and Kuypers 1980). Ang II receptors are also present
in a number of areas with connections to the PVN such as the circumventricular
organs, the nucleus of the solitary tract in the brain stem and the median emi-
nence (Millan et al. 1991; Saavedra 1992, Song et al. 1992) (Fig. 1H-O). Thus,
Ang II can influence PVN function directly by interacting with receptors in
PVN, or indirectly through release of other neurotransmitters by acting on pre-
synaptic Ang II receptors. Ang II receptors in the PVN and other areas with af-
ferent connections to the PVN are of type 1 (AT,) (Bunneman et al. 1992; Millan
et al. 1991; Saavedra 1999; Song et al. 1992). In the rat, AT, receptors at the later
locations have been identified as belonging to the AT;4 subtype (Lenkei et al.
1997; Millan et al. 1991; Saavedra 1999) (Fig. 1). As shown in Fig. 1A-E, no AT,
receptors are present in these areas. In the PVN, receptors are mainly located in
parvocellular neurons expressing CRH or CRH and VP, cells that are critical for
activation of the HPA axis during the stress response. Studies using double
staining in situ hybridization techniques with a *°S-labelled AT, receptor cRNA
probe and digoxigenin-labeled cRNA probes for CRH, VP, oxytocin or TRH
have shown that AT, receptor mRNA is located only in cells containing CRH
mRNA (Aguilera et al. 1995¢; Lenkei et al. 1995) (Fig. 2A). It is noteworthy that
in both reports only small vasopressinergic neurons, with parvocellular charac-
teristics, displayed significant AT, receptor staining (Fig. 2B). In contrast to the
clear localization of AT, receptors in parvocellular neurons, the expression of
these receptors in vasopressinergic magnocellular neurons is controversial.
While in situ hybridization studies have failed to find AT, receptors in magno-
cellular neurons (Aguilera et al. 1995; Lenkei et al. 1995), some immunohisto-

Fig. 2A, B Cellular localization of AT; receptor mRNA in the PVN determined by double labeling in situ
hybridization using *S-labeled AT, receptor cRNA probes (grains), and digoxigenin-labeled CRH (A) and
VP (B) cRNA probes. Thin arrows in A indicate representative CRH cells overlaid by AT; receptor tran-
scripts (grains). Parvicellular vasopressinergic neurons containing AT, receptor transcripts are shown by
the thin arrows in B. The thick arrows in B show magnocellular vasopressinergic neurons voided of AT,
receptor mRNA
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chemical studies have detected immunoreactivity in this region (Pfister et al.
1997). Ang II has well-recognized effects of Ang II in the central regulation of
VP secretion (Phillips 1987; Unger et al. 1985). Although the presence of low lev-
els of AT, receptor expression in magnocellular neurons cannot be ruled out, it
is likely that at least part of the effects of Ang II in the PVN are indirect. This
could be mediated through catecholamine release by activation of Ang II recep-
tors located in afferent terminals innervating PVN neurons (Unger et al. 1985;
Veltmar et al. 1992), or through glial cells, which contain abundant AT, recep-
tors (Raizada et al. 1987).

The presence of high levels of AT receptors as well as AT, receptor mRNA in
the periventricular area indicates the presence of receptors in parvicellular peri-
karya other than CRH. This region of the PVN contains mainly TRH, somato-
statin, and dopamine-producing cells (Swanson et al. 1987). The lack of signifi-
cant colocalization of AT, receptor mRNA and TRH mRNA in the periventricu-
lar area renders it unlikely that AT, receptors are in TRH cells. On the other
hand, it is likely that AT, receptors in the periventricular area are associated
with dopaminergic neurons, as suggested by the ability of central administra-
tion of Ang II to increase dopaminergic turnover in the hypothalamus and to
decrease prolactin secretion (Fuxe et al. 1980). Central administration of Ang IT
has been shown to reduce plasma levels of growth hormone (Steele et al. 1982),
and it is possible that AT, receptors located in somatostatin cells mediate this
effect.

22
Regulation of Ang Il Receptors in the PVN

The presence of AT, receptor mRNA in cells containing CRH mRNA provides
strong evidence for a role of Ang II in the regulation of CRH neurons, and sug-
gests that these receptors mediate the increases in CRH mRNA observed follow-
ing central administration of Ang II (Sumimoto et al. 1991). In situ hybridiza-
tion and binding autoradiography studies have revealed that AT, receptor levels
in the PVN are glucocorticoid dependent (Aguilera et al. 1995a). Withdrawal of
circulating glucocorticoids by surgical adrenalectomy in the rat decreases AT,
receptor expression in the PVN, while glucocorticoid administration has the op-
posite effect. Several stress paradigms have been shown to increase AT, receptor
expression in the PVN in response to stress, with a pattern of distribution iden-
tical to that of CRH mRNA, suggesting that induction occurs in parvocellular
neurons (Aguilera et al. 1995a; Armando et al. 2001; Leong et al. 2002) (Fig. 3A).
Adrenalectomy with or without glucocorticoid replacement prevents stress-in-
duced increases in AT, receptor expression, indicating that the increase in re-
ceptors is the result of the increases in circulating glucocorticoids following
stress (Fig. 3B). These changes in Ang II receptor expression in the PVN during
stress strongly suggest that Ang II has a modulatory role in PVN function dur-
ing adaptation to stress (Aguilera et al. 1995a; Leong et al. 2002). However, the
level of AT receptors in the PVN have been shown to increase during stress, ir-
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Fig. 3A, B Changes in AT; receptor mRNA expression in the PVN 4 h after 1 h restraint stress or a
single i.p. hypertonic saline injection in 4-day sham operated rats (SHAM-B) or adrenalectomized rats,
with (ADX+B) or without (ADX-B) glucocorticoid replacement. A Representative images of AT, receptor
mRNA in situ hybridization in PYN sections from controls and rats subjected to restraint stress. Bars in
B represent the mean and SE of the transmittance values obtained from the film images in five rats per
experimental group. *, p<0.001 vs respective controls; #, p<0.001 vs sham operated or ADX+B rats

respective of CRH expression and ACTH responsiveness associated with the
stressor, suggesting that the changes are a consequence of the glucocorticoid
surge rather than a determinant of the HPA axis responsiveness. For example,
AT receptors in the PVN have been shown to increase equally in somatosensory
stress paradigms associated with increased HPA responsiveness and during os-
motic stimulation, a condition which is accompanied by decreases in CRH
mRNA and ACTH responsiveness (Aguilera et al. 1995a). Although no AT, re-
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ceptors have been described in areas of the brain involved in HPA axis regula-
tion (Lenkei et al. 1997; Saavedra 1999), recent studies have shown increases in
AT, receptors in the brain and activation of the HPA axis in knock-out mice for
the AT, receptor (Armando et al. 2002). This indicates that AT, receptors can
influence the expression of AT, receptors and suggests that cross-talk between
the two receptor subtypes is critical for the angiotensinergic regulation of the
HPA axis.

23
Central Ang Il and HPA Axis Activity

Reports on the effect of central Ang II blockade on ACTH responses to stress
are conflicting. While in sheep, ICV administration of a converting enzyme in-
hibitor attenuates ACTH responses to hemorrhage (Cameron et al. 1986), ACTH
responses to ether (Buckner et al. 1986) or shaking stress (Hirasawa et al. 1990)
in the rat are unchanged by central Ang II antagonists or converting enzyme in-
hibitors. Similarly, plasma ACTH and corticosterone responses to restraint
stress were unaffected by central AT, receptor blockade with the non-peptide se-
lective antagonist, losartan (Jezova et al. 1998). This inability to suppress central
angiotensinergic activity to reduce the rise in plasma ACTH and corticosterone
indicates that, at least in the rat, central Ang II is not required for the secretory
response of the hypothalamus and pituitary to the latter acute stress paradigms.
In contrast, peripheral administration of another non-peptide AT, receptor an-
tagonist, candesartan, for 13 days was shown to abolish HPA responses to isola-
tion stress, including the elevations in plasma ACTH and corticosterone as well
as the increase in AT receptor expression in the PVN (Armando et al. 2001).
Since candesartan can cross the blood-brain barrier, it is not clear from the re-
port whether the effects of long-term administration were due to blockade of
peripheral or central AT, receptors.

Central AT, receptor blockade by icv administration of losartan attenuates
CRH mRNA responses to acute immobilization, suggesting that endogenous
Ang II in the brain is at least partially responsible for the increases in CRH
mRNA in this stress paradigm (Jezova et al. 1998) (Fig. 4). A regulatory effect of
Ang II on CRH mRNA in the PVN has also been suggested by studies showing
increased CRH mRNA following ICV injection of Ang II (Sumimoto et al. 1991).
Stress increases CRH receptor expression in the PVN but in contrast to CRH,
this effect is not prevented by central AT, receptor blockade, suggesting that
central Ang II is not involved in the regulation of hypothalamic CRH receptors
(Jezova et al. 1998). The question of whether the stimulatory effect of ICV Ang
IT on CRH mRNA is directly mediated by AT, receptors in the PVN remains to
be answered. The coexpression of AT receptors in CRH cells of the PVN (Aguil-
era et al. 1995¢; Lenkei et al. 1998), as well as the increase in Ang II binding and
AT, receptor mRNA levels (Aguilera et al. 1995a; Leong et al. 2001) in the PVN
observed following acute or chronic stress suggest a direct regulatory effect of
Ang IT on the CRH neuron. Overall, the evidence indicates that central Ang II is
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Fig. 4 Effect of acute immobilization on CRH mRNA in rats receiving an ICV injection of vehicle or
10 pg of the AT; receptor antagonist, losartan. Thirty minutes after ICV injection, rats were immobilized
for 1 h and killed at the time points indicated. Bars represent the mean and SEM of the values mea-
sured by in situ hybridization in 6~16 rats per experimental group. *, p<0.01 vs basal; # p<0.05 vs
respective control; p<0.01 vs respective control

not involved in the acute activation of the HPA axis during stress. However, it
does contribute to the regulation of CRH mRNA in the PVN and it may influ-
ence adaptive responses of the HPA axis to long-term stimulation.

3
Pituitary Effects of Angiotensin Il

Several in vitro studies in rodents and primates have shown that Ang II has the
potential to directly stimulate ACTH secretion in the pituitary corticotroph
(Hauger et al. 1982; Aguilera et al. 1982, Spinedi and Negro-Villar 1983). Studies
in isolated rat pituitary cells have shown that Ang II stimulates ACTH secretion
in a dose-dependent manner and that the peptide potentiates the stimulatory ef-
fect of CRH (Aguilera et al. 1982; Spinedi and Negro-Vilar 1983). In pituitary
cells from non-human primates, Ang II has no effect on its own, but it also en-
hances CRH-stimulated ACTH secretion (Millan et al. 1987). The pituitary ef-
fects of Ang II are mediated by AT, receptors present in the pituitary cortico-
troph of rodents and primates (Hauger et al. 1982; Zemel et al. 1990; Saavedra
1992). Studies using cell type enriched fractions of rat pituitary cells have shown
that Ang receptors are located in corticotrophs and in lactotrophs but not in
other cell types (Aguilera et al. 1983; Moreau et al. 1997). Pituitary Ang II recep-
tors correspond to AT, receptors, with the majority belonging to the AT g sub-
type, as shown by in situ hybridization and RT-PCR in fractionated pituitary
cells (Lenkey et al. 1999). In the rat, AT, receptors undergo marked down-regu-
lation following estrogen administration (Chen and Printz 1982; Platia et al.
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1986; Krishnamurthi et al. 1999). These changes probably reflect the effect of es-
trogen on AT receptors in lactotrophs, which represent about 50% of the pitui-
tary cell population. In primates, Ang II receptors are located only in corti-
cotrophs and no information is available on their subtype (Millan et al. 1990).
Although in AT, there is no evidence for an effect of glucocorticoids on anterior
pituitary Ang II binding, it has been recently reported that restraint stress in-
duces marked changes in pituitary AT, and AT,5 receptors (Leong et al. 2002).
It is not possible to rule out that some of the changes in AT, receptor expression
occurred in corticotrophs, but the magnitude of the effect suggests that they re-
flect mostly changes in lactotrophs, which constitute the larger proportion of
AT -containing cells in the rat pituitary. This finding raises the possibility that
AT receptors in lactotrophs could mediate at least in part the increases in plas-
ma prolactin, which are part of the stress response in the rat (Jurcovicova et al.
1990).

Since the affinity of pituitary Ang II receptors is in the nanomolar range
(Chen and Printz 1983; Hauger et al. 1982), low levels of receptor occupancy
would occur when exposed to circulating Ang II levels in the picomolar range.
Experiments in vivo have shown than only high infusion levels of Ang II into the
peripheral circulation increase plasma ACTH levels (Ganong and Murakami
1987) (Fig. 5). The stimulatory effect of Ang II on plasma ACTH can be prevent-
ed by administration of CRH antibody, suggesting that the effect of Ang II is in-
direct through stimulation of CRH release (Rivier et al. 1983). Supporting this
possibility, peripheral injection of Ang II has been shown to induce rapid in-
creases in CRH content in the ME followed by a decrease (Ganong and Murakami
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Fig. 5 Effect of central (i.c.v.) or peripheral (i.v.) administration of Ang Il on plasma ACTH in conscious
rats bearing jugular vein catheters. Bars are the mean and SE of values obtained in four to six rats per
group. * p<0.001 vs vehicle injected controls (0 dose); #, p<0.01 vs the respective IV dose
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1987). In addition, in the rat, Ang II is locally synthesized in the pituitary by go-
nadotropes, from where it is stored and released together with LH. Thus, it is
possible that locally released Ang II interact with receptors in corticotrophs and
lactotrophs in a paracrine manner to modulate hormone secretion (Ganong and
Murakami 1987).

Combination of in situ hybridization and immunohistochemistry studies
have shown that only a subpopulation of corticotropes (about 25%) expresses
AT1p receptors (Moreau et al. 1997). Corticotropes are heterogeneous in size,
shape, storage patterns, receptor expression and secretory responses (Childs
1992). Since in vitro Ang II can increase the percentage of cells that bind CRH
and store ACTH (Childs 1992), it is possible that the primary effect of Ang II in
the pituitary is corticotroph differentiation rather than stimulation of ACTH se-
cretion. While there is evidence that Ang II stimulates ACTH secretion at the pi-
tuitary corticotroph level, further studies are required to determine the physio-
logical importance of the direct effects of Ang II in the pituitary.

4
Adrenal Regulation by Ang II

In contrast to the key role of Ang II regulating mineralocorticoid secretion in
the adrenal zona glomerulosa, the peptide does not appear to be a major regula-
tor of glucocorticoid secretion. The functional involvement of Ang II in the zona
fasciculata may be species dependent and it may not be directly related to acute
regulation of steroidogenesis. For example, Ang II receptors show very low ex-
pression in the zona fasciculata of the rat, rendering unlikely that the peptide
has any direct effect on glucocorticoid production in this species (Belloni et al.
1998). On the other hand, AT, receptors are present in the zona fasciculata of
bovine adrenal gland and Ang II has been shown to increase cortisol production
in cultured bovine adrenal fasciculata cells (Oualy et al. 1992). Low levels of Ang
receptors have been also described in the adrenal fasciculata of human and
non-human primates (Douglas et al. 1984). Concomitantly with binding affini-
ties lower than those in the zona glomerulosa, in vitro cortisol responses to Ang
II were less sensitive than aldosterone responses in adrenal glomerulosa cells
(Douglas et al. 1984). Consistent with a minor effect of Ang II in the human ad-
renal fasciculata, i.v. infusion of Ang II has been reported to be ineffective in
modifying plasma cortisol levels in humans (Calogero et al. 1991). In addition,
no elevation in circulating glucocorticoids is associated with experimental or
pathological conditions accompanied by activation of the renin-angiotensin sys-
tem. While it is unlikely that Ang II plays a major role as a direct regulator of
adrenal fasciculata steroidogenesis, it is plausible that the peptide influences ad-
renal fasciculate responsiveness indirectly, e.g., though modulation of adrenal
medullary catecholamine production.
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5
Summary and Conclusions

Evidence is accumulating to support the direct involvement of Ang II in the reg-
ulation of HPA axis activity both at the hypothalamic and pituitary levels. Type
1 Ang II (AT,) receptors are present at sites critical for activation of the HPA
axis, including parvocellular CRH neurons in the PVN, other brain nuclei with
connections to the PVN, as well as pituitary corticotrophs. While AT, receptor
expression in the PVN undergoes regulatory changes during alterations of HPA
axis activity, these changes appear to result from altered circulating glucocorti-
coids rather than determine HPA axis responsiveness. Central AT, receptors
modulate CRH expression and possibly vasopressin in parvocellular neurons.
Intracerebroventricular injection of low doses of Ang II increase CRH mRNA
and plasma ACTH, but in a number of conditions plasma ACTH and glucocorti-
coid responses to stress are unaffected by central AT; receptor blockade. The
stimulatory effect of Ang II on ACTH secretion is mediated at least in part by
CRH release, since CRH antiserum is able to block this action. Ang II could
stimulate CRH secretion directly through interaction with receptors in the PVN
or median eminence, or indirectly by stimulating afferent neural pathways from
the circumventricular organs. AT, receptors are present in the pituitary cortico-
troph and Ang II stimulates ACTH secretion in vitro. However, there is little evi-
dence for a major role of Ang II directly regulating pituitary ACTH secretion
and it is more likely that the pituitary effects of the peptide relate to cortico-
troph differentiation.
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Abstract Angiotensin (Ang) AT, receptors are located in many regions of the
brain that influence fluid and electrolyte balance. Neurons that express AT, re-
ceptors in the subfornical organ and organum vasculosum of the lamina termi-
nalis (OVLT), circumventricular organs that lack a blood-brain barrier, are stim-
ulated by systemically administered Ang II to initiate water drinking, sodium
appetite and vasopressin secretion. Intracerebroventricular (ICV) injection of
Ang II has a potent dipsogenic effect and also stimulates vasopressin secretion,
effects probably caused mainly by an action of centrally administered Ang II on
the median preoptic nucleus. Central administration of drugs that block the AT,
receptor, or prevent angiotensinogen production in the brain, inhibit drinking
and vasopressin release in response to ICV injection of hypertonic saline, sug-
gesting that angiotensin generated within the brain may have a role in body flu-
id homeostasis. Centrally administered Ang II also causes increased excretion of
sodium by the kidney, and blockade of natriuretic responses by ICV injection of
the AT, antagonist losartan suggests that a central angiotensinergic pathway
may influence renal sodium excretion.

Keywords Subfornical organ - Organum vasculosum of the lamina terminalis
(OVLT) - Circulating angiotensin - AT, receptor - Thirst - Water drinking -
Vasopressin - Sodium appetite - Natriuresis - Brain angiotensin

Abbreviations

ACE Angiotensin converting enzyme

Ang Angiotensin

ANP Atrial natriuretic peptide

AV3-V Anteroventral third ventricle wall

ICV Intracerebroventricular

MnPO Median preoptic nucleus

OVLT Organum vasculosum of the lamina terminalis
1

Introduction

Angiotensin (Ang) exerts multiple actions on the brain to influence fluid and
electrolyte balance. These are in addition to its direct actions on the kidney and
its stimulation of aldosterone secretion by the adrenal cortex to regulate sodium
excretion. Initially, it was shown that circulating Ang II could stimulate the CNS
to influence arterial pressure (Bickerton and Buckley 1961). Following this, it
was shown that Ang II could stimulate water drinking in animals (Fitzsimons
1968), vasopressin secretion (Bonjour and Malvin 1970.) and sodium appetite
(Buggy and Fisher 1974). There is also evidence that angiotensin may act on the
brain to influence renal sodium excretion (Andersson et al. 1972).

When considering the actions of Ang on the brain, it is necessary to distin-
guish the central effects of circulating Ang II, from those that may result from
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the actions of Ang generated within the CNS. Circulating Ang II does not have
ready passage across the blood-brain barrier (Schelling et al. 1976; Fei et al.
1982). Consequently, the brain sites at which blood-borne Ang can influence the
central regulation of fluid and electrolyte homeostasis are limited to those sites
that lack the blood-brain barrier, specifically the sensory circumventricular or-
gans of the brain: the subfornical organ, organum vasculosum of the lamina ter-
minalis (OVLT) and area postrema.

1.1
Angiotensin Receptors in Brain Regions That Regulate Body Fluid Homeostasis

Studies that initially used in vitro autoradiography, and more recently in
situ hybridization and immunohistochemistry, have demonstrated that many
regions of the brain that are known to have significant roles in the central regu-
lation of fluid and electrolyte balance are sites rich in Ang receptor binding
(Mendelsohn et al. 1984; Speth et al. 1986; McKinley et al. 1987; Mendelsohn et
al. 1988). This binding represents AT; receptors, which are present in regions
such as the lamina terminalis, the supraoptic and paraventricular nuclei of the
hypothalamus, the bed nucleus of the stria terminalis, amygdala, the lateral
parabrachial nucleus, the nucleus of the solitary tract and the caudal ventrolat-
eral medulla (Song et al. 1991; Lenkei et al. 1997; Giles et al. 1998), which are all
implicated in the regulation of body fluids.

While the AT, receptors in the subfornical organ and OVLT are influenced by
circulating Ang I, those in the other aforementioned regions are not accessed
by blood-borne Ang II. There is considerable evidence to show that angiotensi-
nogen is synthesized within the brain (Stornetta et al. 1988) and that Ang pep-
tides are generated within the brain (Ganten et al. 1983; Bunnemann et al.
1993). It is probable that Ang peptides are utilized as neurotransmitters or mod-
ulators within the CNS (Lind et al. 1985).

2
Angiotensin and Thirst

2.1
Peripheral Renin-Angiotensin System

It has been known for more than 30 years that Ang II is a potent dipsogenic
agent. Pioneering studies by Fitzsimons, who studied water intake in bilaterally
nephrectomized rats, established that a renal thirst factor, which he later showed
to be renin, was necessary for water drinking in rats as a result of ligation of the
inferior vena cava (Fitzsimons 1969). Subsequently, it was shown that systemic
infusion of Ang II or renin was a stimulus to water drinking in many mammals,
including rats, mice, dogs, sheep, goats, cows, monkeys and humans. In addi-
tion, peripherally administered Ang II is a dipsogenic agent in avian and reptil-
ian species (Kobayashi et al. 1979). It has also been shown in an amphibian (the
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spadefoot toad) that Ang IT has a central action to stimulate the toad to press
its ventral skin to a moist surface and increase water uptake across the skin
(Propper et al. 1995). A complete list of vertebrate species that have been shown
to respond with a drinking response to peripheral administration of angiotensin
has been provided by Fitzsimons (1998).

Administration of Ang II directly into the common carotid artery has been
shown to be a more potent stimulus to water drinking in dogs and sheep than
similar or greater amounts of intravenously infused Ang II. These results dem-
onstrated that Ang II from the circulation probably acted directly on the brain
to stimulate drinking behavior (Abraham et al. 1975; Reid et al. 1982). While
numerous studies showed that systemically infused Ang II stimulates water
drinking, the infusion rates needed to produce this effect often yielded blood
concentrations of Ang II in excess of physiologically relevant concentrations.
This appears to be the case in sheep and humans (Abraham et al. 1975; Phillips
et al. 1985). However, in dogs and rats, blood Ang II levels associated with vari-
ous physiological and pathophysiological conditions are sufficient to cause
drinking (Hsiao et al. 1977; Ramsay et al. 1978; Fitzsimons and Kucharczyk
1978; Mann et al. 1980; Johnson et al. 1981).

An important consideration in regard to whether circulating concentrations
of Ang II stimulate drinking is the concomitant inhibitory influence on drinking
behavior of baroreceptor activation resulting from Ang I’s pressor effect. If the
pressor response is blocked or reduced by simultaneously administered capto-
pril and vasodilator agents, the threshold dose of Ang II for water drinking
could be reduced considerably (Robinson and Evered 1987; Evered et al. 1988).
Thus, experiments that show lack of a dipsogenic response to systemically in-
fused Ang II have to be regarded with caution because of the concomitant pres-
sor response. In physiological conditions of hypovolemia or sodium depletion,
in which Ang II levels rise, but no increase in arterial pressure occurs, the inhib-
itory influences from baroreceptors would not be a factor.

2.2
Effects of Peripherally Administered Angiotensin Antagonists on Drinking

In regard to the receptor subtype utilized by circulating Ang II to induce drink-
ing, peripheral administration of the AT antagonist losartan, but not the AT,
antagonist PD 123177, prevented water drinking in response to subcutaneously
administered Ang II (Fregly and Rowland 1991; Dourish et al. 1992). Dipsogenic
responses to systemically infused Ang II can also be inhibited by centrally ad-
ministered Ang antagonists. ICV administration of either the peptide analogue
antagonist saralasin, or the specific AT; receptor antagonist losartan, inhibits
water drinking induced by peripherally administered Ang II. Indeed, most stud-
ies of the effects of Ang receptor antagonists on water intake have employed the
cerebroventricular route of delivery, and these will be discussed in a later sec-
tion of this chapter. However, it should be pointed out that the Ang receptors
that are directly stimulated by systemic Ang II are not necessarily the same Ang
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Fig. 1 Diagram of a mid-sagittal section of the rat brain showing some neural pathways (indicated by
dashed lines) influencing salt and water balance that are stimulated by either circulating or intracere-
broventricularly injected angiotensin II. The question marks indicate that the cortical sites subserving
thirst and salt appetite are unknown. /CV, intracerebroventricular; MnPO, median preoptic nucleus; OVLT,
organum vasculosum of the lamina terminalis; PYN, hypothalamic paraventricular nucleus; SFO, subfor-
nical organ; SON, supraoptic nucleus

receptors that are being blocked by centrally administered Ang antagonists. This
is because of the probable existence of a central neural pathway, driven by Ang
II as a neurotransmitter in the median preoptic nucleus (MnPO), mediating
drinking caused by circulating Ang II (Fig. 1) (Johnson et al. 1996). Neverthe-
less, the effectiveness of systemic AT, antagonists in blocking drinking respons-
es clearly point to AT, receptors mediating water drinking caused by circulating
Ang II. Peripherally administered AT, antagonists candesartan and telmisartan
inhibit dipsogenic, vasopressin and pressor responses to centrally administered
Ang II, showing that these AT, antagonists may gain access to Ang receptors for
thirst inside the blood-brain barrier (Gohlke et al. 2001; Gohlke 2002).

23
Brain Site of the Dipsogenic Action of Circulating Angiotensin

The evidence that circulating Ang II is prevented from entering the interstitium
of the brain by the blood-brain barrier (Schelling et al. 1976) leads to the ques-
tion of how and where it can influence brain function to stimulate thirst. In the
rat, it was initially shown that the subfornical organ is the central site for the
dipsogenic actions of circulating Ang II (Fig. 1). Microinjection of very small
quantities of Ang II into this circumventricular organ stimulates water drinking,
and ablation of the subfornical organ prevents water drinking in response to
systemically infused Ang II (Simpson and Routtenberg 1973; Simpson et al.
1978). Moreover, the subfornical organ contains some of the highest densities of
AT\ receptors in the brain (Lenkei et al. 1997; Allen et al. 2000) and along with
other circumventricular organs is devoid of a blood-brain barrier because it has
a fenestrated capillary endothelium (McKinley et al. 1991). Ablation of the sub-
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fornical organ in rats also prevents water drinking in response to stimuli that
increase circulating levels of Ang II such as subcutaneous injection of the $-ad-
renergic agonist isoproterenol (Fitts 1994). The subfornical organ also mediates
Ang IT-induced drinking in the dog (Thrasher et al. 1982). In the sheep, howev-
er, ablation of the subfornical organ did not prevent the water drinking in re-
sponse to systemically infused Ang II; it was suggested that the other circum-
ventricular organ of the lamina terminalis, the organum vasculosum of the
lamina terminalis (OVLT) may also play a role (McKinley et al. 1986). It should
be pointed out that ablation of the subfornical organ has only a minor inhibito-
ry effect, if any, on the drinking induced by intracerebroventricular (ICV) ad-
ministration of Ang II (Lind and Johnson 1982), which must act mostly at an-
other central site (discussed in Sect. 2.6, “Brain Sites for the Dipsogenic Action
of the Centrally Administered Angiotensin” in this chapter). Atrial natriuretic
peptide (ANP) injected into the subfornical organ inhibits Ang-induced drink-
ing (Ehrlich and Fitts 1990), probably because it directly inhibits Ang-sensitive
neurons in this site (Schmid and Simon 1992).

24
Effect of Angiotensin-Converting Enzyme Inhibitors on Drinking

The subfornical organ (and the OVLT) of the rat contains extremely high con-
centrations of angiotensin-converting enzyme (ACE), which enables Ang I de-
rived from the circulation to be converted to Ang II locally within the subforni-
cal organ and OVLT. This locally produced Ang II may be able to interact with
the AT, receptors in the subfornical organ to mediate drinking behavior, and in-
deed there is evidence to support this view. Early studies of the effects of ACE
inhibitors on water drinking in the rat reported that there was a paradoxical en-
hancement of drinking when the prototype ACE inhibitor SQ 20881 was admin-
istered peripherally to rats in conditions where the renin-angiotensin system is
stimulated (Lehr et al. 1974). Subsequent studies using other ACE inhibitors
such as captopril and enalapril also reported enhanced water drinking by rats
when these agents were administered orally or subcutaneously (Schiffrin and
Genest 1982; Elfont and Fitzsimons 1983; Weisinger et al. 1988). The probable
explanation of the water drinking caused by systemic administration of ACE in-
hibitors is that the peripheral doses of ACE inhibitors are sufficient to block the
conversion of circulating Ang I to Ang II, but not sufficient to block the very
high concentrations of ACE within the subfornical organ and OVLT. Thus, circu-
lating levels of renin and Ang I become greatly elevated due to lack of feedback
inhibition of Ang II on the secretion of renin by the kidney. These high circulat-
ing levels of Ang I can reach the interstitium of the subfornical organ and are
converted there to Ang II, with subsequent stimulation of AT; receptors in the
subfornical organ and water drinking. Evidence to support this view comes
from observations that much greater peripheral doses of ACE inhibitors or di-
rect injection of ACE inhibitor into the subfornical organ that will block ACE
and therefore local production of Ang II in the subfornical organ and OVLT pre-
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vent such water drinking (Thunhorst et al. 1989). Studies utilizing c-fos expres-
sion as an indicator of neuronal activation show that dipsogenic doses of capto-
pril or enalapril cause many neurons in the subfornical organ and OVLT to be
activated, while this effect, and the enhanced drinking, is blocked by peripheral-
ly administered AT, antagonist or by much higher peripheral doses of the ACE
inhibitors (McKinley et al. 1997).

25
Dipsogenic Effects of Centrally Administered Angiotensin Peptides

Numerous studies have shown that microinjection of Ang II into the lateral
or third cerebral ventricle is a potent stimulus to water drinking in mammals
(Epstein et al. 1970; Severs et al. 1971; Andersson et al. 1972; Abraham et al.
1975; Fitzsimons and Kucharczyk 1978). Microinjection of Ang II into more spe-
cific sites such as the anteroventral third ventricle wall (AV3V) region, median
preoptic nucleus (O’Neill and Brody 1987), lateral preoptic region (Fitzsimons
and Kucharczyk 1978), lateral hypothalamus (Tanaka et al. 2001), subfornical
organ (Simpson and Routtenberg 1971) or hypothalamic paraventricular nucle-
us (Jensen et al. 1992) has been reported to also stimulate drinking. Other com-
ponents of the renin-angiotensin system - renin, the decapeptide Ang I, Ang-
tetradecapeptide, and the heptapeptide Ang 2-8 (Ang III) also stimulate drink-
ing behavior in the rat when injected centrally; however, the hexapeptide Ang
3-8 is a much less effective dipsogen (Fitzsimons 1971). Centrally administered
Ang III is equally as dipsogenic as Ang II in the rat and baboon (Wright et al.
1985; Blair-West et al. 2001), but less so in the sheep (Weisinger et al. 1996). Bes-
tatin, an inhibitor of aminopeptidase N, increases the half-life of Ang III in
brain and has been shown to cause water drinking when administered intracere-
broventricularly. It also potentiates the drinking response to centrally adminis-
tered Ang II and Ang III. It was suggested that central conversion of Ang II to
Ang III is necessary for Ang-induced drinking, and that in the brain, Ang III is
a major endogenous dipsogenic peptide (Wright et al. 1988).

2.6
Brain Sites for the Dipsogenic Action of Centrally Administered Angiotensin

As mentioned in the previous paragraph, injections of Ang II into various brain
regions cause water drinking in rats. Johnson and Epstein (1975) pointed out
that for the sites in the brain where microinjections of Ang were dipsogenic, the
injector needle usually had to traverse a ventricular space, and they suggested
that much of the drinking stimulated by central injection of Ang was due to
leakage of Ang into the ventricular space. It was also shown that when Ang was
injected centrally, if it was prevented from reaching the (AV3V) region by a cold
cream plug placed in the anterior part of the third ventricle, the injection of
Ang was not dipsogenic. Because ablation of the AV3V region, but not the sub-
fornical organ, abolished the dipsogenic effect of ICV injection of Ang II, they
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suggested that the AV3V rather than subfornical organ was the central site at
which ICV Ang II induced drinking (Buggy and Fisher 1975; Buggy and Johnson
1977), a proposal also put forward by Andersson et al. (1975) as a result of stud-
ies of periventricular lesions in goats. The entire anterior wall of the third ven-
tricle, which includes the median preoptic nucleus, is rich in AT, receptors
(Song et al. 1992; Lenkei et al. 1997). Neurochemical ablation of the MnPO abol-
ishes drinking in response to ICV Ang II (Cunningham et al. 1992) and direct
microinjection of Ang II into the MnPO stimulates drinking (O’Neill and Brody
1987). Studies of immediate early gene expression also show that the MnPO is
the main site in the AV3V that is stimulated by ICV injection of Ang II (Herbert
et al. 1992; Lebrun et al. 1995; McKinley et al. 1995). Thus it likely that the
MnPO is the major site in the AV3V region at which centrally administered Ang
IT acts to stimulate water drinking (Fig. 1).

2.7
Brain Angiotensin and Water Drinking

The effectiveness of centrally administered Ang peptides in eliciting drinking
raises the question as to whether Ang endogenous to the brain is a dipsogenic
agent. All components of a renin angiotensin system, renin, angiotensinogen,
ACE, Ang I, 11, and III, and Ang receptors are present in several parts of the
brain (Ganten et al. 1983; Brownfield et al. 1983; Stornetta et al. 1988; Bunne-
mann et al. 1993; Dzau et al. 1996). An extensive angiotensinergic system of
neurons and fibers has been mapped immunohistochemically and Ang immu-
noreactivity has been shown to be present in vesicles in synaptic profiles in rat
brain (Lind et al. 1985; Oldfield et al. 1989). It has been proposed that some neu-
ral inputs to the MnPO utilize Ang as a neurotransmitter (Johnson et al. 1996).
Evidence that Ang that is intrinsic to the brain participates in the generation of
thirst comes from studies in which various pharmacological agents have been
used to block receptors that may respond to brain Ang or by inhibiting the pro-
duction of Ang within the brain.

28
Effect of Centrally Administered Angiotensin Inhibitors on Drinking

Several classes of pharmacological agents have been used centrally to block wa-
ter drinking associated with Ang. These include both nonselective peptide an-
tagonists, selective AT, and AT, receptor antagonists, ACE inhibitors and anti-
sense oligonucleotides.
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2.8.1
Peptide Antagonists

ICV administration of saralasin (Sar'-Ala® Ang II) was initially used to block
drinking in response to either peripherally or centrally administered Ang II
(Abraham et al. 1976). While some investigators reported that ICV administra-
tion of saralasin could block drinking in response to water deprivation (Malvin
et al. 1977), the majority of reports did not (Abraham et al. 1976; Lee et al.1981).
Peptide Ang-analogue antagonists used in combination with muscarinic block-
ade suppressed water drinking in response to a dehydrative stimulus (Hoffmann
et al. 1978). Because blood levels of Ang II increase in dehydrated animals, these
experiments do not delineate whether it was centrally or peripherally derived
Ang that was blocked.

2.8.2
Non-peptide Antagonists

ICV administration of AT, receptor antagonists (losartan, valsartan), at doses
that do not escape into the periphery, have been consistently shown to exert a
powerful block on water drinking in response to centrally administered Ang II
(Fregly and Rowland 1991; Beresford and Fitzsimons 1992; McKinley et al.
1996), consistent with the presence of high densities of AT, receptors in the
MnPO, a brain region crucial for Ang-stimulated drinking. Some centrally ad-
ministered AT, antagonists have also been reported to block drinking in re-
sponse to ICV Ang II (Rowland et al. 1992; Cooney and Fitzsimons 1993). How-
ever, the effective molar doses were higher than for AT, antagonists, and several
investigators did not observe inhibition of the Ang-stimulated drinking re-
sponse with PD123319, a widely used AT, antagonist (Beresford and Fitzsimons
1992; McKinley et al. 1996; Blair-West et al. 1997).

In addition to its blockade of drinking in response to centrally administered
Ang, ICV losartan has been shown to block the water drinking that is stimulated
by centrally administered hypertonic saline in several species (Blair-West et al.
1993; Mathai et al. 1996). It did not block drinking to intravenous infusion of
hypertonic NaCl (Mathai et al. 1996). ICV losartan also inhibited the water in-
take stimulated by the administration of the hormone relaxin by either a pe-
ripheral or central route (Sinnayah et al. 1998; McKinley et al. 2001), as did ICV
saralasin (Summerlee and Robertson 1995). It is unlikely that circulating Ang II
levels were increased by the dipsogenic stimuli used in these experiments; there-
fore it seems likely that central stimulation with hypertonic saline or relaxin ac-
tivates brain angiotensinergic pathways that participate in thirst mechanisms.
This is in parallel with the role that such angiotensinergic pathways may play in
the pressor response or vasopressin secretion stimulated by centrally adminis-
tered hypertonic saline or relaxin (Rohmeiss et al. 1996; Geddes et al. 1994).



124 M. J. McKinley et al.

2.8.3
Antisense Oligonucleotides

Further support for the idea that brain-derived Ang II mediates dipsogenic re-
sponses comes from results using antisense oligonucleotides directed against an-
giotensinogen production in the brain. ICV administration of an 18mer antisense
oligonucleotide complementary to the translation start codon region of angio-
tensinogen mRNA for 24 h caused a reduction in the drinking response to cen-
trally administered hog renin in rats. Equivalent doses of mismatch or scrambled
oligonucleotides did not, suggesting that less angiotensinogen was available to be
cleaved to Ang peptides in the brain (Sinnayah et al. 1998). As well, such anti-
sense treatment also caused a large reduction in the drinking response to subcu-
taneously administered isoproterenol, but not to several other dipsogenic stimuli
that included water deprivation and ICV carbachol (Sinnayah et al. 1998). These
results show that antisense treatment did not nonspecifically depress behavior,
and also that circulating Ang II, which mediates isoproterenol-induced drinking,
utilizes Ang that is synthesized in the brain in the neural pathways subserving its
dipsogenic action. It has also been shown that ICV treatment with an antisense
molecule directed against synthesis of the AT, receptor reduces the dipsogenic
response to ICV Ang II (Sakai et al. 1994; Meng et al. 1994).

3
Sodium Appetite

3.1
Effect of Peripherally or Centrally Administered Angiotensin on Sodium Appetite

The administration of Ang II either directly into the brain of the rat, or periph-
erally, causes an increase in the appetite for NaCl (Buggy and Fisher 1974;
Findlay and Epstein 1980; Bryant et al. 1980). Peripheral administration of renin
or isoproterenol, which increase the blood levels of endogenous Ang II, do not
initially stimulate a salt appetite; however, after repeated administration over
days, a salt hunger is observed (Bryant et al. 1980). In other species that have
been studied such as the sheep, mice and baboon, ICV administration of renin
or Ang II increases the intake of hypertonic salt solution (Coghlan et al. 1981;
Denton et al. 1990; Blair-West et al. 1998), although in the sheep there was evi-
dence that a sodium deficit secondary to the natriuretic effect of ICV Ang II
may have been the stimulus for the increased salt intake (Coghlan et al. 1981;
Weisinger et al. 1986). The intake of NaCl in response to centrally administered
Ang I, is significantly potentiated by simultaneously administered aldosterone
(Fluharty and Epstein 1983; Sakai 1986), leading to the proposal that brain Ang
acts in synergy with aldosterone to mediate the hunger for salt that may occur
in sodium-depleted animals. Such a synergistic action between Ang and aldo-
sterone has also been reported to occur in the pigeon (Massi and Epstein 1990)
and baboon (Shade et al. 2002).
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3.2
Effect of ACE Inhibitors and Angiotensin Antagonists on Salt Appetite

Similar to the enhancement of water drinking that occurs in the rat following
peripheral treatment with captopril, the intake of NaCl in Na-replete (Fregly
1980; Evered and Robinson 1983; Elfont et al. 1984), Na-depleted (Moe et al.
1984; Weisinger et al. 1988), adrenalectomized (Elfont and Fitzsimons 1981) or
hypovolemic (Stricker 1983) rats is increased by peripherally administered cap-
topril or enalapril at 0.05-0.5 pg/kg. Treatment of rats with higher doses of cap-
topril or enalapril (50-100 mg/kg) caused a reduction of NaCl intake in Na-de-
pleted or adrenalectomized rats (Elfont and Fitzsimons 1981; Di Nicolantonio et
al. 1982; Moe et al. 1984; Weisinger et al. 1988). These data have led to the sug-
gestion that low doses of captopril, which may block peripheral but not central
ACE, cause high levels of Ang I peripherally, which are then converted to Ang II
centrally, because insufficient amounts of the ACE inhibitors reach the brain.
On the other hand, the higher doses of captopril or enalapril block both periph-
eral and central ACE, and therefore the inhibition of Ang II formation in the
brain inhibits salt appetite (Evered et al. 1980; Moe et al. 1984).

Further support for a physiological role of brain Ang II in the salt appetite of
Na-depleted rats came from studies using the peptide antagonist, sarile, which
blocks both AT; and AT, receptors. Sakai et al. (1990) observed that peripherally
administered Ang II did not stimulate a sodium appetite, whether administered
alone or in combination with mineralocorticoid treatment, whereas centrally
administered Ang II was effective in this regard. They also showed that inhibi-
tion of Ang receptors by peripheral administration of the Ang antagonist sarile
did not inhibit salt intake in Na-depleted rats, whereas centrally administered
sarile was effective. This prompted these investigators to propose that brain Ang
rather than circulating Ang mediated salt appetite (Sakai et al. 1990).

In double transgenic mice that expressed the human renin gene and also ex-
pressed the human angiotensinogen gene under the control of a neuron-specific
promoter synapsin I, there was an increase in their preference for salt (Morimoto
et al. 2002a), suggesting that neurally generated Ang in the brain plays a role in
the generation of sodium appetite. When the human angiotensinogen gene was
placed under the control of a glial-specific promoter (glial fibrillary acid pro-
tein) in transgenic mice expressing human renin, the salt preference of these an-
imals was also elevated (Morimoto et al. 2002b). These data indicate that cen-
trally generated Ang in both glia and neurons may have a role in sodium appe-
tite in mice.

Studies with ACE inhibitors in ruminants, however, showed that circulating
Ang II may be an important factor in the genesis of salt appetite in sodium-de-
pleted animals. In both the sheep and cow, systemically administered captopril
did cause a large inhibition of Na intake in Na-depleted animals, and it was
found that intravenously infused Ang II at relatively low doses restored the Na
appetite of these ACE-treated Na-depleted animals. Centrally infused Ang II did
not restore the sodium appetite of such animals. It was suggested that blood-
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borne Ang II acting on Ang receptors outside the blood-brain barrier, such as
those in circumventricular organs, stimulated a hunger for salt in these animals
(Weisinger et al. 1987; Blair-West et al. 1988). Following these studies, systemi-
cally infused Ang II has been shown to be effective in restoring the sodium ap-
petite of captopril-treated rats that had been sodium depleted by furosemide ad-
ministration or adrenalectomy (Thunhorst et al. 1994; Weisinger et al. 1996;
Schloorlemmer et al. 2001), suggesting that the rat, like the ruminant species,
utilizes circulating Ang II as a signal to the brain to initiate a sodium appetite.

3.3
Brain Regions Mediating Influences of Angiotensin on Sodium Appetite

Following suggestions that circulating Ang II may act on circumventricular
organs to stimulate sodium appetite, it was shown in the rat that ablation of
the subfornical organ did cause a reduction in salt intake in salt-deficient rats
(Weisinger et al. 1990; Thunhorst et al. 1990). However, in these rats, the Ang-
dependent enhanced salt intake that occurs in response to the combination of
sodium depletion and a low dose of captopril was not affected by ablation of the
subfornical organ (Weisinger et al. 1990). As well, while microinjection of Ang
II directly into the subfornical organ rapidly stimulates water drinking, it does
not normally stimulate a salt appetite (Fitts et al. 2000). On the other hand, the
other circumventricular organ of the lamina terminalis, the OVLT, may play an
important role in Ang-mediated sodium appetite (Fig. 1). Injection of Ang II
into the region of the OVLT stimulates an increase in salt intake in rats (Fitts et
al. 2000), and ablation of the ventral lamina terminalis, which includes the
OVLT, depresses the salt intake of sodium-depleted rats (Chiaraviglio 1984, Fitts
et al. 1990) and also reduces the enhancement of salt appetite caused by treat-
ment with oral doses of captopril (Fitts et al. 1990).

Ablation of the bed nucleus of the stria terminalis or the central nucleus of
the amygdala also prevents increased sodium intake in sodium-depleted rats,
suggestive that these regions have a physiological role in Ang-mediated sodium
appetite (Galaverna et al. 1992; Johnson et al.1999). Several of the above-men-
tioned brain regions are also implicated by studies of immediate early gene ex-
pression in the rat brain in response to sodium depletion. Expression of c-fos in
rats depleted of sodium chloride by either peritoneal dialysis or by treatment
with the diuretic, furosemide, indicates that an increase in activity of neurons in
the subfornical organ, OVLT, the central nucleus of the amygdala and bed nucle-
us of the stria terminalis, and the hypothalamic paraventricular and supraoptic
nuclei occurs (Vivas et al. 1996; Thunhorst et al. 1998; Rowland et al. 1996).
These regions are also activated by systemically infused Ang II (McKinley et al.
1992).
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4
Vasopressin Secretion

4.1
Effect of Systemically Infused Angiotensin on Vasopressin Secretion

Included in the spectrum of responses that circulating Ang II is able to elicit via
an action on the central nervous system, is secretion of the antidiuretic hor-
mone vasopressin. Intravenously infused Ang II or renin was shown to increase
the blood levels of vasopressin in dogs (Bonjour and Malvin 1970; Mouw et al.
1971; Reid et al. 1982; Ramsay et al. 1978; Thrasher 1985) by some but not all
investigators who studied this question (Shade and Share 1975; Cadnapathornchai
et al. 1975; Claybough et al. 1972).

Some of the investigators who did observe systemic infusions of Ang II at
rates of 5-40 ng/kg/min to stimulate vasopressin secretion did not observe such
an effect at higher infusion rates (Bonjour and Malvin 1970). As pointed out in
several of the above publications, one of the factors that comes into play with
systemic infusions of Ang II is the inhibitory influence that baroreceptor activa-
tion may have on vasopressin secretion that would be a consequence of the con-
comitant increase in arterial pressure. Other influences may also affect Ang
[I-induced vasopressin secretion. For instance, it has been observed that intra-
venous infusion of Ang II at 20 ng/kg/min progressively increases plasma vaso-
pressin concentration over 60 min of infusion if dogs are not allowed to drink
water. If dogs are allowed access to fluid and drink water in response to this rate
of infusion, no increase in plasma vasopressin levels occurs (Ramsay et al.
1988). In some studies investigating the effects of systemically infused Ang II
on vasopressin secretion, dogs were either water loaded or anesthetized
{Cadnapathornchai et al. 1975; Shade and Share 1975), and these factors may
have influenced the release of vasopressin.

Several studies have consistently shown that intravenous infusion of Ang II at
20 ng/kg/min in conscious dogs will stimulate increases in plasma vasopressin
levels (Reid et al. 1982; Thrasher 1985; Ramsay et al. 1988). Reid et al. (1982)
considered that the blood levels of Ang II required to stimulate vasopressin se-
cretion were probably supraphysiological. Their observation that infusion of
Ang Il into carotid artery was a more effective stimulus to vasopressin secretion
than the same dose administered into the femoral vein indicated that it was like-
ly that Ang II acted directly on the brain to stimulate vasopressin secretion, a
conclusion also reached by Mouw et al. (1971).

The initial studies in human subjects (uremic patients) were unable to
show that intravenously infused Ang II stimulated the release of vasopressin
(Hammer et al. 1980). However, more recently it has been shown that intra-
venously infused Ang II at 4-16 ng/kg/min increased plasma vasopressin con-
centrations in normal males (Chiodera et al. 1998), a response blocked by losar-
tan, indicating that circulating Ang II acts on AT, receptors to stimulate vaso-
pressin secretion (Chiodera et al. 1998).
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4.2
Role of the Subfornical Organ and OVLT

For circulating Ang II to stimulate the secretion of vasopressin, it would be nec-
essary for it to act on Ang II receptors that are on neurons accessible from the
blood-stream, and connected (either directly or polysynaptically) to the vaso-
pressin-secreting neurons of the hypothalamic supraoptic and paraventricular
nuclei. Both the subfornical organ and OVLT have direct efferent connections to
the supraoptic and paraventricular nuclei (Miselis et al. 1979). The two circum-
ventricular organs may also connect to the neurosecretory cells of the supraop-
tic and paraventricular nuclei via a synaptic relay in the MnPO (Tanaka et al.
1997; Oldfield et al. 1990). As previously noted, neurons within the subfornical
organ are rich in Ang II AT, receptors (Lenkei et al. 1997; Allen et al. 2000) and
electrophysiological evidence in rats has shown that neurons within the subfor-
nical organ that have efferent connections to the supraoptic and paraventricular
nuclei are directly activated by blood-borne Ang II (Ferguson and Renaud 1986,
Gutman et al. 1988; Tanaka et al. 1985). It is also likely that blood-borne Ang II
may stimulate the indirect pathway from the subfornical organ to the paraven-
tricular nucleus via a relay in the MnPO (Tanaka et al. 1987).

Further evidence that Ang receptors in the subfornical organ of the rat relay
signals to the vasopressin-containing neurons of the hypothalamus comes from
the study of lesions of the subfornical organ in this species. Ablation of the
subfornical organ or transection of its efferent fibers in the rat caused an atten-
uation in the vasopressin released in response to systemic infusion of Ang II
(Mangiapane et al. 1984; Knepel et al. 1982). Consistent with the concept of the
subfornical organ being a site for circulating Ang II to influence vasopressin se-
cretion is evidence from experiments investigating c-fos expression. Intra-
venously infused Ang II activates many neurons in the subfornical organ and
the OVLT of conscious rats, as indicated by increased Fos immunoreactivity in
these CVOs (McKinley et al. 1992). A significant proportion of the neurons in
the subfornical organ that are activated by circulating Ang II have direct efferent
projections to the supraoptic nucleus (Oldfield et al. 1994). These experiments
also showed that neurons in the OVLT that project to the supraoptic nucleus are
also stimulated by blood-borne Ang II. The fraction connecting to the supraop-
tic nucleus was less than that in the subfornical organ.

In regard to neurons in the OVLT mediating Ang II-stimulated vasopressin
release, ablation of this CVO prevents vasopressin secretion in response to cir-
culating Ang II in the dog (Thrasher 1985). It was proposed that the reason that
OVLT lesions abolished Ang II-stimulated AVP secretion may have been because
it removes a major facilitatory input to the median preoptic nucleus. This could
lead to the threshold for excitatory input from the subfornical organ to the me-
dian preoptic nucleus being increased, with this latter site relaying signals on to
vasopressin secreting cells (Thrasher 1985).

ANP has an inhibitory effect on Ang-stimulated vasopressin release
(Antunes-Rodrigues et al. 1985). This may be the result of the action of ANP
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directly inhibiting Ang-sensitive neurons in the subfornical organ (Schmid and
Simon 1992) and possibly other regions of the brain as well.

43
Effects of Centrally Administered Angiotensin on Vasopressin Secretion

While the effects of systemically infused Ang II on vasopressin secretion were
somewhat equivocal, this is not the case with the effect of ICV administration of
Ang II on vasopressin release and urine output. Many investigators in a variety
of species have demonstrated that ICV infusion of Ang II or renin causes a
marked reduction in urine output, renal free water clearance and increased ur-
ine osmolality in water-loaded animals (Severs et al. 1971; Hoffman et al. 1979;
Andersson et al. 1972; Malayan and Reid 1976). This is almost certainly due to
release of vasopressin because plasma AVP levels increase following an ICV in-
fusion of Ang II or renin (Keil et al. 1975; Malayan et al. 1979; Yamaguchi et al.
1980). The effect of ICV infusion of Ang II to stimulate vasopressin release was
inhibited by central administration of an aminopeptidase A inhibitor EC33,
which prevents the conversion of Ang II to Ang III (Zini et al. 1996). These re-
searchers also showed that ICV administration of an aminopeptidase N inhibi-
tor, EC27, which prevented Ang III degradation, increased plasma vasopressin
levels, this effect being inhibited by concomitant administration of saralasin.
They proposed that Ang III is an important effector peptide for brain Ang
mechanisms stimulating vasopressin secretion (Zini et al. 1996).

4.4
Site of Action of ICV Angiotensin to Stimulate Vasopressin Secretion

In regard to the brain sites at which ICV Ang II acts to stimulate vasopressin se-
cretion, it seems likely that the MnPO is of particular importance. Ablation of
the AV3V region blocks antidiuresis and vasopressin release in response to ICV
infusion of Ang II in goats and rats, even though the vasopressin secreting neu-
rons of the supraoptic and paraventricular nuclei are intact (Andersson et al.
1975; Bealer et al. 1979). This AV3V region encompasses a considerable part of
the MnPO, which is a site of high-density AT, receptors, and ablation of the
MnPO alone also prevents vasopressin secretion in response to ICV infusion of
Ang II (Mangiapane et al. 1983). Neurons in the MnPO are directly sensitive to
iontophoretically applied Ang II (Tanaka et al. 1987) and a tetrodotoxin-sensi-
tive inward current in response to Ang II in was noted in voltage clamp record-
ings (Bai and Renaud 1998). ICV Ang II has been shown to strongly activate
neurons in the MnPO, as shown by increased Fos immunoreactivity (McKinley
et al. 1995) and neurons within this nucleus have efferent projections to vaso-
pressin-secreting neurons of the supraoptic nucleus (Miselis 1981). It is unlikely
that circulating Ang II has access to the MnPO because of the presence of the
blood-brain barrier. Therefore Ang II that is generated within the brain is the
likely endogenous ligand for AT, receptors in this nucleus that influences vaso-
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pressin release. Microinjection of losartan or cholinergic antagonists into the
hypothalamic paraventricular nucleus also suppressed vasopressin release in re-
sponse to non-pressor doses of ICV hypertonic saline, suggesting the paraven-
tricular nucleus is also a site at which brain Ang mediates vasopressin release
(Qadri et al. 1998).

45
Effect of Centrally Administered Inhibitors on Vasopressin Secretion

Initial studies of Ang antagonists used ICV administration of the nonselective
Ang receptor antagonist saralasin. In rats, ICV administration of 10-100 ng
saralasin blocked the increase in plasma vasopressin that occurs in response
to ICV injection of Ang II (Yamaguchi et al. 1980; Keil et al. 1983). Yamaguchi
and colleagues also showed that centrally administered saralasin (1 pg) reduced
the plasma vasopressin levels of rats that had been water deprived, made hypo-
volemic by subcutaneous injection of polyethylene glycol, or injected with hy-
pertonic saline (Yamaguchi et al. 1980, 1982). However, ICV injection of sarile
(0.5-10 pg) did not reduce the vasopressin response to 24-72 h water deprivation
or to hypertonic saline administration in rats, although when combined with
ICV atropine, a 30% reduction in vasopressin levels in response to 48 h water
deprivation was observed, leading to speculation that while central Ang is of sig-
nificance for AVP release, redundancy exists in the central integrative mecha-
nisms controlling vasopressin secretion (Keil et al. 1983). In vitro studies of hy-
pothalamic explants showed that the osmotic stimulation of AVP release was in-
hibited by the addition of saralasin to the bathing medium, suggesting central
Ang mediation of osmotically stimulated vasopressin release (Sladek and Joynt
1980).

In the last decade, specific inhibition of AT, or AT, receptors has been
achieved by the central administration of either non-peptide receptor antago-
nists or antisense oligonucleotides. In rats and sheep, central administration of
losartan blocked vasopressin secretion in response to centrally administered
Ang 11 (Hogarty et al. 1992; Mathai et al. 1998); however, it was reported that
ICV administration of an AT, antagonist also inhibited this response (Hogarty
et al. 1992). Further evidence to support a role for AT, receptors in vasopressin
secretion comes from studies showing that central administration of an anti-
sense oligonucleotide to the AT; mRNA blocked vasopressin secretion to ICV
Ang II (Meng et al. 1994). In addition, mice in which the gene for the AT, recep-
tor had been deleted failed to increase vasopressin levels in response to water
deprivation (Morris et al. 1999). This result would be consistent with studies
showing that ICV administration of losartan can inhibit vasopressin secretion
in response to centrally administered hypertonic saline (Hogarty et al. 1984;
Rohmeiss et al. 1996; Mathai et al. 1998) and suggests that an angiotensinergic
synaptic relay is involved in the osmotic stimulation of vasopressin secretion.
Transgenic rats in which expression of an antisense nucleotide sequence re-
duced glial angiotensinogen production in the brain by more than 90% show
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impaired vasopressin secretion (Schinke et al. 1999). This results in a moderate
form of diabetes insipidus, suggesting that brain Ang plays a role in the tonic
release of vasopressin in rats.

5
Sodium Excretion

Unlike circulating Ang II, which promotes sodium retention by the kidney sec-
ondarily to aldosterone secretion, brain Ang II appears to promote the excretion
of electrolytes. The main data supporting this contention comes from studies
showing that ICV administration of Ang II causes a rapid and large increase in
renal Na excretion in rats, goats, sheep, and dogs (Severs et al. 1970; Andersson
et al. 1972; Coghlan et al. 1981). The natriuresis stimulated by ICV injection of
Ang II is associated with a reduction in plasma renin concentration (Malayan
and Reid 1979), an increase in arterial pressure (Andersson et al. 1972), in-
creased plasma vasopressin levels (McKinley et al. 1998) and a reduction in re-
nal sympathetic nerve activity (May et al. 2000), all factors that promote a natri-
uresis. The natriuretic effect of centrally administered Ang II is blocked by
losartan pretreatment, indicating AT; receptors mediate this effect. Ablation of
tissue in the lamina terminalis disrupts the natriuretic response to ICV Ang II
(Andersson et al. 1975), indicating the likelihood that it is the AT; receptors in
the lamina terminalis that are responsible for initiating the response. As well as
inhibiting the natriuretic response to centrally administered Ang II, pretreat-
ment with ICV administered losartan also prevents the natriuretic response to
ICV infusion of hypertonic saline (McKinley et al. 1994; Rohmeiss et al. 1996),
indicating that a central angiotensinergic neural pathway may subserve brain
natriuretic mechanisms. The natriuretic effect of ICV Ang II is blocked by con-
comitant ICV injection of atrial natriuretic factor (Rohmeiss et al. 1989), sup-
porting the view that central atrial natriuretic factor is inhibitory to many of
the actions of Ang in the brain.
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Abstract The brain contains both major subtypes of angiotensin receptors, the
angiotensin type 1 (AT;) and angiotensin type 2 (AT,) receptors. This chapter
begins with a review of the distribution of these receptor subtypes in the brain
and continues with a discussion of their physiological and behavioral functions,
from which it is clear that the AT, and AT, receptors mediate very different cen-
tral actions of angiotensin II (Ang II). However, the primary focus of this chap-
ter is a discussion of the mechanisms through which Ang II, acting via AT; and
AT, receptors, can produce rapid alterations in neuronal activity and ultimately
functional changes. Hence, we review the studies that have demonstrated elec-
trophysiological actions of Ang II in the brain, and then focus on the specific
intracellular signaling molecules that link the angiotensin receptor subtypes to
changes in the activity of neuronal membrane ionic currents and firing rate.
From this discussion it is clear that the intracellular signaling mechanisms that
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couple AT, and AT, receptors to changes in neuronal activity are vastly differ-
ent. When taking a broader view of Ang II actions in neurons, it is evident that
the signaling molecules responsible for regulation of neuronal activity represent
only a few of the intracellular pathways that are modulated by this peptide.

Keywords Angiotensin - Angiotensin type 1 receptor - Angiotensin type 2
receptor - Intracellular signaling - Neuronal activity - Brain

1
Introduction

One of the most striking physiological actions elicited by a naturally occurring
substance is the drinking behavior produced by brain application of angiotensin
IT (Ang II) (reviewed by Fitzsimons 1998). This observation, along with the
demonstration that Ang II increases blood pressure and hormone release via ac-
tions in the CNS, has led to decades of research investigating the brain renin-
angiotensin system (De Gasparo et al. 2000). A major focus of this research has
been the localization, whole body physiological functions and cellular actions of
specific Ang II receptors in the CNS, an area that was greatly expanded with the
discovery of the angiotensin type 1 (AT;) and angiotensin type 2 (AT,) receptor
subtypes (Chiu et al. 1989; Whitebread et al. 1989). This chapter will begin with
a brief overview of the expression and known physiological and behavioral
functions of Ang II receptor subtypes in the CNS. However, the primary focus
will be the intracellular processes by which Ang II elicits rapid changes in neu-
ronal activity, which are thought to result in behavioral or physiological func-
tions. Specifically, we discuss intracellular signaling mechanisms that link the
AT, and AT, receptors to changes in the activity of neuronal membrane jonic
currents and firing rate. Lastly, we will introduce the fact that many of the Ang
II receptor-induced signaling mechanisms in neurons are not related to changes
in neuronal activity; rather, they control longer-term actions of this peptide in
neurons such as genomic or post-translational effects. While it will be apparent
that much progress has been made, we have barely scratched the surface in un-
derstanding the central actions of Ang II at the cellular level in neurons, and
decades of work still remain.

2
Angiotensin Receptors in the Brain

21
The Presubtype Era

It has been known since the 1960s that Ang II acts within the brain to elicit a
pressor response and drinking behavior. (Booth 1968; Fitzsimons and Simons
1969; Buckley 1972). The first demonstrations of specific receptors for Ang II in
the brain came a decade later, when receptor binding studies revealed high lev-
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els of Ang Il-specific binding in large brain areas such as the hypothalamus,
thalamus, septum and midbrain (Sirett et al. 1977; Baxter et al. 1980). This dis-
tribution was consistent with the pressor and dipsogenic actions of Ang 11, since
these brain regions contain cardiovascular and thirst control centers. Later stud-
ies provided a more detailed picture of Ang II receptor distribution in the brain.
For example, receptor autoradiography was used to localize Ang Il-specific
binding sites to circumventricular organs such as the subfornical organ, area
postrema and organum vasculosum of the lamina terminalis, which can be in-
fluenced by circulating Ang II. The same technique was used to demonstrate
high levels of Ang II receptors within intrinsic brain nuclei, which are not ac-
cessed by blood-borne Ang II, such as the paraventricular nucleus, locus ceru-
leus and nucleus of the solitary tract (Van Houten et al. 1980; Harding et al.
1981; Mendelsohn et al. 1984). Low levels of Ang II receptor binding were also
demonstrated in areas that are not directly involved in fluid balance or blood
pressure regulation, such as the striatum and limbic structures. These early
studies measured total (AT, + AT,) Ang II receptors and demonstrated wide-
spread distribution. More recent studies indicate that this distribution pattern is
due to mostly separate localization of AT; and AT, receptor subtypes, as dis-
cussed in the next section.

2.2
Subtypes and Distribution

As described in the previous section, the presence of specific Ang II receptors
within the brain was established during the 1970s and 1980s. Furthermore, a
large number of physiological studies had demonstrated that these were func-
tional receptors, based upon the ability of Ang II to modulate neuronal electro-
physiological properties, fluid intake and blood pressure (reviewed by Phillips
and Sumners 1998). The occurrence in mammalian tissues of two major sub-
types of Ang II receptor was based on differential affinities for pharmacological
agents (Chiu et al. 1989; Whitebread et al. 1989; Timmermans et al. 1993). The
AT receptor subtype has a high affinity for a series of non-peptide antagonists
that include losartan, valsartan, candesartan and irbesartan, whereas the AT, re-
ceptor specifically binds PD123,319 or the peptide CGP42112A (De Gasparo et
al. 2000). Subsequent cloning studies and analysis of the protein sequence pre-
dicted that both AT; and AT, receptors would be G-protein coupled. While sim-
ilar in size (359 amino acids for AT, vs 363 amino acids for AT, receptors) these
receptors are only 32%-34% identical with respect to amino acid sequence
(Murphy et al. 1991; Sasaki el at. 1991; Kambayashi et al. 1993; Mukoyama et al.
1993). It is also clear that rodents contain two highly homologous subtypes of
the AT, receptor, termed AT;, and AT receptors (Iwai et al. 1992; Kakar et al.
1992). Based upon the results of radioligand binding, quantitative autoradiogra-
phy, immunostaining and in situ hybridization approaches, there appears to be
discrete and mostly exclusive localization of AT; and AT, receptors in rat brain
(Gehlert et al. 1990; Rowe et al. 1990; Obermuller et al. 1991; Tsutsumi and
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Saavedra 1991; Song et al. 1992; Lenkei et al. 1997; Von Buhlen und Halback and
Albrecht 1998; Hu et al. 2002). Numerous studies have indicated that central AT,
receptors mediate the cardiovascular and fluid balance effects of Ang II in the
brain (reviewed by Phillips and Sumners 199;, De Gasparo et al. 2000). The dis-
tribution of AT receptors in adult rat brain is consistent with these functions.
High concentrations of these sites are localized in nuclei such as the median
preoptic nucleus, paraventricular nucleus, rostral ventrolateral medulla, NTS
and within circumventricular organs such as the subfornical organ, organum
vasculosum of the lamina terminalis and area postrema. These areas are devoid
of AT, receptors. It should also be noted that adult rats have AT, receptors in
areas not directly linked to fluid balance or blood pressure control, e.g., several
limbic structures (Lenkei et al. 1997; Von Bohlen und Halbach and Albrecht et
al. 1998).

In contrast, in adult rats the highest concentrations of AT, receptors are
localized in areas that are involved in sensory and motor functions, such as
the inferior olive, various thalamic nuclei, and the subthalamic nucleus. The
presence of AT, receptors in the amygdala may suggest a role in fluid intake
(Johnson and Thunhorst 1997). There is very little overlap between AT, and AT,
receptors in brain areas, but two notable areas of co-localization are the amyg-
dala and the locus ceruleus (Speth et al. 1991; Lenkei et al. 1997). One striking
observation concerning the distribution of brain Ang II receptors is that the
AT, receptors are widespread in neonatal CNS, only to decline to a more re-
stricted pattern of expression in adults (Tsutsumi and Saavedra 1991). In con-
trast, AT receptor expression appears to develop later in neonatal life and per-
sists at higher levels than AT, receptors in adult brain (Nuyt et al. 2001).

A number of investigators have determined that the functional effects of Ang
II in the brain are dependent upon its modulation of other neuronal systems.
More specifically, it is clear that the AT, receptor-mediated effects of Ang II on
cardiovascular regulation and fluid balance may involve direct modulation of
catecholamergic, glutamate, GABA and substance P-containing neurons (Stadler
et al. 1992; Dampney et al. 1996; Diz et al. 1998; Zhu et al. 1998; Tanaka et al.
2001; Hu et al. 2002). Consistent with these observations are data which indicate
that AT, receptors are co-localized with catecholaminergic neurons in the me-
dulla oblongata (Yang et al. 1997; Hirooka et al. 1996; Hu et al. 2002) and locus
ceruleus (Speth et al. 1991), and with glutamate and GABA neurons in the ros-
tral ventrolateral medulla (Hu et al. 2002). Based on the regional distribution,
functional and co-localization studies, the impression might be that AT; and
AT, receptors are restricted entirely to neurons. However, numerous in vitro
studies have demonstrated the presence of specific functional AT, receptors in
astrocyte glia cultured from rat brain (Sumners et al. 1991; Tallant and Higson
1997; Gebke et al. 1998; Muscella et al. 2000). The recent observations that AT,
receptors are present on astrocytes in white matter tracts in adult rat cerebellum
and periventricular region (Fogarty and Matute 2002) and in corpus callosum of
postnatal mice (Bernstein et al. 1996) may indicate that glial cells have an im-
portant role in Ang II actions in the CNS in vivo.
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23
Physiological and Behavioral Functions of Brain Ang Il Receptors

The most well-known physiological actions of Ang II that are mediated by its
brain receptors are regulatory effects on fluid balance and cardiovascular func-
tion. These actions include stimulatory effects of Ang II on water and sodium
intake, vasopressin secretion, blood pressure, and sympathetic outflow, and
modulation of baroreflex sensitivity (Fitzsimons 1998; Saavedra 1999; Averill
and Diz 2002, McKinley et al. 2001; Zucker 2002). The majority of evidence indi-
cates that these effects of Ang I are mediated by AT, receptors within specific
hypothalamic and brainstem nuclei (Phillips and Sumners 1998; De Gasparo et
al. 2002). AT receptors in the subfornical organ, organum vasculosum of the
lamina terminalis and median preoptic nucleus have a major role in the dipso-
genic response, while AT, receptors in the paraventricular nucleus, rostral ven-
trolateral medulla and nucleus of the solitary tract are involved in the cardiovas-
cular actions of this peptide. For example, injection of Ang II into the rostral
ventrolateral medulla elicits an AT, receptor-mediated increase in sympathetic
activity and blood pressure (Dampney et al. 2002). Studies from Davisson et al.
(2000) using knockout mice indicate that the Ang II-induced drinking response
requires AT receptors while the pressor actions of centrally-injected Ang II is
mediated by AT, receptors. While it is clear that AT, receptors have a primary
role in the dipsogenic action of Ang II via the brain, a number of studies suggest
that brain AT, receptors are important in mediating responses to thirst stimuli
such as water deprivation and hypovolemia (Rowland and Fregly 1993; Hein et
al. 1995; Lee et al. 1996). This implies that central AT, receptors may be a com-
ponent of the final common neural pathway for drinking. Aside from the cen-
trally mediated actions of Ang II on fluid homeostasis and cardiovascular con-
trol, a number of more recent studies indicate that this peptide has a role in the
control of learning and memory and certain behaviors (for review see Gard
2002). For example, Ang II has a role in exploratory behavior (Ichiki et al.
1995), increases the acquisition of conditioned avoidance behavior (Braszko
2002) and inhibits sexual behavior in male rats (Breigeron et al. 2002). Thus,
these studies are beginning to identify functions for the Ang II receptors that
are localized outside the hypothalamus and brainstem regions.

In summary, Ang II has a number of important physiological effects that are
controlled by specific receptor-mediated activation of neuronal pathways in the
brain. The cellular bases of these physiological effects are modulatory actions
on neuronal activity and action potentials (APs). In order to gain a complete
picture of Ang II actions in the brain, it is important to understand the intracel-
lular mechanisms by which Ang II alters neuronal activity. Thus, the remainder
of this chapter will focus on the receptor-mediated actions of Ang II on neuro-
nal activity, and the intracellular signaling mechanisms that underlie these ef-
fects.
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3
Angiotensin Il Receptors and Neuronal Activity

3.1
Electrophysiological Effects of Angiotensin Il in the Brain

As discussed in the previous sections, the binding of Ang II to neuronal recep-
tors located within specific nuclei of the hypothalamus and brainstem evokes
changes in the activity of neuronal pathways and ultimately leads to physiologi-
cal and behavioral alterations. These rapid changes in neuronal activity or firing
rate occur through alterations in AP frequency and/or duration, which in turn
depend on the activity of membrane ionic currents and their underlying chan-
nels. Thus, when considering the functional effects of Ang II in the brain, it is
clearly important to understand the effects of Ang II on the electrophysiological
properties of neurons. For this reason, a number of investigations have exam-
ined the actions of Ang II on neuronal activity and membrane ionic currents.
These studies on the effects of Ang II have been performed in situ, in brain
slices, in freshly isolated neurons, and in neurons in culture, and have mostly
been performed in the brainstem and hypothalamus. Various electrophysiologi-
cal recording techniques, including extracellular, voltage and current clamp
recording procedures, have been utilized. In studies performed prior to the dis-
covery of Ang II receptor subtypes, iontophoretic procedures were used to apply
Ang 1II to brain neurons in anesthetized rats in situ, in the subfornical organ,
paraventricular nucleus, septum and medulla. In each case, Ang II produced an
increase in neuronal activity through an increase in firing rate, which was inhib-
ited by non-subtype selective peptidergic Ang II receptor blockers (Felix and
Schlegel 1978; Suga et al. 1979; Harding and Felix 1987; Chan et al. 1991). Ionto-
phoretic application of Ang II onto the organum vasculosum of the lamina ter-
minalis (contained within brain slices) resulted in increases in firing rate that
were abolished by a nonselective peptidergic Ang II receptor antagonist
(Knowles and Phillips 1980). Thus, these excitatory actions of Ang II in these
brain regions are consistent with the dipsogenic and cardiovascular actions of
this peptide.

The discovery of distinct Ang II receptor subtypes that display different mo-
lecular properties and physiological functions has precipitated many studies on
the electrophysiological properties of these sites in the brain. For example, in
situ recordings from anesthetized rats have revealed that iontophoretic injection
of Ang II into the paraventricular nucleus (Ambuhl et al. 1992a) or amygdala
(Albrecht et al. 2000) produces neuronal excitation, effects mediated by AT re-
ceptors. Similar excitatory effects of Ang II, also mediated by AT, receptors,
have been recorded from subfornical organ, paraventricular nucleus, median
preoptic nucleus, and rostral ventrolateral medulla neurons contained in brain
slices (Li and Ferguson 1993; Li and Guyenet 1995, 1996; Bai and Renaud 1998;
Ono et al. 2001; Dewald et al. 2002). Once again these electrophysiological ac-
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tions of Ang II via AT, receptors are consistent with its dipsogenic and cardio-
vascular actions at these sites.

A number of studies have begun to investigate the effects of Ang II on mem-
brane ionic currents that underlie the observed neuronal excitation via AT, re-
ceptors. While it is clear that neurons contain multiple types of membrane ionic
currents and channels, only certain of these are modulated by Ang II. For exam-
ple, our whole cell voltage clamp recordings from neurons cultured from new-
born rat hypothalamus and brainstem have demonstrated that Ang II elicits AT,
receptor-mediated changes in particular K* and Ca?* currents (Sumners et al.
2002). Specifically, Ang II produces an increase in total Ca** current (Ic,) and a
decrease in total K current. These effects are due to respective increases in
N-type Ca®* current and decreases in both delayed rectifier K* current (Ig,) and
A-type K* current (I,) (Sumners et al. 1996; Wang et al. 1997a; Evans et al.
2001). These changes in K* and Ca** currents are consistent with our observa-
tion that Ang II produces a positive chronotropic effect in the same cultured
neurons (Wang et al. 1997b). The mechanisms by which the above changes in
Ixw I and in N-type Ca®" current lead to increases in firing rate include several
effects, all of which increase the probability for AP generation. To date, the
identified effects are increases in the number and amplitude of subthreshold os-
cillations in membrane potential, decreases in the amount of current needed to
generate an AP, and increases in the amplitude and duration of early after depo-
larizations and the APs generated by EADs (Wang et al. 1997b).

Studies from adult rat brain are mostly consistent with these neonatal cell
culture findings. For instance, inhibitory effects of Ang II on I, have also been
observed in neurons from the supraoptic nucleus (SON), subfornical organ
and paraventricular nucleus magnocellular area contained in brain slices
(Nagatomo et al. 1995; Ferguson and LI 1996; Li and Ferguson 1996). More re-
cently, Washburn and Ferguson (2001) have described an AT, receptor-mediated
stimulatory action of Ang II on N-type-, but not on L-type, Ca** current in sub-
fornical organ neurons isolated from adult rat. One study has attempted to link
the drinking response produced by central (i.c.v.) injection of Ang II in rats to
activation of Ca’* channels. In that study, Zhu and Herbert (1997) demonstrated
that the Ang II dipsogenic response was reduced by pretreatment with an L-type
Ca’*-channel blocker but not by an N-type channel blocker. The reasons for the
discrepancy between this data and the electrophysiological results of Washburn
and Ferguson (2001) are likely to be multiple, but could include the fact that
i.c.v. injected Ang II will spread to many brain nuclei, not simply the subfornical
organ. Therefore, it is clear that progress has been made in defining the electro-
physiological actions of Ang II, via AT, receptors, in the brain. Nonetheless,
more work is needed to define the exact K and Ca’* currents that are modulat-
ed by Ang II in different brain regions and to define the underlying types of
channel involved.

Investigations that have attempted to define the electrophysiological actions
of Ang II in the brain, via AT, receptors have been relatively few in number
compared with the AT, receptor studies. Nonetheless, it has been determined
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that AT, receptors within the brain are functional, at least from an electrophysi-
ological standpoint. The studies of Ambuhl et al. (1992b) demonstrated that ion-
tophoresis of Ang II onto the inferior olive of anesthetized rats produced neuro-
nal excitation, mediated by AT, receptors. Using a similar approach, Albrecht et
al. (2000) determined that Ang II elicits an AT, receptor-mediated increase in
the firing rate of neurons in the amygdala. Analysis of the changes in membrane
ionic currents that underlie these chronotropic effects has only been performed
in neural cells in culture. Whole cell voltage clamp recordings from neonatal hy-
pothalamus and brainstem neuronal cultures have revealed that Ang II elicits
AT, receptor-mediated increases in both I, and Ik, (Kang et al. 1993, 1994). Cur-
rent clamp analyses in similar cultures revealed that Ang II produced an in-
crease in firing rate, due to a decrease in AP duration (Zhu et al. 2001). The in-
creases in I and Ig, may produce the positive chronotropic effect by increasing
the rate of repolarization and shortening the AP refractory period. Another
study, utilizing NG108-15 neuroblastoma cells, indicated that Ang II decreases
T-type Ca®" current via AT, receptors (Buisson et al. 1992).

Thus it is clear that Ang II, acting via AT, and AT, receptors, elicits discrete
electrophysiological effects on central neurons. To date, the results indicate that
activation of each receptor subtype produces an increase in neuronal activity,
albeit via distinct effects on membrane ionic currents. In the following sections
we will discuss the intracellular signaling mechanisms that are responsible for
AT, and AT, receptor-mediated changes in neuronal membrane ionic currents
and activity. The major focus of this discussion will be studies performed on
neurons cultured from newborn rat hypothalamus and brainstem, since most
research performed in this area has been done using this in vitro model. These
cultures contain AT; and AT, receptors and a wide array of intracellular signal-
ing molecules and ion channels. While neuronal cultures do not represent the
intact adult rat brain, they do provide a more simplified system in which com-
plex signal transduction mechanisms can be evaluated more easily.

3.2
AT, Receptor-Mediated Changes in Neuronal Activity:
Intracellular Signaling Mechanisms

The modulation of membrane ionic currents and their underlying channels by
G-protein-coupled receptors such as the AT, receptor can occur through two
general mechanisms: direct (membrane-delimited) coupling of a G-protein sub-
unit to the ion channel proteins or indirect modulation via generation of second
messengers and activation of protein kinases or phosphatases (Levitan 1999).
Studies from neuronal cultures indicate that the latter indirect mechanism is of
primary importance in the AT; modulation of neuronal ionic currents and activ-
ity. Similar to its effects in rat brain (Seltzer et al. 1995), Ang II acts at AT, re-
ceptors in neuronal cultures to stimulate phosphoinositide (PI) hydrolysis
(Sumners et al. 1991). This stimulation of PI hydrolysis results in generation of
diacylglycerol (DAG) and inositol 1, 4, 5-triphosphate (IP3), which is followed
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by increases in intracellular Ca** ([Ca’*];y), protein kinase (PKC) and calcium/
calmodulin kinase II (CaMKII) activities (Sumners et al. 1996; Zhu et al. 1999).
Both PKC and CaMKII have key roles in the AT; receptor-mediated changes in
K* and Ca’" currents in neurons. For example, the Ang II-induced stimulation
of neuronal I¢, is entirely abolished by inhibition of PKC (Sumners et al. 1996).
In fact it appears that PKC acts to inhibit a negative influence of G subunits on
in N-type Ca?" current (Evans et al. 2001). It is also clear that the inhibitory ef-
fects of Ang II on neuronal I, involve activation of PKC (Wang et al. 1997b).
The inhibition of neuronal I, occurs via a more complex series of intracellular
signaling events. As with the modulation of Ic, and I, the inhibition of I, by
Ang II involves G-protein-mediated activation of phospholipase C (PLC) and PI
hydrolysis, since it is abolished by intracellular application of anti-Gg11, anti-
bodies or by the selective PLC inhibitor U73122 (Sumners et al. 1996; Pan et al.
2001). Furthermore, this Ang II effect is mimicked by intracellular application
of a peptide corresponding to the third intracellular (G-protein interacting) loop
of the AT, receptor (Zhu et al. 1997). Intracellular application of IP;, DAG ana-
logs or activated CaMKII (Sumners et al 1996; Zhu et al. 1999; Pan et al. 2001),
as well as superfusion of PKC activating phorbol esters (Sumners et al. 1996), all
cause decreases in Ig,. Thus, unlike the effects of Ang IT on I¢, and I, these data
suggest an involvement of both PKC and CaMKII in the reduction of I, by Ang
I1. This was confirmed with the use of selective inhibitors for these kinases. For
example, the PKC inhibitors calphostin C and PKC inhibitory peptide (PKCIP)
partially inhibit this Ang II effect on I, (Sumners et al. 1996; Zhu et al 1999).
Similar attenuation is obtained with the use of a calmodulin antagonist (W-7)
or by the CaMKII inhibitors KN-93 and CaMKII (281-302) (Sumners et al. 1996,
Zhu et al. 1999). The fact that this Ang II response is abolished by chelation of
[Ca®*]in (Sumners et al. 1996) suggests that a Ca**-dependent PKC isozyme is
involved. Our recent studies indicate that the Ca?**-dependent PKC-¢ is of pri-
mary importance, but do not exclude the possibility that another Ca**-depen-
dent PKC isozyme is involved (Pan et al. 2001; Sumners et al. 2002). Since
changes in membrane ionic currents result in alteration in AP firing rate and
neuronal activity, it is reasonable to suggest that AT, receptor-mediated chrono-
tropic effect of Ang II in neurons also involves activation of PKC and CaMKII,
and experiments have shown that this is indeed the case. Superfusion of neuro-
nal cultures with Ang II produces an AT, receptor-dependent increase in firing
rate that is attenuated by either calphostin C or by KN-93, and which is abol-
ished by combined application of both inhibitors (Sun et al. 2002). The intracel-
lular signaling pathways by which Ang II, acting via AT, receptors, modulates
Ixw Ia Ica and neuronal activity are summarized in Fig. 1.

These studies have raised a number of interesting questions. For example,
why does the inhibitory effect of Ang II on Iy, involve a dual regulation via
PKC-& and CaMKII? One possible answer is that each kinase provides a unique
regulatory influence on Ik, each of which leads to differential physiological
functions. These influences may take the form of distinct actions by each kinase
on the biophysical properties of the Kv2.2 channel protein, which has been
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Fig. T Summary of the intracellular signaling pathways that couple AT, receptor to changes in mem-
brane ionic currents and neuronal activity. PLC, phospholipase C; PiP,, phosphatidylinositol 4, 5-bisphos-
phate; IP;, inositol 1, 4, 5-trisphosphate; DAG, diacylglycerol; IPs-R, IP3 receptor; PKCe, protein kinase
Coy; CAM, calmodulin; CaMKll, calcium/calmodulin-dependent kinase II; N-Ca, N-type Ca** channel. Sig-
naling pathways were determined as described in the text, and the localization of PKCa and CaMKIi
with AT, receptors in responsive neurons was established through single cell RT-PCR. (Zhu et al. 1999)

shown to be involved in the reduction of neuronal Iy, by Ang II (Gelband et al.
1999). A further implication from this data is that factors that regulate the activ-
ity of PKC-a or CaMKII independent of Ang II will influence the AT, receptor-
mediated inhibition of neuronal Ix, Therefore, a factor that, for example, regu-
lates PKC or CaMKII activity alone may blunt or amplify this action of Ang II,
allowing for cross-talk and interaction with other neurotransmitter signaling
pathways.

Another question raised by these studies is the nature of the molecular mech-
anisms by which Ang 11, via PKC and CaMKII, regulates the activity of K* and
Ca?* channel proteins and thus K* and Ca®* currents. Various mechanisms have
been demonstrated for the regulation of channel proteins. These include, but
are probably not limited to, phosphorylation/dephosphorylation of channel
subunits (Chandy and Gutman 1995; Levitan 1999), conformational changes in
channel proteins produced by phosphorylation of cytoskeletal elements (Jing et
al. 1997; Peretz et al. 1996; Levin et al. 1996), or regulation mediated via interac-
tions of G-protein subunits, kinases and channel proteins within lipid rafts
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(Martens et al. 2000). None of these known mechanisms can be excluded with
respect to Ang II-induced modulation of neuronal Iy, 14 or Ic,.

A third question raised by these studies is whether the increases in neuronal
activity produced by Ang II are directly linked to increased release of neuro-
transmitters such as norepinephrine or glutamate. This question is being ap-
proached in our laboratory through the combined use of electrophysiological
and amperometric recording procedures.

In summary, the basic intracellular mechanisms through which Ang II pro-
duces an AT receptor-mediated increase in neuronal activity have been defined
in cell culture experiments. These mechanisms employ the activation of Ca®*-
dependent signaling molecules, providing a rapid means for increasing neuronal
firing rate. A major question that remains is whether these signaling molecules
are responsible for the AT, receptor-mediated action of Ang II in the rat brain
in situ. Early indications are that this is indeed the case, since the dipsogenic
effect of centrally administered Ang I appears to be dependent upon PKC and
CaMKII activation (M.A. Fleegal and C. Sumners, unpublished data). Studies
that produce selective inhibition of PKC and CaMKII in specific brain areas
such as the subfornical organ and paraventricular nucleus will allow determina-
tion of whether these signaling molecules mediate the physiological actions of
Ang II through its brain AT, receptors.

3.3
AT, Receptor-Mediated Changes in Neuronal Activity:
Intracellular Signaling Mechanisms

From the previous section, it is apparent that AT, and AT, receptors differ in
both molecular and pharmacological properties and mediate different physio-
logical actions of Ang IL. These differences extend to the cellular level in neu-
rons, where Ang I1 elicits opposite effects on Ixyand I, via AT, and AT, receptors
(Kang et al. 1993; Sumners et al. 1996). Based on this, it is reasonable to expect
that the intracellular messengers that couple AT, and AT, receptors to cellular
functions in neurons are different, and that has been shown to be the case. The
stimulatory effect of Ang II via AT, receptors on Ix, in neuronal cultures does
not involve PI hydrolysis, generation of IP; or activation of Ca**-dependent PKC
(Kang et al. 1994). This is consistent with the fact that AT, receptors do not
influence PI hydrolysis nor PKC activity in neurons (Sumners et al. 1991,
1996) nor in other tissues or cells (reviewed by Gallinat et al. 2000; Nouet and
Nahmias 2000; Stoll and Unger 2001). Various studies from neural cells in cul-
ture have shown that activation of AT, receptors modulates cyclic GMP and
phosphodiesterase levels, and increases phosphotyrosine phosphatase activity
(Sumners and Myers 1991; Bottari et al. 1992; Nahmias et al. 1995; Yamada et al.
1996). However, it was clear from our experiments that none of these messen-
gers, nor cyclic AMP, are involved in the Ang II-induced increase in Ig, (Kang et
al. 1994). Rather, this Ang II effect involves a G-protein-coupled pathway since
the increase in neuronal I, produced by Ang II is abolished by pertussis toxin
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or by intracellular application of anti Gia antibodies (Kang et al. 1994). Further,
this Ang II effect is mimicked by intracellular application of a peptide corre-
sponding to the third intracellular (G-protein interacting) loop of the AT, recep-
tor (Kang et al. 1995). This suggests that the AT, receptor-mediated increase in
Iy in cultured neonatal neurons occurs via Gi, and is consistent with studies
from rat fetus, which indicate that AT, receptors co-precipitate with Gia, and
Gio; proteins (Zhang and Pratt 1996). It is also clear that the inhibition of
T-type Ca’* current in a neural cell line, the NG108-15 neuroblastoma cells, is
G-protein-mediated (Buisson et al. 1995). However, the signaling pathway that
mediates the Ang II stimulation of Iy, downstream of Gi, appears to be quite
different from the calcium-dependent mechanisms that are responsible for the
AT receptor-mediated decrease in I, We had determined that activation of AT,
receptors in neuronal cultures causes a rapid stimulation of phospholipase A,
(PLA;) activity, with subsequent generation of arachidonic acid (AA). These ef-
fects were abolished by pertussis toxin (Zhu et al. 1998). Considering that AA
and metabolites of AA are known modulators of KT currents in neurons (Meves
1994; Kim et al. 1995), we examined the role of these factors in the AT, recep-
tor-mediates stimulation of Ix,. Our data indicated that this Ang II effect was
mimicked by AA and by the 12-lipoxygenase (12-LO) metabolite of AA,
12S-HETE (Zhu et al. 1998). Furthermore, the stimulatory effects of Ang II, AA
and 12S-HETE on neuronal Ig, were attenuated but not abolished by selective
inhibition of 12-LO, but not by inhibition of 5-lipoxygenase, cyclooxygenase or
p450 monooxygenase enzymes (Zhu et al. 1998, 2000). These data indicate that
a signaling pathway that includes Gi activation of PLA,, generation of AA and
subsequent metabolism of AA to 12-HETE is at least partially responsible for
the Ang II stimulation of neuronal Ix,. This pathway is probably also involved in
the AT, receptor-mediated increase in neuronal I, since the recording proce-
dures that are used to analyze Iy, also measure I,, and this transient K* current
exhibited many of the same changes in response to the various treatments. How-
ever, there is an increased level of complexity to this signaling mechanism, since
our earlier experiments in this area indicated that the stimulation of Ix, and I
by Ang II is completely abolished by selective inhibition of serine/threonine
phosphatase type 2A (PP-2A) (Kang et al. 1994). Inhibition of PP-2A also abol-
ished the stimulation of these K* currents by AA or by 12-LO, but not the Ang
II-induced increase in AA generation (Zhu et al. 1998). Finally, it is clear that
the chronotropic action of Ang II via AT, receptors involves activation of 12-LO
and PP-2A (Zhu et al. 2001). Collectively, these data indicate that PP-2A is
downstream of AA and 12S-HETE, and is perhaps a final common event in the
signaling pathways through which Ang II modulates neuronal K* currents and
firing rate.

This signaling pathway is summarized in Fig. 2 but, as with AT, receptor-me-
diated signaling events, there are still many unanswered questions. For example,
if the PLA,/AA/12S-HETE pathway is only partially responsible for the Ang II
stimulation of Ig, and I, which other mechanisms are involved? One possibility
is membrane delimited coupling of Gi to the K* channel proteins involved in
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Fig. 2 Summary of the intracellular signaling pathways that couple AT, receptors to change in mem-
brane ionic currents and neuronal activity. PLA;, phospholipase A,; AA, arachidonic acid; 72-L0, 12-li-
poxygenase; 12S-HETE, 12-(s)-hydroxy-(5Z, 8Z, 10E, 14Z)-eicosatetraenoic acid; PP-24, serine/threonine
phosphatase 2A. Signaling pathways were determined as detailed in the text, and the localization of
PLA; and 12-LO with AT, receptors in responsive neurons was established through single-cell RT-PCR.
(Zhu et al. 2000)

this response, but there is no evidence to support this speculation as yet. In this
scenario, PP-2A would still act as the final common event in channel regulation.
A further question concerns the subtypes of K* channel protein that are
involved in this Ang II action. Our preliminary pharmacological data indicate
that the Kv2.2 channel may be involved in the regulation of Ix, (M. Zhu and C.
Sumners, unpublished data), similar to its role in the AT, receptor modulation
of Ix,. Once the identity of these channel proteins is clearly established, it may
be possible to decipher the mechanisms by which 12S-HETE and PP-2A effect
channel regulation. On another note, the multiplicity of signaling events that are
involved in the AT, receptor modulation of neuronal activity again suggests that
various factors may be able to regulate or temper this response, as postulated
for the AT receptor signaling pathways. Perhaps the most important questions
relate to the functional significance of the observed AT, receptor-mediated
changes in K* currents and neuronal activity. In particular, whether they trans-
late to specific neuromodulatory effects (on catecholaminergic neurons, for ex-
ample) and involve the same intracellular signaling events in situ. These ques-
tions will not be answered until the physiological functions of AT, receptors
within the brain are better understood.
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4
The Broader Perspective of Angiotensin Il Receptor Signaling in Neurons

The main focus of this chapter has been the intracellular mechanisms that are
responsible for the rapid changes in neuronal activity produced by Ang II. It is
clear that the AT; and AT, receptor-mediated changes in neuronal firing occur
via activation of very specific and unique signaling molecules. It is also apparent
that each receptor subtype, upon stimulation by Ang II, activates more than one
intracellular messenger pathway in order to alter neuronal firing. When taking a
broader view of Ang II actions in neurons, it is evident that the signaling mole-
cules responsible for regulation of neuronal activity represent only a few of the
intracellular pathways that are modulated by this peptide. Rather, Ang II activa-
tion of AT or AT, receptors in neurons results in the modulation of a wide vari-
ety of intracellular signaling molecules, many of which support the long-term
actions of this peptide. A good example is the AT, receptor-mediated activation
of Erk mitogen-activated protein (MAP) kinases (Huang et al. 1996; Yang et al.
1996) in neurons. This activation of Erk occurs via a Ras/Raf/MEK (MAP kinase
kinase) pathway, and results in stimulation of c-fos and c-jun and synthesis of
their respective protein products Fos and Jun, which combine to form the acti-
vator protein 1 (AP-1) transcription factor (Yang et al. 1996). Further examples
are the Ang II-induced activation of Fos regulating kinase and Jun kinase, which
elicit respective phosphorylation of Fos and Jun proteins, resulting in transacti-
vation of the AP-1 complex (Huang et al. 1998). The time course of the stimula-
tion and transactivation of Fos and Jun proteins is well beyond that required for
the rapid electrophysiological changes (milliseconds to minutes) that produce
alterations in firing rate. Rather, these signaling events are geared towards
the AP-1-directed synthesis of tyrosine hydroxylase and dopamine B-hydroxyl-
ase in catecholaminergic neurons (Yang et al. 1996; Lu et al. 1996). The above
are examples of the longer-term signaling pathways that couple to neuronal AT,
receptors; a more extensive picture of these mechanisms is reviewed elsewhere
(Richards et al. 1999; Sumners et al. 2002). Similar to the AT, receptors, neuro-
nal AT, receptors also couple to a diverse array of intracellular signaling mole-
cules, many of which are not involved in the rapid changes in neuronal activity.
Prime examples are the activation/induction of various tyrosine and serine/thre-
onine phosphatases (Huang et al. 1995; Bedecs et al. 1997; Horiuchi et al. 1997),
which in turn inhibit the activity of Erk MAP kinases, a contributing event to
the AT, receptor-mediated apoptosis of neural cells (Yamada et al. 1996). Finally,
while it appears that the rapid and the longer-term actions of Ang II in neurons
are served by mostly separate intracellular signaling events, it is likely that the
earlier actions of Ang II can influence the later effects. For example, the changes
in [Ca%*];y that result from Ca®* influx may lead to changes in the activity of
enzymes that ultimately influence transcription factors.
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5
Conclusions

It is evident that much progress has been made in understanding how Ang II
affects ionic currents and neuronal activity at the cellular level. The use of brain
tissue and cells derived from rodents has allowed the identification of specific
AT, and AT, receptor-mediated electrophysiological actions in neurons, as well
as the intracellular signaling events that control these actions. Despite this pro-
gress, many questions remain regarding the cellular and intracellular actions of
Ang II in neurons, as set out in the above sections. Probably the most important
questions, however, are as follows: (1) Do the discoveries made in rodent cells
and tissues represent a physiological action of Ang II common to all species? (2)
What is the relationship of these cellular events with physiological actions of
Ang II. For example: Does Ang II, acting via its AT, receptors in a particular
brain region, activate a cascade of intracellular signaling events that alters the
activity of a specific neuronal pathway, and ultimately stimulate a physiological
or behavioral change? Do the divergent signaling mechanisms that are activated
by AT receptors (PKC, CaMKII) interact with those activated by other transmit-
ters such as vasopressin in the regulation of a specific physiological function?
Or do they allow a particular neuron to serve multiple functions? The advent of
genomic technologies that will allow the selective expression or inhibition of
signaling molecules and channel proteins within neurons in specific brain re-
gions may allow these questions to be addressed.
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Abstract The effector peptide of the renin-angiotensin system (RAS), angioten-
sin II (Ang II), can be directly generated in the brain independently of the pe-
ripheral RAS. Activation of angiotensin receptors in the brain induces the ex-
pression of inducible transcription factors involved in gene regulation. A num-
ber of animal studies and clinical trials have shown that the RAS is associated
with the development of cardiovascular diseases and pathophysiological pro-
cesses occurring in ischaemic stroke. Angiotensin-converting enzyme (ACE) in-
hibitors and selective AT, receptor antagonists protect hypertensive subjects
against stroke by reduction of blood pressure and improve the recovery from
ischaemic insult by normalisation of cerebral blood autoregulation and im-
provement of collateral blood flow to the ischaemic tissue. In animal models,
inhibition of the brain RAS proved to be beneficial with respect to stroke inci-
dence and outcome. Blockade of cerebrovascular or brain AT, receptors reduces
the volume of ischaemic injury and improves the recovery from brain isch-
aemia. Remarkable progress has been made in elucidating the role of Ang IT and
its receptors in the control of pathophysiological events associated with stroke
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such as cerebral haemodynamics, apoptosis, inflammation, neuroregeneration
and neuroprotection. In this chapter, we summarise the effects of Ang II in the
brain on the expression of inducible transcription factors and possible target
genes. The second part of the article reviews the effects of inhibition of ACE and
angiotensin receptors in cerebral vessels and brain tissue on processes occur-
ring during and after ischaemic injury and discusses the effects of AT, receptor
blockade on cerebral haemodynamics, neuroprotection and neuroregeneration.
This chapter may also provide a framework for the development of new thera-
peutic strategies in the prevention and treatment of ischaemic stroke.

Keywords Renin-angiotensin system - Brain - Angiotensin-converting enzyme -
Angiotensin receptors - Inducible transcription factors - Neuroplasticity - AT,
and AT, receptor antagonists - Cerebral haemodynamics - Neuroprotection -
Stroke

1
Introduction

The hormonal renin-angiotensin system (RAS) with its effector peptide, angio-
tensin II (Ang II), has traditionally been linked to the regulation of salt and wa-
ter homeostasis. In the last 2 decades evidence has accumulated that Ang II is
formed in various tissues, including the brain. All components of the peripheral
RAS have been found in the central nervous system and it is now firmly estab-
lished that Ang II in the brain is synthesised independently of peripheral
sources. In general, Ang II exerts its actions through activation of at least two
receptor subtypes, referred to as the AT, and the AT, receptor. In the brain, an-
giotensin receptors are expressed in structures localised inside and outside the
blood-brain barrier. AT, receptors are predominantly expressed in the foetal
brain. After birth, the ratio of AT;- to AT)-receptor expression reverses, with the
AT receptor being the predominant receptor in the adult brain.

Most of the classic actions of Ang II in the brain, which include the central
control of fluid and electrolyte homeostasis and the regulation of blood pres-
sure, are mediated by AT, receptors. In other cell types such as vascular smooth
muscle cells or fibroblasts Ang II acting on the AT; receptor promotes cell
growth and proliferation. Since adult brain neurons cannot proliferate, effects
mediated by AT, receptors in neurons are associated with rapid processes, in-
volving neurotransmission or neuromodulation, or delayed processes, requiring
synthesis of new proteins.

Over the last 10 years, numerous studies have indicated that Ang II, acting
via AT, receptors, may modulate embryonic development, tissue regeneration
and protection but also initiate processes leading to programmed cell death (ap-
optosis). There is also substantial evidence that the AT, receptor can offset or
counteract the effects mediated by the AT, receptor in the brain, for example on
water intake and vasopressin release.
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This chapter focuses on the functions of Ang II in neuronal cells and the ner-
vous system, especially on the effects of the peptide and its receptors on the ex-
pression of transcription factors. The second part of the article provides some
aspects concerning the relevance of Ang II, angiotensin-converting enzyme
(ACE), angiotensin receptors and their inhibition in cerebral vessels and brain
tissue for processes occurring during and after ischaemic injury.

2
Angiotensin Il and Neuroplasticity

Inducible transcription factors (ITF) are proteins which are able to regulate the
expression of genes by eukaryotic RNA polymerase II after binding to specific
nucleotide sequences in the non-coding promoter regions of the DNA. The base
sequences can vary in one or two nucleotides between different promoters.
These variations as well as nucleotide sequences next to the binding sites influ-
ence their affinity to the respective transcription factors and thus the regulatory
activity of the proteins. Some transcription factors such as c-Fos or ¢-Jun bind
to their consensus sequences (called AP-1 for activator protein 1, or CRE for
CREB responsive element) only after dimerisation with a partner (Cohen et al.
1989). Other ITF such as the members of the Krox family do not dimerise
(Chavrier et al. 1989). Interactions between members of different families of
transcription factors are frequent, and the assortment of transcription factors
bound to a promoter in response to a given stimulus decides whether transcrip-
tion is enhanced, not altered or even inhibited. Therefore, the expression pat-
tern of different ITFs which are induced by a given stimulus in a tissue or cell
has a decisive influence on the group of target genes which are regulated by
these factors (West et al. 2002).

Peripherally, Ang II acts as a direct vasoconstrictor, induces the release of al-
dosterone from the adrenal gland and enhances the retention of salt and water
in the kidney. In addition, Ang II plays an important role in growth processes:
the peptide promotes cell growth and regulates the formation of matrix proteins
such as fibronectin, thrombospondin or collagen. The hormone also plays a role
in pathological trophic responses which occur, for example, after injuries to
blood vessels or in connection with cardiovascular or cerebral disease. The ex-
pression of ITFs such as c-Fos or c-Jun has been reported to be linked with
these growth processes (Kawahara et al. 1988; Kim et al. 1995).

In the brain, all components of the renin-angiotensin system are present,
generating the peptide hormone locally. The effects of Ang II in the brain in-
clude an elevation of blood pressure, a modulation of sympathetic nerve activi-
ty, natriuresis and the induction of drinking. Moreover, the peptide induces the
release of pituitary hormones such as arginine vasopressin (AVP), oxytocin or
adrenocorticotrophic hormone (ACTH) and interacts with other neurotransmit-
ters such as norepinephrine in the brain (Culman et al. 2002).

Two Ang II receptor subtypes have been identified in the brain: the AT, re-
ceptor is responsible for most of the known effects of the peptide in the brain,
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especially for the central regulation of cardiovascular functions (Hohle et al.
1995). AT, receptors are located in high numbers in brain regions associated
with the regulation of blood pressure and volume homeostasis, including cir-
cumventricular organs such as the subfornical organ (SFO) or the organum vas-
culosum of the lamina terminalis (OVLT), the median preoptic area (MnPO)
and in hypothalamic nuclei such as the paraventricular (PVN) and supraoptic
nuclei (SON). Additionally, AT; receptors are found, for example, in the
suprachiasmatic nucleus and in the median eminence. In the hindbrain and
brain stem, nuclei and regions such as the nucleus of the solitary tract (NTS),
area postrema (AP), the rostral (RVLM) and caudal ventrolateral medulla
(CVLM) and the intermediolateral column of the spinal cord express AT, recep-
tors. The AT, receptor, in contrast, is quantitatively expressed in some thalamic
and subthalamic nuclei, in the amygdala, in the inferior olive and the locus coe-
ruleus (Lenkei et al. 1997; Tsutsumi and Saavedra 1991). This angiotensin recep-
tor subtype is up-regulated following injury and ischaemic damage and takes
part in such opposing effects as differentiation, neuronal regeneration and ap-
optosis depending on the cell type or tissue and the overall signal input in a giv-
en situation (Unger 1999).

A binding site for an angiotensin fragment, Ang IV (Ang 3-8) has been de-
scribed and named AT4 receptor. Recently, this receptor has been identified as
the enzyme insulin-regulated aminopeptidase (Albiston et al. 2001). In the
brain, Ang IV is implicated in the facilitation of memory retrieval and retention
(Braszko et al. 1988; Wright et al. 1993). The AT4 receptor is expressed in brain
regions such as the hippocampus, cortex (cerebral and piriform), septum, arcu-
ate nucleus and superior and inferior colliculi (Moeller et al. 1996; Roberts et al.
1995).

A number of studies have shown that Ang II induces the expression of ITF in
specific brain nuclei, reaching the brain via the circumventricular organs which
lack the blood-brain barrier after intravenous injection or directly after injec-
tion into the lateral brain ventricle. Two main responsive regions can be distin-
guished: one is a regulatory circuit which comprises some nuclei of the lamina
terminalis and the hypothalamus, the other one comprises nuclei in the brain
stem associated with cardiovascular regulation.

An injection of Ang II (100 pmol) into the lateral brain ventricle stimulates
periventricular AT receptors to induce a pronounced and dense expression of
AP-1 proteins and Krox proteins in distinct forebrain and hypothalamic nuclei:
the SFO, MnPO, OVLT, PVN and SON (Herbert et al. 1992; Lebrun et al. 1995;
McKinley et al. 1995; Rowland et al. 1994; Xu and Herbert 1994). The response
is dose dependent and mediated via AT, receptors, since pretreatment with the
AT receptor antagonist losartan was able to abolish the expression completely
(Lebrun et al. 1995). Intracerebroventricular (i.c.v.) injection of a higher dose
of the peptide (250 nmol) or its constant infusion into the lateral ventricle
(1 ng/min for 90 min) additionally induced the expression of c-Fos in the bed
nucleus of the stria terminalis and the central amygdaloid nucleus (Herbert et
al. 1992; McKinley et al. 1995). The Ang Il-induced expression of ITF was not
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only restricted to specific brain nuclei, but also showed a temporally differenti-
ated pattern, with some transcription factors appearing at an earlier time point
and some later (Blume et al. 1998). Thus, each of the nuclei displays its own spe-
cific temporal and spatial expression pattern of ITF, indicating that the target
genes which are regulated by the transcription factors are also specific in each
region. The Ang Il-induced release of arginine vasopressin from magnocellular
SON and PVN neurons requires activation of adrenoceptors in these regions
(Qadri et al. 1993; Veltmar et al. 1992). Activation of adrenergic receptors is also
involved in the Ang II-induced expression of transcription factors in these areas.
While the S-adrenoceptor antagonist propranolol did not influence Ang II-in-
duced expression of c-Fos, ¢c-Jun or Krox 24, pretreatment with the al-adreno-
ceptor antagonist, prazosin, or the a2 adrenoceptor antagonist, yohimbine, in-
hibited the Ang II-induced ITF expression in the SON and PVN, but not in the
SFO or MnPO (Blume et al. 2002).

Interestingly, in the SFO mainly the cells adjacent to the ventricle express ITF
following stimulation of periventricular AT receptors. In contrast, following an
intravenous injection of Ang II, cells in the centre of the SFO are stimulated to
express ITF (McKinley et al. 1995). Intravenous Ang II reaches the brain via the
circumventricular organs, which lack the blood-brain barrier. Besides the SFO,
the pattern of ITF expression induced by i.v. Ang II closely resembles the pat-
tern induced by i.c.v. Ang II: the OVLT, MnPO, PVN and SON exhibit a strong
expression of ITF, while the central amygdaloid nucleus, the bed nucleus of the
stria terminalis and hindbrain regions such as the AP and the NTS exhibit scat-
tered immunopositive cells (McKinley et al. 1992, 1995; Rowland et al. 1994).
Lc.v. pretreatment with the AT, receptor antagonist, losartan, blocks ITF expres-
sion in all the above-mentioned regions (Rowland et al. 1994). In contrast to
icv. Ang II, iv. Ang Il-induced expression of ITF in the PVN and SON is
blocked by pretreatment with the AT, receptor antagonist PD 123 319 (Rowland
et al. 1994). A lesion of the SFO abolishes ITF expression in the SON and PVN.
The differences in the expression patterns of ITF after i.v. and i.c.v. Ang II might
in part be due to the fact that Ang II activates the baroreceptor reflex when ad-
ministered i.v. The baroreceptor reflex, in turn, activates noradrenergic fibres,
originating in the Al or A2 regions and terminating in the MnPO and hypothal-
amus. It seems possible that these fibres are responsible for the activation of
ITF expression after peripheral stimulation with Ang II. Experiments with the
vasoactive substance phenylephrine showed that a 2-h i.v. infusion of the sub-
stance induced Fos-like immunoreactivity in the SON and PVN, suggesting that
baroreceptor mechanisms could play a role in ITF induction by i.v. Ang II, at
least in these nuclei (McKinley et al. 1992).

Spontaneously hypertensive rats (SHRs) have a genetically determined up-
regulation of the renin angiotensin system, with increased expression of AT, re-
ceptors as well as elevated levels of Ang II. Treatment of these rats with Ang II,
administered i.v. or i.c.v, resulted in an elevated expression of ITF in the SFO,
MnPO, OVLT, SON and PVN (Blume et al. 1997; Rowland et al. 1995). This en-
hanced response is not due to the high blood pressure in these animals, since in
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Wistar Kyoto rats, which displayed nephrogenic hypertension after aortic band-
ing, levels of ITF expression were similar to those seen in normotensive Wistar
or Wistar Kyoto rats. Possibly, elevated ITF levels in SHRs lead to the regulation
of different target genes.

Ang IV and its potency to induce the expression of ITF has been studied by
Roberts et al. (1995). They found that Ang IV (i.c.v.) induced an expression of
c-Fos exclusively in brain regions which also express the AT4 receptor: the hip-
pocampus (dentate gyrus, CA2, CA3) and the piriform cortex. Other brain re-
gions which express AT4 receptors (e.g. the cerebral cortex, septum or arcuate
nucleus of the hypothalamus) as well as regions which predominantly express
AT, or AT, receptors showed no c-Fos in response to Ang IV (Roberts et al.
1995). The response to Ang IV was inhibited by a specific AT4 receptor antago-
nist, divalanal Ang IV. Thus, it seems that the two peptides, Ang II and Ang IV,
possess distinct regulatory roles in the brain and do not interfere with each oth-
er (at least at the level of transcriptional control).

Endogenously released Ang II (Oldfield and McKinley 1994) resulted in an
expression of c-Fos in exactly the same brain nuclei as Ang II administered
i.v. or i.c.v.;; these studies were a further step towards the characterisation of a
regulatory network in the forebrain and the hypothalamus, which responds to
Ang II. Peripheral Ang II, which reaches the brain via circumventricular organs,
as well as central Ang II, which stimulates periventricular AT receptors, activate
neurons in the SFO and OVLT, which respond (among other reactions described
in detail in the chapter by E. Qadri, this volume) with the expression of ITE. The
neuronal activation is then transmitted via angiotensinergic fibres to the MnPO
and ultimately to the hypothalamic nuclei PVN and SON, resulting in an expres-
sion of ITF, and also accompanied by the release of arginine vasopressin into
the circulation. That the expression of ITF in the hypothalamic nuclei is rather a
secondary event and not a result of a direct stimulation of AT, receptors in these
nuclei has been demonstrated by studies in which the lesion of the anteroven-
tricular region of the third ventricle (which comprises the MnPQ) as well as the
lesion of the SFO resulted in an inhibition of the Ang II-induced ITF expression
in the SON and PVN (Rowland et al. 1994; Xu and Herbert 1996). Moreover, low
doses of Ang II (1 pmol, i.c.v.) result in an expression of ITF in the SFO and in
the MnPO, while higher doses also evoke a response in hypothalamic nuclei,
suggesting that the signal input that activates neurons in the SFO and MnPO
has to reach a certain intensity before it is transmitted further in the network
(Blume et al. 1998). The finding that adrenoceptors take part in Ang II-induced
ITF expression in the SON and PVN, but not in the SFO or MnPO point in the
same direction (Blume et al. 2002).

In peripheral tissues, Ang II-induced ITF expression is associated with tro-
phic processes. Neurons, in contrast, are assumed to be postmitotic. Therefore,
one would expect to find neuroplastic modifications in the brain rather than
growth in the sense of proliferation. According to an accepted hypothesis, ITF
are signal transducers, which convert the ligand receptor association into long-
lasting changes in the protein expression pattern of a cell (Greenberg et al. 1986;
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Morgan and Curran 1991). The morphological and physiological changes result-
ing from these modified protein expression patterns are summarised as neuro-
plasticity and include, for example, changes in the number of receptors, in the
nature and frequency of cell-cell contacts or modifications of the Golgi appara-
tus (Takasu et al. 2002).

It is rather difficult to study the target genes which might be activated as a
result of the Ang II-induced expression of ITF in vivo, because the brain nuclei
where these processes occur are small and only the pooling of nuclei from about
60-80 animals would provide enough material for biochemical analyses. Anoth-
er possibility is the extraction of RNA or protein from a particular nucleus and
the surrounding tissue, based on the assumption that the changes in the individ-
ual nucleus are strong enough to manifest themselves in a larger tissue probe.
This approach has recently been used to study the effects of Ang II-induced
c-Fos expression in the nucleus of the solitary tract. The NTS as well as the ad-
jacent AP are brain regions which express considerable amounts of AT, recep-
tors, and the AP, with its lack of the blood-brain barrier, has been identified as
a site of entry for circulating Ang II to promote sympathetic outflow (Ferrario
et al. 1987). The NTS is a brain nucleus where primary baroreceptor afferents
terminate, making the NTS an integration centre for the baroreceptor reflex
(Diz et al. 2002). Endogenous or exogenously administered Ang II impairs the
baroreceptor reflex; an inhibition of AT, receptors in the NTS results in an en-
hancement of baroreflex sensitivity (Campagnole-Santos et al. 1988; Casto and
Phillips 1986; DiBona et al. 1995; Michelini and Bonagamba 1988; Murakami et
al. 1996).

An involvement of c-Fos in these well-established responses has been shown
recently, providing the first identification of a target gene of Ang II-induced
c-Fos in vivo. In a series of publications, the authors showed that injection of
Ang I into the NTS inhibited the baroreceptor reflex and induced the expression
of c-Fos in this nucleus. Both, the c-Fos expression and the inhibition of the
baroreceptor reflex were suppressed by pretreatment with an antisense oligomer
directed at the initiation codon of the c-fos mRNA (Luoh and Chan 2001). A
baroreceptor reflex activation induced by prolonged hypertension induced a
transient decrease in AT, receptor mRNA in the dorsomedial medulla, a brain re-
gion which includes the NTS as well as the AP, the dorsal motor nucleus of the
vagus and the hypoglossal nucleus (Wang et al. 2001). The AT, receptor has a
consensus sequence for AP-1 proteins in its promoter region (Herzig et al. 1997).
Pretreatment with the antisense oligomer against c-fos inhibited the restoration
of the pressor response to Ang II as well as the re-expression of AT, receptors,
suggesting that Ang II via activation of a transcription factor can counter-regu-
late the physiological down-regulation of its own AT, receptor and thus restore
an important regulatory circuit of blood pressure control (Wang et al. 2001).

Besides the AT receptor, other genes coding for RAS proteins also have AP-1
sequences in their promoters, for example, the rat AT, receptor gene (Ichiki and
Inagami 1995; Murasawa et al. 1996). The acute phase response element (APRE)
in the promoter of the angiotensinogen gene interacts with NF-xB, a transcrip-
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tion factor that also dimerises with c-Fos and c-Jun (Ron et al. 1990; Stein et al.
1993).

Another interesting candidate for a target gene may be the gene coding for
vasopressin (AVP). AVP is released in response to Ang II from nerve terminals
localised in the posterior pituitary. The promoter for the AVP precursor con-
tains a CRE-like binding site (Mohr and Richter 1990). Therefore, it can be spec-
ulated that Ang II also initiates the resynthesis of AVP after its secretion from
the pituitary. However, considering the large amounts of AVP present in the
nerve terminals and high levels of mRNA coding for AVP in the cell bodies, it
appears to be rather difficult to prove this hypothesis in in vivo experiments.

The gene for tyrosine hydroxylase (TH), the enzyme which catalyses the first
step in catecholamine synthesis, can be induced by Ang II in brain neurons in
culture (Yu et al. 1996). Since Ang II has been shown to interact with catechol-
amine systems in the brain (for reviews see Culman et al. 1995; Jenkins et al.
1995), it seems reasonable to hypothesise that Ang II is also involved in the TH
gene regulation in vivo.

As already mentioned above, some effects of Ang II in the neuronal tissue
such as alterations in gene expression leading to neuroplastic changes are be-
lieved to be mediated by ITF, a link between primary stimuli and long-term ef-
fects. Therefore, genes associated with neuroplasticity in the brain are possible
targets of Ang II. Such targets may include genes coding for growth factors, like
nerve growth factor (NGF) (Hengerer et al. 1990), genes encoding structural
proteins like glial fibrillary acid protein (GFAP) (Masood et al. 1993), or the
gene for the growth associated protein-43 (GAP-43), which plays a major role in
axonal elongation and promotes changes in synapse morphology (Eggen et al.
1994).

Since AT receptor antagonists affect the expression of ITF after stroke, as will
be discussed in the second part of this chapter, targets of Ang II in the brain
may also play a role in the pathophysiology of stroke.

3
Angiotensin Il and Stroke

Stroke is among the leading causes of death and neurological impairment
worldwide. A stroke occurs when a blood vessel in the brain ruptures or is
clogged by a thrombus. Thus, ischaemic stroke results from a transient or per-
manent occlusion of cerebral artery which leads to a reduction in cerebral blood
flow. Neuronal cells require a constant delivery of oxygen, glucose and other nu-
trients to function properly. A local reduction or a complete arrest of blood sup-
ply prevents the delivery of oxygen and other substrates resulting in metabolic
disturbances such as the deterioration of high-energy phosphates, membrane
ion pump failure, efflux of intracellular potassium, and influx of sodium and
calcium, chloride and water, leading finally to membrane depolarisation. The
most important mechanisms occurring in stroke involve so-called excitotoxicity,
inflammation and programmed cell death, apoptosis. The outcome of an isch-
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aemic event mostly depends on the severity of the cerebral blood flow reduction
and on the duration of the ischaemic insult (Dirnagl et al. 1999).

Ischaemic stroke, which is caused by an occlusion of a cerebral artery, ac-
counts for almost 80% of all stroke cases. The most common type of the isch-
aemic stroke is the cerebral thrombosis, characterised by a thrombus which is
attached to the wall of the artery, where it grows and blocks the flow of blood.
The arteries in which the thrombus forms are usually damaged by atherosclero-
sis. The cerebral embolism represents the second form of the ischaemic stroke.
This ischaemic event occurs when a thrombus (embolus) formed outside of the
brain, typically in the heart, is carried by the blood stream to an artery leading
to or in the brain and occludes it. Two other types of stroke are caused by bleed-
ing (subarachnoid or intracerebral haemorrhage).

The mortality rate in ischaemic stroke victims is high. Within the first
3 months, 16%-25% of patients die of stroke. About 50% of stroke survivors are
left with varying degrees of disability up to 1 year after their stroke and only
25% of patients are reported to fully recover. The neurological impairments and
dysfunction in patients who have suffered from ischaemic stroke are influenced
by many factors, including genetic factors, age, gender, vascular risk factors in-
cluding previous strokes, predilection of cognitive impairment etc. Stroke inci-
dence increases proportionally with the age; the incidence and prevalence are
approximately equal for men and women, although women at all ages are more
likely to die from a stroke than men. High blood pressure is the most important
modifiable risk factor of stroke; about 50% of strokes may be attributed to hy-
pertension. It has been estimated that lowering diastolic blood pressure by
5 mmHg can lower the risk of a first stroke by 35%-40% (Collins et al. 1990;
MacMahon et al. 1990). Reduction of arterial blood pressure had beneficial ef-
fects in spontaneously hypertensive rats (SHRs) and reduced cerebral infarction
after occlusion of the middle cerebral artery (Fujii et al. 1992). Hypertension is
known to cause endothelial dysfunction, which predisposes to atherosclerosis.
Hypertension may, therefore, lead to stroke by aggravating atherosclerosis in
the aortic arch and cerebral arteries, by atherosclerosis in the small cerebral ar-
teries and end arteries and by promoting heart diseases which may be compli-
cated by stroke. While haemorrhagic stroke is proportionally related to the lev-
els of blood pressure increases, ischaemic stroke is largely accounted for by ath-
erosclerosis of the extracranial or intracranial arteries (Rossi et al. 1995). There-
fore, atherosclerotic plaque stabilisation may be a new therapeutic strategy in
the prevention of stroke (Gorelick 2002). Other important factors which con-
tribute to stroke include diabetes mellitus, obesity and overweight, arterial fi-
brillation and hyperlipidaemia.

The deficiency in blood supply to a part of the brain results in neuronal loss
and subsequent gliosis, which are typical characteristics of cerebral infarction.
The degree of the neuronal damage depends on the extent of the cerebral blood
flow (CBF) reduction and the duration of the ischaemia. When a cerebral artery
is occluded and the CBF considerably decreases, cerebral electric activity fails, a
deterioration of metabolic reactions and energy state occurs, which leads to the
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ischaemic cascade and neuronal death. A central ischaemic area, the ischaemic
core, has been formed, the size of which depends mainly on the state of collater-
al arteries. The ischaemic area is surrounded by an ischaemic penumbra, a
brain region with less CBF reduction in which perfusion was maintained by col-
lateral circulation. The blood flow in this area lies between the two thresholds—
the upper threshold of electrical failure (15-18 ml/100 g/min) and lower thresh-
old of energy failure (10~12 ml/100 g/min). This area is characterised by electri-
cal silence with only slightly elevated extracellular potassium concentrations.
The collateral blood flow supplies sufficient oxygen and glucose to maintain the
energy state at almost normal levels. This area is potentially recoverable if the
perfusion is restored. The penumbra is unstable and dynamic in time, and usu-
ally it progresses towards infarction in a few hours, even though no further re-
duction in CBF occurred. Postischaemic inflammation and apoptosis mostly
contribute to the lost of neurons and to the growth of structural lesion (Astrup
et al. 1981; Dirnagl et al. 1999; Martinez-Vila and Sieira 2001).

4
Animal Models of Stroke

SHRs represent a well-established experimental tool in the hypertension
research, an excellent model to study the mechanisms of the development of
hypertension, responses of blood pressure to various pharmacological interven-
tions and to investigate the development of the end-organ damage in hyperten-
sive subjects. However, these animals do not develop stroke. A separate inbred
strain of hypertensive animals, stroke-prone spontaneously hypertensive rats
(SHR-SPs) develop stroke after feeding with a diet high in sodium and low in
potassium and protein (Okamoto et al. 1973). These rats have contributed to
identifying genetic factors in ischaemic stroke.

Experimental models of global and focal ischaemia have provided insight
into the complex sequence of pathophysiological events which occur during and
after stroke. Furthermore, these experimental models allow the assessment of
the efficacy of potential therapeutic interventions. Two main global ischaemia
models, bilateral carotid artery occlusion in the gerbil and four-vessel occlusion
in the rat are used to study the outcome after global ischaemia in animals. The
typical lesions of pyramidal cells in the hippocampus can be detected in both
models. The most characteristic sensorimotor response in gerbils subjected to
the bilateral carotid occlusion is the hyperlocomotion, which depends on the
duration of the ischaemia. Global ischaemia induced by four-vessel occlusion in
rats is rather characterised by a transient reduction in the locomotor activity
during the first 24 h after ischaemia. At the later time points, when the rats are
tested days or weeks after the ischaemic insult, little changes in the locomotor
activity can be detected (Hunter et al. 1998). The global ischaemia models are
believed to be pertinent in the relation to neurological deficits after a heart at-
tack or cardiac arrest.
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The most common case of stroke in humans is the occlusion of the middle
carotid artery (MCA). The cortex, basal ganglia and the internal capsule repres-
ent the important brain regions supplied by the MCA and its small penetrating
branches. According to some studies, focal infarctions of the MCA territory ac-
count for almost 80% of all ischaemic cerebral insults in humans. Permanent
and transient occlusion of the MCA in mice and rats represent a well-established
and the most frequently used animal models of focal cerebral ischaemia in
humans. A permanent occlusion of the MCA can be achieved by a ligation of
the artery or by electrocoagulation. Electrocoagulation of the main trunk of
the MCA produces an area of damage involving the cortex and striatum
(Chiamulera et al. 1993; for review see McAuley 1995). Bederson et al. (1986)
have characterised precise anatomical sites of the MCA occlusion in the rat
which produce uniform cerebral infarctions and developed a neurological grad-
ing system that can evaluate the degree of paresis after ischaemia. More detailed
and complex neurological evaluation systems include quantification of a num-
ber of sensorimotor deficits (Garcia et al. 1995). Other modifications of the per-
manent MCA occlusion such as two-vessel occlusion and three-vessel occlusion
models have been described to obtain a better-defined infarction area (McAuley
1995).

Models of transient occlusion of the MCA can explore the pathological events
associated with re-establishing blood flow to the ischaemic territory. In stroke
patients, the reperfusion can occur spontaneously through a resolution of an
embolus or through clinical intervention. Modification of the same techniques,
which are used for the permanent occlusion of the MCA, have been utilised to
develop a model of transient focal ischaemia in the rat (McAuley 1995). Koizumi
et al. (1986) described a method of an intraluminal thread model of MCA occlu-
sion with subsequent reperfusion. This method and its later modification by
Longa et al. (1989) became the most widely used models to study pathological
events and therapeutic approaches in transient focal ischaemia. The effective-
ness and reliability of both methods to produce acute ischaemia in the MCA ter-
ritory have been critically re-evaluated and modified (Laing et al. 1993; Schmid-
Elsaesser et al. 1998). The model of the intraluminal occlusion of the MCA with
reperfusion is believed to be the most pertinent in relation to human ischaemic
stroke. The ischaemic injury resembles that of embolic stroke patients and is as-
sociated with sensorimotor and cognitive dysfunction (Hunter et al. 1998). The
transient occlusion of the MCA is the most frequently used model of focal cere-
bral ischaemia to test the efficacy of a large number of therapeutic interventions
and neuroprotective compounds to prevent neuronal damage. Models of throm-
boembolic focal and multifocal ischaemia have been developed which try to
resemble the events which occur in thromboembolic stroke. These models make
it possible to examine the thrombolytic efficacy of compounds. The rat model
of photothrombotic cortical ischaemia allows the study of the pathophysiologi-
cal and morphological events in discrete cortical regions (Hunter et al. 1998;
McAuley 1995).
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5
Renin-Angiotensin System and Stroke

Evidence has accumulated that the RAS may play a central role in the develop-
ment of cardiovascular diseases and stroke. Angiotensin-converting enzyme in-
hibitors (ACEI) and selective AT; receptor antagonists effectively lower blood
pressure in hypertensive patients and prevent end-organ damage. Local tissue
RASs, described in a number of organs, including the vascular wall, the heart
and especially the brain, may considerably contribute to the pathogenesis of
various processes linked to stroke such as atherosclerosis of the carotid artery
and small brain arteries or regulation of cerebral blood flow during cerebral
ischaemia. The brain RAS, which is regulated independently of the hormonal
RAS, is believed to be involved in the initiation and regulation of events occur-
ring during and after brain ischaemia. Recent pharmacological data and experi-
ments carried out in transgenic mice overexpressing angiotensinogen or in AT,
receptor knock-out mice indicate that the effector peptide of the RAS, angioten-
sin II (Ang II) may considerably contribute to pathophysiological processes in
ischaemic brain tissue (Dai et al. 1999; Walther et al. 2002).

6
Genetics of the RAS and Ischaemic Stroke

Ischaemic stroke can be caused by a number of monogenic disorders, but the
majority of cases of ischaemic stroke are multifactorial in aetiology. There is
some evidence from epidemiological studies indicating genetic influences but
the identification of individual causative mutations remains problematic. A can-
didate gene approach has been most frequently used in human studies. Associa-
tion with polymorphisms in a variety of candidate genes have been investigated,
including haemostatic genes, genes controlling homocysteine metabolism, the
arterial nitric oxide synthase gene and others. The genetics of the ischaemic
stroke has recently been reviewed (Hassan and Markus 2000). The angiotensin-
converting enzyme (ACE) gene is one of the most extensively investigated can-
didate genes in ischaemic stroke. The enzyme generates the potent vasoactive
peptide Ang II from Ang I. The ACE gene is known to have two polymorphic
alleles I/D (insertion/deletion polymorphism). The ACE DD and DI genotypes
are associated with high prevalence of hypertension, the D allele being linked to
increased circulating levels of ACE. An association of the ACE gene with stroke
with a relative risk of the order 1.5-2.5 has been reported in a number of stud-
ies. The ACE I/D genotype has been associated with ischaemic stroke in hyper-
tensive patients, while and the DD genotype with lacunar stroke (Gorelick
2002). Szolnoki et al. (2001) have reported that the ACE DD genotype positively
correlates with the occurrence of small-vessel infarctions rather than with large-
vessel infarctions. Margaglione et al. (1996) evaluated the genotype of the ACE
gene in 101 subjects with and 108 subjects without a history of ischaemic stroke
and compared the two groups for major risk factors for ischaemic events. Dele-
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tion polymorphism of the ACE gene (D/D genotype) was shown to be more
common in subjects with a history of stroke (relative risk 1.76; confidence inter-
val, 1.02-3.05). A meta-analysis has evaluated seven studies on the risk of stroke
in 1918 subjects vs 722 controls (Sharma 1998). The odds ratio for the D allele
as an independent risk factor in ischaemic stroke was 1.31 (95% confidence in-
terval, 1.06-1.61). The recessive D allele seems to be a modest but independent
risk factor for ischaemic stroke. However, it should be noted that many of the
studies were small and statistically underpowered, and various methodological
difficulties seem to be responsible for the conflicting results regarding the ACE
gene polymorphism and stroke. One variant of the angiotensinogen gene has
been implicated in vascular diseases, but there were inconsistent results for its
mutations M235T and T174M for ischaemic stroke (Sethi et al. 2001).

7
ACE Inhibitors and Stroke

ACE is predominantly localised on endothelial cells of vascular beds, including
those of the brain. Enzymatic-and radioligand-binding assays demonstrated the
presence of ACE in the carotid artery and cerebral microvessels in both normo-
tensive rats and SHRs (Perich et al. 1992; Veniant et al. 1992).

Since hypertension is the most relevant risk factor for stroke, in hypertensive
subjects, ACE inhibitors can primarily protect against brain stroke by reducing
blood pressure. However, clinical studies and trials and experimental data indi-
cate that additional mechanisms such as normalisation of cerebral blood flow
autoregulation or increased arterial compliance may considerably contribute to
the protective effects of ACE inhibitors against stroke (Chillon and Baumbach
2001; Saavedra et al. 2001; Torup et al. 1993; Veniant et al. 1992).

The Heart Outcomes and Prevention Evaluation (HOPE) Study was a double-
blind, 2x2 factorial, randomised trial evaluating a 5-year treatment with rami-
pril and vitamin E for high-risk patients with a history of a cardiovascular dis-
ease (coronary artery disease, stroke or TIA, peripheral vascular disease, diabe-
tes mellitus combined with another cardiovascular risk factor such as hyperten-
sion, elevated cholesterol, low high-density lipoprotein cholesterol, cigarette
smoking). The primary outcome was myocardial infarction, stroke or death
from cardiovascular events. The ACE inhibitor, ramipril, significantly reduced
the risk of many cardiovascular events and complications in high-risk patients.
A subgroup analysis revealed a reduction in the incidence of recurrent myocar-
dial infarction (20%, P<0.01) and, especially, of the first stroke (32%, P<0.001)
in the ramipril treatment group (Yusuf et al. 2000).

Perindopril Protection Against Recurrent Stroke Study (PROGRESS) was a
double-blind, placebo-controlled, randomised trial designed to determine the
effects of a blood-pressure lowering regimen in hypertensive and nonhyperten-
sive patients with a history of any type of stroke except subarachnoid haemor-
rhage. The active group was treated with the ACE inhibitor perindopril alone or
in combination with the diuretic indapamide. The primary outcome endpoint
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was recurrent stroke. Perindopril alone or in combination with the diuretic re-
duced blood pressure. Among participants treated with perindopril alone (in
whom blood pressure was lowered by a mean of 5/3 mmHg), stroke risk was not
discernibly different from that among subjects, who received single placebo.
Combination therapy with perindopril and diuretic reduced blood pressure
by 12/5 mmHg and stroke risk by 43%. This therapy regimen was associated
with a lower risk of each of the main stroke subtypes: fatal or disabling stroke
(46%), ischaemic stroke (36%) and cerebral haemorrhage (76%). The perindo-
pril-treated group showed significant reductions in major vascular events and
the first myocardial infarction. ACE inhibitor treatment also reduced dementia
and cognitive decline among patients with stroke and stroke-related disability
(PROGRESS collaborative group, 2001). In both studies, nonhypertensive sub-
jects also benefited from the therapy with an ACE inhibitor.

Beneficial effects of ACE inhibitors on neurological outcome and recovery
from cerebral ischaemia have been demonstrated in a number of studies carried
out in hypertensive rats. Long-term treatment with the ACE inhibitor, cilazapril,
prevented the occurrence of stroke in SHR-SP (Hajdu et al. 1991). In another
study, cilazapril decreased neurological deficits and reduced infarction volume
in SHR-SP subjected to focal cerebral ischaemia (Fujii et al. 1992). Similarly,
chronic treatment with the ACE inhibitor, enalapril, considerably improved sur-
vival and prevented cerebrovascular lesions in salt-loaded SHR-SP independent-
ly of reductions in blood pressure (Stier et al. 1989). ACE inhibitors have also
been demonstrated to exert beneficial effects on the metabolic and circulatory
derangement in the ischaemic brain of SHRs (Sadoshima et al. 1993).

As stated above, ACE inhibitors can protect hypertensive subjects against
stroke or improve recovery from ischaemic brain injury by reducing blood
pressure, normalising cerebral blood flow autoregulation, improving collateral
blood flow to the ischaemic tissue and by inhibiting Ang II formation in the
brain.

CBF is controlled by autoregulatory mechanisms whereby CBF remains con-
stant despite wide variations in systemic blood pressure. The control is exerted
at the level of small resistance vessels. These vessels dilate in response to a drop
in blood pressure or constrict, when the systemic blood pressure increases. Au-
toregulation of CBF has a lower and an upper blood pressure limit. When blood
pressure drops below the lower limit of the cerebral autoregulation, small blood
vessel dilation becomes inadequate and the CBF falls. When the blood pressure
rises, the resistance vessels constrict until the upper limit of the cerebral auto-
regulation is reached. Above this upper limit, the vessels dilate and CBF increas-
es. CBF in patients with uncomplicated essential hypertension is the same as in
normotensive subjects. Chronic hypertension is associated with hypertrophy of
the medial layer of cerebral arteries and arterioles. Vascular remodelling, com-
prising thickening of the media and an increase, in proportion of smooth mus-
cle cells, in elastin and collagen, limits the ability of the resistance vessels to di-
late. These changes protect the brain against high-perfusion pressure but, at the
same time, impair dilation of these vessel at low pressure. In hypertensive sub-
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jects, the lower and upper limits of the CBF autoregulation are shifted towards
higher perfusion pressures (Squire 1994; Strandgaard and Paulson 1992).

In animal models, ACE inhibitors had no effect on resting CBF but were
shown to shift the lower and upper limits of the autoregulation towards lower
blood pressure levels (Barry et al. 1984; Sadoshima et al. 1994; Squire 1994;
Strandgaard and Paulson 1992). This effect would improve tolerance to hypo-
tension while impairing that to hypertension. The mechanism may involve the
inhibition of Ang II formation in cerebral vessels, resulting in the attenuation of
constriction of large cerebral vessels. It has been proposed that reduced forma-
tion of Ang II by ACE inhibitors dilates the large cerebral arteries with compen-
satory constriction of smaller arteries and arterioles (Paulson et al. 1988). Al-
though resting CBF is unaltered, smaller cerebral arteries possess a greater dila-
tory capacity, thus explaining the shift of the CBF autoregulation curve towards
lower blood pressure. Recent findings indicate that this effect is, at least partly,
mediated by bradykinin (Takada et al. 2001). However, Ang II acting on AT re-
ceptors represents a growth factor, initiating proliferation, hypertrophy and
growth in various tissues. Ang II was reported to increase the media width, me-
dia cross-sectional area and media/lumen ratio in rats by a non-pressor mecha-
nism (Griffin et al. 1991). Long-term treatment with ACE inhibitors decreases
the hypertrophy of the media of cerebral arteries and arterioles, increases their
external diameter and normalises endothelial function (Veniant et al. 1992).
Chronic administration of ACE inhibitors in hypertensive subjects and rats with
genetic and experimental hypertension reverses the alteration in CBF autoregu-
lation (Saavedra et al. 2001). ACE inhibitors have been demonstrated to effec-
tively reduce blood pressure in patients without altering the resting CBF (Dyker
et al. 1997; Frei and Muller-Brand 1986). These findings indicate that antihyper-
tensive agents such as ACE inhibitors, which normalise the CBF autoregulation
and protect the cerebral circulation in hypertensive patients, might be preferred
for the treatment of hypertension in patients with advanced atherosclerosis.

Treatment with ACE inhibitors improved the recovery from cerebral isch-
aemia also in normotensive rats. Captopril injected intravenously 30 min prior
to cerebral ischaemia improved neurological outcome on the 3rd day after ex-
perimental ischaemic stroke (Werner et al. 1991). Since in normotensive rats the
CBF autoregulation is not impaired, the beneficial effects of ACE inhibitors may
result from the inhibition of Ang II formation in the brain. A number of in vivo
and ex vivo studies indicate that ACE in the brain can be inhibited after short-
or long-term systemic treatment with ACE inhibitors; however, the results are
rather equivocal (Unger et al. 1988). One of the most controversial topics con-
cerning the central actions of ACE inhibitors is the question whether these com-
pounds inhibit Ang II formation in brain structures inside the blood-brain bar-
rier upon systemic administration (Gohlke et al. 1989). Moreover, some of the
actions of ACE inhibitors may be unrelated to the inhibition of the brain RAS.
Along with the reduction in the levels of Ang II, the neuroprotection conferred
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