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Vascular biology is an exciting and rapidly advancing area of medical research, with many new

and emerging pathophysiological links to an increasing number of diseases. This updated and

expanded new edition takes full account of these developments and conveys the basic science

underlying a wide range of clinical conditions, including atherosclerosis, hypertension, diabetes

and pregnancy. As with the Wrst edition, the publication provides an introductory account of

vascular biology before leading on to explain mechanisms involved in disease processes. Other

emerging topics include the role of nitric oxide and apoptosis in vascular biology. The breadth

and range of subjects covered in this new edition do full justice to this increasingly important

area of clinical research and medicine. This multidisciplinary approach will suit the needs of all

those who are new to the Weld or working in one small area, with a need to get the wider picture,

and also for those seeking to refresh their knowledge with the very latest advances from basic

science through to clinical practice.
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∑ All chapters fully updated and expanded, including up-to-date references

∑ Includes several new clinical chapters

∑ Covers new and emerging areas of research

∑ Integrates basic science and clinical practice
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burgeoning area. The authors provide an up-to-date interpretation of vascular biology and how

this might relate to disease; the Wgures are excellent; and the references oVer access to further

sources of information.’ journal of the royal society of medicine

‘. . . it makes excellent reading . . . for readers who are interested in gaining fundamental
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Preface to Second Edition

The science of vascular biology has emerged and expanded rapidly over the past 25

years. Research in this area has increased understanding of a wide range of clinical

conditions. This book provides a broad overview of the Weld for both specialist
and newcomer to the Weld, and concise resource for the non-specialist. The

multidisciplinary team of contributors covers topics ranging from normal and

pathological aspects of endothelial cell function to the role of the vasculature in
pregnancy, hypertension and atherosclerosis.

The authors have been selected for their ability to provide clear explanations of

their area, resulting in an easily readable text with carefully produced illustrations.
This second edition has allowed for increased clarity in presentation: the book has

been divided into three sections, basic science, pathogenic mechanisms, and

clinical practice. There is also inclusion of information on new and advancing
areas in vascular biology including chapters on nitric oxide, apoptosis, imaging

and pregnancy.

Beverley Hunt

xiii
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Basic science
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1

Vascular tone

Alun D. Hughes
Clinical Pharmacology, NHLI, Imperial College, St Mary’s Hospital, London

Introduction

This chapter provides an overview of how vascular smooth muscle cells produce

force and how this process is regulated. An overview inevitably involves generaliz-

ations and this tends to obscure the considerable diversity that exists in vascular
smooth muscle. Such diversity is unsurprising if one recalls the variety of func-

tions performed by blood vessels. Large arteries act as elastic conduits, smaller

arteries regulate the distribution of blood Xow, the microvasculature largely
determines vascular resistance and Xuid exchange, while the venous system under-

takes a capacitive role and governs venous return to the heart. When these

diVerences are compounded with the diVerences in behaviour required from
blood vessels supplying diVerent tissues, one can see that smooth muscle diversity

is a positive asset that allows appropriate responses in a particular circumstance.

Owing to space constraints I have not attempted to provide comprehensive
source references in this chapter. Instead, recent reviews have been cited and these

should be referred to for more detailed information regarding a particular topic

and original sources.

Types of stimulus for contraction and relaxation

Under physiological circumstances the primary role of diVerentiated (as opposed

to ‘synthetic’) smooth muscle is to generate force. Normally, the vascular smooth

muscle that makes up the bulk of the blood vessel wall is in a state of continual
activation. The amount of force generated by smooth muscle is Wnely regulated by

a variety of extracellular and intrinsic factors. The types of stimuli that act on

vascular smooth muscle can be grouped into Wve categories:
1. Agents acting at G protein-coupled receptors

2. Pressure/tension
3. Agents acting directly on ion channels or signalling systems
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4. Extracellular matrix components, cell adhesion molecules and integrins
5. Growth factors

Agents acting at G protein-coupled receptors

This group includes the majority of classical vasoconstrictors, such as �-adreno-
ceptor agonists, angiotensin II, serotonin and vasopressin, and vasodilators such

as �-adrenoceptor agonists, vasoactive intestinal peptide and calcitonin gene-

related peptide. These agents act by binding to receptors that couple to hetero-
trimeric G proteins (R7G: Morris and Malbon, 1999). R7G form a protein super-

family; all possess seven transmembrane domains and in consequence are also

known as serpentine receptors (Figure 1.1).
Heterotrimeric G proteins act as signal transducers linking the extracellular

ligand to a variety of intracellular signals, such as [Ca2+]i, cyclic nucleotides or ion

channels.Heterotrimeric G proteins are membrane-associated proteins composed
of �, � and � subunits with the � subunit possessing guanosine triphosphatase

(GTPase) activity (Figure 1.1). In the absence of receptor activation they exist in

an inactive guanosine diphosphate (GDP)-bound state. The ligand-receptor com-
plex acts as a GDP/GTP exchange factor promoting formation of a dissociated �
subunit–GTP complex and a free �� dimer. The � subunit–GTP complex and the

�� dimer remain associated with the cell membrane and both play signalling roles
(Morris and Malbon, 1999). After signalling activation of the intrinsic GTPase of

the � subunit catalyses hydrolysis of GTP to GDP which completes the cycle and

results in reformation of the inactive ��� heterotrimer–GDP complex. The system
is regulated at two points. Firstly, downstream targets, including receptor kinases

(GRKs) and �-arrestins, can negatively feed back on to receptor–G protein

interactions (Lefkowitz, 1998). Secondly, regulators of G-protein signalling (RGS)
proteins act to enhance the GTPase activity of � subunits (Dohlman and Thorner,

1997). A number of isoforms of both � and �� subunits exist and preferential

coupling of the receptor to a speciWc ��� combination probably accounts for the
diversity of intracellular events generated by this signalling complex (Hildebrandt,

1997).

Pressure/tension

The ability of vascular smooth muscle to respond to increased transmural pressure
by increased tone was Wrst recognized by Bayliss in 1902. The current view is that

wall tension or stress, rather than pressure per se is the stimulus for contraction.

The balance between myogenic tone and endothelium-dependent vasodilatation
may coordinate the behaviour of arterial networks (GriYth et al., 1987). While the

myogenic response is a very important determinant of tone, perhaps particularly

in the microvasculature, the biochemical mechanisms underlying its transduction
are still poorly understood; stretch-induced production of vasoconstrictors or



Figure 1.1 Receptor (R7G) and associated heterotrimeric G protein. Example shown is of an
angiotensin II type 1 (AT1) receptor and a G protein heterotrimer. The image is based on a
model constructed by Paiva, A.C.M. Costa-Neto, C.M. & Oliveira, L. Molecular modeling and
mutagenesis studies of angiotensin II/AT1 interaction and signal transduction. On-line
Proceedings of the 5th Internet World Congress on Biomedical Sciences ’98 at McMaster
University, Canada (available from
URL:http://www.mcmaster.ca/inabis98/escher/paiva0625/index.html�abstract).

5 Vascular tone
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growth factors, stretch sensitivity of ion channels, signalling enzymes and the
sensitivity of cell–cell or cell–matrix interactions to tensile stress are all possible

candidates for this role.

Agents acting directly on ion channels or signalling systems

A number of agents, such as H+ ions (intracellular and extracellular pH: Aalkjaer

and Peng, 1997), nitric oxide (NO: Ignarro et al., 1999), free radicals and reactive

oxygen species (e.g. superoxide anions (O2
−), hydrogen peroxide: Beckham and

Koppenol, 1996; Hancock, 1997), have marked eVects on ion channels and

intracellular signalling systems. These mechanisms play important roles in physio-

logical and pathological responses in the vasculature.

Extracellular matrix components, cell adhesion molecules and integrins

Cell-to-cell and extracellular matrix-to-cell interactions profoundly aVect smooth

muscle cell behaviour (Hughes and Schachter, 1994; Braun et al., 1999). Activa-

tion of receptors for extracellularmatrix proteins (integrins) alters smooth muscle
tone. This eVect can be mediated by the endothelium (Mogford et al., 1997), or

involve direct eVects on smoothmuscle cells (Mogford et al., 1997; Yip and Marsh,

1997; Wu et al., 1998a).

Growth factors

Vascular growth factors are potent chemoattractants and mitogens. Factors such

as platelet-derived growth factor (PDGF) and basic Wbroblast growth factor
(bFGF) are thought to play an important part in the blood vessel’s response to

injury (Ross, 1999). Growth factors can also aVect vascular tone (Berk and

Alexander, 1989; Hughes and Wijetunge, 1998), although the physiological sig-
niWcance of this action is uncertain.

The majority of growth factors act by binding to and inducing dimerization of

transmembranous receptors which are intrinsic tyrosine kinases. Dimerization
results in transautophosphorylation of tyrosine residues in the intracellular do-

main of the receptor and leads to recruitment and activation of a range of

signalling molecules (Hughes et al., 1996). Increasing evidence suggests an im-
portant role for tyrosine kinases in the regulation of smooth muscle tone, even in

response to classical vasoconstrictors (Hughes and Wijetunge, 1998).

Regulation of [Ca2+]i in vascular smooth muscle

The pivotal role of Ca2+ in muscle contraction has been recognized for many years.

[Ca2+]i can rise as a consequence of an increase in inXux of extracellular Ca2+,

alteration in the amount of intracellularly sequestered Ca2+ or a decrease in eZux
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of cellular Ca2+. In general, most contractile stimulants appear to act by altering
inXux or release of Ca2+. The relative importance of inXux or release from stores

varies between blood vessels of diVering calibre. In the resistance vasculature (i.e.

vessels with internal diameters less than 500�m) and microvasculature (arterioles
and precapillary vessels), Ca2+ entry through voltage-operated calcium channels

appears to predominate (Hughes, 1995).

Ca2+ influx

Ion channels, membrane potential and [Ca2+]i
Vascular smooth muscle cells maintain a low [Ca2+]i ( ~ 100 nmol/L) in the face of

an immense electrochemical gradient (extracellular Ca2+ ~ 1.6 mmol/L, mem-

brane potential (Em) ~ 60mV). The smooth muscle cell possesses powerful Ca2+-
buVering capacity; ~ 99% of the Ca2+ entering the cell is estimated to bind to

proteins or to be taken up into stores (Kamishima and McCarron, 1996). Despite

this, opening of Ca2+ channels causes [Ca2+]i to rise to micromolar levels. This is
suYcient to activate the contractile (and other) processes. There is now substantial

evidence that [Ca2+]i is compartmentalized within the cell and that localized

increases in [Ca2+]i are important to cell function, particularly regulation of ion
channel opening (Jaggar et al., 1998a).

The major Ca2+-permeable channel in vascular smooth muscle is the voltage-

operated calcium channel (Hughes, 1995). As its name implies, this channel is
primarily regulated by Em and the likelihood of the channel opening (open

probability) increases steeply with depolarization. Consequently, Em is an import-

ant determinant of Ca2+ inXux in vascular smooth muscle cells.
In the main, Em in vascular smooth muscle is governed by the membrane

permeability to four ions, K+, Cl−, Na+ and Ca2+, with K+ being the major

determinant of Em under resting conditions (Figure 1.2).
Electrogenic pumps such as the Na-K-ATPase or the Na/Ca exchanger also have

an inXuence on Em and the Na-K-ATPase may contribute up to 10mV under

certain circumstances (Hermsmeyer, 1982).
Most studies of isolated blood vessels carried out under isometric conditions in

vitro give values for resting Em of ~ − 60mV, although more depolarized poten-

tials have been recorded in pressurized arteries (Harder, 1984). In vivo smaller
arteries would be expected to be relatively depolarized as a result of ‘myogenic’

depolarization and prevailing tonic contractile inXuences such as the sympathetic

nervous system and circulating factors. Measurements of Em in vivo are consistent
with this, with Em being in the range ~ − 40mV (Bryant et al., 1985). This has

important consequences for our understanding of the action of some drugs, e.g.

dihydropyridine, which act preferentially on depolarized cells.



[K  ]
6 mmol/l

89 mVE

Resting E = ~ + 60 mV

(Nernst) +62 mV +150 mV
22 mV

164 mmol/l

+ [Na  ]
137 mmol/l

13 mmol/l

+ [Ca  ]
1.7 mmol/l

0.0001 mmol/l

+
[Cl  ]

134 mmol/l

58 mmol/l

Na-K-Cl

Ca 

Na Na 

K 

rev

m

vsmc cytoplasm 2+ +

++

Figure 1.2 Determinants of resting membrane potential (Em) in vascular smooth muscle. Diagram
shows the concentration gradients and equilibrium (reversal) potentials (Erev) of the major
ions. The major ion pumps are also indicated.
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Unlike most excitable cells, vascular smooth muscle cells rarely display action

potentials (for an exception, see Yamaguchi and Jensen, 1993), but show graded

depolarization to stimuli. In most cases the vascular muscle cells in the blood
vessel wall act as an electrically coupled multiunit. This electrical coupling is due

to the existence of intercellular connections (gap junctions) between smooth

muscle cells. Gap junctions are formed from the apposition of two hemichannels
(connexons), each composed of six transmembrane proteins (connexins). Nu-

merous connexins have been described, but connexin 43 is the most common type

in arterial smooth muscle (Brink, 1998; Gustafsson and Holstein-Rathlou, 1999).
As a result of the electrical coupling a blood vessel behaves like a three-dimen-

sional electrical cable through which potential changes can propagate (Holman et

al., 1990; Tomita, 1990; Gustafsson and Holstein-Rathlou, 1999). Estimates of the
cable properties of smooth muscles vary, but values for the length constant of

electrical conduction � are generally in the range 1–2mm. It has been suggested

that smooth muscle cells and endothelial cells may also be electrically coupled via
gap junctions in some blood vessels (Gustafsson and Holstein-Rathlou, 1999).

Major ion channel species in vascular smooth muscle

K channels

K channels make up a large family of channels encoded by multiple gene families
(Standen and Quayle, 1998). K channels consist of four � subunits that are

associated with � subunits to make a hetero-octomer (Figure 1.3). The � subunits

form the channel pore while the � subunits modify channel gating properties.
Four major types of K channel are present in vascular smooth muscle: voltage-

dependent (KV) channels, Ca2+-activated (KCa) channels, inward rectiWer (KIR)

channels and ATP-sensitive (KATP) channels. The presence of relatively large



; 

(a) (c)

(b) (d)

Figure 1.3 Views of the KcsA channel tetramer, molecular surface of KcsA and contour of the pore.
(a) Stereoview of a ribbon representation illustrating the three-dimensional fold of the
KcsA tetramer viewed from the extracellular side (above). The four subunits are
distinguished by colour. (b) Stereoview from another (side) perspective, perpendicular to
that in (a). Original diagrams were prepared with MOLSCRIPT and RASTER-3D. (c) A
cutaway stereoview displaying the solvent-accessible surface of the K channel. (d)
Stereoview of the entire internal pore. This display was created with the program HOLE.
Modified from Doyle et al. (1998) with permission.

9 Vascular tone
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numbers of K channels (plus the low density of l-type calcium channels and the
absence of voltage-operated Na channels) probably accounts for the rarity of

action potentials recorded from vascular smooth muscle cells. There is consider-

able evidence that K channels dominate Em in vascular smooth muscle under
resting conditions. Recent evidence has highlighted the role of KCa channels in

myogenic tone (Jaggar et al., 1998a) and hypoxic vasoconstriction in the lung

(Dumas et al., 1999; McCulloch et al., 1999). Many vasoactive agents aVect K
channel opening. This may account for the ability of these agents to alter Em

(Standen and Quayle, 1998). In some cases (e.g. NO) this may involve direct

eVects on the channels; in other cases protein kinases, such as protein kinase C,
tyrosine kinases or cyclic nucleotide-dependent kinases, appear to mediate this

eVect. In addition, a num-ber of therapeutic vasodilators act on K channels.

Examples include minoxidil and nicorandil which open KATP channels (Standen
and Quayle, 1998), and thiazide diuretics which open KCa channels (Table 1.1:

Calder et al., 1993).

Cl channels

Cl− ions are actively concentrated inside the vascular smooth muscle cell, probably

as a result of the activity of the Na-K-2Cl cotransporter and HCO3
−/Cl− exchange.

Consequently the equilibrium potential for Cl− ion (ECl) is around − 25mV.
Opening Cl channels will therefore depolarize smooth muscle cells. Two classes of

Cl channels have been identiWed in vascular smooth muscle – a Ca2+-activated Cl

channel (ClCa: Large and Wang, 1996) and volume-sensitive Cl channels
(Yamakazi et al., 1998; Lamb et al., 1999). ClCa has not been identiWed at the

molecular level, but it is a small conductance channel (Klockner, 1993), that opens

in response to a rise in [Ca2+]i. Opening of this channel has been implicated in
agonist-induced depolarization (Large and Wang, 1996). A number of relatively

nonselective blockers of this channel have been described, but in general much

remains to be learned about the biophysics, physiological role and regulation of
this channel.

Volume-regulated chloride channels form a family currently containing nine

members (Jentsch et al., 1999). One of these, CLCN3, has been demonstrated in
vascular smooth muscle cells (Yamakazi et al., 1998; Lamb et al., 1999). It has been

suggested that this channel contributes to pressure-induced depolarization and

plays a role in myogenic responses (Yamakazi et al., 1998).

Voltage-operated sodium channels

There is little evidence that tetrodotoxin-sensitive voltage-operated Na+ channels

like those found in neurons or cardiac myocytes contribute to Em in vascular

smooth muscle cells. However, relatively nonselective channels permeable to



Table 1.1 Ion channels in vascular smooth muscle

Channel Physiological role Opener Inhibitor/blocker

Potassium channels

KV Regulation of membrane

potential

Hypoxic pulmonary

vasoconstriction

Depolarization 4-Aminopyridine, quinidine,

phenylcyclidine, tedisamil,

tetraethylammonium

K
IR

Resting membrane

potential K+-induced

dilatation

Depolarization Ba2+

K
Ca

Myogenic tone

‘Brake’ on agonist-induced

depolarization

[Ca2+]i

Depolarization

Thiazides

NS004

Charybdotoxin, iberiotoxin

K
ATP

Metabolic regulation of

tone

Reactive hyperaemia

Autoregulation

Endotoxic shock

[ATP]
I

Cromakalim, diazoxide,

minoxidil, nicorandil,

pinacidil, RP-49356

Sulphonylureas, U-37883A,

Ba2+

Chloride channels

Cl
Ca

Agonist-induced

depolarization in some

smooth muscle

[Ca2+]i NiXumic acids, stilbenes

(e.g. DIDS, SITS),

furosemide (frusemide)

Cl
v

Pressure-induced

depolarization

Increased in cell volume Stilbenes,

5-nitro-2-(3-

phenylpropylamino)-

benzoate

Cation channels

Receptor-operated

channels

Agonist-induced

depolarization

G protein-linked

receptors

Inorganic cations (e.g. Ni2+,

Gd3+)

Ca2+-activated [Ca2+]i

Calcium channels

l-type Myogenic tone

Agonist-induced calcium

entry

Depolarization,

dihydropyridine agonists

(e.g. Bay K8644a)

Dihydropyridine

antagonists,

phenylalkylamines,

benzothiazepines

T-type ‘Pacemaker’ activity? Depolarization Mibefradil

11 Vascular tone
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Figure 1.4 Transmembrane organization of voltage-gated Ca2+ channels. The primary structures of the
subunits of voltage-gated Ca2+ are illustrated. Cylinders represent probable � helical
transmembrane segments. Bold lines represent the polypeptide chains of each subunit
with length approximately proportional to the number of amino acid residues. The �1c
subunit (160–273 kDA) consists of four internal repeated domains (I–IV). Each domain
contains six �-helical transmembrane regions (S1–S6). Domain I is responsible for channel
activation kinetics. S4 is positively charged and forms part of the voltage sensor. The two
additional domains between S5 and S6 form pore region of channel. Verapamil and
nifedipine bind to helix 5 and 6 regions of domain III. Modified from Hockerman et al.
(1997) with permision.
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mono- and divalent cations (see below) may contribute to increased Na+ permea-

bility following agonist activation in some vascular smooth muscle.

Voltage-operated calcium channels

The major calcium channel in vascular smooth muscle is the voltage-operated

l-type calcium channel (Cav 1.2: Hughes, 1995). T-type channels (Cav 3.2) have
also been demonstrated in vascular smooth muscle cells, although their physio-

logical signiWcance is uncertain. The molecular characteristics of both l- and

T-type channels have now been described (Catterall, 1998). Both channel types
consist of �1, � and �2� components (Figure 1.4). The �1 subunit forms the pore of

the channel, while the � and �2� subunits are involved in membrane targeting

(Brice et al., 1997) and modulation of channel opening (Catterall, 1998). The �1

subunit (�1c) found in smooth muscle is similar to that found in cardiac muscle,

though a number of splice variants have been described (Feron et al., 1994;

Welling et al., 1997). All classes of calcium antagonists (i.e. dihydropyridines,
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phenylalkylamines and benzothiazepines) bind to the �1c subunit. Dihydro-
pyridines show higher aYnity for smooth muscle-type �1c isoforms (Welling et al.,

1997). This, in combination with the higher aYnity of dihydropyridines for

depolarized channels, probably accounts for their selective actions on the vascula-
ture. The l-type channel is also a major target for physiological modulation and

many vasoactive agents can modulate its gating properties as well as inXuencing

opening through eVects on Em. Several signalling pathways probably contribute to
channel modulation following agonist-induced activation, including tyrosine

phosphorylation (Hughes and Wijetunge, 1998) and protein kinase C (PKC:

Hughes, 1995). Recently, an endogenous tyrosine kinase (c-src) has also been
proposed to contribute to l-type channel availability under resting conditions

(Hughes and Wijetunge, 1998).

Calcium (cation) channels

Ca2+ can also enter the vascular smooth muscle cell through cation channels.

Unlike voltage-operated calcium channels which are highly selective for Ca2+,
cation channels show limited selectively for divalent cations and also allow Na+ to

enter the cell. Opening cation channels will therefore cause depolarization in

addition to Ca2+ entry. Three types of cation channel have been described in
vascular smooth muscle – those linked to vasoconstrictor agonists, termed recep-

tor-operated channels (ROC: Benham and Tsien, 1987; Wang et al., 1993; Hughes

and Bolton, 1995), those opened as a result of a rise in [Ca2+]i–Ca2+-activated
cation channels (Loirand et al., 1991) and so-called leak channels which are not

known to be regulated (Benham and Tsien, 1987). No physiological role has been

assigned to Ca2+-activated cation channels, but opening of ROCs is an important
mechanism by which vasoconstrictors induce Ca2+ entry and depolarization in

some vascular smooth muscle.

Intracellular calcium stores

Allmuscle types possess intracellular storage sites for Ca2+. In the cytoplasmCa2+ is
largely found associated with the endoplasmic (sarcoplasmic) reticulum (SR) and

mitochondria. The SR is generally considered to be the site from which Ca2+ is

released upon activation, although mitochondria may contribute to Ca2+ removal.
Ultrastructural studies indicate that the SR is less well organized in smooth

muscle than in cardiac or skeletal muscle (Nixon et al., 1994). In keeping with this,

Ca2+ release from the SR appears to be of lesser importance to the contractile
process in smooth muscle. It is most important in large arteries or vessels that

show phasic contractions (Ashida et al., 1988; Karaki et al., 1997). However, even

in small arteries, release of Ca2+ from the stores is important for some responses,
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e.g. those evoked by brief neural activation (Garcha and Hughes, 1997). Release
from Ca2+ stores is also believed to be involved in the generation of intense

localized rises in [Ca2+]i (Ca2+ sparks). Such sparks are generally seen in the vicinity

of the plasma membrane and it has been proposed that they regulate KCa and other
Ca2+-sensitive ion channel activity and may contribute to myogenic responses

(Jaggar et al., 1998a,b).

The importance of the SR to Ca2+ removal varies depending on the tissue
studied (Baro and Eisner, 1995; Kamishima and McCarron, 1998). However,

uptake by the SR may also modulate the consequences of Ca2+ entry by inXuencing

local [Ca2+]i. In this model (the superWcial buVermodel: Van Breemen et al., 1995)
the SR prevents rises in [Ca2+]i in the vicinity of the cell membrane spreading to

the contractile machinery located nearer the cell interior. The permeability of the

store therefore modulates the extent to which Ca2+ entering the cell causes
contraction. Evidence regarding the importance of this mechanism is equivocal,

although it seems likely that the activity of the SR can account for considerable

spatial variation in [Ca2+]i.
The net permeability of the intracellular Ca2+ store is determined by uptake into

and eZux from the SR. Uptake is via a Ca2+-ATPase, probably the SERCA 2b

subtype. Activity of this pump is regulated by phospholamban (PLB). PLB is a
24–27 kDa protein which inhibits the SR Ca2+-ATPase when it is dephos-

phorylated (Kadambi and Kranias, 1997). In vitro PLB can be phosphorylated by

cyclic adenosine 3,5-monophosphate(cAMP)-dependent protein kinase, cyclic
guanosine 3,5-monophosphate (cGMP)-dependent protein kinase, Ca2+-cal-

modulin-dependent protein kinase II or PKC. Phosphorylation by cyclic nucleo-

tide-dependent kinases may account for the ability of cAMP and cGMP to
stimulate Ca2+-ATPase in smooth muscle (Raeymaekers and Wuytack, 1993). The

endoplasmic reticulum Ca2+-ATPase can also be blocked irreversibly by thapsigar-

gin and reversibly by cyclopiazonic acid. The agents have proved to be useful tools
for examining the function of the SR in smooth muscle.

Ca2+ release from the SR occurs through Ca2+-selective ion channels. Two

related types of channel have been described in smooth muscle: inositol 1,4,5-
triphosphate (IP3)-sensitive channels (IP3R) and ryanodine-sensitive channels

(RyR). In some tissues these channels may occupy spatially distinct regions within

the cell (Tribe et al., 1994). IP3R has been isolated from aortic smooth muscle and
opens following binding of IP3. The IP3R has been reported to be phosphorylated

by cGMP-dependent protein kinase. Phosphorylation of the channel results in

channel inactivation in vitro, but the physiological signiWcance of this is uncertain
(Hofmann et al., 2000). In smooth muscle the IP3R coprecipitates with cGMP-

dependent kinase and another protein IP3R-associated cGMP-dependent kinase

substrate (IRAG). IRAG is a target for cGMP-dependent kinase phosphorylation
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and phosphorylation of IRAG can inhibit IP3-dependent Ca2+ release (Hofmann et
al., 2000). IP3 is produced as a result of agonist activation of phospholipase C

(PLC) which hydrolyses the minor membrane lipid phosphatidylinositol 4,5-

bisphosphate (PIP2) to IP3 and diacylglycerol (DAG). A number of isoforms of
PLC have been described, but the identity of the isoform mediating agonist-

induced eVects in vascular smooth muscle is uncertain. In the majority of cell

types PLC-� is responsible for IP3 generation following agonist activation; how-
ever, a number of recent studies have failed to demonstrate PLC-� in vascular

smoothmuscle. It has therefore been suggested that PLC-� or PLC-� may also play

a functional role (Marrero et al., 1994; Lymn and Hughes, 2000).
The physiological role of the RyR in vascular smooth muscle is undetermined.

This channel is sensitive to Ca2+, adenine nucleotides,Mg2+ and pH and blocked by

ryanodine and ruthenium red. Opening of this channel accounts for the ability of
caVeine to increase [Ca2+]i. In other tissues (e.g. intestinal smooth muscle and

myocardium) the RyR accounts for Ca2+-induced Ca2+ release from the intracellu-

lar store. In vascular smooth muscle the overall importance of this mechanism is
disputed (Ganitkevich and Isenberg, 1995; Kamishima and McCarron, 1997).

Nevertheless, the RyR may be involved in Ca2+ spark generation (Jaggar et al.,

1998b; Coussin et al., 2000) or underlie the establishment of Ca2+ waves within the
cell (Collier et al., 2000).

Calcium efflux: Ca-ATPase, Na/Ca exchange

Vascular smooth muscle can also extrude Ca2+ into the extracellular medium

through the action of Ca2+ pumps in the cell membrane. Both the plasma

membrane Ca-ATPase(PMCA) and the Na+/Ca2+ exchanger contribute to this
process. The aYnity of PMCA for Ca2+ is increased by calmodulin (CaM) and by

cAMP-or cGMP-dependent kinases. In general, this is the major eZux pathway

for Ca2+ in vascular smooth muscle cells. In most blood vessels the Na+/Ca2+

exchanger is probably of minor importance to overall Ca2+ homeostasis (Mulvany

et al., 1991; Kamishima and McCarron, 1998). Nevertheless, a close association

between the SR, the Na+/Ca2+ exchanger and the Na-K-ATPase has been reported
in smooth muscle (Moore et al., 1993). If such coupling is a general feature of

smooth muscle it is likely to be of functional signiWcance.

This completes the discussion of how [Ca2+]i is regulated in vascular smooth
muscle, but before going on to how a rise in [Ca2+]i causes force generation, the

structural elements of the diVerentiated smooth muscle cell need to be considered.
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Figure 1.5 The structural organization of the smooth muscle cell. Schematic depiction of the
organization of filaments in a vascular smooth muscle cell. Filaments are organized into
distinct structural (cytoskeletal) and contractile domains which interconnect via dense
bodies. After Small (1995).
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The ultrastructure of the contractile apparatus in smooth muscle

The structural elements of the vascular smooth muscle cell can be divided into

those common structural elements present in all cells – the cytoskeleton and

membrane skeleton – and the specialized arrangement of force-generating com-
ponents – the contractile apparatus. The major components of the cytoskeleton,

membrane skeleton and contractile apparatus are shown in Table 1.2. Unlike

cardiac and skeletal muscle, the ultrastructural organization of the contractile
apparatus is irregular in smooth muscle (Small, 1995; Small and Gimona, 1998).

Studies show Wlamentous structures in the cytoplasm of smooth muscle cells, but

these lack the characteristic geometric arrangement seen in striated muscle, hence
the smooth appearance of the cell when viewed by light microscopy. This should

not be taken to mean that the contractile machinery is disorganized, as it could

equally imply that the three-dimensional pattern is spatially more complex than in
striated muscle (Figure 1.5). The contractile machinery in vascular smooth muscle

cells is largelymade up of actin (thin Wlaments) and myosin (thick Wlaments; Table

1.2). Actin-associated proteins (e.g. caldesmon, calponin) are also present and
may play a modulatory role in the contractile process.

When actin and myosin are removed from the cell a cytoskeletal network of



Table 1.2 Components of the contractile apparatus and cytoskeleton in smooth muscle

Cytoskeleton Membrane skeleton

Contractile apparatus Dense bodies Cytoskeletal domain Adherens junction Caveolar domain

Actin (smooth muscle)

Myosin (type II)

Tropomyosin

Caldesmon

Calponin

Actin (nonmuscle)

�-actinin
Calponin

Actin (nonmuscle)

Desmin

(or vimentin)

Filamin

Calponin

Smoothelin

Synamin

Paranemin

Actin (nonmuscle)

Filamin

Calponin

Vinculin

Metavinculin

Talin

Paxillin

Tensin

�-actinin
Integrins

Plectrin

Actin (nonmuscle)?

Dystrophin

Caveolin

After Small and Gimona (1998).
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intermediate Wlaments remains. The major component of these intermediate
Wlaments is desmin, though they also contain many other proteins (Table 1.2).

The cytoskeleton probably couples the contractilemachinery to the cell membrane

(and hence to other cells and the extracellular matrix), but is not believed to be
otherwise involved in contraction, except to limit overextension or excessive

shortening of the cell. The connection between the contractile machinery and the

cytoskeleton occurs at cytoplasmic dense bodies, �-actinin-rich structures which
are distributed throughout the cytoplasm. It has been speculated that Wlamin, an

actin-associated protein involved in actin polymerization, may be an important

regulator of the linkage between the cytoskeleton and the contractile machinery.
The cytoskeleton also attaches to the cell membrane and makes connection with

the extracellular matrix or other cells via specialized junctional regions known as

adherens junctions or membrane-dense plaques. In chicken gizzard smooth
muscle these attachment regions appear as submembraneous dense plaques

around 0.2mm thick and 0.05 wide, separated by similar-sized caveolae running

along the cell’s long axis, giving the appearance of longitudinal ribs. Adherens
junctions contain a number of specialized proteins, including vinculin, paxillin

and tensin (Table 1.2), which are also present in focal adhesions seen in cultured

cells. These proteins are involved in attaching the cytoskeleton to other transmem-
braneous proteins which couple the cells to other cells (cadherins) or to extracellu-

lar matrix proteins (integrins). It is particularly interesting that these points of

contact are not merely structural. They are also foci of signalling activity. A
discussion of the importance of spatial localization in signalling is beyond the

scope of this review; however this topic has been reviewed recently (Bray, 1998).

How increased [Ca2+]i initiates contraction

The rise in [Ca2+]i brings about contraction through activation of a signal cascade.
The Wrst step in this pathway is activation of CaM. CaM is a widely distributed

intracellular protein (17 kDa) that possesses high aYnity for Ca2+ ions. One

molecule of calmodulin binds four molecules of Ca2+ via a domain known as the
Escherichia coli fragment (EF) hand domain, a domain common in a number of

Ca2+-binding proteins. This results in a conformational change in CaM-exposing

hydrophobic sites which interact with target molecules (Figure 1.5). (Ca2+)4CaM
activates a number of cellular enzymes, notably myosin light chain kinase

(MLCK). MLCK is a 130–150 kDa serine/threonine kinase which shows a number

of structural similarities to other serine/threonine kinases, e.g. cAMP-dependent
kinase, CaM (Stull et al., 1998). There are multiple isoforms of MLCK which can

be broadly classiWed into two groups: skeletal muscle and smooth muscle iso-

forms, the latter group being more substrate-speciWc. In smooth muscle Ca2+



active site

MLCK

Calmodulin

active site

Figure 1.6 Activation of myosin light chain kinase (MLCK). In the absence of active calmodulin
((Ca2+)4CaM) MLCK is inactive due to an inhibitory interaction between a myosin-like
pseudosubstrate region of MLCK and the active site. (Ca2+)4CaM releases this
autoinhibition, probably by binding to a site near the pseudosubstrate-inhibitory region.
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cannot directly activate the actin–myosin interaction, and MLCK is required.
Consequently the response to activation in smooth muscle is slow ( @ 500 ms) and

graded. In the absence of (Ca2+)4CaM, MLCK is inactive. This may be because part

of MLCK has considerable homology with myosin and eVectively acts as
pseudosubstrate inhibitor. (Ca2+)4CaM releases this inhibition and allows MLCK

to interact with myosin (Figure 1.6). The (Ca2+)4CaM–MLCK ternary complex

catalyses the phosphorylation of myosin at serine 19 on each of the two 20 kDa
myosin light chains (MLC20). This allows the actin–myosin interaction to occur,

resulting in force production.

Force generation in smooth muscle: actin–myosin interaction

The process of contraction is essentially similar in smooth, cardiac and skeletal

muscle. Actin and myosin are the motor proteins (Table 1.2) and contraction
occurs by a sliding Wlament action (Figure 1.7). However, the contractile process

in smooth muscle diVers in a number of important ways from that in cardiac and

skeletal muscle (Table 1.3).

Sensitization and desensitization of the contractile machinery to [Ca2+]i

While [Ca2+]i is the primary signal for contraction, the amount of force generated

can also be altered by changing the sensitivity of the contractile machinery to
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Figure 1.7 Diagram representing lever arm mechanics generating force as a result of the actin–myosin
interaction. (a) A schematic representation of lever arm rotation as it is thought to occur
during force production by a single myosin motor domain bound to actin. The myosin
motor domain comprises a catalytic domain and a regulatory domain. The catalytic domain
contains an ATP site and an actin-binding site, which has two parts separated by a cleft. The
lever arm is the regulatory domain, which is a stretch of myosin heavy chain bound by two
light chains, an essential light chain near the catalytic domain and a regulatory light chain.
The lever arm rotates about a fulcrum site near the centre of the motor domain, as the ATP
hydrolysis products (not shown) are released. The average orientation of the actin-bound
catalytic domain does not change during lever arm rotation. The flexibly attached rod
portion of myosin connects the motor domain to the thick filament. Rotation of the lever
arm slides the actin filament to the left, relative to the thick filament position. (b) The
regulatory domain, called the lever arm, the scallop muscle myosin consists of essential
and regulatory light chains bound to an ~8nm �-helical segment of the heavy chain. Other
muscle myosin regulatory domains have similar structures. The figure, with the backbone
structure rendered as van der Waals surfaces, was derived from Brookhaven Protein Data
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Table 1.3 Comparison of smooth and skeletal muscle

Smooth Skeletal (striated)

Coordinate activity Individual recruitment of cells

IneYcient Highly eYcient

Direct activation by Ca2+ plays no physiological

role

Direct activation by Ca2+

Regulator/graded mechanism On–oV mechanism

Low energy (1% skeletal muscle) requirement

for sustained force

High energy requirement for sustained force

Caption for Wg. 1.7 (cont.)

Bank file 1scm (2). (c) A schematic representation of a myosin molecule. There are two
motor domains attached to a coiled �-helical rod domain. Each catalytic domain (on the
right side) has an ATP site (the circle) and an actin-binding site, which includes a cleft (the
v shape). The lever arm is attached flexibly to the catalytic domain and to the rod domain.
In muscle, the rod segments aggregate to form the thick filament. Images modified from
(d). Three-dimensional maps of decorated filaments calculated by cryo-EM and image
analysis at a resolution of 2.5–3nm show the overall shape of the myosin head and its
geometry of attachment to actin. Image modified from Cryo-Electron Microscopy of
Actomyosin Complexes by Ron Milligan, Scripps Institute, on the Myosin home page
(http://www.mrc.lmb.cam.ac.uk/myosin/structure/cryoEM.html).
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[Ca2+]i. Such sensitization is likely to play a signiWcant part in regulating tonic
vascular smooth muscle activity and may account for agonist-induced modula-

tion of myogenic tone. Early studies showing that stimulants such as noradrena-

line (norepinephrine) increased tone following depolarization with potassium
were originally interpreted as indicating receptor-linked inXux of Ca2+, over and

above that induced by depolarization. However, since the advent of photometric

and Xuorescent techniques for the measurement of intracellular Ca2+ it has
become evident that increases in tone following addition of a contractile agonist to

depolarized vessels can occur without any detectable increase in [Ca2+]i (Nilsson,

1998). More detailed studies of intact arteries have shown that in general the ratio
of force [Ca2+]i is higher during contractions induced by receptor agonists than in

those induced by depolarization by high potassium. Work by Rembold and

Murphy (1993) has also shown that such agonists induce a greater degree of
myosin light chain phosphorylation for a given Ca2+ level than potassium depolar-

ization, indicating that this eVect of agonists involves an increase in eVective

Ca2+-sensitivity of MLC20 phosphorylation.
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Biochemical mechanisms of sensitization and desensitization

Recently, our understanding of the biochemistry of Ca2+-sensitization has im-

proved considerably. Work in skinned smooth muscle using techniques which

irreversibly permeabilize the smooth muscle cell but preserve receptor coupling
has been able to replicate the increases in Ca2+-sensitivity seen with contractile

agonists (PWtzer and Arner, 1998). Studies have shown that this eVect can be

mimicked by application of GTP-�-S or AlF4
−, and blocked by GDP-�-S –

non-hydrolysable analogues of GTP and GDP respectively. Such Wndings were

interpreted as indicating that agonist-induced sensitization of vascular smooth

muscle occurs by a mechanism involving heterotrimeric G proteins. More recent-
ly, the possibility that other GTPases also participate in the contractile process has

received increased attention.

At present there are several hypotheses regarding which second messenger(s)
are responsible for agonist-induced sensitization of contraction.

Phospholipase C, protein kinase C and lipid-derived signals

The principal phospholipids involved in cell signalling in vascular smooth muscle

are phosphatidylinositol (PI) and phosphatidylcholine (PC: Ohanian et al., 1998).
Two classes of enzymes hydrolase these lipids to give rise to signalling molecules

PLC and phospholipase D (PLD). PLC can utilize PI to give rise to IP3 and DAG,

or PC to generate DAG. PLD preferentially hydrolyses PC to produce phos-
phatidic acid (PA) and choline. DAG and PA can be interconverted by DAG

kinase and PA phosphohydrolase respectively and both molecules have signalling

roles. In addition both are substrates for PLA2 which forms arachidonate and, in
the case of PA, lysophosphatidic acid (LPA). Arachidonate may act as an intracel-

lular signal (Somlyo and Somlyo, 2000), while its derivatives (e.g. prostaglandins,

thromboxanes, leukotrienes) and LPA act as intercellular signals. The primary role
of DAG is as the physiological activator of PKC. PKC is a serine/threonine kinase

and numerous isoforms have been identiWed. DAG binds to PKC, activates it and

causes it to translocate from the cytoplasm to the membrane, where it can
phosphorylate numerous substrates.

Phorbol esters are powerful activators of PKC that act in a similar manner to

DAG. These compounds cause an increase in the Ca2+-sensitivity of vascular
smooth muscle. This was therefore widely considered to be the mechanism by

which vascoconstrictors increased Ca2+-sensitivity (Lee and Severson, 1994).

However, this view has been questioned recently. Phorbol esters are relatively
unphysiological activators of PKC and there is increasing doubt about the rel-

evance of their action to physiological activation of the enzyme (Wilkinson and

Hallam, 1994). Although phorbol esters do increase Ca2+-sensitivity, their eVects
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are slow ( ~30 min), whereas the eVects of agonists are rapid ( ~ 2 min). Similarly,
measurements of PKC translocation have not shown close relationships between

the degree of translocation and force production for some agonists. Other studies

also indicate that the temporal relationship between agonist-induced rises in
tension and the physiologically produced DAG is poor. Indeed, some agonists

cause sensitization despite failing to induce detectable rises in DAG (Ohanian et

al., 1998). Furthermore, although myosin can be phosphorylated by PKC, the
eVect of this is inhibitory. PKC can also induce phosphorylation ofMLCK in vitro,

but there is little evidence that this process is of physiological signiWcance. In

permeabilized preparations the eVects of agonists and GTP-�-S on Ca2+ release
and increased Ca2+-sensitivity can be dissociated, suggesting that PLC activation is

not necessary for sensitization to occur. Other problems centre on the putative

antagonists of PKC. Many of these agents are now known to be nonselective and
inhibit a range of important signal transduction systems. The results of many early

studies which interpreted Wndings with these agents relatively uncritically there-

fore require reappraisal. More recent studies with more selective PKC inhibitors
have been less consistent (Shimamoto et al., 1992; Ohanian et al., 1996; Buus et al.,

1998). This is not to exclude PKC from playing a role in agonist-induced sensitiz-

ation (see below), and the ever-increasing number of isoforms of PKC being
discovered certainly opens new possibilities within this Weld (Morgan and Lein-

weber, 1998). Nevertheless, the importance of PKC in agonist-induced sensitiz-

ation remains an unresolved question at present.

Protein phosphatases

Protein phosphatases catalyse the dephosphorylation of cellular proteins. Despite

the evidence that cellular phosphatase activity generally exceeds kinase activity,
most work has focused on the modulation of MLCK, or other kinases in the

contractile process. More recently, control of phosphatases has gained increasing

attention as a potential regulatory mechanism.
There are four classes of serine/threonine phosphatases in eukaryotic cells; type

1, 2A, 2B and 2C. The identity of the major myosin light chain phosphatase

(MLCP) has only recently been determined (Hartshorne, 1998). It belongs to the
type 1 class of phosphatases and consists of a 110–130 kDa regulatory subunit, a 39

kDa catalytic subunit and a 20 kDa subunit of unknown function.

Regulation of MLCP

Somlyo and colleagues were the Wrst to suggest that MLCP might be important in
the contractile process (Somlyo and Somlyo, 2000). Originally it was suggested

that arachidonate might regulate MLCP. More recent studies implicate mono-

meric or small G proteins in the regulation of MLCP and smooth muscle tone.
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Heterotrimeric G proteins are not the only GTPases present in smooth muscle
that participate in signal transduction. Smooth muscle also contains abundant

small G proteins ~ 21 kDa belonging to the ras superfamily (Somlyo and Somlyo,

2000). Of these, smg p21/rap and rho appear to be the dominant forms in vascular
smooth muscle (Kawahara et al., 1991). These GTPases exist in GDP-bound

(inactive) or GTP-bound (active) states. Interconversion of these states is control-

led by three types of regulatory proteins: guanine nucleotide exchange factors
(GEF), guanine nucleotide dissociation inhibitors (GDI) and GTPase-activating

proteins (GAPs).

Under resting conditions small G proteins such as rhoA exist mainly as a
cytoplasmic complex with a GDI. Following stimulation, a GEF promotes replace-

ment of GDP by GTP, rhoA dissociates from the GDI and translocates to a lipid

membrane. The rhoA–GTP complex is the active signalling molecule. After it
interacts with its target(s), GAPs stimulate hydrolysis of GTP to GDP. The

resulting rhoA–GDP complex then rebinds to a cytosolic GDI, completing the

cycle.
Many vasoconstrictors appear to be able to activate rhoA. Exactly how hetero-

trimeric G proteins signal to small G proteins remains somewhat obscure.

p115rho GEF has been reported to associate with some heterotrimeric G proteins
(G�12, G�13: Kozasa et al., 1998) and this may account for the ability of some

agonists to activate rhoA. Another possibility is that production of phos-

phatidylinositol-3,4,5-triphosphate by phosphoinositide 3-kinase (PI3 kinase) is
reponsible for the activation of small G proteins. PI3 kinase is stimulated by some

G proteins (Hawes et al., 1996) and is able to activate a GEF (Han et al., 1998).

At present rhoA is considered to be the major regulator of MLCP in smooth
muscle (Somlyo and Somlyo, 2000). Work in nonmuscle cells had suggested that

rhoA was an important regulator of the cytoskeleton and actin polymerization

(Hall, 1999). This eVect was demonstrated to involve activation of a rho-depend-
ent kinase (ROK) that phosphorylated the regulatory subunit of MLCP (Kimura

et al., 1996).

Numerous studies in smooth muscle have shown that inhibition of rhoA (e.g.
by botulinumADP-ribosyltransferaseC3 (C3), exoenzyme of Staphylococcus aureus

(EDIN), or a chimeric protein formed from diphtheria toxin and C3) can diminish

contraction in response to agonists, or GTP-�-S in permeabilized preparations
(Somlyo and Somlyo, 2000). More recently, a cell-permeable inhibitor of ROK

(Y-27632) has been described that also inhibits agonist-induced contraction of

vascular smooth muscle (Uehata et al., 1997). Together these data strongly suggest
that rhoA has a major role in mediating agonist-induced Ca2+ sensitization in

vascular smooth muscle.

Although rhoA is undoubtedly important, it is not likely to be the sole regulator
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of MLCP activity. PKC can also aVect MLCP (Walker et al., 1998), either by
inhibiting MLCP directly, or by phosphorylating an inhibitory protein CPI-17

(Senba et al., 1999). PKC and rhoA may therefore cooperate to regulate MLCP,

although current data suggest that rhoA is more important (Somlyo and Somlyo,
2000).

Cyclic nucleotides

In addition to their eVects on Em and [Ca2+]i homeostasis, cyclic nucleotides aVect
Ca2+ sensitization. cAMP- and cGMP-dependent kinases have been shown to

accelerate dephosphorylation of MLC20 (Wu et al., 1996, 1998b), but the mechan-

ism of this eVect remains uncertain. Indeed, it has been suggested that cAMP may
exert many of its eVects through cross-stimulation of cGMP-dependent kinase

(Francis and Corbin, 1994). Recent data indicate that cGMP-dependent kinase (�
isoform) binds to the C-terminal region of the regulatory subunit of MLCP and
that abolition of this binding prevents cGMP-dependent activation of MLCP

(Surks et al., 1999). cGMP-dependent kinase has been shown to phosphorylate the

130 kDa (regulatory) and 20 kDa subunits of MLCP Nakamura M, as well as
several other associated proteins (Surks et al., 1999). However, phosphorylation of

the regulatory subunit has not been shown to aVect phosphatase activity in vitro

(Nakamura et al., 1999).
It is possible therefore that the eVects of cGMP-dependent kinase on MLCP

activity involve phosphorylation of an associated protein. It has been proposed

that telokin, a 17 kDa protein that is identical to the C-terminal sequence of
MLCK, could be a target for cyclic nucleotide-dependent kinases in smooth

muscle (Somlyo et al., 1998). In vitro telokin can be phosphorylated by cAMP-

and cGMP-dependent kinases as well as by p42/44 mitogen-activated protein
(MAP) kinases. Telokin has been shown to induce relaxation and dephosphoryla-

tion of MLC20 in permeabilized ileal muscle and removal of telokin abolished

cGMP-induced relaxation. Although these are intriguing data, as telokin is only
present in large amounts in some smooth muscles (Somlyo et al., 1998), it seems

unlikely that it can be the complete explanation of how cyclic nucleotides aVect

Ca2+-sensitivity. Perhaps a related molecule or a completely unrelated mechanism
remains to be discovered.

Actin-associated proteins: caldesmon and calponin

Two actin-associated proteins, caldesmon and calponin, are possible regulators of

the actin–myosin interaction and could contribute to sensitization in vascular
smooth muscle. Caldesmon is a 87 kDa protein which binds to actin and inhibits

actin–myosin ATPase activity (Marston et al., 1998). In skinned smooth muscle

caldesmon has been reported to shift the relationship between MLC20
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phosphorylation and force in a rightward direction (desensitization) and in
permeabilized vascular smoothmuscle cells displacement of caldesmon from actin

by a peptide analogue caused contraction. The interaction between caldesmon and

actin may be regulated by phosphorylation and p42/44 MAP kinase has been
reported to phosphorylate caldesmon in vitro. MAP kinase is known to be

activated in response to some contractile agonists (Khalil et al., 1995; Watts, 1996)

and could provide a mechanism linking agonist stimulation to phosphorylation of
caldesmon. Calponin is another putative modulator of actin–myosin activity.

Calponin is a 34 kDa protein speciWcally found in smooth muscle in association

with actin and tropomyosin (Winder et al., 1998). It also blocks actin-stimulated
myosin ATPase activity and this action is inhibited by phosphorylation of cal-

ponin. CaM kinase and PKC can phosphorylate calponin in vitro (Horowitz et al.,

1996), though whether these represent physiological actions of these enzymes
remains uncertain.

Latch state

A novel state of actin–myosin cross-bridges, latch state was originally proposed on

kinetic grounds by Hai and Murphy (1998) to account for sustained force

production in tonic smooth muscles. It is thought to be analogous to the ‘catch’
state of mollusc muscle which allows force to be maintained for long periods with

minimal ATP hydrolysis. A complete biochemical basis for latch state remains to

be elaborated, but it is associated with dephosphorylation of MLC20 (Arner and
Malmqvist, 1998). It is proposed that a speciWc form of dephosphorylated cross-

bridge is generated that remains attached. Whether actin-associated proteins such

as caldesmon or calponin contribute to the formation of this state remains
speculative.

Conclusions

The generation of arterial tone is a complex and highly regulated process. Many of

the basic features and regulators of the contractile process in vascular smooth

muscle are now well understood, yet there are deWcits in our knowledge. These
include the importance of spatial restriction of Ca2+ and other messengers to

signalling in smooth muscle, the regulation of MLCP and the relationship between

ultrastructural structure and function. The recent recognition that unconven-
tional signalling pathways such as tyrosine phosphorylation, small G proteins and

the MAP kinase pathway play signiWcant, if as yet ill-deWned, roles in contraction

will ensure that there will be many new developments in this Weld in the future.
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Introduction

Compliance of a vessel is the amount by which it will increase in volume for a

given increase in distending pressure and is determined by the elastic properties of

the vessel wall. A compliant vessel will accommodate a large volume of blood at
low pressure and show little rise in pressure when a large volume of blood is

ejected into it. It has long been appreciated that vascular compliance has an

important inXuence on circulatory haemodynamics. The compliance of the large
veins enables them to accommodate blood returning to the heart and thus

inXuences preload on the heart and hence cardiac output. Similarly, the compli-

ance of the aorta and large arteries enables them to accommodate blood ejected
from the left ventricle. This reduces afterload, preventing an excessive rise in

systolic blood pressure, and increases Xow to the peripheral and coronary circula-

tion when the aorta contracts as distending pressure falls during diastole. In this
context the aorta has been referred to as the ‘second heart’. It has recently been

appreciated that reduced compliance of the aorta may represent one of or, in

certain groups, the most important predictor of cardiovascular mortality. This has
renewed interest in the determinants and consequences of large artery compliance.

In this chapter we focus on large artery compliance, reviewing its measurement,

inXuence on haemodynamics, biomechanical determinants, alterations in physio-
logical and pathophysiological conditions, importance as a cardiovascular risk

factor and interventions which may modify large artery compliance.

Definitions and terminology

The terms arterial ‘compliance’ and ‘distensibility’ tend to be used interchangeably

but have distinct deWnitions. Compliance (C) of a segment of a vessel is the
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increase in volume (�V) of the segment per unit increase in distending pressure
(�P) across the segment:

C = �V/�P

Whereas distensibility (D) is the proportionate increase in volume per unit

increase in distending pressure:

D = [�V/V ]/�P

Distensibility is more closely related to the intrinsic elasticity of the vessel wall,

whereas compliance depends, in addition, upon vessel diameter. As vessel diame-
ter increases, compliance increases. Thus, a larger artery may exhibit greater

compliance than a smaller artery even if the intrinsic elasticity of the large artery

wall is lower than that of the small artery. In recent years the term ‘arterial stiVness’
has been coined. StiVness does not have a strict deWnition but loosely is the inverse

of distensibility. ‘StiVness’ has the appeal of being an intuitive term encapsulating

the idea that a reduction in compliance is associated with a rigid vessel, which will
dilate very little even when subject to a large distending pressure.

Influence of large artery compliance on systemic haemodynamics

Blood pressure and organ perfusion are often regarded as being determined by

cardiac output and total peripheral vascular resistance. This is true in as much as
cardiac output and total peripheral resistance determine mean arterial blood

pressure. However, large artery compliance has an important inXuence on dy-

namic changes in blood pressure and Xow during the cardiac cycle, such changes
being dependent on the interaction between the left ventricle and the large arteries

(Nichols and O’Rourke, 1998). A poorly compliant or stiV aorta will result in an

excessive rise in systolic blood pressure and precipitous fall in blood pressure
during early diastole. Conversely, a compliant aorta acts as a cushion or windkes-

sel, reducing the rise in systolic blood pressure. Reanalysis of the results of large

blood pressure-lowering trials has drawn attention to the importance of systolic
blood pressure and pulse pressure as being predictive of cardiovascular mortality

and this underlines the potential importance of large artery compliance (Franklin

et al., 1999; Millar et al., 1999). The windkessel eVect has importance not only in
reducing systolic blood pressure but also in increasing diastolic blood pressure.

This, in turn, may have important implications for coronary artery blood Xow

which occurs mainly during diastole.
These windkessel eVects can be explained simply by the ability of the aorta to

stretch and accommodate an increased blood volume during systole. However,

large artery compliance also inXuences systemic haemodynamics through its
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eVects on the transmission of pressure throughout the vascular tree. Pressure is
not transmitted instantaneously but at a rate dependent on the pulse wave velocity

(PWV: Bramwell and Hill, 1922). Thus, the pressure pulse at the femoral artery

arrives momentarily after that at the carotid artery due to the Wnite speed of
transmission of pressure along the aorta. The diVerence in conduit artery length

from the heart to these two peripheral sites divided by the diVerence in time of

arrival of the pressure pulse at these two sites is the PWV. PWV is determined by
the distensibility of the aorta. A more compliant or distensible aorta is associated

with a lower PWV.

In addition to providing a useful means for measuring aortic distensibility (see
below), PWV determines the timing of reXected pressure waves. The pressure

wave caused by ventricular contraction propagates away from the heart along the

arterial tree, reaching large and medium-sized arteries in peripheral parts of the
vascular tree at a later time during systole. In addition this pressure wave is

reXected at various points along the vascular tree, causing pressure wave reXec-

tions which travel in the opposite direction towards the heart. Some degree of
pressure wave reXection occurs at all points along the vascular tree but the

majority occurs from small arteries in the lower body. To a Wrst approximation

one can consider a single site of pressure wave reXection in the lower body, from
which a backward-going pressure wave returns towards the heart. This pressure

wave will travel with the same PWV as the forward-going wave and the timing of

its arrival at the aortic root relative to the forward-going wave will depend upon
PWV. The total pressure in the vasculature at any point in time is the sum of the

pressure contributions from both the forward- and backward-going waves. In the

case of a compliant aorta the reXected wave arrives at the aortic root in diastole
and adds little to systolic pressure but tends to increase early diastolic pressure.

The former eVect keeps pulse pressure to a minimum and the latter may be

important with regard to coronary perfusion. A poorly compliant or stiV aorta will
result in a higher PWV and the arrival of a greater proportion of reXected waves

during systole. This will cause an augmentation of systolic blood pressure, often

generating a peak systolic blood pressure exceeding that which would be generated
by forward propagation of blood pressure alone (Nichols and O’Rourke, 1998).

Measurement of arterial compliance

The most direct approach to determining arterial compliance would seem, at Wrst

sight, to measure the change in volume of an arterial segment occurring during the
cardiac cycle and to relate this to corresponding pressure changes. High-resolu-

tion duplex ultrasound provides the ability to measure changes in diameter and

hence in cross-sectional area and volume. Sophisticated systems exist which allow
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tracking of the vessel wall and give accurate measurements of diameter changes
during the cardiac cycle. Arterial pressure can be measured invasively or nonin-

vasively to relate diameter and hence volume changes to those of pressure and

hence determine compliance. This method allows for the nonlinearity of the
pressure–diameter relationship and also provides for determinations at isobaric

pressure (Stefanadis et al., 1995). Disadvantages with this method are that only a

small segment of the artery (that which can be imaged) can be measured and,
depending on the artery of interest, it is not always possible to determine blood

pressure in the artery directly. This may introduce an error since blood pressure

diVers between central and peripheral arteries as a result of pressure wave reXec-
tion. This method can, however, be used to good eVect in the carotid artery which

is easily accessible for imaging and in which carotid artery tonometry can provide

a noninvasive registration of blood pressure through the cardiac cycle (Giannat-
tasio et al., 1996).

An alternative method for determining arterial compliance/distensibility is to

measure PWV. PWV is the velocity with which the pressure pulse propagates
along an artery and is inversely related to the square root of arterial distensibility

(Bramwell and Hill, 1922). PWV can be determined by measuring the time delay

(�T) between the foot of velocity or pressure waveforms measured at two
accessible sites in the arterial tree, such as the carotid and femoral arteries. Carotid

to femoral PWV (PWVcf) is given by:

PWVcf = Lcf/�T

where Lcf is the diVerence in length from the aortic root to the carotid artery and

the length from the aortic root to the femoral artery and is estimated from surface
markings. This method provides an integrated measure of distensibility over the

arterial conduit of interest (usually the aortofemoral). Although it requires some

user experience it is less demanding than approaches which use direct imaging and
does not depend upon simultaneous blood pressure measurement (although this

inXuences PWV). The method is of particular interest because PWVcf has been

shown to be a predictor of mortality in certain groups (Blacher et al., 1999). In
animal studies transducers placed along the aorta can be used to measure PWV.

In addition to these relatively direct methods for determining PWV there are

several indices of arterial stiVness which can be determined by contour analysis of
the peripheral arterial pulse. The peripheral pulse can be recorded noninvasively

by applying a tonometer to the radial artery. This is an instrument in which

deXection of a piezoelectric transducer is used to record radial artery pressure. A
peripheral pulse may also be obtained by measuring the transmission of infrared

light through the Wnger pulp. This yields a volume pulse which is closely related to

the peripheral pressure pulse. The contour of the pressure and volume pulse is
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determined by the ejection characteristics of the left ventricle and by the bio-
mechanical properties of the systemic circulation. ReXection of pressure waves

from peripheral parts of the circulation inXuences the contour of both the systolic

and diastolic components of the pulse waveform.
The timing of the reXected wave dependsmainly upon large artery PWV. A high

PWV is associated with a greater proportion of wave reXection arriving in systole

augmenting systolic blood pressure. Measurement of an aortic augmentation
index (AIx) derived from pulse contour analysis has therefore been advocated to

determine arterial stiVness (O’Rourke and Mancia, 1999). However, although AIx

is inXuenced by PWV and hence by large artery compliance, it is important to note
that there are other important determinants of AIx, namely the site and amount of

pressurewave reXection (Nichols andO’Rourke, 1998). The latter may vary widely

according to arterial tone. Another type of pulse wave analysis involves the
assumption that the diastolic decay of the arterial pressure pulse is due to a

‘systemic’ (mainly large) artery compliance and estimating this from measure-

ments taken from the diastolic portion of the pressure wave or by Wtting the wave
to a mathematical Windkessel model (Cohn et al., 1995). This method requires an

estimation of cardiac output and neglects the possible inXuence of wave reXection

on the pressure wave. Whether the latter is a quantitatively important confound-
ing factor, however, remains to be determined.

Biomechanical determinants of compliance: arterial wall structure

Arterial compliance is determined by arterial diameter and the intrinsic elasticity

of the artery wall. This in turn is determined by individual components of the
vessel wall. The vessel wall cannot be considered simply as a collection of cells and

extracellular matrix (ECM). Rather, it is a dynamic organ composed of en-

dothelial, medial smooth muscle and Wbroblast cells invested in ECM and is
subject to remodelling in response to haemodynamic conditions and pathological

states. Remodelling can be viewed as an active process of structural alteration

dependent on a continual interaction between locally generated growth factors,
vasoactive substances and haemodynamic stimuli. The endothelium is particularly

suited to play a central part in vessel adaptation, being strategically located to serve

in a sensory capacity, assessing haemodynamic and humoral signals as well as
eliciting responses that may eventually aVect the structure and mechanical proper-

ties of the vessel. It is capable of releasing locally active mediators such as nitric

oxide (NO) and endothelin, which have immediate vasoactive properties and
longer-term trophic eVects on the medial smooth muscle cells. Vascular smooth

muscle cells (VSMCs) not only actively control wall tension but also synthesize the

major structural components of the vessel wall. The ECM accounts for up to 60%
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of the intimal volume and is composed of the scaVolding elements of collagen
(types I, III, IV and V) and elastin embedded in glycoproteins such as Wbronectin

and proteoglycans such as heparin sulphate. This matrix also acts as a repository

for several potent growth factors. Certain matrix proteins bind growth factors
such as basic Wbroblast growth factor, transforming growth factor-�1 (TGF-�1)

and thrombin (Taipale and Keski-oja, 1997). Alteration in matrix spatial arrange-

ment and composition may additionally modulate the growth of the vascular
cells via release of stored growth factor. Thus, the matrix, contrary to previous

expectation, cannot be considered simply as an inert supportive tissue for sur-

rounding cells but a dynamic structure central to the control of vascular reorgan-
ization.

In muscular arteries compliance is inextricably linked to vascular smooth

muscle (VSM) tone. Usually a decrease in tone is associated with an increase in
compliance. This is not always the case, however, since a large decrease in VSM

tone may transfer stress to more rigid elements in the vessel wall so that when the

VSM is fully relaxed, compliance may decrease. In large elastic arteries such as the
aorta, compliance is dependent less on VSM tone but rather on the intrinsic

elasticity of the ECM. This in turn will depend on the characteristics and relative

proportions of elastin, collagen and other components of the ECM. Although the
amount of collagen or collagen subtypes/elastin may be important, changes in the

connective tissue of the vessel wall may prove to be more subtle, involving

reorganization of existing collagen and elastin matrices. This could be achieved
through altered matrix–matrix interactions involving proteoglycans such as de-

corin or through changes in the attachment properties of proteins such as

integrins or Wbronectins in cell–matrix interactions. Central to controlled re-
organization of ECM at any level is the activity of a unique family of enzymes, the

matrix metalloproteinases (MMPs). MMPs, beyond their previously described

functions as extracellular degrading enzymes, may also exert eVects on cellular
growth and proliferation (Dollery et al., 1995). This may occur indirectly through

evoking release of ECM-associated growth factors such as Wbroblast growth factor

(FGF) and TGF-� (Taipole and Keski-oja, 1997) during matrix turnover or
directly via degradation of growth factors or of growth factor-binding proteins

such as insulin-like growth factor-binding protein (IGFBP-3: Fowlkes et al., 1994).

Alterations in large artery compliance in physiological conditions

Ageing, pregnancy and the menopause

The major physiological conditions associated with changes in large artery com-

pliance are ageing and pregnancy. Many investigators have reported an inverse

association between large artery distensibility and age (Avolio et al., 1983, 1985;
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Safar, 1990). This association with age is much less marked in muscular arteries,
suggesting that it may relate to structural changes in the elastin, which comprises a

major element of the vascular wall of large arteries. Indeed, electron microscopy

studies show that elastin Wbres are subject to degenerative changes akin to the
stress fracturing seen in many mechanical elements subject to repeated stress

(Nichols and O’Rourke, 1998). Such degenerative changes are unlikely to be

reversible and are most unlikely to account for alterations in large arterial compli-
ance associated with pregnancy and perimenopausal changes. Alterations in preg-

nancy are particularly marked and may thus oVer a unique insight into physiologi-

cal determinants of arterial compliance.
It has long been appreciated that normal pregnancy is associated with profound

haemodynamic changes beginning early in the Wrst trimester. These include an

increase in intravascular volume and cardiac output and decrease in peripheral
vascular resistance (which may precede the other changes). The fall in peripheral

resistance is suYciently large to result in a fall in mean blood pressure despite the

increase in cardiac output. An active state of peripheral vasodilation of resistance
arteries, whether through decreased constriction or enhanced dilation, provides

the most obvious explanation for the fall in peripheral resistance. Such a decrease

in tone of resistance arteries would, as discussed above, be likely to lead to an
increase in arterial compliance and this has indeed been observed in animal

gestations (Hart et al., 1986; Slangen et al., 1997). More recently, an increase in

large artery compliance has been observed in uncomplicated human pregnancies
(Poppas et al., 1997; Edouard et al., 1998) and may contribute to the adaptation to

an increased cardiac output, preventing an excessive rise in systolic blood pres-

sure. In preeclampsia, a syndrome unique to pregnancy (deWned clinically by an
elevation in blood pressure and the presence of proteinuria), there appears to be a

failure or reversal of maternal vascular adaptation with potential deleterious

consequences for both mother and fetus. A preliminary study has reported
reduced arterial compliance in such hypertensive pregnancies (Hibbard et al.,

1998). The relatively short-term changes in large artery compliance associated

with pregnancy suggest that oestrogen may modulate the structure of large
arteries. This hypothesis is further supported by the observation that large artery

compliance is higher in post-menopausal women taking hormone replacement

therapy (HRT) and decreases following withdrawal of HRT (Rajkumar et al.,
1997).

Vascular structural change in pregnancy

Dramatic remodelling of wall structure has been described in the uteroplacental

circulation, with a more complaint vascular bed facilitating perfusion of the

placental intervillous space with maternal blood. Alterations in endothelial
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function and VSM tone in these arteries undoubtedly contribute to an increase in
compliance. However, the incidence or degree of restructuring in larger arteries

has been less frequently addressed. This is perhaps surprising given the magnitude

and duration of change in cardiovascular function observed in normal pregnancy
and the observation that structural reorganization of the vasculature is generally

manifest whenever functional changes persist for more than a few days. What

information exists is limited and largely conWned to animal studies. In an exten-
sive histological investigation of diVerent vascular beds in the pregnant rat, Awal

et al. (1995) described an increase in wall thickness and in lumen diameter in

muscular arteries. In contrast, these dimensions appeared unchanged in the elastic
aorta. In a further study, using electron microscopy, the aortic intimal cross-

sectional area of the pregnant guinea pig was shown to decrease (Jovanovic and

Jovanovic, 1997) and, in the absence of changes in intrinsic elasticity of the vessel
wall, this would be expected to result in decreased compliance. However, in

addition to the inevitable artefacts that may occur in tissue Wxation and process-

ing, vessels studied in this way are not subjected to transmural (physiological)
pressure. In normal pregnant women aortic diameter over a range of aortic

pressures was reported to increase in an early study by Hart et al. (1986). The

changes appear more marked in multiparous women compared to primiparae,
which is consistent with the Wndings of a later study (Easterling et al., 1991). Clapp

and Capeless (1997) additionally show that systemic vascular resistance, while

gradually returning towards baseline, diVered signiWcantly from prepregnancy
values for up to a year postpartum. The persistence of vascular remodelling

beyond delivery, when one would have expected that endocrine-associated func-

tional changes would have regressed, and the observation of larger and more
compliant aortas in multiparous pregnant women suggest that intrinsic modiWca-

tion in the arterial wall may occur as a result of pregnancy in humans.

Dramatic remodelling of the ECM has been described in the reproductive
system in pregnancy. In contrast, little information is available on vascular matrix

turnover in pregnancy. A reduction in wall collagen to elastin ratio speciWc to

certain resistance vascular beds has been described (Griendling et al., 1985;
Mackey et al., 1992). In an early study, increased collagen synthesis was observed

in aortas of pregnant rats maintained in organ culture; and interestingly, this was

exaggerated in hypertensive pregnant animals (Foidart et al., 1978). This study
would appear to contradict the hypothesis that a reduction in arterial collagen

accompanies an increase in aortic compliance in normal pregnancy. However, in

addition to the limitations of organ culture, it is not possible from this study to
concludewhat proportion of the newly synthesized collagenwould be deposited in

the vessel wall and therefore functionally relevant. Nor is it possible to estimate

which subtypes of collagen are synthesized. Another possibility is that pregnancy-
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induced changes in the connective tissue of the vessel wall may involve reorganiz-
ation of existing collagen and elastin matrices through the action of MMPs. A role

for these enzymes in the adaptation of nonvascular ECM to pregnancy is well

established in several tissues including the cervix, uterus and fetal membranes.
Compared to the number of investigations ascribing a role for MMPs in structural

remodelling of spiral arteries, and the numerous studies advocating a role for

MMPs in pathological cardiovascular remodelling (Dollery et al., 1999), the
potential role of MMPs in the adaptation of maternal vasculature to normal

pregnancy has been remarkably neglected. Preliminary data from our laboratory

show increased expression of MMP-3 in aortas from late-gestation pregnant rats
compared to those from virgin rats. There was no signiWcant diVerence in the

expression of MMP-2 between the groups studied. These data advocates a role for

proteoglycan turnover in the vascular matrix, suggesting that a mechanism of
reorganization might be through altered matrix–matrix interaction.

Influence of oestrogen

Many of the haemodynamic changes observed in normal pregnancy can be

induced in animal models by chronic exposure of the nonpregnant animal to

oestrogen (Hart et al., 1985; Magness et al., 1993). Human endothelial and VSMCs
contain functional oestrogen receptors. The mechanisms by which changes in

arterial compliance are accomplished are unclear but, importantly, their elucida-

tion might well provide further insight into the cardioprotective eVects of oestro-
gens in premenopausal women and in those postmenopausal women on oestrogen

replacement therapy.Oestrogen treatment of ovariectomized rats aVects the rate of

collagen and elastin accumulation in the aortic wall in favour of a reduction in the
collagen to elastin ratio (Fischer, 1972). In addition, aortic smooth muscle cells

cultured in the presence of estradiol produce an altered ratio of type I: type III

collagen. It is interesting that neither the �1(I) nor the �2(I) collagen genes contain
an oestrogen-response element. More recent work by Neugarten et al. (1999) has

shown that oestrogen suppression of type I collagen synthesis can occur via an

upregulation of the MAP kinase cascade. Oestrogenic eVects on vascular collagen
turnovermight well be mediated through a NO-dependent pathway as this steroid

is also known to stimulate NO synthesis, through both genomic and nongenomic

pathways (Chen et al., 1999). The evidence supporting enhanced NO synthesis in
pregnancy is growing and herein may lie a link between a stimulus for vasodilata-

tion and for remodelling in pregnancy. NO has been shown speciWcally to increase

type III collagen synthesis in cultured VSMCs (Westerhausen-Larson et al., 1997)
and, in the renal vessels of transgenic mice, inhibition of NOS induces type I

collagen gene expression (Chatziantoniou et al., 1998). Interestingly, this stimula-

tion of collagen I gene activation was abolished when animals were treated with
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bosentan, an endothelin receptor antagonist. This substantiates another recent
report suggesting interactions occur between endothelin receptors (particularly

ET-B) and NO in the renal vasculature in pregnancy (Conrad et al., 1999).

Alterations in arterial compliance in vascular disease

Hypertension

The mechanical/structural relationship in arteries has been studied extensively

with respect to the development and treatment of hypertension. Small resistance-

sized arteries have received most attention, in view of the elevated total peripheral
resistance that characterizes essential hypertension. Sustained hypertension has

been extensively reported to induce an increased arterial wall thickness and

media-to-lumen ratio (Folkow, 1982; Mulvany and Aalkjaer, 1990). The data on
small arteries and arterioles (Laurent, 1995) have been conWrmed by clinical

studies performed on isolated subcutaneous arterioles (Aalkjaer et al., 1987). The

observed morphological changes have been distinguished either as ‘remodelling’
(‘eutrophic’) or ‘hypertrophy’ depending on the decrease or increase in external

diameter respectively. This reconWguration of the media has also been associated

with an increased amount of collagen relative to elastin (Brayden et al., 1983). The
data on how these changes in vessel geometry are related to altered arterial

stiVness, however, are conXicting. In experimental hypertensive models in the rat,

similar changes in wall structure have been associated with a reduction, no change
or an increase in the stiVness of the vessel wall (Lew and Angus, 1992; Intengan et

al., 1999a,b). In resistance arteries isolated from untreated essential hypertensive

patients, the media-to-lumen ratio and media width were greater in hypertensive
vessels reducing wall stress. While analysis of the media showed a greater collagen-

to-elastin ratio in these arteries, the stiVness of wall components (derived from

incremental elastic modulus versus stress) was signiWcantly lower in hypertensive
vessels compared to vessels isolated from control normotensive volunteers

(Intengan et al., 1999b). One interpretation of this is that the wall adapts to

maintain a physiologically relevant buVering capacity despite stiVer wall compo-
nents and that this may be attained through more subtle spatial reorganization of

other matrix elements and their interactions.

In large arteries most studies demonstrate an increase in stiVness (Nichols and
O’Rourke, 1998; Safar et al., 1998). The pressure dependence of arterial compli-

ance complicates the evaluation of mechanical properties of large arteries in

hypertension, with diYculty in establishing whether a change in arterial compli-
ance is a consequenceof increased blood pressure or reXects intrinsic alterations in

the arterial wall. This issue of ‘cause or consequence’ has been addressed in two

recent studies. van Gorp et al. (2000) showed that decreases in distensibility and
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compliance precede the development of hypertension in spontaneously hyperten-
sive rats (SHRs), in which hypertension develops gradually over weeks. While

media hypertrophy was evident at this stage the authors report no signiWcant

diVerence in total collagen content. It is not possible from this study to know
whethermedia hypertrophy in SHR developed after birth or was already present in

fetal life. Further, with this limited information, it would be premature to discount

the hypothesis that ECM changes contribute to alterations in compliance. For
instance, while total collagen content may be unaltered, there may be changes in

collagen subtypes. An alteration in the proportion of the ‘stiVer’ type 1 compared

to the more extensible type III might contribute to altered passive mechanical
properties. Abnormalities of extracellular degradation of collagen type I have been

reported in essential hypertension (Laviades et al., 1998). ModiWcation of vascular

matrix may occur by other means, such as through altered cell–matrix or matrix–
matrix attachment sites and interactions without change in total amounts of the

major matrix proteins. Interestingly, an increase in �v�3 and �5�1 integrins has

been reported in vessels from SHRs in established hypertension (Intengan et al.,
1999a,b).

The relationship between arterial compliance and hypertension has been exam-

ined prospectively in a cohort of nearly 7000 normotensive men and women by
Liao et al. (1999). Arterial elasticity was measured using high-resolution ultra-

sound of the left common carotid artery simultaneously controlling for blood

pressure and arterial diameter. The data suggest that impaired elasticity of larger
arteries is an antecedent factor in the natural history of blood pressure elevation at

the population level.

Of the many neurohormonal factors which might be responsible for structural
changes in hypertension leading to increased arterial stiVness, increased local

angiotensin production possibly within the vascular wall itself seems a likely

mechanism. Angiotensin II promotes collagen production from aortic smooth
muscle cells in culture (Kato et al., 1991) and an association has been reported

between increased arterial stiVness and the presence of angiotensin II type 1

receptor gene (Benetos et al., 1995). Several reports have indicated that angioten-
sin converting enzyme (ACE) blockade has speciWc eVects on the arterial connect-

ive tissue, producing substantial modiWcations in Wbronectin expression and

collagen content (Albaladejo et al., 1994; Himeno et al., 1994). The latter changes
were shown to be more related to ACE inhibition than to blood pressure reduc-

tion.

Other conditions associated with altered large artery stiffness

Decreased arterial distensibility (measured mainly by aortic PWV) has been

reported in association with other risk factors for cardiovascular disease, in
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particular hypercholesterolaemia and diabetes. Lehmann et al. (1998) have shown
aortic PWV to be related to the number of cardiovascular risk factors. However,

many of these subjects had established atherosclerosis (and many more may have

had silent disease) and it is unclear whether the observed association of aortic
PWV with risk factors reXects the eVects of atherosclerosis or the risk factors per

se. It is noteworthy that in young subjects with familial hypercholesterolaemia, the

same investigators observed a decreased aortic PWV (Lehmann et al., 1992). This
suggests that the development of atherosclerosis may be the main factor inXuen-

cing aortic stiVness in hypercholesterolaemia but interventional studies will be

required to help resolve this issue.

Increased aortic stiffness as a cardiovascular risk factor

As discussed above, increased aortic stiVness (assessed by PWV) has been shown
to be predictive of cardiovascular events in patients with renal failure and of

cardiovascular risk in hypertensive subjects. Furthermore, the observation that

arterial pulse pressure is a better predictor of cardiovascular mortality than
systolic or diastolic blood pressure (Franklin et al., 1999) suggests that arterial

stiVness is likely to be highly predictive of mortality in hypertensive subjects.

Aortic stiVness may act as a marker for established atherosclerosis or other factors
associated with cardiac events or it may be that the risk associated with increased

aortic stiVness results from adverse haemodynamic eVects. These include in-

creased left ventricular load and an altered pressure and Xow pattern within the
aorta and hence coronary arteries. This may result in altered shear forces, with

increased pulsatility leading to atherosclerosis within the aorta, carotid and

coronary arteries.

Interventions to modify large artery stiffness

There have been surprisingly few studies of interventions to modify large artery

stiVness. Withdrawal of HRT leads to an increase in large artery stiVness
(Rajkumar et al., 1997), suggesting that HRT may be an eVective treatment to

improve large artery distensibility in postmenopausal women. Exercise is asso-

ciated with greater aortic distensibility and may be an intervention which can
reverse increases in arterial stiVness (Cameron and Dart, 1994; Kingwell et al.,

1997). Antihypertensive drugs may aVect large artery stiVness over and above

eVects due to blood pressure reduction and, in view of the accelerated age-related
increases in aortic stiVness seen in hypertensive subjects, may prove to be eVective

in preventing a decline in arterial distensibility. Of the various antihypertensive

agents, ACE inhibitors appear most promising, for the reasons discussed above.
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Other interventions to reduce cardiovascular risk factors, such as smoking cessa-
tion and lipid-lowering therapy, may reduce arterial stiVness. In view of the

possible regulation of vessel wall structure by NO, interventions which improve

endothelial function and especially basal release of NO may reduce arterial
stiVness. This is an area of intense research and there are many possible interven-

tions being pursued, including l-arginine (the substrate for NO synthase) and

antioxidant therapy.

Conclusion

Large artery stiVness is dependent on the characteristics of arterial smooth muscle
and the ECM. Both may be inXuenced by chemical mediators, including en-

dothelium-derived NO. The major physiological determinants of large artery

stiVness are ageing and pregnancy. Hypertension, and possibly other atherogenic
conditions and/or atherosclerosis itself, are associated with increased stiVness.

Aortic and large artery stiVness has an important inXuence on haemodynamics,

inXuencing the load on the left ventricle, the dynamic component of arterial Xow
and the distribution of shear stress within the arterial tree and coronary arteries.

Increased aortic stiVness is a risk factor for cardiac events. Whether this results

from adverse haemodynamic consequences or as a result of increased stiVness
being a marker for atherosclerosis or both remains to be determined.
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Introduction

Haemodynamic forces are now well established as important modulators of

vascular tone and vascular wall remodelling, and are increasingly implicated in
atherogenesis. Blood vessels are under the inXuence of two primary

haemodynamic forces: Wrstly, the circumferential force, the wall tension, which

originates from the blood pressure and, secondly, the frictional force or shear
stress which results from blood Xow along the vessel wall. Although the circum-

ferential force has important inXuences on vascular tone, it is the intention of this

short review to concentrate upon Xow-associated events in the vasculature. The
shear stress experienced by the endothelium is a function of the ‘axial’ pressure

gradient (Figure 3.1) which occurs as blood Xows through the vessel (Malek and

Izumo, 1994) and, physiologically, is of the order of 0–50 dyn/cm2 (Figure 3.2).
Until recently, little was known of the mechanismswhereby the physical force of

Xow could be transduced into a wide range of associated intracellular biochemical

events. It is now recognized that the endothelial cell, uniquely situated at the
interface between the blood and the vascular wall, is eVectively a biological

mechanotransducer which senses shear forces and converts these physical stimuli

to intracellular biochemical signals.

Flow and vascular tone

Amongst the myriad of events now known to be triggered by shear stress, the Wrst
to be investigated in any depth was the observation that Xow through isolated

arteries, more particularly the conduit vessels, leads to relaxation and dilatation.

Flow was Wrst recognized to be important in the control of vascular tone in 1933
(Schretzenmayr, 1933), when it was observed that the femoral artery in the dog

hind limb dilates in response to a hyperaemic stimulus. Experimentally, the eVects

of shear stress have most frequently been investigated by determining the response



Figure 3.1 Wall shear stress. Wall shear stress (WSS) is the force per unit area acting in the direction of
blood flow (Q) at the endothelial surface dependent on the blood’s viscosity, �. In laminar
flow, the magnitude of the shear stress is proportional to the third power of the internal

radius of the vessel (r): WSS=
4×�×Q

�× r3
.

Figure 3.2 Physiological values for wall shear stress. Representative arteriovenous distributions of wall
shear stress from measurements of red cell velocity in the microcirculation of mesentery,
spinotrapezius muscle and cremaster muscle from studies in cat, rat and rabbit.
Reproduced from Lipowsky (1995) with permission.
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to Xow in vitro in isolated conduit arteries (Rubanyi et al., 1986; Cooke et al.,

1991) or in isolated vascular beds (Smiesko et al., 1989; GriYth and Edwards,
1990; Matrougui et al., 1997). Whilst there are many reports of Xow-mediated

dilatation in isolated resistance-sized arteries (Koller et al., 1994; Cockell and

Poston, 1996, 1997; Izzard and Heagerty, 1999; Huang et al., 2000), numerous
laboratories have failed to Wnd substantial dilatation in small arteries. Flow-

mediated dilatation in small vessels seems to be sensitive to experimental condi-

tions and to be vascular bed-dependent. In our laboratory we have routinely
observed substantial dilatation in small arteries from pregnant women (Learmont

and Poston, 1996; Cockell and Poston, 1997) and animals (Cockell and Poston,

1996), but have shown absent or only very modest dilatation in small arteries from
nonpregnant women (Cockell and Poston, 1997) and animals (Tribe et al., 1998).

Flow-mediated dilatation in larger arteries in vivo can be observed using an

entirely noninvasive method which has become popular in recent years for
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investigations of endothelial function in humans. This technique employs high-
resolution Doppler ultrasound of the brachial arteries (Meredith et al., 1996) to

evaluate Xow-mediated dilatation evoked by a downstream hyperaemic stimulus.

The endothelium dependence of Xow-induced dilatation has been proven in
isolated conduit arteries from experimental animals (Pohl et al., 1986; Rubanyi et

al., 1986) and in resistance-sized arterioles (Koller and Kaley, 1991; Koller et al.,

1993). There is evidence for some variability amongst species and/or vascular beds
as Xow-induced relaxation may persist after endothelium removal in some circu-

lations, e.g. rabbit ear resistance artery (Bevan et al., 1988). The brachial artery

response to hyperaemia has also been shown to be, at least in part, dependent on
the endothelium as the relaxation is blunted by infusion of the nitric oxide

synthase inhibitor l-nitroarginine methyl ester (l-NAME: Meredith et al., 1996).

Shear evokes relaxation through nitric oxide and prostacyclin release

Relaxation to Xow is widely considered to result from release of nitric oxide (NO)

and, to a lesser extent, prostacyclin (PGI2), although NO independence has
occasionally been reported (Izzard and Heagerty, 1999). Involvement of PGI2 has

been implicated by the demonstration of Xow-induced synthesis of 6-ketoprosta-

glandin F1�, a stable metabolite of PGI2 (Rubanyi et al., 1986; Hecker et al., 1993),
or by showing blunted responses in the presence of indometacin (Sun et al., 1999).

The contribution of NO is usually evaluated by determining responses to Xow in

the presence and absence of speciWc inhibitors of NO synthase (NOS: Cooke et al.,
1990; Koller et al., 1994; Cockell and Poston, 1997; Kublickiene et al., 1997; Huang

et al., 1998). Others have implicated NO by showing that the eZuent emerging

from perfused arteries stimulates soluble guanylyl cyclase (Hecker et al., 1993), the
enzyme activated by NO to form cyclic guanosine 3,5-monophosphate (cGMP),

which relaxes the vascular smooth muscle. In addition to activation of vascular

smooth muscle, NO acts in an autocrine fashion to stimulate guanylyl cyclase in
endothelial cells and measurement of endothelial cell cGMP provides an alterna-

tive endpoint for the estimation of NO synthesis. Thus, endothelial cGMP has

been shown to be increased in a graded fashion with laminar Xow in cultured
endothelial cells (Ohno et al., 1993). Laminar and pulsatile Xow have also been

found to increase the expression of nitric oxide synthase III (NOS-III) mRNA in

endothelial cells (Noris et al., 1995; Ranjan et al., 1995), but turbulent Xow had no
eVect when NOS-III was assessed by a biochemical assay (Noris et al., 1995).

‘Cross-talk’ between PGI2 and NO has also been suggested, since inhibition or

the absence of one of the two vasodilators seems to be compensated by increased
synthesis of the other. This was Wrst demonstrated in the NOS-III knockout

mouse, in which Xow-mediated dilatation in gracilis muscle arterioles was shown

to be maintained by a compensatory increase in PGI2 (Sun et al., 1999). Similarly,
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inhibition of NOS in cultured human umbilical venous endothelial cells leads to
upregulation of Xow-mediated PGI2 synthesis (Osanai et al., 2000).

Another vasodilator, the endothelium-derived hyperpolarizing factor (EDHF),

undoubtedly plays a major role in endothelium-dependent relaxation despite lack
of agreement regarding its chemical identity. Cyclical stress induced by rhythmic

vessel distension has been shown to evoke EDHF-mediated relaxation (Busse and

Fleming, 1998) but few studies have attempted to deWne a role for EDHF in
Xow-mediated relaxation, probably because most investigations show complete

inhibition of dilatation after NOS and prostaglandin inhibition. However, EDHF

has been implicated in relaxation to Xow in the rat mesenteric circulation
(Takamura et al., 1999).

Vasodilatation to flow in vascular disease

The recognition of the important role of Xow in the maintenance of vascular

dilatation and hence in the control of peripheral resistance has led to the proposal
that impaired dilatation to Xow in patients with known endothelial cell dysfunc-

tion may contribute to the pathogenesis of the disease. Studies of isolated arteries

from patients have been few, although in our laboratory we have shown Xow-
induced dilatation to be reduced in small arteries from pregnant women with

preeclampsia (Cockell and Poston, 1997). In animal models of disease, poor

dilatation to Xow has also been reported in isolated arterioles from hypertensive
rats (Koller and Huang, 1994; Matrougui et al., 1997; Izzard and Heagerty, 1999)

and in the coronary circulation of the atherosclerotic pig (Kuo et al., 1992). The

abnormality of Xow-mediated relaxation in the male spontaneously hypertensive
rat has recently been shown to be reversed by 17�-estradiol (Huang et al., 2000).

The estimation of Xow-induced responses in vivo in humans has been exten-

sively investigated using high-resolution Doppler ultrasound imaging of the
brachial artery. The Xow stimulus is induced by provoking reactive hyperaemia in

the hand or forearm with the use of an inXated cuV, and measuring changes in the

artery diameter. The stimulus is therefore distal to the site of measurement and the
ensuing dilatation of the brachial artery cannot be attributed to locally produced

metabolites. Accuracy in the measurement of diameter is essential as the Xow-

induced dilatation is small (in the order of 8–10% of artery diameter). It must be
considered, however, that the brachial artery is not a common site of athero-

sclerotic plaque formation and, being a conduit artery, plays little role in the

control of peripheral resistance. Failure of the brachial artery to dilate to Xow may
therefore have little pathophysiological consequence; the wider implications rest

on the assumption that the brachial artery is a reliable model of ‘global’ en-

dothelial function. The method is undoubtedly the most reliable technique



53 Flow-mediated responses in the circulation

currently available for noninvasive assessment of Xow-mediated dilatation and
also oVers the possibility of evaluating endothelial function in response to dietary

and pharmacological interventions. Abnormal responses have been identiWed in a

wide variety of subjects, including children and adults at risk of atherosclerosis
(Celermajer et al., 1992), children with low birth weight (Leeson et al., 1997),

patients with noninsulin-dependent diabetes (Goodfellow et al., 1996), cigarette

smokers and passive smokers (Celermajer et al., 1996), patients with hyper-
homocysteinaemia (Woo et al., 1997), patients with coronary heart disease (Stein

et al., 1999), postmenopausal women (Bush et al., 1998) and in subjects undergo-

ing haemodialysis (Miyazaki et al., 2000). Interventions reported to increase
Xow-mediated dilatation include folate supplements in patients with hyper-

homocysteinaemia (Woo et al., 1999), red wine in subjects eating a high-fat diet

(Cuevas et al., 2000), dietary supplementation with 	3 fatty acids in hypercholes-
terolaemic subjects (Goodfellow et al., 2000), grape juice in patients with coronary

artery disease (Stein et al., 1999), vitamin E (acutely) in smokers (NeunteuX et al.,

2000), vitamin E-coated haemodialysers in patients with renal failure (Miyakazi et
al., 2000) and oestrogen replacement in postmenopausal women (Bush et al.,

1998; Koh et al., 1999).

The endothelial cell as a mechanotransducer

The cytoskeleton as a mechanotransducer

The complexity of the mechanotransduction pathways by which the frictional

force is detected in endothelial cells is gradually being unravelled. The frictional

force is obviously experienced initially at the luminal surface of the cell, but it is
questionable whether this is the principal site of Xow detection. Evidence now

points to an important role for transduction of the frictional force through the

cytoskeleton to focal adhesion sites on the basal side of the cell, implying that
cell–matrix interactions may be pivotal in the detection process (Figure 3.3). The

dramatic realignment of Wlamentous actin (F-actin) stress Wbres (Figure 3.4)

which occurs 12–15 h after the onset of increased shear implicates cytoskeletal
proteins as the principal force transmission structure of endothelial cells. In the

presence of low shear, the intermediate Wlament, F-actin, is predominantly located

in the periphery of the cell, particularly at cell–cell junctions where it is thought to
play a role in cell permeability. In the presence of higher shear long, thicker strands

of F-actin are observed centrally in association with elongation of the cell in the

direction of Xow (Davies, 1995; Noria et al., 1999). Most studies investigating
realignment of the cytoskeleton in response to Xow have been limited by the need

to Wx the cells for immunohistochemical procedures after exposure to Xow

(Galbraith et al., 1998; Noria et al., 1999) and have generally only shown
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Figure 3.3 Signal transduction mechanisms implicated in the endothelial cell response to shear stress.
Mechanisms for the mechanotransduction pathways in the endothelial cell. The
cytoskeleton plays an important role in the transmission of the force stimulus. MAP-kinase,
mitogen-activated protein kinase; Erg-1, early response-1; NF
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derived growth factor; SSRE, shear stress response element; TGF�, transforming growth
factor �; ROS, reactive oxygen species; Shc, Cas adaptor proteins.
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alterations in the cytoskeleton after prolonged exposure to shear. Recently the use

of green Xuorescent proteins (GFPs) has enabled the direct visualization of
spatiotemporal dynamics in living cells. Helmke et al. (2000) have used a GFP-

vimentin fusion protein to evaluate changes in position of this intermediate

Wlament in response to shear stress. Their study revealed a very rapid regional
displacement of vimentin Wlaments in response to Xow, which indicates that the

cytoskeleton may mediate acute as well as prolonged responses to Xow. It was of

interest that the cell nucleus (no Xow and Xow) was surrounded by a clear ring of
vimentin Wlaments which might possibly link with the nuclear laminar, and the

authors speculated that transmisssion of Xow responses to the nucleus might

occur via these thin Wlaments.



Figure 3.4 Left. Outlines of endothelial cells in primate thoracic aorta adjacent to an intercostal branch
artery. A region of predicted flow separation is shown in which the shapes of the cells
change abruptly from elongated to polygonal. The polygonal morphology is believed to be
caused by flow separation and vortices that subject the endothelial surface to shear stress
in several different directions during the cardiac cycle. The adjacent cells are subjected to
markedly different shear stress profiles. The gradients of shear stress are steepest on cells
located at the edge of the flow separation region. Scanning electron micrograph after silver
staining. From Davies, 1995 with permission. Right. F actin stress fibre distribution in
confluent endothelial cells. Flow from left to right of section. From Davies et al., 1993, with
permission.
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The role of focal adhesion sites is implied by their remodelling, which occurs in

response to Xow. This has been observed in elegant experiments in which focal
adhesion sites have been ‘visualized’ using tandem scanning confocal image

analysis in cultured endothelial cells (Davies et al., 1994). Focal adhesion sites are

rich in �-integrins. The integrin family are transmembrane proteins that span the
plasma membrane and bind to extracellular adhesion proteins, connecting to the

cytoskeleton via linker proteins on the inside of the cell (Figure 3.3). The import-

ance of the integrins in mechanotransductionwas strengthened by the observation
that a synthetic integrin ‘inhibiting’ peptide prevented Xow-mediated dilatation of

coronary arterioles, as did a �-integrin antibody (Muller et al., 1997). The method

by which Xow, integrins and cellular responses are interrelated has yet to be fully
elucidated, although certain elements of the pathway have been identiWed (Davies,

1995), particularly the tyrosine kinases (Corson et al., 1996; Muller et al., 1997).

Tyrosine kinases (and therefore tyrosine phosphorylation) play an important role
in many signal transduction pathways, leading to a myriad of responses, in turn

mediated through a complex network of signalling molecules. Many of these

signalling molecules are expressed in response to shear in cultured endothelial
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cells. Those implicated include the Rho and Ras family of guanosine triphos-
phatase (GTPase) and the mitogen-activated protein (MAP) kinase family (Tseng

et al., 1995) particularly the stress-activated protein kinase, c-Jun NH(2)-terminal

kinase (JNK) (Go et al 1999) and the extracellular signal-regulated kinases (ERKs)
(Takahashi and Berk, 1996). Flow-mediated activation of integrins has been

shown to be associated with phosphorylation of focal adhesion kinase (FAK, a 125

kDa tyrosine kinase). One proposal suggests that activation of this tyrosine kinase
leads to recruitment and activation of other protein kinases which in turn

phosphorylate the focal adhesion molecule protein, paxillin. Paxillin changes its

alignment in response to Xow, suggesting a probable role in mechanotransduction
(Davies, 1995). More details are now emerging of the intricacies of the signalling

network. A recent report (Chen et al., 1999) has suggested an important role for

the adaptor protein Shc in the mediation of the tyrosine kinase responses. Shc has
recently been recognized to be an intrinsic component in the coupling of tyrosine

kinases to the Ras/MAP kinase pathway. Shear was found to induce the association

of Shc with �v�3 integrin in endothelial cells and introduction of a plasmid
containing a Shc mutant led to failure of shear-mediated expression of ERKs. The

same group (Li et al., 1999) have implicated the Rho, a small GTPase in the

cytoskeletal reorganization, by showing that mutants of Rho prevent the Xow-
induced alignment of cellular stress Wbres. Another group has suggested involve-

ment of the Ras-related small GTP-binding protein, Rac1 (Yeh et al., 1999).

Additionally, Okuda et al. (1999) have proposed that Cas, an adaptor protein
associated with focal adhesion sites and important in actin Wlament assembly, is

rapidly phosphorylated by Xow through a tyrosine kinase and is likely to play an

important role in downstream signalling.
In common with several other cell-signalling pathways, activation of some

shear-mediated events in endothelial cells is dependent upon local synthesis of

reactive oxygen species (ROS). Thus, NO and nitric superoxide, which together
form peroxynitrite, are required for activation of JNK in cultured endothelial cells

in response to Xow, and the addition of peroxynitrite stimulates JNK (Go et al.,

1999). Therefore – and remarkably so, because it is more frequently associated
with ROS-induced cell dysfunction – peroxynitrite may act as a Xow-signalling

molecule. Yeh et al. (1999) have similarly suggested a dependence on ROS of the

Rac1-mediated phosphorylation of MAP kinase in response to Xow.
The shear-mediated activation of the MAP kinase, ERK, is dependent upon the

presence of cholesterol in the plasma membrane. Caveolae are microdomains in

the plasma membrane-rich in cholesterol, caveolin and signalling molecules. Park
et al. (2000), investigating the possibility that the caveoli might be inXuential in

mechanotransduction-cultured endothelial cells, found that antibodies which

bind to the scaVolding and oligomerization domains of the caveolin molecule
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(and therefore the site likely to be inXuential in the interaction of caveoli with
signalling molecules) led to reversal of Xow-mediated ERK activation.

G proteins as mechanosensors

The cell membrane-associated G proteins have also been implicated as
mechanosensors in the response to Xow, but whether G protein activation is

secondary to deformation of the cytoskeleton or to activation of hitherto uniden-

tiWed luminal membrane receptors is unknown. Recently it has been proposed
that G protein activation could be achieved through shear-mediated alteration in

membrane Xuidity (Haidekker et al., 2000). Originally, a role for G proteins was

inferred because it was found that intracellular messengers associated with G
protein-dependent pathways were also generated in response to Xow. These

included inositol triphosphate (IP3), diacylglycerol (DAG), protein kinase C

(PKC) and a rise in cell calcium. Involvement of the Gi subtype of G proteins was
suggested by the observation in some, but not all, experiments of the pertussis

toxin sensitivity of NO release (Ohno et al., 1993) and PGI2 release (Berthiaume

and Frangos 1992). Later studies showed directly that increases in expression of
the G protein subunits G�q/�11 and G�i3/�o occur in response to Xow (Gudi et al.,

1996). MAP kinase activation in response to Xow may also be mediated through

PKC (Ishida et al., 1996). Therefore, if the G proteins are important mechanosen-
sors, distinct from the cytoskeletal system of detection, then at least one of the

signalling pathways (the MAP kinases) may be common to both detector mechan-

isms.

Ion channels as mechanosensors

Shear stress evokes an immediate increase in current through endothelial cell

potassium channels (Nakache and Gaub, 1988; Cooke et al., 1991), one of the

fastest recorded responses to shear stress. The immediacy of the response has led
some to suggest that K channels may be eVective mechanosensors. The exact

trigger is unknown but could result from direct displacement of the luminal

channel protein by shear stress or as a secondary response to stimulation of
another mechanoreceptor, e.g. a G protein. Opening of potassium channels leads

to hyperpolarization, but this is short-lived, probably because of the simultaneous

yet unrelated opening of chloride channels, recently reported by Barakat et al.
(1999). Chloride channel opening leads to depolarization and therefore counter-

acts the K channel-associated hyperpolarization. Sodium channels have also been

implicated in shear-mediated responses. Traub et al. (1999) have suggested a tonic
inhibition of Xow-mediated MAP kinase (ERK) stimulation by sodium channels,

since shear-mediated ERK1/2 stimulation was enhanced by addition of the so-

dium channel inhibitor, tetrodotoxin.
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Hyperpolarization in endothelial cells leads to an increase in cell calcium and
the transient rise in cell calcium reported in response to shear (Schwarz et al.,

1992; Shen et al., 1992; Corson et al., 1996) is considered to result from the

hyperpolarization associated with increased K channel opening. A rise in endo-
thelial cell calcium is a potent stimulus to activation of NOS-III (LuckhoV and

Busse, 1990) and was originally considered to be the reason for increased NO

release. However, it is now widely appreciated that the maintained Xow-induced
NO-mediated relaxation in endothelial cells is largely calcium-independent (Aya-

jiki et al., 1996). This calcium independence of NOS synthesis was a novel and

intriguing observation when Wrst reported. Calcium-independent NO release is
now known to be associated with phosphorylation of NOS (Corson et al., 1996),

recently proposed to involve the serine/threonine protein kinase Akt, which

phosphorylates the NOS molecule at the ser 1177 residue (Dimmeler et al., 1999).
Since experimentally induced serine phosphorylation of NOS confers calcium

independence on the activity of the enzyme (Dimmeler et al., 1999; Fisslthaler et

al., 2000), this would seem to be the likely mechanism underlying the rapid eVect
of Xow on NO synthesis. Additionally, heat shock protein 90 (hsp90) is thought to

play a facilitatory or coordinating role in this acute NO response as hsp90 rapidly

associates with NOS-III when shear is applied to cultured endothelial cells
(Garcia-Cardena et al., 1998).

Shear stress-sensitive gene expression

As outlined above, the mechanotransduction pathways in response to shear are

rapidly being elucidated, and it is apparent that a complex network of cell-

signalling pathways contributes to a wide range of functional responses. As
detailed above, the immediate ‘nongenomic’ stimulation of NO is the classic acute

response, and other vasoactive agonists such as adenosine triphosphate (ATP) and

substance P are also rapidly released in response to Xow. Sustained Xow, however,
leads to a host of responses resulting from altered gene expression. The Wrst gene

implicated was the tissue plasminogen activator (tPA) gene, as tPA mRNA

expression was found to be upregulated when cultured endothelial cells were
exposed to laminar shear stress (Diamond et al., 1990).

The mechanism of upregulation of tPA mRNA and many other ‘shear-respon-

sive’ genes is now broadly understood. Shear stress, through activation of the
mechanosensitive tyrosine kinase and MAP kinase pathways, leads to activation of

a number of transcription factors which include the early growth response genes

early growth response-1 (Egr-1), AP-1 (composed of c-jun/c-jun and c-jun/c-fos
dimers) and nuclear factor 
B (NF-
B) (Chien et al., 1998). These are responsible

for the subsequent upregulation of many endothelial cell genes, probably achieved

in the majority by binding to a shear stress response element (SSRE) on the
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promoter region of the susceptible gene (e.g. Khachigian et al., 1995). The SSRE
was Wrst identiWed in the platelet-derived growth factor B (PDGF-B) gene and was

found to be a 6 base pair stretch with the sequence GAGACC (Resnick and

Gimbrone, 1995). This sequence is now known to be common to many other
endothelial shear-sensitive genes, including NOS-III, tPA, transforming growth

factor �1 (TGF-�1), c-fos and intercellular cell adhesion molecule (ICAM-1).

However, this SSRE does not explain all Xow-mediated de novo protein synthesis.
Some genes have an apparently functionless GAGACC sequence, e.g. monocyte

chemotactic protein-1 (MCP-1), and others are responsive to shear in the absence

of this sequence, e.g. PDGF-A (Resnick and Gimbrone, 1995). This and other
genes possess diVerent SSREs, e.g. the MCP-1 gene has a shear stress element with

the sequence TGACTCC which is critical for shear responses, and which is a

divergent TRE (phorbol ester tissue 12-O-tetradecanoylphorbol 13 acetate-
responsive element), the site which binds AP-1 (Chien et al., 1998). Other

recognized shear-responsive sites are the Sp1 site on the promoter region of the

tissue factor (TF) gene and the Erg-1 site on the PDGF-A gene (Chien et al., 1998).
NOS-III is one of the many genes now recognized to be upregulated by shear

(Uematsu et al., 1995), and NO itself may act as an intermediate secondmessenger

in other Xow-sensitive pathways. For example, NO has been implicated as a
potential inhibitor of growth through negative modulation of Egr-1, a promoter

of the expression of the growth factor PDGF-A (Chiu et al., 1999). Indeed, shear

modulates the expression of a number of growth factors, including both PDGF-A,
PDGF-B and TGF-�1). Shear also aVects expression of angiotensin-converting

enzyme (ACE) (Gosgnach et al., 2000), possibly relevant to growth and remodel-

ling through angiotensin II. Expression of some molecules shows a biphasic
response to shear stress, with higher expression at low Xow rates (e.g. ET-1) and

others show the greater responses at very high rates of shear (30 dyn/cm2), e.g. the

heat shock protein HSP60 (Hochleitner et al., 2000), implicated as an autoantigen
involved in atherogenesis. An increasing literature shows that very diVerent

responses are observed in response to steady shear when compared with turbulent

or abrupt onset of shear, and many of the original observations on gene expression
have been revisited with the knowledge that temporal gradients may have

profound eVects on endothelial cell gene expression. These will be discussed in

relation to the origins of atherosclerosis (see below). None the less, it is reasonable
to summarize that, at steady Xow, with physiological rates of shear, the expression

of endothelial genes favours an antithrombotic, antiproliferative and anti-

antherogenic phenotype (for reviews, see Davies, 1995; Resnick and Gimbrone,
1995; Chien et al., 1998; Traub and Berk, 1998).
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Vascular permeability and hydraulic conductivity in response to shear

Increments in shear stress are now recognized to have important eVects on the ion
permeability of the vasculature. Increasing shear in perfusedmicrovessels from the

mesenteric circulation of the frog leads to an increase in potassium permeability,

independent of NO and prostanoids, and inversely related to cellular cyclic
adenosine monophosphate (cAMP: Kajimura and Michel, 1999). Disturbances of

barrier function to larger molecules and to Xuid have also been reported in

response to shear. Cultured endothelial cells exposed to disturbed Xow or to high
Xow rates demonstrate increased permeability to dextran (molecular weight

70 000: Phelps and DePaola, 2000) and an NO-dependent increase in hydraulic

conductivity (Lp) of bovine aortic endothelial cells in response to shear has been
reported (Chang et al., 2000). The proteins which contribute to cell–cell connec-

tions and so to integrity of the endothelial barrier have also been studied. Noria et

al. (1999) have shown dramatic eVects of shear stress on a group of proteins which
mediate cell–cell adhesion. Several of the proteins (e.g. vascular endothelial-

cadherin) which form the adherens junction were evenly distributed around the

cell in static conditions but were shown to be disassembled by shear stress. The
resultant adherens ‘plaques’ were seen to colocalize with the ends of the F-actin

Wbres. Others (DePaola et al., 1999) have investigated the eVect of shear on

regulation of the gap junction protein connexin 43 (Cx43). Cells exposed to
laminar Xow demonstrated a transient increase in Cx43 expression, whereas in

cells exposed to disturbed Xow Cx43 expression was persistently elevated. The

altered Cx43 expression was reXected in sustained inhibition of cell–cell com-
munication as assessed by dye transfer. These and many more observations

highlight the diVerences emerging in responses to laminar and disturbed Xow. As

detailed below, these may have implications in the origins of atherosclerosis.

Flow, vascular remodelling and atherosclerosis

Arteries develop structural reorganization in response to Xow. The most obvious

example is the alignment and elongation of the endothelial cells in the direction of
Xow (Flaherty et al., 1972). The rearrangement may not only be involved in

mechanosignal transduction, as discussed above, but the associated adhesion to

components of the extracellular matrix would also confer stability on the cell
(Davies, 1995).

If increased Xow is maintained for any length of time, arteries become perma-

nently dilated. This is a result of structural modiWcation associated with an
increase in lumen diameter and a greater medial cross-sectional area (Zarins et al.,

1987). Flow-induced structural changes occur in several physiological and

pathophysiological situations (for review, see Langille, 1995). Shear stress may
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play an important role in the remodelling which occurs in the uterine vascular bed
during the menstrual cycle and in many diVerent vascular beds during pregnancy,

although the relative contribution of haemodynamic and hormonal inXuences is

not known. Elegant experiments in chick embryos (Rychter, 1962) have shown the
importance of Xow in the normal development of the aortic arch. Furthermore,

the abrupt changes in blood Xow which occur in some vascular beds at the time of

birth may have profound inXuences on vessel development. This is suggested by
the strong correlation with blood Xow and vessel growth observed in the weeks

following birth (Langille et al., 1991).

The relationship between shear stress, vascular restructuring and/or growth has
led to speculation of an association between shear and the formation of atheros-

clerotic lesions. The distribution of shear in the aorta, carotid and femoral arteries

is, however, complex. The shear at any given point is inXuenced by many factors,
such as the vessel size, wall elasticity, curvature, local geometry and branching.

Separations of the Xow ‘streamlines’ at branches, bifurcations and points of

curvature lead to regions of disturbed Xow, complicated by the imposition of the
cardiac cycle. Rapidly changing gradients of shear will occur and the turbulent

Xow is, on average, associated with lower levels of shear stress. These spatially

deWned Xow patterns are postulated to give rise to the focal origins of atheros-
clerosis by creating focused groups of endothelial cells in which diVerential

protein expression leads to a proatherosclerotic phenotype.

Endothelial cell heterogeneity through the vascular tree was Wrst recognized by
Wright (1972), who recognized that there were more mitotic areas of endothelial

cells at points of curvature and near branches. There is also good evidence for an

association between low levels of shear stress and focal areas of disease. Intimal
thickening in human arteries is greater in areas of low shear (Friedman et al., 1986)

and, in a pig model of atherosclerosis (Gerrity et al., 1985), focal areas of disease

have been associated with nonaligned endothelial cells (indicative of low shear).
Substantial reductions in Xow rates have also been shown to stimulate remodelling

of the carotid artery of immature rabbits (Cho et al., 1997) and to promote

hypertrophy in carotid arteries of hypertensive but not normotensive rats (Ueno
et al., 2000). Studies in cultured cells have now shown clearly that turbulent Xow

(with an average low shear rate) stimulates increases in cell cycle entry (Davies et

al., 1986; Tardy et al., 1997) and that steady Xow suppresses Go–G1 phase transi-
tion (Levesque et al., 1990; Akimoto et al., 2000). The mechanisms by which

steady Xow suppresses growth are now under scrutiny. Akimoto et al. have

recently proposed that Xow induces the synthesis of the cyclin-dependent kinase
(cdk) inhibitor, p21Sdil/Cip1/Waf1. The role of cdks in G1–S transition in other

cell types is well established. These kinases promote G1–S transition through

phosphorylation of retinoblastoma protein (pRb). Whether this cdk inhibitor is
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directly upregulated by shear or increases in response to another shear stress
sensory pathway remains to be determined, although it is highly relevant that NO

increases expression of p21Sdil/Cip1/Waf1, causing inhibition of S-phase transition

(Ishida et al., 1997). An important role for NO is also emphasized in the well
recognized property of this radical as an inhibitor of smooth muscle proliferation

and migration and by the recent implication of reduced NOS activity in low-Xow

hypertrophy (Ueno et al., 2000). Others have shown increased rates of apoptosis at
low Xow rates (Cho et al., 1997; Tardy et al., 1997; Ueno et al., 2000) and have

proposed that this process may contribute to vascular remodelling.

Many laboratories have now turned their attention to diVerent patterns of Xow
(Davies et al., 1997). Various methods have been employed to apply diVerent

forms of shear stress to endothelial cells by generating laminar Xow, laminar

pulsatile Xow and turbulent Xow. Pulsatile Xow seems to have similar eVects to
those of laminar Xow. Responses of endothelial genes to laminar Xow is generally a

function of the magnitude of the shear stimulus. Turbulent Xow induces en-

dothelin-1, PDGF-B, basic Wbroblast growth factor and thrombomodulin (for
review, see Chien et al., 1998). Nagel et al. (1999) have recently reported that the

transcription factors NF-
B, Erg-1, c-jun and c-fos respond diVerentially to

laminar and disturbed shear patterns; expression is always greater with disturbed
shear. Similarly, Bao et al. (1999) have shown that MCP-1 and PDGF-A expres-

sion is greatly increased in cells exposed to ‘step Xow’ and ‘impulse’ Xow, i.e. to

cells exposed to rapid changes in gradient, but that laminar Xow depressed
expression of these potentially atherogenic factors. Additionally, laminar Xow

induces a sustained increase in antiatherogenic factors through induction of NOS,

cyclooxygenase-2 and Mn superoxide dismutase (Chien et al., 1998).
The failure of therapeutic angioplasty procedures is frequently due to subse-

quent intimal proliferation and changes in shear stress may play a role. In a rat

model of carotid artery angioplasty, in which vascular damage was induced by
balloon catheter injury, increasing the blood Xow (and therefore the shear stress)

was found to reduce early neointimal proliferation (Kohler and Jaiwien, 1992).

Another practical application of shear responses was recently reported by a group
from Johns Hopkins University which showed that polyurethane vascular grafts

seeded with endothelial cells, and exposed to high shear rates before implantation

in rats, showed a considerable reduction of neonintimal thickness when compared
with grafts not exposed to shear (Dardik et al., 1999). In light of the likely role of

PDGFs in Xow-mediated neointimal proliferation, another group has investigated

whether inhibition of PDGF receptors might reduce neointimal thickening in
polytetaXuoroethylene grafts implanted in baboons (Davies et al., 2000). Antibo-

dies to both � and � PDGF receptors were given intravenously and it was found

that inhibition of the PDGF � receptor, but not the � receptor, was eVective in
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reducing neointimal formation in grafts subjected to high shear rates. These and
other practical approaches are exciting developments which may lead to import-

ant advances in clinical management.

Conclusion

Despite the recognition more than 60 years ago that Xow was an important
modulator of vascular tone, it has only been in the last decade that the extent and

physiological importance of Xow-mediated responses have been appreciated. The

Xow-mediated release of potent vasodilators in response to shear stress suggests
that Xow tonically reduces the blood pressure. Furthermore, we are now beginning

to appreciate the complexity of the underlying pathways involved in the transduc-

tion of the Xow signal to cellular responses. The role played by spatial and
temporal gradients of Xow in endothelial cell gene expression is likely to oVer

considerable insight into mechanisms of atherosclerosis. In the clinical setting, it is

becoming increasingly apparent that abnormal responses to Xow or abnormal
Xow patterns within arteries may contribute to cardiovascular dysfunction. A

more detailed understanding of the physical and biochemical events underlying

Xow-mediated responses is likely to have an important role to play in the
prevention and treatment of cardiovascular disease.
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Introduction

The primary factors which govern blood Xow to organs and tissues are perfusion

pressure and the overall calibre of the small-resistance arteries and arterioles,
which together constitute the major resistance to blood Xow. The total active

tension of the vascular smooth muscle in a segment of blood vessel wall, i.e.

vascular tone, is inXuenced in vivo by numerous factors which fall into two broad
categories: Wrstly, local or intrinsic control, which includes physical forces,

myogenic responses, tissue metabolites and autocoids; and secondly, extrinsic

neurohumoral regulation, which involves the action of autonomic nerves and
circulating endocrine secretions.

Historically, the investigation of neurohumoral regulation of vascular tone has

essentially centred, since the start of the twentieth century, on the action of
catecholamines and acetylcholine (ACh) released from perivascular nerves, and

catecholamine release from the adrenal medulla into the blood stream (Bevan et

al., 1980; Burnstock, 1980), although it took well into the century before it was
appreciated that these were the issues involved. With hindsight, this can be

attributed to the early identiWcation of adrenaline (epinephrine) in the adrenal

gland and to the early availability of blocking drugs which turned out to be
antagonists of adrenergic and cholinergic receptors, and to the rather later ability

to identify ACh and noradrenaline (NA: norepinephrine). The approach was

largely pharmacological. As in other areas of the autonomic nervous system, from
the start it was clear that there were many examples where the blockers were

ineVective and, therefore, it was diYcult to explain neurotransmission solely by

adrenergic or cholinergic hypotheses. The recent history of the study of neuro-
humoral vascular modulation has involved the gradual accrual of information on

the roles of further neurotransmitters and endogenous modulators as methods

have emerged for their identiWcation and localization and as antagonists of their



Figure 4.1 Schematic representation demonstrating some of the important humoral regulators of
vascular tone. Agents may act directly upon receptors present on the vascular smooth
muscle, or through interaction with receptors present on the vascular endothelium to
cause the release of a secondary factor. NA, noradrenaline; ADR, adrenaline; ADEN,
adenosine; ANP, atrial natriuretic peptide; AII, angiotensin II; AI, angiotensin I; ACE,
angiotensin-converting enzyme; ET-1, endothelin-1 (? role of circulating ET-1 in control of
vascular tone still controversial); NO, nitric oxide; P1, P1-purinoceptor; �1, �2 and �2, �1- �2-
and �2-adrenoceptors; ETA, endothelin type A receptor; AT1, angiotensin type 1 receptor.
Dashed lines indicate actions of adrenaline at high concentrations. For additional
explanation see text.
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actions have been developed. This gives rise to a constantly emerging picture of the

importance of nonadrenergic, noncholinergic (NANC) components of the auto-
nomic nervous system, with a number of peptides, purines and amines being

implicated in neurohumoral control of the vasculature.

Hormonal control of the vasculature

Several endocrine secretions have been shown to have acute eVects on the vascula-
ture (Figure 4.1). It is a general belief that, in the normal subject, hormones are of

less importance for short-term regulation of vascular tone in comparison to

neural control. Circulating hormones and vasoactive agents modulate vascular
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tone via direct action on receptors present on the vascular smooth muscle cells, or
via indirect action at the vascular endothelium, which releases secondary vasocon-

strictor or vasodilator factors. As a result of such actions on both vascular and

endothelial receptors, certain humoral agents may have either vasoconstrictor or
vasodilator properties depending on species, preparation studied and the level of

preexisting vascular tone. Care is therefore required in interpreting experimental

data and in comprehending the past literature, since emphasis alters both with
knowledge and with fashion.

The overall control of vascular tone centres on the regulation of intracellular

free calcium ion concentration ([Ca2+]i) in the smooth muscle cells. When the
concentration of [Ca2+]i rises in the cell, it triggers the activation of Ca2+-cal-

modulin-dependent protein kinase, which in turn activates myosin light-chain

kinase to phosphorylate myosin light chains. This enables actin and myosin to
interact and generate active tension. Vasoconstrictors raise the concentration of

[Ca2+]i in the cytosol by activating or stimulating several pathways. Some of the

Ca2+ originates from the extracellular space and is transported into the cell
through voltage or receptor-operated Ca2+ channels on the cell membrane. An-

other source of Ca2+ for contraction is the sarcoplasmic reticulum, which behaves

as an intracellular storage site for Ca2+. Therefore, by altering the levels of [Ca2+]i,
neurotransmitters and circulating hormones regulate the contractile state and

hence vascular tone. As time goes on, the number increases of endogenous

substances appreciated to possess such actions.

Localization of vascular receptors

A feature common to both neural and humoral control of the vasculature is the
action of many vasoactive agents upon speciWc receptor proteins present on

neuronal, smooth muscle and endothelial cells. Although receptors can be studied

biochemically in puriWed preparations, their cytological localization is an area of
weakness, which can lead to erroneous interpretation. The reason for this, which

has not yet been overcome, is that the cells of blood vessels are heterogeneous and

collecting enough homogeneous tissue, particularly of the more interesting small-
resistance vessels, is technically very diYcult. For example, if a substance changes

the tone of a blood vessel, the Wrst assumption is that it is acting on smooth

muscle, but it might be acting indirectly. The most striking example of this is the
demonstration by Furchgott in the late 1970s that ACh relaxes vascular smooth

muscle by releasing a vasodilator substance from the endothelium. Rubbing oV

the endothelium abolished the response and attaching a piece of tissue with
endothelium restored it (Furchgott and Zawadski, 1980; R. F. Furchgott was

awarded the 1998 Nobel Prize for Medicine or Physiology for this research).

Such multiple sites of action continue to bedevil this area of research. For
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example, there is great current interest in peptides such as vasopressin and
endothelin which, with other examples, apparently act on both endothelium and

smooth muscle. Going back even further, the ability of �-blockers to increase the

nerve-induced release of NA was attributed for 40 years to an eVect on smooth
muscle �-adrenoceptors, until the concept of prejunctional (�2) receptors was

introduced in the 1970s. For many years the arterial media was believed to be

composed of a phenotypically homogeneous population of smooth muscle cells.
There is now growing evidence to indicate that this is not the case, and that

morphologically and immunohistochemically distinct smooth muscle cells exist

within the arterial media of various mamalian species (Zanellato et al., 1990; Frid
et al., 1993). Frid et al. (1997) identiWed up to four phenotypically distinct

populations of cells in conduit bovine pulmonary artery according to their

distribution of contractile and cytoskeletal proteins, detected with in situ immu-
nological techniques. Electrophysiological studies have also demonstrated that

distinct phenotypes of vascular smooth muscle cells express diVerent types of K+

channels (Archer et al., 1996; McCulloch et al., 2000), but whether this is also the
case for subtypes of vascular receptors is not yet known. The localization and

biology of vascular receptors thus remain an area awaiting full exploitation.

This has been facilitated by the development of novel and highly selective
agonists and antagonists for vascular receptors, initially for functional studies, but

of great value in the past 20 years for the study of isolated receptors and now,

potentially, to provide visual evidence for the presence of receptors in blood
vessels. First described by Young and Kuhar in 1979, autoradiography has been

used for localization of a wide range of receptors using reversibly binding

radioligands. Spatial localization is not, however, high enough to be of value in
small blood vessels. More recently, Xuorescent receptor ligands have been devel-

oped, for example, BODIPY Xuorescent prazosin which can be utilized for visual-

ization of receptors in live vascular preparations (McGrath et al., 1996). This has
much higher spatial resolution than autoradiography, can localize receptors at the

subcellular level and since it is a dynamic process can be used in pharmacological

competition experiments to measure receptor-binding properties (Mackenzie et
al., 2000).

At present, however, assumptions about the site of action of vascular modula-

tors rely almost entirely on interpretation of functional responses.

Catecholamines

The major circulating hormones which play a role in the control of vascular tone
are the catecholamines, NA and adrenaline. Central sympathetic activity will not

only activate perivascular nerves but stimulates preganglionic sympathetic Wbres

terminating in the adrenal medulla. This activity promotes exocrine secretions
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from the adrenal glands. The secretion of adrenaline, and to a lesser extent NA (in
humans the adrenal gland contains approximately four times more adrenaline

thanNA, but this varies widely with species) is initiated by the release of ACh from

preganglionic sympathetic nerve Wbres. ACh depolarizes the adrenal medullary
cells via nicotinic receptors, facilitating Ca2+ entry into the cells and triggering the

secretory process. The plasma levels of adrenaline and NA are 0.1–0.5 nmol/L and

0.5–3.0 nmol/L respectively at rest, with the higher levels of plasma NA arising
from ‘spillage’ from the tonic activity of sympathetic perivascular nerves, rather

than adrenal gland secretion. Experiments using electrical stimulation of the

splanchnic nerve have shown that the relative amounts of NA and adrenaline
released from the adrenal medulla depend on the pattern of stimulation (Bloom et

al., 1987). In normal circumstances the output of the adrenal medulla is relatively

small and Xuctuates during daily activities. As a rule, release of adrenal cat-
echolamines accompanies any increase in sympathetic activity and occurs particu-

larly during mental stress, exercise and hypoglycaemia. Circulating NA is cleared

as it passes through certain vascular beds, predominantly the pulmonary vascula-
ture, and is also Wltered in the kidney and excreted in the urine.

Adrenergic receptors have been classiWed into four main groups: �1, �2, �1 and

�2. In blood vessels the main adrenoceptors are of the �1 and �2 subtypes, with the
�2-adrenoceptors found mainly in coronary, cerebral and skeletal vascular smooth

muscle. The vascular actions of circulating NA and adrenaline can have similar or

diVering eVects depending on the vascular bed studied. In general these cate-
cholamines mediate vasoconstriction via activation of �1- and possibly �2-ad-

renoceptors. The diVering eVects of the two major catecholamines are most

apparent when studied in vivo. Intravenous administration of NA produces
sustained increases in systemic vascular resistance due to the activation of �-
adrenoceptors. The administration of adrenaline has a less dramatic eVect due to

the compound being more eYcacious on �2-adrenoceptors in coronary, skeletal
and cerebral vessels. At high concentrations adrenaline also evokes vasoconstric-

tion through activition of �-adrenoceptors. It has recently been shown that

�1-adrenoceptors mediate vasodilatation in large conducting arteries such as the
aorta and carotid (Chruscinski et al., 2001). The functional consequences of this

are not yet known.

Although both �1- and �2-adrenoceptor-mediated pressor responses could be
clearly demonstrated in whole animals (Docherty and McGrath, 1980; McGrath et

al., 1989), initially there were very few examples of �2-adrenoceptor-mediated

contractions in vitro. It was found that by raising vascular tone in some prepara-
tions, responses to �2-adrenoceptor agonists could be uncovered, showing facili-

tatory actions between vasoconstrictor agonists (for examples, see MacLean and

McGrath, 1990; Dunn et al., 1991).
Attenuation of the eVects of catecholamines or strategies to prevent their release
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from nerves have long been issues for therapeutic intervention to reduce vasocon-
striction and hence to lower blood pressure. NonspeciWc �-blockers were

introduced from the 1950s and the Wrst selective �1-blocker, prazosin, was intro-

duced in the 1970s. �-Blockers are currently employed, for their vascular eVects, to
treat hypertension and heart failure and, for their nonvascular eVects, to treat

benign prostatic hyperplasia.

Angiotensins

Angiotensin II is a circulating octapeptide with powerful vasoconstrictor proper-

ties. Its production is initiated by the enzyme renin, which cleaves the precursor

angiotensinogen, which is present in the plasma, to produce the peptide angioten-
sin I. The angiotensin I is then modiWed by angiotensin-converting enzyme (ACE)

present on the surface of endothelial cells to form angiotensin II, a process which

takes place predominantly in the endothelium of the lungs. Angiotensin II elicits
vasoconstriction by direct action of angiotensin II type 1 (AT1) receptors present

on the vascular smooth muscle (Figure 4.1) but will also act in vivo to enhanceNA

release from the sympathetic nerve Wbres (Figure 4.2). Angiotensin I also produces
vasoconstriction, being approximately 10–100-fold less potent than angiotensin

II, and the action of angiotensin I depends on its cleavage into angiotensin II,

which often occurs locally by the ACE present on the systemic vascular en-
dothelium (Figure 4.1); in vivo this can involve a rise in plasma levels of angioten-

sin II but the importance of local conversion can be demonstrated by the blockade

of the vasoconstrictor eVects of angiotensin I by ACE inhibitors even in vitro in
isolated blood vessels. This is, however, species-dependent. In human resistance

arteries there is an alternative enzyme, probably chymase, that converts angio-

tensin I to angiotensin II, so ACE inhibitors do not block conversion (Padmanab-
han et al., 1999).

Knowledge of the importance of angiotensins in vascular control was greatly

accelerated by the development of ACE inhibitors from the late 1970s and of
angiotensin receptor antagonists in the late 1980s, resulting in the rapid spread of

such agents in treating cardiovascular disease in the 1990s. With the recent

developments in molecular cloning, polymorphisms within the renin–angiotensin
system genes have been investigated as risk factors for both coronary artery disease

and hypertension. Examination of the distribution and the allele frequencies of

ACE and AT1-receptor gene polymorphisms may be linked to an increased
incidence of myocardial infarction and essential hypertension (Wang et al., 1997;

Alvarez et al., 1998; Fatini et al., 2000).

Vasopressin

Vasopressin is a peptide produced by the magnocellular neurons in the supraoptic
and paraventricular nuclei of the hypothalamus and secreted from the posterior



Figure 4.2 Schematic representation of neural regulation of vascular tone by the two main
neurotransmitters noradrenaline (NA) and adenosine 5' triphosphate (ATP), which are
released from some perivascular nerves as cotransmitters. Main points: (1) NA and ATP
released from the varicosity act upon receptors present on the vascular smooth muscle
cells initiating the mechanical response. (2) Autoinhibition: released NA and ATP can act
prejunctionally to inhibit further transmitter release. (3) Neuromodulation: certain factors
can inhibit (− ) or enhance ( + ) transmitter release from the sympathetic nerve terminals,
some examples of which are demonstrated. ACh, acetylcholine; 5-HT, 5-hydroxytryptamine;
K+, potassium ion; AII, angiotensin II; �1, �2 and �= �1-, �2- and �-adrenoceptors; P1 and P2,
P1- and P2- purinoceptors; UI, uptake1; U2, uptake2. For additional explanation see text.
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lobe of the pituitary gland. The secretion of vasopressin is regulated partly by

hypothalamic cells sensitive to tissue Xuid osmolarity and partly by cardiovascular

pressure receptors. The major cardiovascular eVect of vasopressin is profound
vasoconstriction in most tissues, and it remains the most potent known vasocon-

strictor of systemic resistance vessels (Figure 4.3). In contrast, cerebral and

coronary vessels respond to vasopressin with an endothelium-derived relaxing
factor (EDRF)-mediated vasodilatation (Suzuki et al., 1994). This allows vasopres-

sin to help regulate Xuid balance without compromising the vital blood Xow to the

brain and heart. Assessment of vasopressin’s importance relative to other agents in



Figure 4.3 Cumulative concentration responses curves to vasoconstrictor agents in rabbit cutaneous
arteries (250 �m i.d.) mounted on Mulvany wire myograph indicating the broad range of
potencies of vasoactive agents. NA, noradrenaline; VASO, vasopressin; ET-1, endothelin-1;
AII, angiotensin II; AI, angiotensin I. Courtesy of J.B. Macmillan, K.M. Smith & J.C. McGrath.
Data from Macmillan et al. (1997).
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the physiological control of the vasculature has been held up by the lack of potent

and selective antagonists. This is an area of current interest.

Endothelin

Since its discovery in the late 1980s the endothelium-derived peptide endothelin-1

(ET-1) has been suggested to play a role in maintenance of systemic vascular tone
(Yanagisawa et al., 1988). Endothelins are a family of 21-amino-acid peptides

(ET-1, ET-2 and ET-3), which are encoded by three distinct genes (Inoue et al.,

1989). The three isoforms are diversely and unevenly distributed, suggesting that
endothelin may have multiple functions not just linked to the cardiovascular

system. As ET-1 is the only endothelin isoform present in vascular endothelial

cells, its involvement in the regulation of vascular tone has been most widely
examined. ET-1 is a potent vasoconstrictor of a range of blood vessels from many

species, and can also evoke endothelium-dependent relaxation in some vascular

preparations (Haynes and Webb, 1993). There are at least two types of vascular
receptors at which endothelins act. The ETA receptor is preferentially activated by

ET-1, is expressed predominantly in vascular smooth muscle cells and, when

activated, will generally produce vasoconstriction. ETB receptors, which are
nonisopeptide-selective, are expressed on both endothelium and smooth muscle

cells and when activated will promote vasodilatation or vasoconstriction depend-

ing on the species/preparation and preexisting level of vascular tone.
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Haynes and Webb (1994) showed that infusion of the ETA receptor antagonist
BQ-123 into the brachial artery of normal human subjects caused progressive

forearm vasodilatation and an increase in blood Xow. Although this suggests the

presence of endogenous ET-1-induced tone under normal physiological condi-
tions, it is still unclear whether plasma ET-1 levels are suYciently high to act in an

endocrine fashion. Therefore, the actions of ET-1may be paracrine or autocrine in

nature. The possible role of ET-1 in a range of cardiovascular diseases has also
been widely examined. Changes in the level of ET-1 and endothelin receptor gene

expression may play a signiWcant role in the development of essential hyperten-

sion, pulmonary hypertension and heart disease (Stewart et al., 1991; Kiowski et
al., 1995; Stevens and Brown, 1995).

Urotensin

Urotensin II (U-II) is a somatostatin-like peptide initially isolated from the spinal
cords of Wsh. The cDNA encoding human U-II has recently been cloned

(Coulouarn et al., 1998), and it has subsequently been shown to be an agonist at an

orphan human G protein-coupled receptor (analogous to rat GPR14) which is
predominantly expressed in vascular tissue (Ames et al., 1999). U-II is a potent

vasoconstrictor of isolated vascular tissue (MacLean et al., 2000), produces

marked increases in total peripheral resistance in nonhuman primates (Ames et
al., 1999) but can also mediate endothelium-dependent vasodilatation in the

presence of raised vascular tone (Bottrill et al., 2000; Katano et al., 2000). As

human U-II is found within both vascular and cardiac tissue, its involvement in
the physiology and pathophysiology of the cardiovascular system is an area of

current interest.

Atrial natriuretic peptide

Atrial natriuretic peptide (ANP), an amino acid peptide produced by specialized

myocytes in the atria, has been shown to have vasodilator actions in some blood
vessel preparations and vascular beds (Januszewicz, 1995). This peptide is secreted

in response to increased cardiac Wlling pressures and mediates vasodilatation via

direct action in the vascular smooth muscle, stimulating particulate guanylate
cyclase activity and leading to increased cyclic guanosine 3,5-monophosphate

(cGMP) levels intracellularly. Study of its roles awaits good antagonists but its

levels can now be followed by radioimmunoassay. A rise in its level is an early
indication of heart failure and this is likely to lead to increased emphasis on

studying its actions.

Purines

Circulating purines may play a role in controlling vascular tone. Purinoceptors
have been subdivided into two main classes, P1 and P2, both of which may be
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present in the vasculature (Figures 4.1 and 4.2). In general, adenosine dilates most
blood vessels by direct activation of P1-purinoceptors present on the vascular

smooth muscle or through endothelial release of nitric oxide (NO), although in

some it may mediate vasoconstriction through indirect release of 5-hydroxytryp-
tamine (5-HT) or angiotensin II. Adenosine triphosphate (ATP) has also been

shown to mediate vasodilatation via activation of P2-purinoceptors present on the

vascular endothelium, activation of which releases the vasodilator NO. There is a
long-standing literature on the study of the vascular eVects of purines. Study of

purinoceptors at the molecular level is a topic which is currently of great interest

and several subtypes of receptors have been cloned and identiWed in the vascula-
ture (Kunapuli and Daniel, 1998). However, their functional importance awaits

the development of good selective antagonists.

Vascular nerves and neurotransmitters

The localization of vascular nerves can be shown readily by electron microscopy
but knowledge of the particular nerve type tends to rely on either a method for

conversion of the neurotransmitter into something visible (NA can be converted

to a Xuorescent analogue), which is limited to a few compounds, or on im-
munocytochemistry, which depends on the speciWcity of the antibodies, and again

is limited, in practice, to few examples. This limitation has been a major factor in

many controversies in this Weld. For example, the ubiquity of ATP, and the
impossibility of demonstrating it satisfactorily by cytochemistry, long delayed its

acceptance as a neurotransmitter by the scientiWc community. Similarly, ACh

cannot be localized, except indirectly (and therefore sometimes erroneously)
through enzymes which metabolize it. This has led to many controversies as to

whether it is a vascular neurotransmitter. On the other hand, the localization in

blood vessels, in nerve-like structures, of antibodies to various peptides such as
calcitonin gene-related peptide (CGRP) and neuropeptide Y (NPY) was a stimu-

lus to their study as putative transmitters long before any useful pharmacological

analysis was possible.

Localization of vascular nerves

It has been observed histologically in a number of blood vessel preparations that
the structure and degree of autonomic innervation of the vasculature vary with the

size and location of the blood vessel studied. Most large elastic arteries are sparsely

innervated, but as the size of the vessel decreases, the innervation density increases,
with small arteries and large arterioles being richly innervated. Terminal arterioles

are poorly innervated and probably controlled by intrinsic mechanisms, chieXy

tissue metabolites. Blood vessels may be innervated by up to three major classes of
neurons; most common are the sympathetic vasoconstrictor neurons, with
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sympathetic or parasympathetic vasodilator neurons and peripheral Wbres of
small-diameter sensory neurons less commonly observed. The sympathetic out-

Xow to the heart and the peripheral vessels originates in neurons located in the

lateral parts of the ventricular formation. The axons of these neurons form the
bulbospinal tract and descend to the preganglionic neurons of the spinal cord. The

postganglionic nerve Wbres supplying blood vessels are unmyelinated and form a

plexus of branching terminal axons (Figure 4.4). In most blood vessels, the nerve
plexus is situated in the outer adventitial layer with axons running along the

adventitial–medial border (Devine and Simpson, 1967). There are some excep-

tions, for example in venous preparations, where axons have been reported to
ramify the outer two or three layers of smooth muscle cells in the tunica media.

Terminal axons widen at regular intervals into varicosities (1–2mm diameter)

separated by intervaricose regions (0.1–0.3mm diameter; Burnstock, 1986).
Ultrastructural examination using electron microscopy and freeze fractionation

shows that the varicosities contain numerous vesicles, some smooth endoplasmic

reticulum, mitochondria, neuroWlaments and microtubules.

Localization of neurotransmitters

NA can be turned into a Xuorescent compound by formaldehyde vapour (for
modiWed technique, see Falck et al., 1982) or glyoxylic acid condensation

(Axelsson et al., 1973). This provides a reliable and sensitive Xuorescence his-

tochemical technique for localizing and visualizing perivascular adrenergic nerves
(see also Figure 4.3). Noradrenergic nerves are probably the most important

components involved in neural control of vascular tone, and most arteries and

arterioles have been shown to be innervated by nerves which contain cate-
cholamines. Cholinergic nerves Wbres have been identiWed in some vascular beds

(for example, in the brain, tongue, skeletal muscle and external genitalia) using

histochemical methods to detect acetylcholinesterase, an enzyme involved in the
degradation of ACh, and also by immunohistochemical identiWcation of choline

acetyltransferase (Burnstock, 1980).

More recently, immunohistochemical techniques have been utilized to identify
not only adrenergic and cholinergic nerves, but also novel vascular neurotransmit-

ters, including peptides and purines. Substance P (Furness et al., 1982), vasoactive

intestinal polypeptide (VIP: Uddman et al., 1981), NPY (Uddman et al., 1982) and
somatostatin (Forssmann et al., 1982) have all been identiWed in perivascular

nerve terminals. A Xuorescence histochemical technique using quinacrine has also

been used to identify nerves containing purines such as ATP (Burnstock et al.,
1979) which, next to NA, is the most-studied neurotransmitter contained in

vascular nerves. Recently, nitric oxide synthase (NOS)-containing Wbres have also

been identiWed using immunohistochemical techniques in some arteries (e.g.



Figure 4.4 (a) Segment of rabbit anterior cerebral artery stained using glyoxylic acid condensation
technique in which axons containing catecholamines fluoresce when illuminated with
ultraviolet light. The nerve fibres can be seen to form a branching varicose network around
the vessel. Bar: 50 �m.
(b) Cross-section of rabbit cutaneous artery stained using Falck technique, in which
adrenergic nerve terminals display fluorescence when illuminated with ultraviolet light.
Nerve fibres are restricted to the outer adventitial layer, and do not penetrate the medial
smooth muscle layer. The internal elastic lamina is clearly visible due to the autofluorescent
nature of elastic tissue. Bar: 50�m.
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cerebral) which, together with functional pharmacological evidence suggests that
NO is an inhibitory vascular neurotransmitter in blood vessels (Nozaki et al.,

1993; Toda, 2000). 5-HT immunoXuorescent nerves have been detected in a

number of vessels. However, it appears that 5-HT is not synthesized within the
nerve Wbre, but is taken up, stored and released, as a false transmitter, from

sympathetic nerves (Jackowski et al., 1989). Three types of storage vesicles are

found in sympathetic varicosities: many granular and agranular small vesicles and
a few dense-cored large vesicles. Both large and small vesicles contain NA and

ATP, the relative quantities of which vary in diVerent vessel types (Burnstock,

1990). Neuropeptides and other soluble proteins are found only in large dense-
cored vesicles, coexisting with NA and ATP (see section on cotransmission,

below).

Fluorescent histochemical and immunohistochemical techniques have also
been used to provide semiquantitative analysis of the density of autonomic

innervation. This has improved over the years with the development of more

sophisticated image analysis techniques, and has been utilized for comparing
density of innervation of diVerent vessel sizes and types, and the eVects of ageing

and disease, all which may aVect the degree of innervation, and perhaps the levels,

of neurotransmitters (Cowen et al., 1982; GriYth et al., 1982).

Transmitter release and smooth muscle activation

Action potentials are propagated along the nerve Wbre to the varicosities via the
inXux of Na+ and Ca2+ into the neuroplasm. As a consequence of increased

intraneuronal [Ca2+], the storage vesicles migrate towards and fuse with the

neuronal cell membrane, emptying their contents into the synaptic cleft (Figure
4.5). Once released, the transmitter diVuses across the junctional gap, which can

vary between 50 and 2000 nm depending on the size of the vessel. Upon reaching

the vascular smooth muscle cells the neurotransmitter interacts with receptors on
the postjunctional membrane, leading to changes in the membrane potential

and/or intracellular signalling mechanisms. Only vascular smooth muscle cells

close to the varicosity are aVected directly by the released transmitter. Therefore in
richly innervated arterioles most smooth muscle cells are near enough to the

nerves to be directly activated, but in larger vessels the innervation is restricted to

cells in the medioadventitial border. To aVect the deeper noninnervated layers
electrical activity must be propagated from cell to cell. This occurs through

specialized electrical coupling between neighbouring smooth muscle cells known

as nexuses or gap junctions (Bevan et al., 1980). Therefore, although many
vascular smooth muscle cells are not directly innervated, they may still be in-

Xuenced by nerves. This may also be a source of diVerences between the actions of

diVerent neurotransmitters. Those whose signalling includes depolarization of the
cell membrane may transfer their eVects further through the media than those



Figure 4.5 (a) Representative trace showing frequency-dependent contractions in the rabbit isolated
saphenous vein in response to electrical field stimulation. Top panel shows control
responses at 16, 32 and 64Hz stimulation from left to right (stimulation parameters of
0.1ms pulse width, 1 s train duration, 35V). Bottom panel shows responses at the same
frequencies in the presence of 10 �mol/L cocaine (which blocks U1 mechanism; see Figure
4.2). Note how the response is prolonged in presence of cocaine. Reproduced from Daly
(1993) with permission.
(b) Representative trace of heart rate and carotid arterial and left ventricular pressures in a
pithed rabbit. The sympathetic outflows in the upper lumbar region were stimulated via the
pithing rod. At this level stimulation of the outflow produces direct stimulation of
vasoconstrictor nerves without activation of sympathetic nerves to the heart or to the
adrenal medulla. Pharmacological analysis showed that this vasoconstrictor response is
mediated partly by �1- and partly by �2-adrenoceptors. Reproduced from McGrath et al.
(1982).
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with exclusively ‘pharmacomechanical coupling’ via nondepolarizing signalling
pathways. For example, the eVect of NAmay stop at the Wrst cell activated, whereas

ATP-induced depolarization may propagate further aWeld. Teleologically this

provides a rationale for diVerent neurotransmitters.

Cotransmission

It was initially thought that each neuron synthesized and released only a single
neurotransmitter, and this concept became known as Dale’s principle. However,

there is now substantial evidence both in vitro and in vivo that nerves synthesize,

store and release more than one neurotransmitter. An example of such evidence
was illustrated by Su (1975), who demonstrated that after priming tissues with

tritiated 3H adenosine (a precursor in the synthesis of ATP) and then using tritium

eZux as a measure of ATP release, electrical stimulation of the rabbit aorta and
portal vein evoked the release of a 3H purine together with NA. The same

technique has also been shown to demonstrate cotransmission of ATP and NA in a

variety of vascular preparations. The coexistence of NA and the vasoconstrictor
peptide NPY in sympathetic nerve terminals also invites the hypothesis that NPY

is a vascular neurotransmitter. This has been reinforced by recent evidence that

antagonists of NPY can attenuate responses to activation of sympathetic nerves
(Hoyo et al., 2000). A parallel hypothesis exists for the vasodilator VIP. To

generalize, it appears that ATP and NPY coexist with, and are released with, NA in

sympathetic neurons, whereas VIP and ACh are cotransmitters in perivascular
nerves (Burnstock, 1990). The physiological signiWcance of this remains to be

determined.

Vascular modulation by neurotransmitters

In studying the eVects of autonomic nerve activity on the vasculature, probably
the most common preparations utilized are isolated blood vessels. These can be set

up as perfused or wire-mounted preparations, with the perivascular nerves being

selectively stimulated by an electrical Weld consisting of pulses of short duration –
typically 0.1–1ms, too short to stimulate the smooth muscle cells directly. This

elicits a functional response from the blood vessel – a change in perfusion

pressure, vessel width or isometric tension, according to the preparation and
method of recording (see Figure 4.4a). Direct comparison can be made with the

eVects of exogenously applied agonists or putative transmitters and pharmacol-

ogical analysis carried out.
A useful preparation which provides a bridge to the in vivo situation is the

pithed animal. Here, the brain and spinal cord are physically destroyed to elimin-

ate all central or reXex activity and the circulation remains functional providing
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that temperature and respiration are artiWcially controlled. This allows the study
of the eVects upon the intact circulation, in the absence of confounding eVects of

reXexes, of Wrstly, autonomic nerve stimulation applied to selected spinal outXows

via the pithing rod, and secondly, their comparison with exogenously adminis-
tered neurotransmitters and other substances by appropriate pharmacological

analysis. This often enables the demonstration of phenomena which are resistant

to study in vitro, perhaps due to the inaccessibility or impracticability of the
particular vascular bed or vessels involved or because the in vitro medium lacks

some vital characteristic such as the appropriate blood gas conditions, a facili-

tatory hormone or a necessary enzyme. For example, �2-adrenoceptor-mediated
vasoconstriction is diYcult to demonstrate in vitro but was discovered, and is

readily studied, in pithed animals. In principle the technique can be applied to any

species, and has been used with rats, cats, ferrets and rabbits. The rat is by far the
most common, with the rabbit next (see Figure 4.4b and McGrath et al., 1982),

although some important very early studies at the turn of the twentieth century

used pithed cats.
An important general issue in analysing neurotransmission by pharmacological

techniques, particularly comparing the eVects of antagonists against nerves and

putative neurotransmitters, is the nonequilibrium nature of the neurotransmis-
sion process. Each junctional release of neurotransmitter causes a rapid rise

followed by a slower but still rapid fall in concentration of the transmitter at the

region of its target receptors. Although there may be a gradual build-up of
transmitter level at high frequencies, the process is essentially one of repetitive

rising and falling concentration. This is not appropriate for quantitative compari-

son with the equilibrium between agonists and antagonists. Indeed, because an
antagonist must dissociate from the receptor before an agonist can occupy it, this

gives antagonists greater ability to block agonist transmitters from nerves than to

block the same agonist at equilibrium when administered exogenously. In practice
this means that the identiWcation of receptor subtypes involved in neurotransmis-

sion can never be as quantitative as might be expected versus agonists. Conse-

quently, where the relative aYnities of antagonists are crucial, controversy is likely.

Vasoconstrictor nerves

To generalize, sympathetic nerve stimulation produces vasoconstriction in most
vascular beds. Depolarization of the vasoconstrictor sympathetic nerve terminal

releases NA and/or ATP, which acts upon postjunctional adrenoceptors and

purinoceptors respectively. Electrophysiological experimentation has shown that
in a number of preparations the postjunctional electrical response to sympathetic

nerve stimulation involves two distinct phases. The Wrst is a rapid, transient

depolarization or excitatory junction potential (e.j.p.) of which several must
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summate in order to produce depolarization of some 15–20 mV before threshold
is reached for voltage-dependent Ca2+ channels to be activated, initiating the

contractile process (Hirst and Edwards, 1989). These e.j.p.s are rapid in onset,

resistant to the action of �-adrenoceptor antagonists, abolished by the blockade of
P2-receptors, and therefore appear to be mediated by the actions of ATP (Vidal et

al., 1986). This initial phase is followed by a slow prolonged depolarization, which

is mimicked by the eVects of exogenous NA and can be abolished by �-adrenocep-
tor antagonists (Sneddon and Burnstock, 1984). Postsynaptically the �1-ad-

renoceptor is the predominant receptor mediating vasoconstriction, but there are

also postsynaptic �2-adrenoceptors which mediate vasoconstriction in some vas-
cular preparations (McGrath et al., 1989).

Although several putative peptide neurotransmitters have been identiWed in

perivascular nerves, their exact role in maintaining vascular tone is not well
understood. Release of these peptides may produce persistent vasoconstriction in

some vascular preparations (Wharton and Gulbenkian, 1987). The major role of

NPY in the vasculature may be that of a pre- or postjunctional modulator of
sympathetic transmission (Lundberg et al., 1990).

Measurement of sympathetic nerve Wring activity using electrical recordings

from the skin of healthy human volunteers showed that sympathetic vasoconstric-
tor nerves discharge continually at about 1 Hz or less at rest, with the maximum

frequency of approximately 8–10 Hz (Bini et al., 1980). Interruption of tonic

sympathetic activity in vivo by nerve sectioning or pharmacological blockade
results in vasodilatation, as can be demonstrated, for example, in pithed animals in

which destruction of spinal sympathetic outXow causes a fall in blood pressure

which is partly due to systemic vasodilatation. Therefore the overall degree of
vascular tone can be controlled by increasing or decreasing sympathetic nerve

Wring activity above basal levels to produce vasoconstriction or vasodilatation

respectively. The rate of Wring of sympathetic neurons can be aVected in vivo by a
number of factors including rhythm of respiration, temperature and mental

activity or stress.

Vasodilator nerves

In a limited number of tissues the arterioles are innervated by vasodilator Wbres as

well as by the ubiquitous sympathetic vasoconstrictor Wbres. Unlike the vasocon-
strictor Wbres, they are not tonically active. Sympathetic vasodilator nerves are rare

but have been suggested to be present in the arterioles of skeletal muscle in

carnivores such as the dog and cat. This part of the sympathetic nervous system is
activated solely as part of the ‘alerting response’ to fear and danger and, when

activated, elicits a transient vasodilator response mediated via activation of mus-

carinic receptors by ACh. Evidence for this relies largely on pharmacological
analysis using muscarinic antagonists and has long been controversial.
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Parasympathetic vasodilator nerves are less widely distributed in comparison to
the sympathetic vasoconstrictor Wbres. Examples of parasympathetically inner-

vated tissues are blood vessels of the salivary glands and exocrine pancreas, the

gastric and colonic mucosa and cerebral and coronary arteries. Most commonly,
parasympathetic vasodilatation is mediated via ACh release, hyperpolarizing the

vascular smooth muscle; however, cotransmission of ACh and VIP may occur in

some tissues, for example, the rabbit lingual artery (Brayden and Large, 1986).
Nitric oxide is the parasympathetic postganglionic vasodilator transmitter in

several beds, notably penile and cerebral (Toda, 2000).

The ability of antidromic impulses in collateral branches of sensory nerves to
cause vasodilatation, forming the Xare component of the triple response to mild

trauma in the human skin, is well documented. The sensory nerves mediating this

response are the nociceptive C Wbres which have been shown to contain substance
P and CGRP (Gamse et al., 1980).

Modulation of sympathetic neurotransmission

Given a constant activity of the sympathetic neuron, the amount of transmitter

released can be either augmented or attenuated by the actions of locally released or

circulating factors (Figure 4.2). Angiotensin II is considered to be an important
facilitatory modulator of vascular adrenergic transmission. It acts to increase the

release of NA from sympathetic nerve terminals. Activation of �-adrenoceptors

present on the neuronal membrane can enhance exocytotic release of adrenergic
transmitter evoked by nerve impulses. It has been suggested that these eVects may

play a role in certain forms of hypertension, with increased levels of adrenaline

and/or angiotensin II reaching the adrenergic neuronalmembrane, facilitating NA
release and hence vasoconstriction. Autocoids such as histamine and 5-HT have

inhibitory actions on NA release, as does activation by ACh of muscarinic

receptors present on the neuronal membrane. Metabolic acidosis, increases in K+

levels and hyperosmolarity all act to reduce the release of NA from sympathetic

nerve terminals (Shepherd and Vanhoutte, 1985).

Released NA is removed from the synaptic cleft by uptake into nerve terminals
(uptake1: Borowsky and HoVman, 1995) and/or uptake into nonneural cells

(uptake 2: Gründemann et al., 1998) and will also seep into surrounding capillary

networks, clearing the released transmitter from the junctional cleft (Figure 4.2).
NA taken up into the nerve terminal cytoplasmmay undergo further active uptake

into the NA storage vesicles by the vesicular monoamine transporter (VMAT),

although most is broken down by enzymes present in the nerve Wbres.
The neuronal membrane also ‘senses’ the concentration of released NA and

ATP via prejunctional receptors, which exert a negative-feedback eVect on vesicu-

lar exocytosis (Figure 4.2). Pharmacological investigation has demonstrated that
the receptors responsible for this autoinhibition are the �2-adrenoceptor and the
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P1-purinoceptor, for NA and ATP respectively. Feedback inhibition of transmitter
release can also be initiated by exogenous circulating catecholamines and purines.

Postjunctionally the eVects of NA and ATP released as transmitters are generally

cooperative as both typically act as vasoconstrictors. Their physiological roles may
radically diVer due to diVerences in their actions, both temporally (long- and

short-acting, respectively) and spatially (due to nonpropagating signalling and

propagating action potentials, respectively; see previous section). This also applies
to peptide neurotransmitters, which are expected to have long-lived actions. The

nature and physiological and pathophysiological roles of purinergic and peptider-

gic transmission, although potentially of great importance, remain obscure. This
could rapidly be clariWed if good antagonists became available.

Summary

Vascular tone can be modulated by an ever-growing number of endogenous

substances, which can act directly to contract or relax vascular smooth muscle or
indirectly by the release of other substances from the endothelium. Nerve ter-

minals, mainly autonomic sympathetic or sensory, release vasoactive substances

which modulate smooth muscle tone. Translation of this knowledge of the
capability of circulating substances or neurotransmitters to modulate vascular

tone into information on the role of particular substances or phenomena in the

physiological regulation of vascular tone is dependent on the following: Wrstly, the
availability of appropriate selective antagonist drugs and in vitro preparations

responsive to the appropriate stimuli, including nerve stimulation and allowing

discrimination between direct (vascular smooth muscle) and indirect (en-
dothelial) eVects, and secondly, in vivo preparations amenable to these same

manoeuvres. Proof of a role for a given phenomenon in humans requires the

further feasibility of testing such antagonists in humans. Paradoxically, this means
that the best understood phenomena are those already taken to the level of

developing therapeutic blockers rather than blockers which have been developed

on the basis of what is physiologically or pathophysiologically most appropriate.
This useful symbiosis continues.
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Introduction

The establishment and maintenance of a vascular supply are necessary for the
growth and survival of normal and neoplastic tissues. An important distinction

must be made between two types of new vessel formation: vasculogenesis and

angiogenesis. The Wrst, vasculogenesis, is the process by which primitive mesen-
chymal cells diVerentiate in situ to become the endothelial lining of embryological

blood vessels. The second, angiogenesis, describes the endothelial budding and

outgrowth into avascular tissue from preexisting capillaries. Vasculogenesis oc-
curs early in embryogenesis and is completed well before independent living is

established. Angiogenesis is both a physiological and pathological process that

governs the majority of new vessel growth both during embryo development and
throughout life.

The term ‘angiogenesis’ was Wrst used in the 1930s to describe the formation of

new blood vessels in the placenta. It has subsequently become clear that angiogen-
esis is a vital part of all organ growth, both in isolation, as occurs in the uterus

during the menstrual cycle, and also as occurs in the normal development of an

infant. In pathological states angiogenesis can be beneWcial, as in wound healing
and inXammation, but also detrimental, as in neoplasia, retinopathies and rheu-

matoid arthritis, amongst others.

Growth of new capillaries and vessels occurs in conjunction with surrounding
mesenchymal tissue and is determined by mechanical, humoral and growth

factors. The use of laboratory and clinical methods is rapidly expanding our

understanding of the physiology and pathology of angiogenesis. With the applica-
tion of these scientiWc principles we are now seeing the development of strategies

such as gene therapy which are aimed at either promoting or inhibiting angiogen-

esis for the therapeutic beneWt of patients.



Figure 5.1 (a) Classical capillary growth. In response to an angiogenic stimulus (1), basement
membrane disruption (2) occurs, allowing endothelial cell migration (3) followed by
proliferation and tube formation (4) and finally reestablishment of the basement
membrane and migration of pericytes (6). (b) Intussusceptive growth. The angiogenic
stimulus (1) induces compression of two opposing endothelial cells towards each other,
accompanied by interstitial cells and filaments (2), which meet (3) and ultimately separate
as two separate daughter capillaries (4). (c) Longitudinal growth. As a capillary tube
lengthens, a stimulus (1) induces bulging of the capillary wall into the lumen (2), which
meet (3) and then cause division of the capillary in a longitudinal axis (4).
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Basic cellular mechanisms of angiogenesis

For over 70 years observational studies have been used to describe the growth of
new vessels in both health and disease. Classical angiogenesis (Figure 5.1a) has

been shown to commence with the migration of endothelial cells into the sur-

rounding extravascular space, followed by proliferation and the formation of
capillary sprouts which eventually connect to neighbouring vessels, thereby estab-

lishing Xow (Hudlická and Tyler, 1986). This migration is accompanied by a
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change in the investing basement membrane of an existing capillary and the
accumulation of extravascular Wbrin. As a result of matrix proteolysis and

chemotaxis endothelial cells are able to migrate, divide and form new capillaries.

Nonsprouting or intussusceptive growth (Figure 5.1b) is an alternative method of
angiogenesis that was Wrst described in lung tissue (Burri and Tarek, 1990) and

subsequently in other developing organs. Opposing capillary eVacement occurs as

a result of mesenchymal proliferation, thus dividing a capillary lumen into two.
These two processes have been recently described occurring together in lung, heart

and yolk sac (Risau, 1997). A third process (Figure 5.1c) has also been described in

which longitudinal splitting occurs in existing cardiac capillaries (van Groningen
et al., 1991). As growth proceeds, enlarging capillaries are surrounded by both

pericytes and contractile smooth muscle units. The process involved is termed

‘pruning’, as the resulting pattern resembles a tree. These new and more substan-
tial vessels have the histological characteristics of arterioles. There is increasing

evidence that embryological endothelial cells are comparatively plastic as far as

diVerentiation is concerned, contrasting with those in mature adults with low
turnover rates. Adult endothelium also exhibits age- and organ-speciWc markers

not associated with embryonic endothelium (Risau, 1995). The promoting mech-

anisms for capillary expansion have been the subject of increasing research in the
last 30 years.

Methods of studying angiogenesis

In vitro

Tissue cultures of endothelial cells from multiple sources have been available for
years. They have been used to assess motility, migration and cell proliferation in

response to mechanical stimuli and to substances with angiogenic potential.

Tissue culture systems have the advantage that single factors can be varied and
studied both as regards the culture substratum and added angiogenic factors. They

are a useful technique for manipulating cellular receptors and signalling mechan-

isms associated with angiogenesis.
In vitro models of capillary formation have been used to study endothelial cell

growth in matrix-containing gels, or tubule formation in two dimensions

(BischoV, 1995). Endothelial cells become quiescent and it has been suggested that
this represents the terminal stages of angiogenesis (Kubota et al., 1988). Another

model has been developed from rat aortic fragments invading Wbrin- or collagen-

containing gel, and this model allows tube formation to be studied (Nicosia and
Madri, 1987). The disadvantage of tissue cultures is that they oversimplify the

complexity of in vivo interactions, and the phenotype of the cultured cell is often

very diVerent to that which they are thought to represent. Models of angiogenesis
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in live animals and humans have been devised to parallel the work with in vitro
studies.

In vivo

A long-established and popular choice for the in vivo study of angiogenesis has
been the chicken chorioallantoic membrane (CAM) accessed at a week of incuba-

tion through a shell window. Substances under scrutiny have then been applied to

the surface. Similar models exist for the normally avascular rabbit or rat cornea.
Models of observation chambers in rabbit ear, hamster dorsal skin fold and

human skin transplanted on to severe combined immunodeWciency (SCID) mice

have been used to assess wound healing and regeneration in response to local and
systemic applications (BischoV, 1995; Brooks et al., 1995). The strength of these

models lies in coordination of the physiology of complex angiogenic processes.

In situ

The technique of in situ study started over 80 years ago with the observation by
Clark (1918) that velocity of blood Xow determined the progression and re-

gression in the tadpole tail. Combined with electronmicroscopy, intravital studies

were used by Rhodin and Fujita (1989) to observe the growth of the mesenteric
microcirculation in postnatal rats. Intravital models have also been used to study

capillary growth in tumours. The main use for this type of study has been to

determine the importance of mechanical factors in the initiation of angiogenesis,
such as the estimation of wall shear stress and tension.

Larger vessel growth has been studied using techniques that identify structural

features of the vasculature such as angiography, vascular casts, histological sec-
tioning with vascular stains and labelling. Increases in maximum vascular conduc-

tance (maximal blood Xow/blood pressure) have been used to quantify arteriole

and conduit artery growth as the capillary bed exerts little resistance to Xow. In
ischaemic myocardium there is a correlation between the increase in arteriolar

density and cross-sectional area and rise in maximum conductance with time

(White and Bloor, 1992).

Quantification of angiogenesis

Capillary supply can be estimated from histological sections stained for basement
membranes with periodic acid–SchiV/amylase, silver methenamine or with anti-

bodies against laminin, Wbronectin and type IV collagen. The enzymatic markers

alkaline phosphatase, adenosine triphosphatase (ATPase) and carbonic anhydrase
are all variable in their staining and are therefore unreliable.

In human tissue, antibodies to CD34 and von Willebrand factor are reliable

methods for staining endothelial cells. They are used clinically along with [3H]-
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thymidine, a marker of nuclear division, to assess proliferation and therefore act as
a prognostic indicator. The lectin Ulex europeaus has been used to stain sugar

residues of human endothelial surface glycoproteins.

QuantiWcation of vessel growth, as assessed by change in vessel counts per unit
cross-sectional area, is aVected by any increase/decrease of the other tissue on the

section.

Mediators of angiogenesis and antiangiogenesis

Mechanical

Physical forces, such as exposure to cold, turbulent blood Xow, wall shear stress,

capillary wall tension, changes in peripheral resistance, capillary pressure, vessel

diameter and red cell velocity, have all been implicated in angiogenesis. These
forces have been extensively studied in vitro and it is thought that they cause

changes in the endothelial cytoskeleton and the extracellular matrix, thus facilitat-

ing endothelial cell migration.
Intermediary cytokines (such as prostaglandins and nitric oxide (NO)) are

released in vitro by endothelial cells, in response to increased shear stress and may

be the eVectors. Inhibitors of these cytokines block endothelial growth and
migration in vitro.

A single bout of exercise increases the mRNA for vascular endothelial growth

factor (VEGF: Breen et al., 1996). In trained subjects this response is attenuated
and they have been shown to have developed almost 20% more capillaries in their

musculature. Increases in blood Xow have some positive inXuence on capillary

supply, as do hypoxia and shear stress. Arterioles can grow by capillary arterializ-
ation when some migrate towards capillaries, pericytes form smooth muscle cells

or Wbroblasts may form capillaries by changing into smooth muscle cells (Figure

5.2). After endurance training an increase in e-nitric oxide synthetase (eNOS)
activity leads to a generalized increase in NO production. Dilatation of the aVected

vessels causes an increase in diameter and circumferential wall stress (Sun et al.,

1994; Delp and Laughlin, 1997). In electrically stimulated muscle capillaries
proliferate within 2 days and arterioles show growth by 7 days. The whole vascular

bed increases within 7–14 days. The capillary increase is due to increased shear

stress, NO production and prostaglandin inXuences, but arteriolar growth is
thought to be due to increased wall tension.

Factors

There are increasing numbers of angiogenic factors being described in health and

disease (Table 5.1), but there is no doubt that the most important of all are

vascular endothelial growth factor (VEGF) and Wbroblast growth factor (FGF).



Figure 5.2 Capillary arterialization. Schematic representation of three possible means of capillary
changes into arterioles. (A) ‘Arterialization’ of capillaries by migrating vascular smooth
muscle cells from arterioles towards capillaries. (B) Formation of smooth muscle cells from
fibroblasts and (C) from pericytes. Reproduced from Slalak and Price (1996), with
permission.
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There are now more than 18 diVerent genes involved in mammalian FGFs

(Hoshikawa et al., 1998) and the most important of these are FGF1 and FGF2 (also
known as �-FGF and �-FGF). These stimulate cell proliferation, modulate diVer-

entiated function, delay senescence, inhibit apoptosis and are chemotactic. In vivo

they are active in angiogenesis, nerve regeneration, cartilage repair and wound
healing, although their inappropriate expression can also result in tumour devel-

opment (Halaban et al., 1998). The Wnding that in vitro VEGF and FGF positively

regulate many endothelial cellular functions, including proliferation migration,
extracellular proteolytic activity and tube formation, has led to the concept that

these factors are direct-acting positive regulators withmembrane-bound receptors



Table 5.1 Factors promoting or inhibiting angiogenesis based on in vitro studies

Promoters of angiogenesis Inhibitors of angiogenesis

Angiogenin Angiostatin

EGF/TGF-� C-X-C chemokines:

FGFs-1, -2, -5 Platelet factor IV

G-CSF IP-10, gro-�
HGF Hyaluronan

Hyaluronan oligosaccharides IL-12

Hypoxia Interferons

IL-8 MMP and PA inhibitors

PDGF-BB 16 kDa prolactin fragment

PlGF Proliferin-related protein

Proliferin Steroids/metabolites:

Prostaglandins Glucocorticoids

TGF-� 2-Methoxyestradiol

Tissue factor Retinoids

TNF-� Ribonuclease inhibitor

VEGFs TGF-�
Thrombospondin

TNF-�

EGF, endothelial growth factor; TGF-�, transforming growth factor-�; FGFs, Wbroblast growth

factors; G-CSF, granulocyte colony-stimulating factor; HGF, hepatocyte growth factor; IL-8,

interleukin-8; MMP, matrix metalloproteinases; PA, plasminogen activator; PDGF-BB,

platelet-derived growth factor BB; PLGF, placental growth factor; TNF-�, tumour necrosis factor-�;
VEGFs, vascular endothelial growth factors.
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(Dvorak et al., 1995). However, although a role for VEGF in developmental and
tumour angiogenesis has been clearly established, much controversy still exists as

to whether the FGFs are relevant to the endogenous control of neovascularization

in vivo. Experimentally, many factors appear to be active but this does not mean
that they are relevant to the endogenous regulation of new vessel formation in the

intact organism. In the case of molecules that are active during the phase of

endothelial activation, only VEGF meets most criteria for the deWnition of avas-
culogenic or angiogenic factor. These other factors may act indirectly on en-

dothelial cells by inducing the production of direct-acting regulators by inXam-

matory and other nonendothelial cells. In contrast to the direct mitogens (VEGF
and FGF), transforming growth factor (TGF-�) and tissue necrosis factor (TNF-�)
inhibit endothelial growth in vitro and have therefore been considered as direct-
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acting negative regulators. In vivo TGF-� and TNF-� are found to be angiogenic
by indirectly stimulating the production of direct-acting positive regulators from

stromal and chemo-attracted inXammatory cells (Klagsbrun and D’Amore, 1991).

Other cytokines that have been reported to regulate angiogenesis in vivo include
hepatocyte growth factor (HGF), EGF/TGF-�, platelet-derived growth factor

(PDGF-BB), interleukins (IL-1, IL-6, IL-12), interferons, granulocyte colony-

stimulating factor (G-CSF), placental growth factor (PlGF), proliferin and prolif-
erin-related protein. Chemokines that regulate angiogenesis in vivo have to date

only been found in the -C-X-C- family and include IL-8, platelet factor IV and

gro-�. Angiogenesis can also be regulated by a variety of noncytokine or non-
chemokine factors, including the enzymes (angiogenin and platelet-derived en-

dothelial cell growth factor/thymidine phosphorylase (PD-ECGF/TP)), inhibitors

of matrix-degrading proteolytic enzymes (tissue inhibitors of meta Hoproteinases:
TIMPs) and of plasminogen activators and their inhibitors (PAs and PAIs),

extracellular matrix components/coagulation factors or fragments thereof

(thrombospondin, angiostatin, hyaluronan and its oligosaccharides), soluble
cytokine receptors, prostaglandins, adipocyte lipids and copper ions (Leek et al.,

1994).

Among the molecules that are relevant to cell–extracellular matrix interactions
are integral membrane proteins, including integrins, which provide a link between

the extracellular matrix and the cytoskeleton, and extracellular proteases and their

inhibitors, which mediate focal degradation of the extracellular matrix during
cellular invasion. One particular integrin, �v�3, has been shown to be particularly

important during angiogenesis. It is expressed on vascular endothelial cells prefer-

entially during the proliferative and invasive phases of angiogenesis, once cytokine
activation has occurred. �v�3 is a receptor for a number of proteins with an

exposed Arg-Gly-Asp subunit, including vitronectin, Wbronectin, Wbrinogen,

laminin, thrombospondin, osteopontin, and von Willebrand factor. The integrin
�v�3 is also expressed by smooth muscle cells in postangioplasty restenosis,

atherosclerotic plaques and healing arterial wounds (Varner et al., 1996), and is

also upregulated in human tumour growth in explants on SCIDmice. Antagonists
to �v�3 appear to inhibit angiogenesis during development (Brooks et al., 1994),

wound healing (Clark et al., 1996), retinal neovascularization (Hammes et al.,

1996), and in certain tumour growth causes apoptosis experimentally, thereby
inducing regression (Brooks et al., 1995). Many proteases and protease blockers

are active during basement membrane degradation, extracellular matrix invasion

and capillary loop formation.
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Physiological and pathological angiogenesis

The process of angiogenesis must be maintained in a constant state of readiness

over long periods of time, in a balance similar to blood coagulation. The microvas-

cular system seems to be quiescent without capillary growth. Endothelial cell
turnover in the normal healthy adult is low, apart from angiogenesis associated

with the female reproductive organs or in response to tissue injury. The mainten-

ance of endothelial quiescence is thought to be due to the presence of endogenous
negative inhibitors suppressing positive regulators. Activation of endothelium is

therefore a balance between negative and positive regulators, with angiogenesis

occurring when the positive regulators predominate. Angiogenesis has a role in
many normal physiological processes such as wound healing, inXammation and

reproduction. The concept of the ‘angiogenic switch’ is applicable in both physio-

logical and pathological angiogenesis.
Table 5.2 lists both the diseases and the areas of specialization that involve

angiogenesis as part of the pathological pathway. Wound repair and healing apply

to all categories and are therefore not included in the table. It is becoming
increasingly apparent that the dominant pathology in many nonneoplastic dis-

eases is as a result of persistent angiogenesis and its consequences. Angiogenesic

diseases occur in both men and women and are managed in many branches of
medicine and surgery.

Gene therapy and its current application to angiogenesis

Gene therapy can be deWned as the transfer of genetic material to prevent or treat a
disease. Based on the ever-increasing quantity of published experimental evidence,

multiple groups are starting to apply the principles of gene therapy to angiogenesis

in the clinical setting.
The Wrst step of this genetic transfer is to isolate the gene that encodes the

protein of interest; this is done by extracting mRNA from cultured cells and

converting the mRNA into DNA by reverse transcription. This mixture of DNA,
called a cDNA library, is therefore screened to identify the cDNA fragments that

match the amino acid sequence of the desired protein. The fragment is then

inserted into a plasmid expression vector and linked to a sequence, a promoter,
that initiates transcription of the gene (Figure 5.3). The technology of genetic

engineering has for some time therefore run parallel to angiogenesis research. We

are entering an exciting era as the two Welds are combined and we are beginning to
see the potential of gene therapy being applied to disorders of angiogenesis.

Whether transfer is best eVected using gene transfer or polypeptide transfer is not

yet clear. Nor is it certain which will have the fewest long-term side-eVects. With



Table 5.2 Pathological disease processes involving angiogenesis by medical specialty

Medical specialty Disease process

Cardiology Myocardial ischaemia/infarction, myocardial hypertrophy

Dermatology Haemangiomas and other benign vascular proliferations,

pyogenic granuloma, squamous cell carcinoma, malignant

melanoma, psoriasis

Ear, nose and throat surgery Leukoplakia, squamous and nasopharyngeal carcinoma

Endocrinology Diabetes mellitus (proliferative retinopathy and vascular

complications)

Gastroenterology Carcinoma of the oesophagus, stomach, colon, liver and

pancreas; peptic ulcer; intestinal ischaemia

Haematology Leukaemia, lymphoma, multiple myeloma

Infectious diseases AIDS (Kaposi’s sarcoma)

Neurology/neurosurgery Vascular malformations, cerebral ischaemia/infarction, capillary

haemangioblastoma, glial tumours

Obstetrics and gynaecology Normal reproductive function and infertility; carcinoma of

breast, cervix, uterus and ovary

Oncology Overlaps with virtually all other disciplines

Ophthalmology Proliferative retinopathy, retinopathy of prematurity, age-related

macular degeneration

Paediatrics Juvenile haemangioma, childhood tumours

Respiratory medicine Capillary haemangiomas, pulmonary adeno- and small-cell

carcinoma

Rheumatology/orthopaedics InXammatory arthritis, bone fracture repair and nonunion,

Paget’s disease, osteosarcoma

Urology Carcinoma of kidney, prostate and testis

Vascular surgery Peripheral ischaemia, vascular malformations

AIDS, acquired immunodeWciency syndrome.

102 J. W. Quarmby and A. W. Halliday

the use of gene therapy techniques in early trials, various disease processes are now
being treated by promoting or inhibiting angiogenesis. The Wrst application of this

new technology involving patients occurred in 1989 when �-interferon was used

for the treatment of life-threatening pulmonary haemangiomas in infants
(Folkman, 1989; White et al., 1989). The Wrst gene therapy trial attempted in

humans was performed in 1990 for suVerers of adenosine deaminase (ADA)

deWciency and published 5 years later (Blaese et al., 1995). Listed in Table 5.3 are
the clinical Welds where angiogenesis technology is currently being investigated.

Following the initial success of the ADA trial, more than 100 clinical gene

therapy trials have been initiated, and a proportion of these have been concerned



Figure 5.3 Cloned cDNA of vascular endothelial growth factor (VEGF) or �-fibroblast growth factor
(�-FGF) combined with a promoter sequence of DNA, are spliced into an adenovirus acting
as a vector (1). These are introduced into a limb artery lumen by infusion or on the surface
of an angioplasty balloon (2), or into striated limb muscle directly. Distal endothelial cells
(EC) or smooth muscle cells (SMC) are transfected by the adenovirus (3), leading to
expression of VEGF or �-FGF (4), ultimately inducing angiogenesis (5).

Table 5.3 Clinical manipulation of angiogenesis currently being explored

Promotion of angiogenesis Inhibition of angiogenesis

Induction of collateral vessel formation: Tumour growth and metastases

Myocardial ischaemia Ocular neovascularization

Peripheral ischaemia Haemangioma

Cerebral ischaemia Rheumatoid arthritis

Wound healing and fracture repair Atherosclerotic plaque neovascularization

Reconstructive surgery including skin Xaps Birth control

Transplantation of islets of Langerhans
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with cardiovascular surgical disease. Gene therapy applications have been ex-
plored in restenosis, critical limb ischaemia and graft failure.

Ischaemic heart disease

The Wrst animal models of gene therapy and angiogenesis in ischaemic myocar-
dium used �-FGF. Yanagisawa-Miwa et al. (1992) showed that �-FGF given

intraarterially at the time of coronary occlusion and 6 h later reduced the total

volume of myocardial infarction. In models of chronic myocardial ischaemia
Unger et al. (1994) and Harada et al. (1994) found increased collateral Xow and

improved myocardial function respectively following the administration of �-

FGF. Later, Takeshita et al. (1994) reported using phVEGF165 coated on angio-
plasty balloons which were passed percutaneously into the iliac arteries of rabbits

(with previously tied common femoral arteries) and inXated. An improvement in

ischaemic blood pressure in the phVEGF165-treated group suggested that site-
speciWc arterial gene transfer could be used to achieve physiologically meaningful

therapeutic modulation of vascular disorders.

Many patients with ischaemic heart disease are not suitable for conventional
bypass procedures or percutaneous revascularization due to the complex nature of

the restricting lesions. Therapeutic angiogenesis therefore provides a novel treat-

ment option. Outlined below are the details of one of the Wrst therapeutic trials
that followed preliminary trials in rats (Schumacher et al., 1998). �-FGF was

genetically engineered from strains of Escherichia coli which were isolated and

puriWed. The �-FGF was then injected close to the vessels after completion of
coronary artery bypass in 20 patients who had signiWcant disease distal to the

anastomoses. Later, angiographic proof of neovascularization was obtained. A

capillary network was demonstrated sprouting from the proximal part of the
coronary artery and bypassing the stenoses to rejoin the distal parts of the vessel.

In the same year direct myocardial injection of phVEGF165 was described via a

minimally invasive chest wall incision in 5 patients (Losordo et al., 1998). These
authors’ results suggested improved symptoms as measured by reduced nitrate

usage and also improved myocardial perfusion studies and by coronary angiogra-

phy.

Peripheral vascular disease

Chronic lower-limb ischaemia due to atherosclerosis (Figure 5.4) often ends in

amputation. Despite bypass surgery or interventional radiological procedures, the
progression of the occlusive arterial exhausts conventional therapy. During the

last 10 years many animal models of hind-limb ischaemia have been developed as

part of the lead-up to human trials of angiogenic factors. The angiogenic growth



Figure 5.4 Angiogram of severe bilateral lower limb atherosclerosis.
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factors Wrst used for this purpose comprised members of the FGF family. In a

rabbit model (BaVour et al., 1992), �-FGF was administered in daily intramuscu-

lar doses. At the completion of 14 days’ treatment, angiography and necropsy
measurement of capillary density showed evidence of augmented collateral vessels

in the ischaemic limb compared to controls. Using �-FGF in a similar model of

rabbit hind-limb ischaemia, Pu et al. (1993) produced improved haemodynamic
as well as collateral development in the treated group compared to controls.

In the Wrst published report of arterial gene transfer of naked DNA encoding for

VEGF in the presence of limb ischaemia (Isner et al., 1996), a 71-year-old woman
had 2000�g human plasmid phVEGF165 administered via a coated angioplasty

balloon inXated in the popliteal artery. Subsequent digital subtraction angiogra-

phy at 4 weeks showed an increase of collateral vessel formation below the knee
with symptomatic improvement to match. Three spider angiomas arose in the

limb: one was excised 3 weeks after therapy, conWrming proliferating en-

dothelium, and the other two were observed to regress. Figure 5.3 is a Xow
diagram illustrating the basic principles of angiogenesis with an introduced virus

acting as the vector. These Wrst attempts at direct intraarterial balloon transfer

have been hard to reproduce. In 1997 a small series was reported by the same
group using intramuscular injections (Baumgartner et al., 1997). In this series, 9

patients received intramuscular injections of naked plasmid DNA encoding

phVEGF165 and described improved ankle–brachial index. They reported angio-
graphic evidence of increased collateral vessels in seven limbs, ulcer healing and

limb salvage in patients otherwise destined for amputation. In one amputation

specimen foci of proliferating endothelial cells were found. Transient lower-limb
oedema was seen in over half of the patients: this is consistent with VEGF

enhancement of vascular permeability.

The possibility of viruses being used as vectors has been suggested by a report of
10 Finnish patients with impending amputations who had angioplasty balloon

transfer of adenovirus-mediated genetic markers a few days prior to amputation

(Laitinen et al., 1998). After amputation, transgene expression was detected in
smoothmuscle cells, endothelial cells, macrophages and in the tunica adventitia of

arteries.

Other clinical problems that may beneWt from therapeutic angiogenesis in the



Figure 5.5 Tumour-induced angiogenesis. Angiogenesis can generally be divided into three phases,
shown here in tumour-induced angiogenesis. Firstly, angiogenic stimulators, such as
�-fibroblast growth factor (�-FGF) and vascular endothelial growth factor (VEGF) are
released from the tumour and/or inflammatory cells. These angiogenic signals trigger the
invasion/proliferation phase which is characterized by vascular cell proliferation, secretion
of proteolytic enzymes and extracellular matrix molecules, as well as altered expression of
adhesion molecules. The proteolytic enzymes act to degrade extracellular membrane
(ECM) proteins, which, together with new synthesis of ECMmolecules, results in
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Caption for Fig. 5.5 (cont.)

remodelling of the extracellular microenvironment. The remodelling is crucial since it
serves to facilitate vascular cell survival, proliferation and migration, resulting in a vascular
invasion of the ECM. The maturation stage involves shape changes of the endothelial cells
to achieve the final differentiated luminal structure in contact with a newly synthesized
basement membrane. Reproduced from Stromblad and Cheresh (1996) with permission
of the authors.
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near future include cerebral ischaemia, improved survival of free and pedicle skin
Xaps and transplantation of islets of Langerhans, as suggested by work on a rat

model (Gorden et al., 1997). No clinical trials in humans have yet been reported,

but based on the success of animal models, this cannot be far away.

Tumour treatment and the inhibition of angiogenesis

New vessel formation is essential for tumour growth (Figure 5.5). Initiation of
vessel growth is controlled by factors released by the tumour (e.g. �-FGF, TGF-�,
VEGF) which diVuse towards blood vessels, triggering proliferation and invasion.

The endothelial cells secrete components of the extracellular membrane (ECM)
and altered adhesion molecules. Proteolytic enzymes degrade the ECM and the

environment is gradually remodelled. Endothelial cells invade the remodelled

ECM and proliferate, forming a sprout. Adhesive property changes of the vascular
cells allow proliferation and invasion. With maturation, endothelial cells change

shape and a new basement membrane is formed. The new vessel thus formed

provides the tumour with nutrients and allows metastatic cells to invade the body
elsewhere.

Both de novo collagen synethesis and proteolysis are involved in tumour

angiogenesis. It is possible that elimination of a quiescence signal in the basement
membrane or the breakdown of stromal collagen may lead to later changes in the

basement membrane, facilitating diVerentiation. Matrix metalloproteinase-2

(MMP-2) and �v�3 are located on the surface of invasive angiogenic vascular (and
melanoma) cells in vivo; and �v�3 agonists and TIMPs can block angiogenesis in

vivo. It is possible that MMP-2 and �v�3 functionally cooperate to promote

vascular cell invasive behaviour. Invasion of melanoma cells can be inhibited by a
natural fragment of MMP-2 (called PEX), and this may be a natural tumour-

inhibiting feedback mechanism.

There is good evidence that VEGF and its receptors are crucial in tumour
angiogenesis (Dvorak et al., 1995). There are many groups now publishing data

describing strategies aimed at inhibiting tumour growth by interfering with

cytokine–receptor interactions, including anti-VEGF antibodies, soluble VEGF
receptors, antisense VEGF, VEGF-toxin conjugate, and a dominant negative
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approach using a truncated form of VEGF receptor-2. VEGF therefore seems to
have a potential key role in tumour growth suppression, with the important

advantage that it seems to have only one target cell, namely, the endothelial cell.

Angiostatin has been shown to be a potent angiogenesis inhibitor in vitro.
Angiostatin is an internal cleavage product of plasminogen and is now shown to

inhibit the growth of a number of tumours in immunoincompetent mice

(O’Reilly et al., 1994). The marked increase in tumour cell apoptosis associated
with angiostatin became an exponential phase of tumour growth once angiostatin

administration was halted and angiogenesis could recommence. This observation

suggests that either prolonged and repeated administration of angiostatin may
have potential as a therapeutic strategy, or angiostatin could be used in conjunc-

tion with other forms of cancer therapy.

Other situations where antiangiogenesis therapy has been successful include
juvenile haemangioma, experimental arthritis and proliferative retinopathy, in

which interferon-� and thalidomide have been tested (Folkman, 1995). It is

uncertain whether the therapeutic eVect of interferon-� in childhood haem-
angioma regression is as a result of a direct antiangiogenic eVect on endothelial

cells or as an indirect consequence of the reduction of angiogenic factor produc-

tion by stromal cells (Pepper et al., 1994).

The future of therapeutic angiogenesis and antiangiogenesis

Knowledge of angiogenesis has developed over 30 years, but only in the last few

years have therapeutic applications of this technology been explored. Clinical

groups have begun to develop treatments aimed at promoting thrombolysis,
preventing restenosis after angioplasty and improving the blood supply to is-

chaemic myocardium and pregangrenous limbs. In oncology, malignant tumours

depend on capillary neovascularization and this suggests that new forms of cancer
treatment may be devised by inhibiting angiogenesis, perhaps in conjunction with

use of conventional cytotoxics.

The therapeutic manipulation of angiogenesis may fall into two forms: Wrstly,
through the use of single or multiple doses of a recombinant protein and,

secondly, with the development of gene transfer technology. The factors that may

ultimately determine which of these predominates are cost, clinical eVectiveness
and the avoidance of side-eVects. With the reporting of the Wrst trials of an-

giogenic gene therapy, complications and pitfalls are already coming to light.

Recombinant polypeptide use is easier because dose regulation enables the range
of eYcacy to be balanced against toxicity. If toxicity occurs, it would also be easier

to stop or block polypeptide therapy. Against use of polypeptides is the diYculty

in producing suYcient quantities of pyrogen-free agents, and the requirement of
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repeated treatments or a prolonged infusion. In contrast, gene therapy involves
the introduction of genetic material into cells aimed at achieving high levels of

sustained gene expression without provoking adverse clinical reactions. Restrict-

ing the therapeutic eVects of gene therapy to the required site (without angiogenic
or antiangiogenic eVects occurring at ectopic sites) will be an important long-term

factor in determining whether or not gene transfer technology is acceptable.

Side-eVects of antiangiogenesis therapy, including those related to inhibition of
physiological angiogenesis, are likely to cause problems, as will the unwanted

eVects seen with stimulation of angiogenesis.

The best mode of delivery of angiogenic stimuli has not yet been found. There
are now trials under way looking at intramuscular as opposed to intravascular

depots of angiogenic agents in the treatment of ischaemic heart disease and distal

limb ischaemia. With intravascular depots the delivery is dependent on balloon
catheter technology. There are three types of balloon currently being used: hydro-

gel-coated, perforated and double occlusion balloons.

The use of adenoviruses as opposed to retroviruses appears a more eYcient
vector. There is a lower risk of incorporation into the host genome or reversion to

a wild type which is capable of replication. Nonviral vectors that are currently

being developed include cationic liposomes and synthetic peptides.
It may be possible to create angiogenesis proWles of patients for conditions with

an angiogenesis basis. This could include quantitative histological assessment of

tissue in disease processes where blood vessel density secondary to angiogenesis
may be an important prognostic indicator, as in breast cancer (Weidner, 1995).

Clearly, the blood supply of anymetastatic cancer is central to tumour progression

and spread, so knowing the angiogenic properties of that metastatic tumour could
allow antiangiogenic strategies to be targeted at individual patients. For example,

urinary �-FGF may serve as a prognostic indicator for certain solid tumours, and

�-FGF urine levels are reduced following surgical resection of the tumour
(Nguyen et al., 1994).

There is increasing evidence of a genetic basis to the pathogenesis of certain

vascular disorders (Shovlin and Scott, 1996) through disordered angiogenesis.
Mutations in endothelial cell receptor tyrosine kinases may underlie developmen-

tal vascular malformations and may also play a role in the development of

haemangiomas. Possible gene loci for an autosomal-dominant form of venous
malformation (Boon et al., 1994) and for Klippel–Trenaunay–Weber syndrome

(Whelan et al., 1995) have been identiWed. What are claimed to be progenitor

endothelial cells have been isolated (Asahara et al., 1997) and these may be useful
for augmenting collateral vessel growth to ischaemic tissues (therapeutic an-

giogenesis) and for delivering antiangiogenic agents to sites of pathological an-

giogenesis.
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Gene therapy may also have a role in the related vascular problem of arterial
restenosis (along with radiation brachytherapy) after angioplasty. Arterial re-

stenosis involves the migration of activated smooth muscle cells from the arterial

media to form a neointima. Using gene therapy, it may be possible to generate a
biological attack on the cell-regulatory mechanisms by the introduction of

foreign-fragment nuclear material to halt the pathophysiological processes typical

of restenosis. This block in theory could be delivered locally as a coating on the
angioplasty balloon itself. Graft stenosis secondary to neointimal hyperplasia may

be avoidable by the genetic manipulation of cells lining the grafts: this was Wrst

investigated in a canine model by Wilson et al. (1989).
Novel gene therapy and pharmacological approaches are continuously being

developed both to stimulate and inhibit angiogenesis. This is happening at a rapid

pace. It is important that new clinical protocols are backed by sound scientiWc
scrutiny as this new technology may have potentially devastating long-term

consequences for young patients being treated in a new Weld of medicine. As the

technology of angiogenesis is relevant to so many disciplines within medicine, it is
appropriate that molecular biologists with expertise in gene therapy are closely

involved in the management of patients. A close working relationship between

clinicians and scientists will help ensure that future clinical applications are
developed as quickly and safely as possible.
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Introduction

Apoptosis or programmed cell death is a process through which multicellular

organisms dispose of cells eYciently. Much has been discovered about the mol-
ecular control of apoptosis since its initial description as a series of morphological

events (Kerr et al., 1972). The regulation of cell death is critical for the mainten-

ance of tissue homeostasis. Moreover, it is apparent that all cells are programmed
to die, and cell death is their default state, which can be suppressed through the

expression or presence of intracellular and extracellular survival factors. Although

it may seem strange that cells can be lost so easily from tissues, for long-lived
multicellular organisms it makes biological sense to have an eYcient cellular

disposal mechanism, to remove useless or potentially harmful cells.

Apoptosis: defining the mode of cell death

Apoptosis deWnes a type of cell death distinct from conventional necrotic death,

on the basis of characteristic morphological features (Figure 6.1). SpeciWcally,
these features are condensation of nuclear chromatin, at Wrst around the inner face

of the nuclear membrane, and then clumping of the chromatin. Apoptosis is also

associated with loss of cell–cell contact and cell shrinkage and fragmentation, with
formation of membrane-bound processes and vesicles containing fragments of

nuclear material or organelles. The endproduct, the apoptotic body, may then be

phagocytosed by adjacent cells (Figure 6.1). The whole process occurs with
minimal disruption of membrane integrity or release of lysosomal enzymes, and

consequently little inXammatory reaction. In addition, organelle structure and

function appear to be maintained until late into the process.
Necrosis, however, is more commonly used to describe cell death characterized

by cell swelling, without chromatin condensation. Moreover, organelle dysfunc-

tion occurs early in the process, accompanied by loss of membrane integrity, and



Figure 6.1 Electron microscopic appearances of a human vascular smooth muscle cell (VSMC)
undergoing apoptosis in culture. (a) Normal appearance of a human VSMC. (b) Intense
membrane blebbing and vesicle formation in apoptosis, with condensation of the nuclear
chromatin into clumps. (c) An apoptotic body, the endproduct of apoptosis. (d) An
apoptotic body (arrow) ingested by an adjacent human VSMC.
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release of lysosomal enzymes with consequent inXammation.

Although the terms are frequently used synonymously, programmed cell death
and apoptosis are not completely interchangeable. They are morphologically and,

in some respects, genetically identical processes, but programmed cell death, in its

truest sense, is cell death occurring at deWned times in embryogenesis. This is
clearly ‘physiological’ cell death that is initiated by a speciWc genetic programme.

In addition, programmed cell death can be considered to occur in adult organisms

during regression of a variety of hyperplastic tissues, in particular, the hormone-
dependent regression of breast or uterine tissues. Death in this instance is also a

physiological response, but the factor triggering death may be intrinsic or

exogenous, for example removal of a trophic stimulus. Within the vasculature,
true programmed cell death can be said to occur in closure of the ductus

arteriosus, and in many of the changes in vessel calibre and wall thickness which

occur as an adaptation to blood Xow in the neonate (see below). In general,
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programmed cell death is used to describe cell death observed during embryogen-
esis in both vertebrates and invertebrates and apoptosis describes death observed

in adult tissues.

Cell proliferation and death in the vascular wall

Vascular smooth muscle cells (VSMCs) within the vessel wall are able to prolifer-

ate, migrate, synthesize and degrade extracellularmatrix upon receiving appropri-
ate stimuli. The normal adult artery shows very low levels of VSMC turnover, and

apoptotic and mitotic indices are low in this tissue (Gordon et al., 1990). In

diseased tissue additional factors are present both locally, such as inXammatory
cytokines, inXammatory cells and the presence of modiWed cholesterol, and

systematically, such as blood pressure and Xow. These factors can substantially

alter the normal balance of cell proliferation and apoptosis, although the degree to
which they are altered is dependent upon the vascular disease under study.

Remodelling

Vessel wall remodelling deWnes a condition in which alterations in luminal size

can occur through processes that do not necessarily require large changes in

overall cell number or tissue mass. Thus, redistribution of cells, either towards or
away from the lumen, through processes such as selective cell proliferation/
apoptosis or matrix synthesis/degradation can signiWcantly alter lumen dimen-

sions. Physiological remodelling by cell proliferation/programmed cell death
occurs in closure of the ductus arteriosus (Slomp et al., 1997), and reduction in

lumen size of infraumbilical arteries after birth (Cho and Langille, 1993; Cho et al.,

1995). Surgical reduction in Xow also results in compensatory VSMC apoptosis
(Cho et al., 1997; Kumar and Lindner, 1997). Remodelling also occurs in primary

atherosclerosis, after angioplasty and in angioplasty restenosis. Although apopto-

sis undoubtedly occurs in all of these conditions (see below), the role of VSMC
apoptosis in determining the outcome of remodelling is unclear.

Arterial injury

Acute arterial injury, such as that occurring at angioplasty, is followed by rapid

induction of medial cell apoptosis, at least in animal models. Thus, in rat or rabbit
vessels, balloon overstretch injury results in medial cell apoptosis from 30 min to

4 h after injury (Perlman et al., 1997; Pollman et al., 1998, 1999). In pigs, apoptotic

cells occur within the media at 6 h with peaks in the media, adventitia and
neointima at 18 h. 6 h and 7 days after balloon injury, respectively (Malik et al.,

1998). Although we have no direct evidence, the consistency of this response in

animal models suggests that human vessels may behave similarly. Repair of the
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vessel after injury is also associated with VSMC apoptosis, both in the media and
in the intima, and in the rat occurs 8–21 days after injury (Bochaton-Piallat et al.,

1995). In humans, restenosis after angioplasty has been reported to be associated

with either an increase (Isner et al., 1995) or decrease (Bauriedel et al., 1998) in
VSMC apoptosis. The role of VSMC apoptosis in either the initial injury or the

remodelling process in restenosis is still unclear in human vessels.

Aneurysm formation

The commonest form of arterial aneurysm in humans is associated with advanced

atherosclerosis, and is characterized by a loss of VSMCs from the vessel media,

with fragmentation of elastin and matrix degradation, leading to progressive
dilatation and eventually rupture. Apoptosis of VSMCs is increased in aortic

aneurysms (Thompson et al., 1997; LopezCandales et al., 1997; Henderson et al.,

1999) compared with normal aorta, associated with an increase in expression of a
number of proapoptotic molecules, such as death receptors and p53 (Lopez-

Candales et al., 1997; Henderson et al., 1999). Macrophages and T-lymphocytes

are found in aneurysmal lesions, suggesting that inXammatory mediators released
by these cells may promote VSMC apoptosis. Morever, the production of tissue

metalloproteinases by macrophages may accelerate cell death by degrading the

extracellular matrix from which VSMCs derive survival signals (see below).

Atherosclerosis

Rupture of atherosclerotic plaques is associated with a thinning of the VSMC-rich

Wbrous cap overlying the core. Rupture occurs particularly at the shoulder regions

of plaques, which are noted for their lack of VSMCs and the presence of macro-
phages and other inXammatory cells. Apoptotic VSMCs are evident in advanced

human plaques (Geng and Libby, 1995; Han et al., 1995; Isner et al., 1995),

including the shoulder regions, prompting the suggestions that VSMC apoptosis
may hasten plaque rupture. Indeed, increased VSMC apoptosis occurs in unstable

versus stable angina lesions (Bauriedel et al., 1998).

Although loss of VSMCs would be expected to promote plaque rupture, there is
no direct evidence of the eVect of apoptosis per se in advanced human athero-

sclerosis. Most apoptotic cells in histological sections are found in advanced

lesions next to the lipid core (Kockx, 1998), and most of these apoptotic cells are
macrophages, not VSMCs. Loss of macrophages from atherosclerotic lesions is

likely to promote plaque stability rather than rupture, since macrophages can

promote VSMC apoptosis by both direct interactions (Boyle et al., 1998) and by
release of cytokines (Geng et al., 1996). Of interest, apoptosis also occurs in early

stages of atherosclerosis induced by cholesterol feeding in animals, at the fatty

streak stage or before morphological evidence of lesion formation (Hasdai et al.,
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1999). Again, the eVect of apoptosis at this early stage of lesion development is
unknown.

Effect of VSMC apoptosis

The eVect of VSMC apoptosis is clearly context-dependent. Thus, VSMC apopto-

sis in advanced atherosclerotic plaques would be expected to promote plaque

rupture, and medial atrophy in aneurysm formation. In neointima formation
postinjury, VSMC apoptosis of both the intima and media can limit neointimal

formation (Pollman et al., 1998, 1999; Sata et al., 1998) at a deWned time point,

although long-term studies have not been performed to ensure that the neointima
is not simply delayed. It is not yet known whether such inhibition of neointimal

formation in an animal model can translate into suppression of restenosis follow-

ing angioplasty or stenting.
Therapeutic induction of apoptosis in the vessel wall may also be limited by

important sequelae. In contrast to the dogma that apoptosis is silent (that is, it

does not elicit an immune response), a number of deleterious eVects of apoptotic
cells have emergedwithin the vasculature. In particular, exposure of phosphatidyl-

serine on the surface of apoptotic cells, which normally marks the condemned cell

as ready for phagocytosis, provides a potent substrate for the generation of
thrombin and activation of the coagulation cascade (Bombeli et al., 1997; Flynn et

al., 1997). Whether or not this is the result of delayed phagocytosis due to a

disruption of phagocytic signals by molecules within the plaque is not yet clear.
Apoptotic cells can also release membrane-bound microparticles into the circula-

tion; these remain procoagulant and are increased in patients with unstable versus

stable coronary syndromes (Mallat et al., 1998, 1999). Although apoptotic cells are
not the only source of circulating microparticles, such microparticles may con-

tribute to the increased procoagulant state in these syndromes.

Regulation of VSMC apoptosis

Apoptosis via death receptors

Many stimuli can trigger apoptosis in cells, but in vascular disease it is likely that

speciWc alterations within the VSMC itself elicit sensitivity to a particular stimulus

that is disease-associated. Thus, remodelling may trigger apoptosis following
reduction in blood Xow, and the major stimulus may therefore be Xow-dependent

stimuli such as nitric oxide or shear stress. In contrast, apoptosis in atherosclerosis

or aneurysm formation may be due to the surrounding inXuences of inXamma-
tory cells that express death ligands on their surface or secrete proapoptotic

cytokines. Whatever the stimulus, many of the downstream pathways by which

the apoptotic stimuli are transmitted are similar.



Figure 6.2 Schematic of Fas death-signalling pathways. Fas, the prototypic member of the tumour
necrosis factor death receptor family, binds to its cognate ligand. Recruitment of the
adapter molecule FADD and procaspase 8 results in activation of the latter. Caspase 8
activation directly activates downstream caspases (3, 6 and 7), resulting in DNA
fragmentation and cleavage of cellular proteins. This pathway is thought to occur in type I
cells and does not involve mitochondrial pathways. Alternatively, caspase 8 activation also
results in cleavage of Bid, which translocates and interacts with other Bcl-2 family members
(Figure 6.3).
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The regulation of apoptosis within the cell can be simpliWed into two major

pathways (Figures 6.2 and 6.3). First, membrane-bound death receptors of the

tumour necrosis receptor family (TNF-R), such as Fas (CD95), TNF-R1, death
receptor (DR)-3 DR4 and DR5 bind their trimerized ligands causing receptor

aggregation, and subsequent recruitment of a number of adapter proteins through

protein–protein interactions (Ashkenazi and Dixit, 1998; Figure 6.2). For
example, binding of agonistic anti-Fas monoclonal antibody or its natural ligand,

Fas-ligand, to its cognate receptor induces receptor trimerization, with subsequent

recruitment of adapter molecules such as FADD and RIP to the receptor complex
(Chinnaiyan et al., 1995, 1996; Stanger et al., 1995). In turn, FADD and RIP can

recruit cell death cysteine proteases (caspases) such as caspase 8 (FLICE) and

caspase 2 to the complex (Cohen, 1997). Within the complex of Fas, FADD and



Figure 6.3 Schematic of mitochondrial death-signalling pathways. Antiapoptotic members of the Bcl-2
family, such as Bcl-2 and Bcl-XL, are located on the mitochondrial outer membrane. Here
they act to prevent the release of apoptogenic factors from the inner mitochondrial space.
Binding of the proapoptotic proteins Bid (after cleavage by caspase 8) or Bad (after
dephosphorylation) to Bcl-2 mitigates the protective effect of Bcl-2 and triggers release of
cytochrome C. Cytochrome C, in concert with the adapter protein apaf-1 and caspase 9,
activates caspase 3 and the downstream caspase cascade. Stimuli such as growth factor
withdrawal or activation of p53 and Fas activation in type II cells act through this
mitochondrial pathway.
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caspase 8 (known as the death-inducing signalling complex a DISC), caspase 8
becomes proteolytically activated by oligomerization (Muzio et al., 1996). This

facilitates the subsequent activation of terminal eVector caspases such as caspases

3, 6 and 7 (Fernandes-Alnemri et al., 1995; Enari et al., 1996; Srinivasula et al.,
1996; Muzio et al., 1997; Takahashi et al., 1997) responsible for cleavage of

intracellular substrates required for cellular survival, architecture and metabolic

function (Dixit, 1996; Krammer, 1996). Caspase activation is also responsible for
many of the hallmarks of apoptosis, such as DNA fragmentation, chromatin

condensation and apoptotic body formation (Enari et al., 1998; Hirata et al., 1998;

Janicke et al., 1998). The major active caspases in Fas-mediated apoptosis are
caspases 8, 3, 6 and 7 (Hirata et al., 1998), with stepwise appearance of active

caspases suggesting a caspase cascade. Cells in which caspase 8 is expressed in

abundance, recently termed type I cells, use this pathway of direct caspase 3
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activation. Moreover, in these cells, Fas-mediated cell death cannot be inhibited by
antiapoptotic factors such as Bcl-2 and Bcl-XL since the pathway does not require

ampliWcation by proapoptotic factors released by mitochrondria (ScaYdi et al.,

1998).

Apoptosis via mitochondrial amplification

In contrast, cells in which caspase 8 is not abundantly expressed cannot activate

caspase 3 and other downstream caspases directly. Instead, in these cells termed
type II cells (ScaYdi et al., 1998), caspase 8 activation causes cleavage of proteins

of the bcl-2 family such as bid [Li et al., 1998) (see Figure 6.3). Bcl-2 family

members are characterized as either proapoptotic (Bax, Bid, Bik, Bak) or anti-
apoptotic (Bcl-2, Bcl-XL). Activation of proapoptotic Bcl-2 familymembers causes

their translocation to mitochondria, where they interact with antiapoptotic mem-

bers that are anchored at the mitochondrial membrane. This interaction is
thought to cause changes in voltage-dependent mitochondrial channels and

release of mitochondrial mediators of apoptosis such as cytochrome c (Shimizu et

al., 1999). In turn the association of cytochrome c with an adapter molecule apaf-1
and caspase 9 activates caspase 3, and the caspase cascade. The ampliWcation of

death signals via the mitochondrial route also occurs in response to many other

physiological and nonphysiological death triggers that do not involve activation of
the death receptors.

Death induced by Fas signalling may or may not be inhibitable by Bcl-2 family

members, suggesting that high levels of expression of antiapoptotic Bcl-2 family
members do not automatically correlate with suppression of cell death. The

classiWcation of human VSMCs into type I or type II cells has yet to be made;

however, the kinetics of cell death in response to anti-Fas antibodies suggests that
they are type II cells.

Inhibition of death receptor-induced apoptosis

Fas-induced apoptosis can also be blocked by expression of several intracellular

proteins, including FLIPs (FLICE-inhibitory protein) and IAPs (inhibitors of
apoptosis; Figure 6.2). FLIPs are similar to caspase molecules, having the same

prodomain structure as caspase 8, but not the active caspase site within the

C-terminus. The prodomain of caspase 8 has two protein–protein interaction
motifs called death eVector domains (DEDs) that are also found in FADD. These

DEDs facilitate the binding of FADD to caspase 8 and the binding of FLIP to

FADD. Caspase 8 is activated upon binding to FADD via a series of cleavage
reactions. FLIP undergoes the Wrst of these cleavages, but not the second, prevent-

ing the activation of caspase 8 (Irmler et al., 1997). In contrast, IAPs can inhibit the

enzymatic activity of downstream caspases (Liston et al., 1996; Deveraux et al.,
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1997, see below), or they can mediate antiapoptotic signalling pathways through
the activation of nuclear transcription factor B (NF-
�).

How important is death receptor-induced apoptosis in VSCMs?

Human VSMCs express both Fas and TNF-R1 (Geng et al., 1997) and, given the

widespread occurrence of TRAIL-receptors, are also likely to express these recep-

tors. T lymphocytes and macrophages within the atherosclerotic plaque express
Fas ligand and TNF-�, and interaction between membrane-bound ligands on T

cells and receptors on VSMC may induce the death of VSMC. VSMCs can also

express Fas-L and TNF-�, which exist as membrane-bound or soluble forms. The
soluble forms are cleaved from the cell membrane by a metalloproteinase of the A

disintegrin and metalloproteinase (ADAM) family. Interestingly, a recent study of

the tissue inhibitors of metalloproteinases (TIMPs), indicates that TIMP-3 can
induce VSMC apoptosis in vitro and in vivo (Baker et al., 1998). How TIMP-3

induces apoptosis has yet to be elucidated.

Interestingly, soluble ligand binding to death receptors is a very weak inducer of
apoptosis in VSMCs (Geng et al., 1996; Bennett et al., 1998), although the death

receptor machinery is present, since overexpression of FADD can induce VSMC

apoptosis in vitro and in vivo (Schaub et al., 1998). Soluble ligand binding does
not induce apoptosis in the absence of ‘priming’ of the cell, usually with cyc-

loheximide. Some of this resistance can be explained by the observation that death

receptors are sequestered intracellularly in VSMCs (Bennett et al., 1998), and
priming of the cell is required for increased surface expression. Physiologically,

increased death receptor expression can be achieved via combination of cytokines

such as interleukin-1�, interferon-� and TNF-� (Fukuo et al., 1997; Geng et al.,
1997; HoVmann et al., 1998), possibly via nitric oxide and subsequent p53

stabilization (Fukuo et al., 1996; Geng et al., 1996; HoVmann et al., 1998; Boyle et

al., 1999), or via other mechanisms that activate p53 (Bennett et al., 1998). Free
radicals and nitric oxide can also induce apoptosis which may be independent of

p53 stabilization and death receptor signalling, but associated with caspase 3

activation (Pollman et al., 1996; Li et al., 1997; Nishio and Watanabe, 1997; Zhao
et al., 1997; Iwashina et al., 1998; Wang and Keiser, 1998). Thus, DNA damage

induced by nitric oxide, anoxia or free radical formation may stabilize p53,

eVectively priming VSMCs to death receptor-mediated apoptosis. In contrast,
eYcient death receptor-mediated apoptosis of VSMCs can also be achieved

directly by ectopic expression of death ligands such as Fas-L on populations of

VSMCs in vitro and in vivo (Sata et al., 1998), possibly by increasing expression of
membrane-bound forms of these ligands.

Irrespective of the local environment, VSMCs derived from atherosclerotic

plaques show increased rates of apoptosis in culture compared with cells from
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normal vessels, reXecting an intrinsic sensitivity to apoptosis (Bennett et al., 1995).
This appears to be a stable property, and is part of the phenotype of plaque VSMCs

that includes slow proliferation and early senescence. Heterogeneity of sensitivity

to apoptosis within VSMCs in the vessel wall has also been demonstrated in
animal vessels after injury (Bochaton-Piallat et al., 1996), and in medial VSMCs

from normal human arteries (Chan et al., 1998). This is likely to reXect diVerences

in expression of pro- and antiapoptotic molecules, speciWcally those regulating
signalling from survival cytokines, cell–cell and cell–matrix interactions and

members of the bcl-2 family. Indeed, insulin-like growth factor 1 (IGF-1) is a

potent survival factor for normal VSMCs, although IGF-1 cannot completely
inhibit plaque VSMC apoptosis in vitro after serum withdrawal (Bennett et al.,

1995). Similarly, inhibition of basic Wbroblast growth factor binding induces

VSMC apoptosis both in vitro (Fox and Shanley, 1996; Miyamoto et al., 1998) and
in vivo (Neschis et al., 1998). Basic Wbroblast growth factor may protect against

apoptosis by induction of the oncogene mdm2, which inactivates p53 (Shaulian et

al., 1997).

Bcl-2 family members and VSMC apoptosis

Evidence suggesting the critical role of bcl-2 family members in regulating VSMC
apoptosis has come from both in vitro and in vivo studies. Human VSMCs express

low levels of Bcl-2 (Bennett et al., 1995; Konstadoulakis et al., 1998), but Bax

expression is seen particularly in atherosclerotic plaques, both in human and
animal models of atherosclerosis and injury (Kockx, 1998; Konstadoulakis et al.,

1998; Igase et al., 1999). In addition, spontaneous and growth factor withdrawal-

induced apoptosis can be inhibited by overexpression of bcl-2 (Bennett et al.,
1995). In vivo, rat VSMCs express minimal Bcl-2, but high levels of Bcl-XL can be

found after injury (Igase et al., 1999). Indeed, inhibition of Bcl-XL can dramatically

induce apoptosis of VSMCs after balloon injury (Pollman et al., 1998) and
diVerences in expression of Bcl-XL may account for diVerences in sensitivity to

apoptosis after injury of intimal versus medial VSMCs (Pollman et al., 1999). The

reduced levels of VSMC apoptosis seen after cholesterol lowering in rabbit models
of atherosclerosis are also associated with a loss of Bax immunoreactivity (Kockx

et al., 1998), arguing for a proapoptotic role of this protein in VSMC apoptosis.

However, it should be noted that excessive reliance on immunocytochemistry of
one member of the bcl-2 family to ascertain a role for that protein in vivo should

be avoided. Although Bcl-X is upregulated after injury, in rats it is the short Bcl-Xs

or proapoptotic form that appears to predominate (Igase et al., 1999).
Regulation of sensitivity to apoptosis in VSMCs is also mediated by expression

of IAP proteins (Erl et al., 1999) and individual caspases (Krajewska et al., 1997;

Chan et al., 1998), and it is likely that there are marked diVerences in expression of
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multiple proteins which regulate apoptosis of individual VSMCs in response to
speciWc stimuli. This may underlie observations that despite (apparently) the same

stimulus for apoptosis, VSMC apoptosis in either the normal or diseased vessel

wall is highly localized.

Summary

VSMC apoptosis occurs in the vasculature in both physiological and pathological

contexts. SpeciWc proteins that serve either to induce or protect against apoptosis

regulate these deaths. We are now beginning to understand the complex biology
observed in lesions such as atherosclerosis and to identify potential proapoptotic

factors that may lead to the loss of cells from the vasculature. Sensitivity to

apoptosis is determined by expression of cell death receptors and ligands, and by
multiple protein species below receptor level. In addition, sensitivity to apoptosis

is determined by the presence and response to survival cytokines, mitogens, and

local cell and matrix interactions, and by the growth status of the cell. Although
much of this research has been carried out in vitro, future studies in animal

models should help to identify which of the pro- and antiapoptotic factors that are

eVective in vitro are also relevant in vivo. Moreover, a closer examination of the
population dynamics of vascular cells within the vessel wall will aid the under-

standing of the timing and triggers of VSMC apoptosis in disease.
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In recent years our understanding of the cellular and molecular mechanisms
underlying the wound-healing process has increased considerably. As we enter

the postgenomic era the potential to investigate the role and regulation of this

vital response to injury at the gene level will elucidate the process further. Tissue
repair is a series of interactive events between diVerent cell types, the extracellular

matrix (ECM) and a number of chemical mediators and has been the subject of

many excellent reviews. As the Weld of wound-healing research has become too
large to cover in depth in a single chapter, in the following chapter we will try to

highlight crucial components of the wound-healing process, methods of inves-

tigating these components and, Wnally, ways in which the healing process can be
modulated.

Wound healing: an overview

The repair of lost or damaged adult tissue is achieved by the production of scar

tissue. The healing response generally consists of a series of ordered events, some

of which occur concurrently, involving several cell types, regulators of cell func-
tion and ultimately the production and remodelling of new tissue (Figure 7.1).

Variations in the processes involved in this response can result in inadequate or

excessive healing, both of which may result in the impairment or loss of tissue or
organ function. Excessive healing in particular is a major cause of clinical mor-

bidity, for example in atherosclerosis, restenosis following angioplasty and vein

graft disease; following thermal, chemical or radiation burns; following injury or
surgery, e.g. internal adhesions, intestinal blockage and keloids; and scarring due

to disease, e.g. cirrhosis and scleroderma. In addition to this, the scarring re-

sponse plays an extremely important role in the pathogenesis or failure of



Figure 7.1 Wound healing response.
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treatment of many visually disabling or blinding conditions in the world today

including cataracts, trachoma, glaucoma, burns, proliferative vitreoretinopathy

(following retinal detachment or diabetes) and age-related macular degener-
ation.

For simplicity and discussion in the following chapter, the multistage healing

process has been arbitrarily divided into early, central and late events.
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Wound healing: early events

Role of the blood and clotting systems

Activation of the coagulation system is one of the earliest repair events. Following

vascular damage Wbrin (derived from plasma Wbrinogen) and a variety of coagu-
lation factors cross-link clots to Wll the wound site (Clark et al., 1983). Fibronectin

then covalently cross-links to Wbrin, forming a Wbrin-Wbronectin matrix

(Kurkinen et al., 1980; Grinnell, 1984), probably serving as a framework for later
collagen deposition (McDonald et al., 1982; Grinnell, 1984). Platelets and ex-

travascular coagulation-promoting factors (Maynard et al., 1975; Dvorak et al.,

1985) promote rapid clotting of trapped plasma and blood proteins. Platelets
aggregate and attach, via interactions with collagen Wbrils and von Willebrand

factor (factor VIII), to damaged blood vessels and then degranulate (Samuelsson

et al., 1978) releasing a variety of factors. These include platelet-derived growth
factor (PDGF), epidermal growth factor (EGF), and transforming growth factor-�
((TGF-�); Ross et al., 1986), which have been reported to stimulate the

chemotaxis of monocytes (Deuel et al., 1982), Wbroblasts (Seppa et al., 1982) and
vascular smooth muscle cells (Heldin and Westermark 1984; Ross, 1989). Inter-

leukin-7 (IL-7), stem cell factor (SCF), and the transcription factor NFE2 have also

been detected in platelets at the messenger RNA level (Soslau et al., 1997). During
interaction with the injured vessel wall platelets also release vascular endothelial

growth factor (VEGF), required for survival of microvascular endothelial cells

(Weltermann et al., 1999). Unlike other sites in the body, following injury in the
cornea no haemorrhage occurs at the wound site. However, haemostatic factors

still play a signiWcant role as plasmin is responsible for Wbrinolysis preventing an

adverse inXammatory response to prolonged Wbrin and Wbrinogen deposition
(Kao et al., 1998).

Role of inflammatory cells

The Wrst inXammatory cells entering the wound site are granulocytes, appearing

within 24 h postinjury (Burger et al., 1983). Following this, neutrophils enter the
site via the chemotactic eVects of various factors released from platelets and the

complement cascade. Adhesion molecules (selectins) expressed on activated en-

dothelium and platelets are also required for inXammatory cell recruitment
(Subramaniam et al., 1997). Monocytes are the next cells to appear in the wound

site (Issekutz et al., 1981), and these then diVerentiate into macrophages. Once at

the wound site, macrophages (which do not diVerentiate into Wbroblasts) not only
produce a whole range of regulatory factors which inXuence the control of the

following healing process (Riches, 1988; Knighton and Fiegel, 1989), but also

phagacytose and break down cellular debris and bacteria.
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Wound healing: central events

Roles of the fibroblast

The Wbroblast is the key player in the wound-healing process, carrying out a

number of crucial functions including migration, wound contraction, prolifer-
ation, synthesis of new ECM and remodelling of this new matrix. As such, work in

our and many other laboratories has concentrated on understanding the mechan-

isms underlying the regulation of Wbroblast function. In a few specialized parts of
the body other cells carry out this pivotal part of the healing function, e.g. retinal

pigmented epithelial cells in the retina, glia in the central nervous system and

vascular smooth muscle cells in the vasculature.

Migration

The movement of Wbroblasts to the wound site is mediated by various polypept-

ides, including inXammatory cell products (Postlethwaite et al., 1976; Sobel and

Gallin, 1979; Postlethwaite and Kang, 1980), complement (Postlethwaite et al.,
1979), PDGF (Seppa et al., 1982), TGF-� (Postlethwaite et al., 1987) and ECM

components including collagen (Postlethwaite et al., 1978), elastin (Senior et al.,

1984), Wbrinogen derivatives (Senior et al., 1986) and Wbronectin (Joseph et al.,
1987) which provides a conduit for Wbroblast transmigration from collagenous

stroma into the provisional matrix of the Wbrin clot (Greiling and Clark, 1997).

These polypeptides (termed chemoattractants) are regarded as stimulating mi-
gration through the process of chemotaxis. Chemotaxis has been deWned as the

directed migration of cells in response to a concentration gradient of a soluble

chemoattractant (McCarthy et al., 1988) and is regarded as the major mechan-
ism by which cellular migration is controlled. In addition to chemotaxis, the

movement of cells independently of the chemoattractant gradient (termed

chemokinesis: Zigmond and Hirsch, 1973), haptotaxis (the movement of cells
via a substratum-bound gradient of a particular matrix constituent: Harris,

1973), and contact guidance (the tendency of cells to align and move along

discontinuities in the ECM: Weiss, 1945, 1958) may also contribute to the
migration of cells into the wound site. In the eye, following injury to the cornea

the Wbroblasts immediately beneath the wound site disappear, possibly by the

mechanism of cell death termed apoptosis (Wilson and Kim, 1998). Once epi-
thelial cells cover the wound Wbroblasts return to take part in the healing pro-

cess. Our work has demonstrated a potential paracrine interaction between the

newly forming epithelium and the returning Wbroblasts. We have found, in vitro,
that as corneal epithelium diVerentiates it produces increasing amounts of

factors chemotactic to Wbroblasts, including PDGF. However, once the epi-

thelium reaches maturity and achieves homeostasis these factors are signiWcantly



Figure 7.2 Cell migration assay. Photograph shows an ocular fibroblast migrating through a Transwell
pore, by scanning electron microscopy.
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reduced. In support of our Wndings the PDGF system has now been reported to

operate in the cornea (Kim et al., 1999).
A number of in vitro assay systems have been used to study cellular migration

including Boyden migration chambers (Boyden, 1962), two-compartment

Boyden chambers (Zigmond and Hirsch, 1973), orientation chambers (Zigmond,
1977), under agarose (Nelson et al., 1978) and modiWed 48-microwell two-tiered

blindwell Boyden migration chambers. We use 48-microwell modiWed Boyden

chambers to study the eVects of varying concentrations of growth factors, includ-
ing TGF-�1, EGF, PDGF, basic Wbroblast growth factor (bFGF) and insulin-like

growth factor-1 (IGF-1) on ocular Wbroblast migration. In addition to Boyden

chambers, we have also found 24-well Transwell tissue culture inserts (Figure 7.2)
a useful way of studying cellular migration (Occleston et al., 1997; Daniels et al.,

1999), as have other studies investigating vascular smooth muscle cell migration

(Noda Heiny and Sobel, 1995; Okada et al., 1995). Although the use of Transwells
reduces the technical diYculty of the migration assay, the volume of chemoattrac-

tant required is approximately 20 times greater than used in the modiWed Boyden

chamber.When using any of the above assay systems to study migration, it should
be borne in mind that, although they allow quantitation of cellular migration and

the study of individual chemoattractants, the conditions are obviously very diVer-

ent to those in vivo. In the in vivo situation, not only are cells moving through
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their surrounding ECM during migration, but also this process is probably under
the control of not one but several regulatory signals acting in concert.

Extracellular matrix contraction

The contraction of collagen-containing tissues is fundamental not only to the

wound-healing process (Grinnell, 1994) but also morphogenesis (Stopak and

Harris, 1982; Lewis, 1984) and development (Brenner et al., 1989). The mechan-
ism of ECM contraction is controversial and hotly debated. It was Wrst proposed

that specialized cells, myoWbroblasts, exhibiting smooth muscle cell characteristics

such as expression of � smooth muscle actin are required for ECM contraction
(Gabbiani et al., 1972). It is been suggested that Wbroblasts diVerentiate into

myoWbroblasts for this purpose (Jester et al., 1995) as ‘regular’ Wbroblasts are not

thought to exert enough force by movement alone to contract matrix (Jester et al.,
1995; Roy et al., 1997, 1999). These studies were however performed with Wbro-

blasts seeded upon the matrix rather than within it. Indeed, biopsies of incisional

wounds in humans demonstrated that myoWbroblasts did not appear until day 11
and, unlike observations made in laboratory animals, myoWbroblasts only com-

prised 10% of the total cell population (Berry et al., 1998). An alternative theory

suggests that Wbroblasts may contract wound matrix by cell locomotion or
migration (Harris et al., 1981; Ehrlich and Rajaratnam, 1990; Eastwood et al.,

1996). In support of the migration theory a rat wound-healing model, devoid of

myoWbroblasts, proceeded to heal normally with a more orderly arrangement of
collagen bundles, suggesting that myoWbroblasts are not required for wound

contraction (Ehrlich et al., 1999).

Many groups, including ours, have used an in vitro model of contraction based
upon Wbroblast-populated collagen matrices originally described by Bell et al.

(1979). The cells within this matrix reorganize and subsequently contract the

matrix over several days by the forces of cellular locomotion (Figure 7.3a). The
morphological characteristics of these cells resemble those in vivo (Tomasek and

Hay, 1984). We have used Xuorescence confocal microscopy to observe the

morphology of Wbroblasts seeded within collagen matrix and as a result hypothe-
size that cell–cell contact may be an important feature in matrix contraction

(Figure 7.3b). This matrix contraction is dependent upon collagen concentration

and cell number (Bell et al., 1979; Allen and Schor, 1983; Buttle and Ehrlich, 1983;
Occleston et al., 1994), an intact cytoskeleton (Bell et al., 1979; Guidry and

Grinnell, 1985), attachment of cells to their surroundingmatrix (Klein et al., 1991;

Schiro et al., 1991), and protein synthesis (Guidry and Grinnell, 1985). In addition
to this, the contraction of collagen has been shown to be stimulated by a variety of

growth factors, including EGF, TGF-�, IGF-1, PDGF and inhibited by bFGF (Ono

et al., 1999), and to involve intracellular signalling involving protein



(a)

Figure 7.3 Model of in vitro Contraction. (a) Fibroblasts seeded within three-dimensional collagen
matrices reorganize and subsequently contract their surrounding matrix over several days.
(b) Fluorescence confocal microsopy showing fibroblasts within a 4-day-old contracting
collagen matrix. The nucleus (red) is stained with propidium iodide and the actin
cytoskeleton is labelled with fluorescein isothiocyanate (FITC) conjugated to phalloidin.
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kinase C and the nitrogen-activated protein (MAP) kinases ERK1 and ERK2
(Guidry, 1993; Cheresh et al., 1999).

Although much research into the process of collagen contraction has been

carried out, the exact mechanisms underlying this process are currently unclear.
Such mechanisms include the elucidation of how Wbroblasts within a three-

dimensional matrix migrate, are signalled to start and stop contraction, and how

these cells respond to changes in biophysical forces within granulation tissue.
Studies in our laboratory have suggested that the matrix metalloproteinases

(MMPs) play an essential role in the contraction of collagen lattices in vitro. We

have demonstrated that Wbroblasts markedly increase their production of MMPs
both at the mRNA level, using a quantitative competitive reverse transcriptase

polymerase chain reaction (QCRT-PCR) technique developed by our colleagues at

the Institute for Wound Research, University of Florida (Tarnuzzer et al., 1996),
and at the protein level. This QCRT-PCR technique is extremely powerful as we

are able to quantitate the levels of mRNA in cells or tissue for a variety of MMPs,

ECM components, growth factors and growth factor receptors (Tarnuzzer et al.,
1996; Figure 7.4) from the same sample and using only small amounts of RNA.

From further experiments in our laboratory, it appears that the MMPs allow

Wbroblasts to penetrate/invade their surrounding collagen matrix and then move
through this matrix. It is this penetration of the matrix and subsequentmovement

through the matrix which ultimately result in its contraction. We and others have

demonstrated a reduction in Wbroblast-mediated collagen matrix contraction
using a synthetic broad-spectrum inhibitor of MMP activity (Scott et al., 1998).

Impaired wound contraction has also been observed in mice deWcient in

stromelysin-1, a member of the MMP family (Bullard et al., 1999). In addition to
the above techniques, our colleagues at the Phoenix Tissue Repair Unit, University

College London, have developed a novel system for studying Wbroblast behaviour

in ECM – the culture force monitor (CFM; Figure 7.5). The original prototype of
the CFM allowed accurate, sensitive and reproducible measurement of the con-

tractile forces generated by cells within a collagen matrix (Eastwood et al., 1994).

Using Wbronectin strands within the collagen matrix to provide contact guidance
cues for Wbroblasts, perpendicular to the axis of loading by the CFM, cells were

placed in their most sensitive conWguration. The Wbroblasts in the nonaligned

zone demonstrated an increase in MMP expression at the mRNA, suggesting that
cells unable to align to applied loads remodel their matrix more rapidly than

oriented cells (Mudera et al., 2000). Other instruments have now been developed

at the Phoenix Tissue Repair Unit to investigate the eVects of biophysical forces on
cellular behaviour in ECM (tension CFM) and the formation of adhesions be-

tween tissue interfaces in vitro (adhesion CFM; Cacou et al., 1996).



Figure 7.4 Quantitative competitive reverse transcriptase polymerase chain reaction (QCRT-PCR)
technique. This technique allows the quantitation of mRNA levels from cells or tissues for a
variety of growth factors, growth factor receptors, extracellular matrix (ECM) components,
ECM-degrading enzymes and their inhibitors.
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Figure 7.5 Culture force monitor (CFM).
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Proliferation

Following the migration of Wbroblasts to the wound site and the resultant contrac-
tion of the ECM, they then proliferate, reaching maximal numbers within 1–2

weeks postinjury (Ross and Odland, 1968). The proliferation of Wbroblasts at the

wound site is important in order for the cell number to be suYcient to allow
adequate healing. As for Wbroblast migration and ECM contraction, the prolifer-

ation of these cells is stimulated by a number of growth factors, including EGF,

TGF-�, IGF-1, PDGF and bFGF. However, these growth factors also have inhibi-
tory as well as stimulatory eVects on cellular functions related to wound healing,

depending upon the cell type studied (Table 7.1). The quantitation of prolifer-

ation in response to a variety of stimuli has been achieved using several methods,
including 3H-thymidine assays (Freshney, 1987), counted cell number, e.g.

haemocytometer, Coulter counter and colorimetric assays, e.g. 3-[4,5-dimethyl-

thiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and 4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazodo]-1,3-benzeme disulphonate (WST) assays

based upon cellular metabolic activity (Kawase et al., 1995), and the methylene

blue assay based upon dye binding to the cell monolayer (Finlay et al., 1984).
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Role of endothelial cells

Neovascularization of the wound occurs simultaneously with the migration into
and the proliferation of Wbroblasts at the wound site. The process of formation of

capillary beds via the inXux of microvessel buds from the surrounding tissue

vasculature (angiogenesis) is a central component of the wound-healing process.
Angiogenesis is a complex process and is thought to involve several stages,

including migration, growth and capillary tube formation. As for the other stages

of wound healing, angiogenesis is regulated by several factors, including chemical
mediators, and the reader is referred to other chapters within this book for a more

extensive review of this process. Interestingly, recent work has suggested a role for

the MMPs in angiogenesis (Galardy et al., 1994; Reed et al., 2000), and the
modulation of this process and other inhibitors of angiogenesis are highlighted

later in this chapter.

Role of epithelial cells

Reepithelialization is an important factor in the closure of wounds. Depending
upon body site and injury, the timing of this event can vary. For example, in large

skin wounds such as burns, reepithelialization may not be complete until the late

stages of wound repair whereas in the cornea reepithelialization occurs before
Wbroblasts arrive in large numbers at the wound site. Two diVerent mechanisms

have been reported to be involved in the reepithelialization of wounds. Studies

have suggested a purse string closure mechanism involving the formation of an
actin cable in fetal epithelial healing and gastrointestinal epithelial healing (Martin

and Lewis, 1992; Bement et al., 1993). In addition, it is also thought that basal

epithelial cells migrate directionally across the wound defect pulling the upper
layers of the epidermis passively along, followed by proliferation and Wnally

deposition of a new basement membrane and restratiWcation of the epidermis

(Mackenzie and Fusenig, 1983). In the cornea following a short lag phase
reepithelialization begins, independently of proliferation, with cell slide from the

wound edge. Cell numbers are subsequently replaced by division and centripetal

migration of cells derived from the stem cell population located at the edge of the
cornea in the limbus (Tuft et al., 1993). Recently, this migration of epithelial cells

across a wound defect has been shown to involve and require the action of MMPs

(Woodley et al. 1986; Saarialho Kere et al., 1993, 1995; Iwasaki et al., 1994; Agren,
1999). Interestingly, the induction of electric Welds following the disruption of

cell–cell connections may induce components of the repair process incuding cell

orientation, migration and clustering of growth factor receptors (Zhao et al.,
1999). Once reepithelialization has occurred, the remodelling and maturation

phases of the healing process begin (see below).

We have used an established colony dispersion assay (Pilcher et al., 1997) to



Table 7.1 Role of growth factors in wound healing

Reported eVects on cellular functions related to wound healing

Growth factor

Molecular

weight (kDa) Found in: Fibroblasts Endothelial cells Epithelial cells

Vascular smooth muscle

cells

EGF 6 Almost all body

Xuids, platelets

Stimulates migration,

ECM contraction,

proliferation and

ECM synthesis

Stimulates

proliferation and

angiogenesis

Stimulates migration and

proliferation

Stimulates proliferation

TGF-� 5–20 Macrophages

Eosinophils

Keratinocytes

See eVects of EGF above

TGF-� 25 Platelets

Macrophages

Lymphocytes

Fibroblasts

Keratinocytes

Stimulates migration,

ECM contraction,

proliferation and

ECM synthesis

Inhibits proliferation and

migration Stimulates

angiogenesis

Inhibits proliferation and

migration Stimulates

diVerentiation and ECM

synthesis

Inhibits proliferation

(normal cells) Stimulates

proliferation and ECM

synthesis (cells from

vascular lesions)

IGF-1 7.5 Most tissues

Macrophages

Fibroblasts

Stimulates migration,

ECM contraction,

proliferation and

ECM synthesis

Stimulates migration and

proliferation

Stimulates migration and

proliferation

Stimulates migration and

proliferation

PDGF 28–35 Platelets

Macrophages

Fibroblasts

Endothelial cells

Stimulates migration and

proliferation

Stimulates

proliferation

Stimulates

proliferation

Stimulates migration and

proliferation

VEGF 45 Pituitary cells

Vascular smooth muscle

cells

Stimulates

proliferation and

angiogenesis

FGF-� and � 16–18 Fibroblasts

Endothelial cells

Stimulates migration,

ECM contraction,

proliferation and

ECM synthesis

Stimulates migration,

proliferation, ECM

synthesis and

angiogenesis

Stimulates migration and

ECM synthesis

Stimulates migration and

proliferation

KGF 28 Fibroblasts Stimulates migration and

proliferation

HGF 62 Fibroblasts Stimulates migration and

proliferation

EGF, epidermal growth factor; TGF, transforming growth factor; IGF-1, insulin-like growth factor-1; PDGF, platelet-derived growth factor; VEGF, vascular

endothelial growth factor; FGF, Wbroblast growth factor; KGF, keratinocyte growth factor; HGF, hepatocyte growth factor.



Figure 7.6 MMP expression by migrating corneal epithelial cells. Corneal epithelial cells migrating in
the direction of the arrow in a colony dispersion assay. The darkly stained cells at the
leading edge are expressing matrix metalloproteinase-1 as detected by
immunocytochemistry, indicated by the solid arrow. The dotted arrow shows the direction
of cell migration.
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study the interaction between extracellular matrix and corneal epithelial cell

migration in response to growth factors such as hepatocyte growth factor (HGF)
and EGF. For this assay, cells are initially seeded and cultured to conXuence within

cloning rings upon ECM-coated wells. The cells are growth-arrested with hy-

droxyurea overnight to negate the inXuence of proliferation on the distance the
cells migrate. With time the cells migrate outwards and at intervals the cells are

Wxed and stained with haematoxylin to indicate the area of cell dispersion.

Alternatively the cells are stained using immunocytochemistry to detect MMP
expression. Our Wndings demonstrate that when human corneal epithelial cells are

cultured upon type I collagen, the cells at the leading migratory front are positive

for MMP-1 whereas those further back are not (Figure 7.6). This probably
indicates an important role for MMP-1 during reepithelialization in vivo.

To study the inXuence of growth factors or other agents upon reepithelializ-

ation in vitro we have developed a wound model. Epithelial cells are cultured to
conXuence and then stimulated to undergo terminal diVerentiation as previously

described (Rheinwald and Green, 1975). After about 14 days in culture a mature

multilayered epithelium develops with expression of cytokeratins typical of



Figure 7.7 In vitro model of reepithelialization. The series of photographs shows the advancing edges
of the repairing epithelium with time. By 4h the wound had closed completely. (a) Time:
16min 21s; (b) 2 h 51min 20 s; (c) 3 h 36min 50 s; (d) 4 h 36min 38 s.
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diVerentiated epithelium in vivo. The epithelium is then wounded by scoring with

a pipette tip and the healing process is recorded microscopically by time-lapse

video recording. Photographs from a typical epithelial wound closure sequence
are shown in Figure 7.7.

Wound healing: late events

ECM production and remodelling

The reformation of the ECM begins simultaneously with the formation of
granulation tissue by inXammatory cells, Wbroblasts and endothelial cells. Initially

high levels of Wbronectin and hyaluronic acid are deposited at the wound site,

disappearing as the matrix matures over several weeks with increasing wound
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collagen and proteoglycan content. In addition to repairing the ECM damage, the
production of collagen types I and III as well as Wbronectin and Wbrin provides

support for epithelial cell migration (Clark et al., 1982a; Woodley et al., 1985) and

thus reepithelialization of the wound. The production of new ECM at the wound
site involves several cell types involved in the healing process. For example,

Wbronectin is derived from macrophages, endothelial cells, Wbroblasts and some

epithelial cells (Oh et al., 1981; Clark et al., 1982b), while proteoglycans have been
shown to be produced by Wbroblasts, smooth muscle and endothelial cells (Lane et

al., 1986; Paulsson et al., 1986).

However it is the Wbroblast which is the major producer of new ECM; these cells
secrete a number of ECM molecules including Wbronectin, glycosaminoglycans,

hyaluronic acid and collagen types I and III (Barnes et al., 1976; Williams et al.,

1984). Collagen is the major component of the wound matrix and, as such, two
members of this large family of proteins, collagen types I and III, are highlighted

here since the roles of these in wound healing is best deWned. The Wrst collagen to

be laid down at the wound site is collagen type III (Gabbiani et al., 1976; Guber
and Rudolph, 1978) in close association with preexisting Wbrin networks, and

subsequently stabilized by mucopolysaccharides (Ross and Odland, 1968). Fol-

lowing the regression of both Wbroblasts and endothelial cells, collagen type III is
replaced by collagen type I (Dvorak et al., 1985). The procollagen molecule,

consisting of three helical polypeptides (Gabbiani and Montandon, 1977), is

secreted into the extracellular space forming the collagen precursor tropocollagen,
via the loss of NH2 and COOH domains (Gabbiani and Montandon, 1977). This

tropocollagen molecule is then cross-linked by lysyl oxidase; the degree of cross-

linking reXects the strength of the healed tissue (Chvapil and Koopman, 1984). A
number of growth factors have been shown to stimulate ECM synthesis including

PDGF (Grotendorst et al., 1985), TGF-� (Sporn et al., 1983; Ignotz and Massague,

1986), EGF, IGF-1 and bFGF (also see Table 7.1).
Several degradative enzymes play crucial roles in the remodelling of the existing

and newly synthesized ECM throughout the healing process. For discussion, these

enzymes have been divided into two groups: plasminogen activators (PAs) and
MMPs. The PAs include urokinase (uPA) and tissue-type (tPA) and are capable of

activating plasminogen to plasmin, which has been shown to be involved in the

degradation of Wbrin clots (Robbins et al., 1981). uPA has been shown to be
produced by inXammatory cells (Gordon et al., 1974) and it is thought that, in

conjunction with tPA derived from vessel disruption, it leads to the degradation of

the Wbrin clot. In addition to this, plasmin has been shown to degrade Wbronectin
(Werb et al., 1980) and to activate the latent forms of MMPs. PAs have also been

implicated in the migration of Wbroblasts and endothelial cells, although the exact

mechanisms of this process are unclear, as well as the proliferative process during
arterial repair (Wysocki et al., 1996).
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The other major group of ECM degrading enzymes are the MMPs, which are
involved in the degradation of collagens (types I–V and VII–XI), gelatin (de-

natured collagen), Wbronectin, laminin, elastin and proteoglycan core protein (for

reviews see Birkedal Hansen, 1995; Shapiro, 1998; Nagase and Woessner, 1999).
To date more than 20 members of this family have been identiWed. Several

members of the MMP family share a number of structural and functional features,

including a Zn2+-binding site, and may be regarded as derivatives (formed by
deletion or addition of domains) of the modular structure of collagenases and

stromelysins. Members of this family include MMP-1 (collagenase), MMP-2

(72-kDa gelatinase), MMP-3 (stromelysin), MMP-7 (PUMP-1, putative metal-
loproteinase-1), MMP-8 (neutrophil collagenase), MMP-9 (92 kDa gelatinase),

MMP-10 (stromelysin-2), MMP-11 (stromelysin-3) and MMP-12 (metalloelas-

tase). Individual MMPs tend to cleave speciWc ECM substrates, although there is
some overlap in the substrate speciWcity of these enzymes. These enzymes are

initially secreted in an inactive or proform, and are subsequently activated ex-

tracellularly. MMPs have been reported to be produced by a variety of cells
involved in the wound-healing process including neutrophils, macrophages,

Wbroblasts, endothelial cells, keratinocytes and vascular smooth muscle cells

(Birkedal Hansen et al., 1993; Pauly et al., 1994), their production being regulated
by a number of external stimuli including growth factors. Another characteristic

of these enzymes is that their activity is regulated by TIMPs, of which four forms

have currently been reported (TIMP 1–4). The degree of degradation of the ECM
is dependent upon the balance between the ratio of MMPs to TIMPs – a relative

increase in MMPs or a decrease in TIMPs results in an overall increase in

degradation and vice versa. An example of the importance of the balance of these
two systems in ECM turnover has been highlighted in restenosis, where an

increase in ECM production and a decrease in MMP activity compared to normal

artery has been found (Tyagi et al., 1995). Studies have also suggested that the
MMPs may be involved in the proliferation and outgrowth of vascular smooth

muscle cells in atherosclerosis (Newby et al., 1994). Delayed wound healing may

also result from an imbalance of MMP and TIMP (Vaalamo et al., 1999). Our
work has demonstrated that patients with sterile corneal ulcers have large amounts

of MMP-9 in their tears and that this may contribute to the tissue ‘melting’ that

can occur (Geerling et al., 1998).
In addition to these secreted MMPs, members of a novel subclass of the MMP

family, membrane type-matrix metalloproteinases (MT-MMPs), have recently

been reported (Sato et al., 1994; Takino et al., 1995). Evidence suggests that the
MT-MMPs play a role in MMP activation at the cell surface. For example,

MMP-14 and 16 activate MMP-2 (Lewalle et al., 1995; Strongin et al., 1995;

Takino et al., 1995; Cowell et al., 1998).
We have successfully used a variety of techniques for studying ECM production
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and MMP/TIMP expression. These include QCRT-PCR, zymography, reverse
zymography, Western blotting, enzyme-linked immunosorbent assays (ELISAs)

and immunocytochemistry.

What determines when the wound-healing process is complete and indicates to
the cells that synthesis of new tissue is no longer required is currently receiving

much attention. The process of apoptosis or programmed cell death has been

indicated in the ‘switching-oV’ process. Apoptosis has been shown to participate
in the transition between granulation tissue and development of a scar

(Desmouliere et al., 1995). When the apoptotic proWles of Wbroblasts from normal

and keloid skin (which shows excessive scarring) were compared it was found that
keloid Wbroblasts showed decreased expression of apoptosis-associated genes

(Messadi et al., 1999). The application of pressure treatment to hypertrophic scars

results in decreased cellularity which is thought to be a consequence of induced
apoptosis and improved matrix organization (Costa et al., 1999). This evidence

strongly suggests an important role for apoptosis in the cessation of the healing

response.

Role of growth factors in wound healing

Several growth factors have been implicated in the wound-healing process, includ-

ing members of the EGF, TGF-�, IGF, PDGF, HGF and FGF families. These

growth factors are thought to play many key roles not only in the initiation but
also in sustaining the wound-healing process, the properties and molecular biol-

ogy of these factors being the subject of several reviews (Clark and Henson, 1988;

Bennett and Schultz, 1993a, b; Imanishi et al., 2000). The roles of growth factors
include the stimulation or inhibition of several cellular functions including prolif-

eration, migration, ECM contraction and ECM synthesis. The eVects of these

growth factors on cell function regulation relating to wound healing are sum-
marized in Table 7.1, and the reader is referred to the above references for a more

comprehensive treatise. Although the eVects and roles of individual growth factors

have been extensively studied in vitro, their interactions and roles in vivo during
the wound-healing process are obviously extremely complex and as yet are

incompletely elucidated.

A number of techniques have been used in our laboratory to quantitate growth
factor and growth factor receptor expression. These include QCRT-PCR for

quantitation at the mRNA level, and ELISAs, radioreceptor assays and im-

munocytochemistry at the protein levels for members of the EGF, TGF-�, IGF,
PDGF and FGF families.



Figure 7.8 Modulation of wound healing. TPA, tissue plasminogen activator; 5-FU, 5-fluorouracil;
MMC, mitomycin-C; MMP, matrix metalloproteinase.
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Modulation of wound healing

The wound-healing process as illustrated above is a complex array of cellular,

ECM and chemical mediator interactions. As a result, wound healing can be
modulated at various stages, as shown in Figure 7.8. Many antiscarring therapies

have been available for several years, but it is only recently that our increase in

knowledge of the mechanisms underlying the healing process in both adult and
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fetal tissue (which does not scar), that therapy reWnement and the development of
potential therapies have been achieved. In addition to this, the application of both

basic science and therapeutic Wndings from diVerent Welds of wound-healing

research may prove not only essential but also successful. Some of the recent
advances in our understanding of the healing process, agents available for modify-

ing healing (and their modes of action) and new/potential methods for modula-

ting healing are outlined below.
Attempts have beenmade particularly to target speciWc cell functions during the

wound-healing process. Many of the agents used have eVects on several cell

functions and types. For simplicity of discussion, these agents have been divided
into immunosuppressives/antiinXammatories, antimigration/anticytoskeletal
agents, antiproliferative/antimetabolic agents, inhibitors of angiogenesis, agents

aVecting ECM synthesis and degradation and agents aVecting growth factors and
growth factor receptors.

Immunosuppressives/antiinflammatories

These agents aVect the early phases of the wound-healing process. As the inXux of
inXammatory cells into the wound site is thought to play a role in the stimulation

of later healing events, the use of corticosteroids and other immunosuppressives

has been shown not only to impair inXammatory cell chemotaxis but also
subsequent angiogenesis, Wbroblast proliferation and matrix synthesis (Wahl,

1989), resulting in reduced scarring in tissues such as the conjunctiva (Roth et al.,

1991). Therapies involving combined treatment of antibiotic with antiinXamma-
tory agents have been found to reduce scarring in patients with idiopathic

pulmonary Wbrosis (Ziesche et al., 1999) and also in rats with pyelonephritis

(Huang et al., 1999). Recently, the extravasation of inXammatory cells both in
vitro and in vivo (Gijbels et al., 1994; Leppert et al., 1995) has been shown to

involve the MMPs, suggesting a potential role for potent, broad-spectrum MMP

inhibitors in the modulation of the inXammatory response and subsequent
scarring (also see below).

Antimigration/anticytoskeletal agents

Examples of these agents include colchicine, cytochalasin b and particularly taxol,

which has been shown to inhibit the ability of Wbroblasts to migrate towards a
chemical stimulus (Metcalfe and Weetman, 1994). Colchicine has been shown to

inhibit vascular smooth muscle cell proliferation in vitro (Voisard et al., 1995),

while taxol has also been shown to inhibit Wbroblast proliferation and to reduce
scarring in an aggressive in vivo model (Jampel et al., 1990), as well as restenosis

following angioplasty (Sollott et al., 1995). As described earlier, the ability of cells

to contract the ECM appears to be dependent upon the migration of these cells, as
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it is the subsequent generation of tractional forces upon their substratum via cell
movement which ultimately results in contraction of the ECM. We have been

using collagen type I matrices populated with Wbroblasts as an in vitro model of

wound contraction. Upon stimulation with serum or growth factors, the Wbrob-
lasts contract these matrices. We have demonstrated that the degree of collagen

contraction can be signiWcantly inhibited upon single 5-minute exposures to the

antiproliferative/antimetabolic agents 5-Xuorouracil (5-FU) and mitomycin-C
(MMC), without cell death (Occleston et al., 1994). Observations made during

this study suggested that the MMPs might play a major role in the process of

collagen contraction. Subsequent work in our laboratory has shown that the
MMPs are essential to the process of collagen contraction and that this process can

be signiWcantly inhibited using speciWc MMP inhibitors. In addition, we have

found that the requirement of MMPs for contraction may be a ubiquitous
mechanism, not only throughout diVerent tissue sites (cornea, conjunctiva, der-

mis, synovial sheath and endotendon) but also species (human, rabbit and rat).

These Wndings may have important therapeutic implications as we have also
demonstrated that the eVects of MMP inhibitors on collagen contraction are

speciWc, nontoxic and can be applied to or removed from tissue constructs to

control the degree of contraction. MMPs may also be an important prognostic
factor in certain types of scarring (Kon et al., 1998).

MMPs have also been implicated in the migration of a variety of other cell types

through basement membrane in vitro, including inXammatory cells, endothelial
cells and vascular smooth muscle cells (Pauly et al., 1994; Leppert et al., 1995;

Taraboletti et al., 1995). The inhibition of these enzymes also reduces angiogenesis

in vivo (Galardy et al., 1994; Taraboletti et al., 1995), suggesting a potential role for
MMP inhibitors in the modulation of these healing-related processes.

Antiproliferative/antimetabolic agents

Much of the antiscarring research in ophthalmology has concentrated on the use

of these agents, primarily to reduce cell division. Blumenkranz and colleagues

established that 5-FU inhibited the proliferation of Wbroblasts in vitro and ocular
scarring in vivo (Blumenkranz et al., 1982, 1984). Following these Wndings, an

antiscarring regimen involving subconjunctival 5-FU injections after glaucoma

Wltration surgery was developed inMiami, Florida, USA, resulting in a multicentre
trial (The Fluorouracil Filtering Surgery Group, 1989). Largely unnoticed for

more than a decade was the use of single applications of the agent MMC (Chen,

1983; Chen et al., 1990). Further research in our laboratory demonstrated that
single exposures to �-radiation, 5-FU and MMC had long-term antiproliferative

eVects on Wbroblasts, with single exposures as short as 5 min (Khaw et al., 1991,

1992a; Constable et al., 1998). We subsequently showed that eVective suppression



Figure 7.9 Reduction of postoperative scarring using short, single applications of antiproliferatives. (a)
Scarring and tissue contraction following unsuccessful glaucoma filtration surgery. (b/c)
Intraoperative application of a sponge soaked in antiproliferative/antimetabolite. (d)
Reduction in scarring following a short, single application of antiproliferative/
antimetabolite, resulting in successful filtration surgery.
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of proliferation in excess of 36 days, without cell necrosis, could be achieved

(Khaw et al., 1992b,c). These single 5-min treatments were also found to be
eVective in vivo, being titratable in terms of length of action (Doyle et al., 1993;

Khaw et al., 1993b) and focal (Khaw et al., 1992b, 1993a). These single in-

traoperative 5-min exposures to 5-FU and MMC are now the standard treatment
for patients undergoing glaucoma Wltration surgery at MoorWelds Eye Hospital

(Figure 7.9), and are currently the subject of a 5-year Medical Research Council

clinical trial. We are also carrying out a long-term trial of a single exposure to
�-radiation from a strontium-90 probe in Africa.

The main advantage of these agents is that they can be applied relatively focally

and then washed out. The use of 5-FU has also been shown by our collaborators to
have potential for reducing contractile scarring in injured tendon (Khan et al.,

1997). Recently we showed that clinically relevant doses of MMC and 5-FU

induced apoptosis, rather than necrosis, in treated Wbroblasts (Crowston et al.,



Figure 7.10 Glaucoma filtration surgery failure due to scarring. This series of photographs was taken of
the same patient at (a) 2 weeks, (b), 4 weeks and (c) 3 months post-filtration surgery. With
time the bleb size decreases as scar tissue forms around it, blocking drainage. Figure
adapted with the kind permission of Microscopy and Research Technique. Daniels, J.T.,
Occleston, N.L., Crowston, J.G. et al. (1998). Understanding and controlling the scarring
response: the contribution of histology and microscopy.Microsc. Res. Tech., 42: 317–33.
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1998). This may provide another novel target for antiscarring therapy and our aim
in the laboratory is always to identify new antiscarring targets. Whilst the applica-

tion of antimetabolites during Wltration surgery suppresses the scarring response

for most patients, unfortunately a small number of patients still scar, causing
surgical failure (Figure 7.10). Our laboratory work has demonstrated that, as the

antimetabolite-treated Wbroblasts recover from growth arrest, they produce a

number of growth factors. These may be produced by the cells to overcome
growth arrest (Occleston et al., 1997). We have also shown in vitro that growth-

arrested Wbroblasts produce factors that can stimulate wound-healing activity in

nontreated cells, perhaps indicating a mechanism where scarring activity is



Figure 7.11 New approaches to antiscarring therapy. (a) The application of �-radiation to the eye
during glaucoma filtration surgery. (b) Post surgical injection of a novel antibody to
transforming growth factor-�2 (TGF-�2). (c) Filtering bleb following injection of antibody
to TGF-�2.
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induced peripherally to the area of antimetabolite application (Daniels et al.,

1999). MMC has also been shown to inhibit vascular smooth muscle cell migra-
tion and proliferation in vitro (Tanaka et al., 1994), perhaps suggesting a role for

these agents in the modulation of restenosis. Additionally, we have demonstrated

that applications of �-radiation (Figure 7.11a) have similar antiproliferative
eVects as the agents above in vitro (Khaw et al., 1991; Constable et al., 1998) and

focal applications result in reduced scarring in vivo (Miller and Rice, 1991). These

Wndings are similar to the reported eVects of �-radiation on restenosis in animal
models (Verin et al., 1995; Waksman et al., 1995; Laird et al., 1996). Interestingly,

recent clinical trials have shown that doses of �-radiation can reduce long-term

stenosis following coronary angioplasty (Teirstein et al., 2000).
Ultimately, combination of these agents with others may oVer the best thera-

peutic index. We have recently combined heparin with 5-FU in patients at high

risk of developing blinding retinal scarring in a randomized masked placebo-
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controlled trial and shown a reduction in scarring from 26.1% to 12.8% (Asaria et
al., 2001).

Inhibitors of angiogenesis

As highlighted earlier, angiogenesis plays a crucial role in the formation of
granulation tissue during wound healing. Although several studies have revealed

important targets for the inhibition of angiogenesis and subsequent inhibitors, e.g.

inhibitors of VEGF/FGF, angiostatin, urokinase receptor antagonists and scatter
factor inhibitors, their use in modulating the wound-healing response is still

unclear. In addition to this, MMPs have been implicated in endothelial cell

migration in vitro and subsequently the inhibition of MMP activity has been
shown to reduce angiogenesis in vivo (Galardy et al., 1994).

Agents affecting ECM synthesis and degradation

Examples of agents which aVect ECM synthesis include the lathyrogenic agent

�-aminopropionitrile, which is thought to have its clinical eVect (McGuigan et al.,
1986, 1987; Moorhead et al., 1990) by inhibiting the enzyme lysyl oxidase and thus

preventing collagen cross-linking (Siegel, 1977). As discussed above, the ECM

present in wounds is the product of both synthesis and degradative processes.
Major players in the degradation of the ECM are the MMPs and their inhibitors

(TIMPs). As such, interfering with either of these families of molecules may have

profound eVects on the healing process. Potential modulating agents include
chemical inhibitors of the MMPs, MMP/TIMP neutralizing antibodies, antisense

oligonucleotides or ribozymes to MMPs or TIMPs (see below), which may have

future uses in healing modulation. These molecules (MMPs/TIMPs) are of par-
ticular importance in the modulation of wound healing since they appear to play

crucial roles throughout the healing response, as shown in earlier sections, and as

such are receiving considerable attention.

Agents affecting growth factors and growth factor receptors

As highlighted earlier, growth factors and their receptors play a central regulatory
role in the wound-healing process. Consequently, the growth factors, the receptors

through which they elicit their eVects, and the intracellular signalling cascades

involved are extremely good candidates for therapeutic intervention. In the
following paragraph the modulation of one of the pivotal growth factor families in

wound healing at many tissue sites, TGF-�, will be used as an example.

We have shown that all three isoforms of TGF-� stimulate a conjunctival
scarring response (Cordeiro et al., 1999a). Several approaches to the modulation

of TGF-� have been or are currently being investigated. These include the neutral-

ization of TGF-� activity using antibodies or TGF-�3, which have been shown to
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reduce scarring in vivo (Shah et al., 1992, 1994, 1995; Logan et al., 1999). In fact,
our group has successfully developed a new mouse model of conjunctival scarring

(Reichel et al., 1998) and applied a novel antibody to TGF-�2 capable of signiW-

cantly reducing scarring (Cordeiro et al., 1999b) which has now entered multi-
centre clinical trials in the United Kingdom. Studies to date have suggested that

the antibody is clinically safe, nontoxic and well tolerated when injected following

glaucoma surgery (Figure 7.11b and c). In addition to this, there is a potential
antiscarring role for TGF-� receptor antagonists. Studies have shown that the

sugar mannose-6-phosphate (which competitively binds to the mannose-6-phos-

phate/IGF-II receptor) reduces cutaneous scarring by inhibiting the activation of
latent TGF-�. Recently it was shown that inhibition of ras proteins (which are key

players in the transduction of growth factor signals from the cell surface to the

nucleus) prevents smooth muscle cell proliferation in vivo following vascular
injury (IndolW et al., 1995). Another possible approach to interfering with TGF-�
protein production at the wound site would be the local application of speciWc

antisense oligonucleotides to TGF-� mRNA, although their use is still clearly in
the early stages. A related, potential way of modulating TGF-� would be the use of

ribozymes. These are RNA molecules that have been shown to cleave other RNA

molecules (Bartel and Szostak, 1993; Moore, 1995; Wilson and Szostak, 1995).
Like antisense oligonuleotides, ribozymes can be designed to attach to a speciWc

mRNA of choice. There are, however, signiWcant advantages of ribozymes over

antisense. Once the ribozyme has attached to the ‘target’ mRNA, it cleaves the
mRNA and then is free to attach to and cleave another ‘target’ mRNA. So,

theoretically, the actions of ribozymes, unlike antisense oligonucleotides, should

not be concentration- or time-dependent. The use of ribozymes as RNA-directed
gene therapies has been shown (Altman, 1993; Dorai et al., 1994) although their

use as antiscarring agents has still to be fully investigated. Current work in our

laboratory, in conjunction with our colleagues at the University of Florida, is
investigating the use of ribozymes directed against TGF-�1 and the TGF-� type II

receptor in the modulation of ocular scarring.

In summary, we now have a variety of techniques available to investigate the
basic science of the cellular and molecular mechanisms underlying the wound-

healing process. Our recent advances in understanding have directly led to

methods to modulate healing, several of which are now in clinical trial or are used
routinely in the clinic (e.g. TGF-� antibody and single, short exposures to 5-FU or

MMC). It is only by gaining a deeper understanding of the basic cellular and

molecular biology of the healing response throughout the body that we will be able
to achieve our ultimate goal: safe, eVective control of healing with retention of

both function and aesthetics.
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Earlier this century researchers became intrigued by the frequent presence of a

positive family history for hypertension in patients and this generated an intense
debate between Pickering and Platt regarding genetic inXuences upon blood

pressure. The former pointed to the observation of a normal distribution of blood

pressure in the population as argument for a multigenic inXuence upon blood
pressure variation and thus hypertension (Pickering, 1965). The latter suggested

that hypertension was under the inXuence of a single gene which, through an

autosomal dominant mode of Mendelian inheritance, led to the hypertensive
phenotype (Platt, 1963). Nowadays, many accept the view that several genes are

probably involved in elevating blood pressure. However, some of the greatest

advances in understanding genetic inXuences upon blood pressure have been
made in a series of rare hypertensive traits where anomalies within single genes

have a profound eVect upon blood pressure.

Patterns of inheritance in essential hypertension

In single-gene disorders such as cystic Wbrosis it is possible to demonstrate

Mendelian patterns of inheritance and it becomes easier to categorize a family
member as aVected or unaVected (Lander and Schork, 1994). Although there are

rare hypertensive traits which exhibit Mendelian patterns of inheritance, this is

frequently not so easy to deWne amongst patients with essential hypertension
(White, 1996). Since hypertension is a disorder with variable age of onset deWned

by a threshold at which intervention with treatment reduces cardiovascular risk, it

may not be possible to assert at a Wxed point in time that a family member is never
going to be hypertensive. This is illustrated by the family pedigree shown in Figure

8.1 where the pattern of hypertension shown in (a) would conform to an

autosomal-dominant trait, with one in two individuals diagnosed as hypertensive.
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Figure 8.1 Inheritance pattern of hypertension. A white European family pedigree with the phenotype
of hypertension is shown. Affected individuals are shown as solid circles or squares; white
circles or squares denote individuals who are unaffected at this time. The pedigree in (a)
implies an autosomal-dominant mode of inheritance. However, 3 years later, as shown in
(b), the condition no longer exhibits a Mendelian pattern of inheritance as almost all of the
offspring are now defined as hypertensive.

170 M. Caulfield, J. Knight, S. O’Shea, G. Gardner and P. Munroe

However, 3 years later several new family members had developed raised blood

pressure requiring therapy and this pedigree no longer exhibits a clear Mendelian

pattern of inheritance (Figure 8.1b).

Genetic susceptibility to raised blood pressure

This departure from Mendelian patterns of inheritance may be explained by the
requirement for coinheritance of several susceptibility variants for raised blood

pressure to be present in an individual (Lander and Schork, 1994). This genetic

interplay might result in a synergistic or epistatic interaction, where the blood
pressure is greatly augmented by two genetic susceptibility variants operating in

concert. Alternatively, the eVect of two or more genetic variants might be to add a

modest increment to the blood pressure.
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Environmental factors for raised blood pressure

It is probable that some susceptibility genes require the presence of speciWc
environmental triggers to elevate blood pressure. These may include a high

sodium salt diet, ingestion of alcohol or the presence of excess weight (Whelton,

1994). Indeed, in some hypertensive families resemblance in blood pressure may
be entirely due to common environmental factors (Lander and Schork, 1994).

Family study designs used in hypertension

Affected sibling pair methods

The central feature of aVected sibling pair analysis is the demonstration of an
excess sharing of alleles above that expected by Mendelian inheritance in a family

(Lander and Schork, 1994). At a genetic locus each parent will have two versions of

a genetic marker or alleles (one derived from each chromosome). Thus an
oVspring may inherit any one of four alleles from the parents. This means that a

random group of siblings would be expected to share none, one or two alleles

transmitted from their parents at a frequency of 25%, 50% or 25% respectively. If
instead we select hypertensive sibling pairs, we can measure whether the observed

allelic sharing amongst the pairs deviates from the expected frequency of 25%,

50% or 25%. In the event that the observed distribution of allele sharing conforms
to that expected then there is no support for linkage (Lander and Schork, 1994).

These analyses can either be employed to test known candidates for hypertension,

or in genomic screening and require no speciWcation of model of inheritance for
analysis.

Extreme discordant sib pairs

An alternative form of sibling pair analysis can be used in quantitative traits like

blood pressure where genotypes of siblings with extremely discordant blood

pressures are compared after adjustment for age, body mass index and alcohol
consumption (Risch and Zhang, 1995). Some have suggested that if extreme

discordant sibling pairs can be found they may oVer considerable power to detect

loci for quantitative traits, with 250 pairs oVering similar power to much larger
numbers of aVected sibling pairs (Risch and Zhang, 1995).

Transmission disequilibrium testing

Family-based association studies, preferably based upon two parents and an

aVected oVspring, have been advocated to avoid selection bias, or latent ethnic
admixture, which may occur in case-control association studies (Spielman and

Ewens, 1996). This uses the transmission disequilibrium test, which relies upon a

comparison between those alleles transmitted from heterozygous parents to an
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aVected oVspring with those that are not. The untransmitted alleles oVer an
ethnically matched ‘control’ within the family. This protects against problems of

occult ethnic admixture and selection bias. This could be used to Wne-map regions

of interest and has been employed in insulin-dependent diabetes to clarify the role
of the insulin gene locus (Spielman et al., 1993). As hypertension has a late age of

onset it can be diYcult to obtain access to parental genotype. In this situation it is

still possible to apply this approach as long as parental genotype can be accurately
inferred by recruiting several additional siblings to the index case (Sham and

Curtis, 1995).

Population association or case-control studies

Association of a genetic variation with hypertension relies upon the genetic
variant under study being in close proximity to the susceptibility variant. Such

studies employ the principle of linkage disequilibrium, whereby a few ancestral

variations are transmitted together on the same piece of DNA over time (Lander
and Schork, 1994). This means that association of genetic marker with the trait of

interest implies that the true aetiological variation and the marker under study

(assuming it is not the functional variant itself) do not become separated by
recombination during meiosis.

A problem with some studies is that they explore genetic hypotheses in case-

control studies, using highly selected clinic populations and without representa-
tive controls (Lander and Schork, 1994). Even when population-based studies are

drawn from the general population using sound epidemiological approaches it is

not possible to exclude hidden population substructures which may create spuri-
ous associations in genetic studies.

It is possible that the power of association studies may be reduced by the

traditional comparison of hypertensive cases versus the rest of blood pressure
distribution, or ‘normotension’. Raised blood pressure is not an all-or-none

phenomenon and depends upon interaction of susceptibility genes with environ-

mental factors. It would be possible to possess a susceptibility variant but never
manifest the trait, because of the absence of other factors. Such an individual may

well have blood pressure in the upper half of the blood pressure distribution and,

in a comparison of the upper decile, or quintile, with the rest of the populus could
dilute or obliterate an association. It may be preferable to adopt a comparison of

the upper and lower deciles, or quintiles, of the blood pressure distribution from a

population. In such a comparison we must take account of those in the lower
section, who receive treatment, which may inXuence blood pressure (Jeunemaitre

et al., 1992a).
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Rare hypertensive phenotypes: clues for essential hypertension

Several researchers have focused upon rare hypertensive phenotypes where a

constellation of clinical or biochemical features and clear patterns of Mendelian

inheritance distinguish these syndromes from essential hypertension (Table 8.1).
The motivation to identify the genetic inXuences in such traits is that more subtle

susceptibility variants within the same genes may contribute to essential hyperten-

sion (Lifton et al., 1992; White, 1996).

Epithelial sodium channel, Liddle’s syndrome and hypertension

The importance of sodium handling by the kidney is demonstrated by Liddle’s
syndrome, which is characterized by hypertension with a suppressed renin–

angiotensin system and aldosterone secretion with hypokalaemia (Liddle et al.,

1963). These features, coupled with response of blood pressure to triamterene,
suggested that the epithelial sodium channel expressed within the distal tubule

and regulated by aldosteronemight be important. This sodium channel comprises

an � subunit that supports sodium conductance and � and � subunits, which
greatly enhance the activity of the � subunit but only support very low levels of

sodium transport. Mutations which lead to constitutive overactivity, by inhibition

of degradation of this channel, have been discoveredwithin the genes encoding the
� and � subunits located on human chromosome 16 (Shimkets et al., 1994;

Hansson et al., 1995) in patients with Liddle’s syndrome.

These Wndings are of particular interest because the features of low renin,
hypertension and suppressed aldosterone levels, are analogous to that seen in

some people of African origin with essential hypertension (Cooper and Rotini,

1994). A study in African American families implies that there are heritable
components to salt-responsive blood pressure (Svetkey et al., 1996a). These

observations led to a small exploratory study using genetic markers Xanking the

epithelial sodium channel subunits in 63 African Caribbean sibling pairs with
essential hypertension (Munroe et al., 1998). In our limited study we did not Wnd

support for linkage of any of the subunits to hypertension. However, it was not

possible to characterize our African Caribbean families for blood pressure re-
sponse to sodium loading, or depletion. Therefore we cannot evaluate our data

according to salt sensitivity, or exclude a role for this channel in hypertension

(Munroe et al., 1998).
There have been several studies of the epithelial sodium channel subunits in the

hypertensive rat models that have not demonstrated linkage of any subunits of the

epithelial sodium channel to hypertension (Grunder et al., 1997; Kreutz et al.,
1997). Sequencing of � and � subunits in rat models has only detected polymor-

phisms within the � subunit which do not aVect the sodium channel activity when

expressed in Xenopus oocytes (Kreutz et al., 1997).



Table 8.1 Rare monogenic forms of hypertension

Syndrome Phenotype Gene Reference

Glucocorticoid remediable aldosteronism (GRA) Autosomal-dominant

Aldosterone

Potassium

RAAS

�
�
�

Chimeric 11�
Hydroxylase/aldosterone

Synthase

Lifton et al. (1992)

Apparent mineralocorticoid excess (AME) Autosomal-recessive

Aldosterone

Potassium

RAAS

Sodium

�
�
�
�

11�-hydroxysteroid

Dehydrogenase type II

Mune et al. (1995)

Liddle’s syndrome Autosomal-dominant

Aldosterone

Potassium

RAAS

Sodium

�
�
�
�

Epithelial sodium channel Shimkets et al. (1994); Hansson et

al. (1995)

Gordon’s syndrome Autosomal-dominant

Potassium

RAAS

�
�

1q31–q42

17p11–q21

MansWeld et al. (1997)

RAAS, renin-angiotensin-aldosterone system.
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The existence of more subtle variations within the subunits has been explored
by single-stranded conformational polymorphism analysis and using direct se-

quencing in human essential hypertension. In a case-control study of UK-based

people of West African ancestry a variant exchanging threonine at position 594 for
methionine was associated with hypertension (Baker et al., 1998); this association

will need to be conWrmed in other populations.

Genetic clues from hypertensive models

Some of the strongest support for a genetic basis to hypertension arises from

animal models such as the spontaneously hypertensive rat (Kurtz, 1994). An
important advantage of animal models is that we can completely control the

environment in terms of dietary and other inXuences. Furthermore, recent ad-

vances in blood pressure measurement, such as remote telometry, have been
employed and oVer greater precision over tail cuV measurement (Clark et al.,

1996).

Comparative mapping: rat hypertensive loci translated to humans

In the early 1990s, two groups concurrently reported linkage of a region on rat

chromosome 10 to blood pressure in hypertensive models. This locus was es-
timated to account for 20% of the blood pressure variance when the animals were

sodium-loaded (Hilbert et al., 1991; Jacob et al., 1991). This was of particular

interest because the corresponding region in humans is located on chromosome
17 and contains the gene encoding angiotensin-converting enzyme (ACE). An

early exploratory study of the ACE gene locus in aVected sibling pairs with

essential hypertension did not support a role for this gene in hypertension
(Jeunemaitre et al., 1992b). However, this study did not oVer the power to exclude

either the ACE gene or chromosome 17 as a locus for hypertension. Subsequent

mapping studies on rat chromosome 10 suggest that there are two blood pressure-
elevating loci: one that is close to the ACE gene and one about 26 cM proximal to

the ACE gene (Kreutz et al., 1995).

Recently, comparative mapping of rat chromosome 10 and human chromo-
some 17 has revealed that these regions are highly conserved between species. The

density of the human genome map facilitated the identiWcation of 21 highly

polymorphic markers extending over 110 million bases from the short arm of
chromosome 17 to a region approximately 20 million bases below the ACE gene

locus on the long arm of that chromosome (Julier et al., 1997).

These genetic markers were then genotyped in 357 French and UK families with
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strict hypertensive criteria conforming to the upper 1–5% of the blood pressure
distribution (Julier et al., 1997). The families included a mixture of aVected

hypertensive sibling pairs from France, families recruited based upon an hyperten-

sive index case fromOxford and some families with type 1 and type 2 diabetes who
also had at least one hypertensive member. After genotyping, linkage analysis with

several diVerent methods indicated support for linkage to hypertension of an

interval of 13million bases proximal to the ACE gene at 17q23 between the growth
hormone gene and a dinucleotide repeat (D17S934). Although this report does

not specify a precise candidate gene or variant as a cause for raised blood pressure,

it emphasizes the beneWt of comparative mapping between hypertensive models
and humans in appropriately large family numbers. It has been proposed that

selecting families based upon severity of blood pressure phenotypemay strengthen

the power of a study (Lander and Schork, 1994; Julier et al., 1997). Interestingly, in
this study the support for linkage did increase by an order of magnitude when

aVected siblings were selected based upon blood pressures in the upper 1% of the

distribution when compared with those in the upper 5%. Subsequently, Baima et
al. (1999) reported further support for this region of chromosome 17 in a smaller

study of white European families but not African Americans. The inclusion in

both studies of diabetic hypertensives who could represent a diVerent phenotype
for raised blood pressure, or even have secondary hypertension due to renal

damage, could be a source of concern.

Candidate genes in rats guide studies in humans

Studies in Milan hypertensive and normotensive rats suggested that genetic
inXuence on renal tubular sodium reabsorption may be due to mutations within

the gene encoding a component of the cellular skeleton known as � adducin

(Bianchi et al., 1994; Tripodi et al., 1996). In the Milan model, point mutations
within the � adducin gene were thought to account for as much as 50% of the

diVerence in blood pressure level between hypertensive and normotensive strains

(Tripodi et al., 1996). There is marked conservation of the � adducin gene between
rodents and humans and thus human studies in 86 hypertensive families were

undertaken using genetic markers adjacent and at increasing distance from the �
adducin gene located on human chromosome 4 (Cusi et al., 1997). There was
support for linkage of this locus to hypertension in humans. Importantly, the

evidence in favour of linkage diminished when genetic markers at increasing

distance from locus were tested. This implies that the � adducin gene is the most
likely candidate in that area. In addition, these researchers have associated a

polymorphism within this candidate gene with hypertension. The variant involves

exchange of tryptophan for glycine at position 460 in the Wnal adducin molecule.
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In further, smaller studies, they presented evidence suggesting that this polymor-
phism altered response of blood pressure to sodium loading, or depletion and

chronic response to therapy with a thiazide diuretic (Cusi et al., 1997). Those

subjects who were heterozygous for the polymorphism exhibited a greater blood
pressure response to sodium depletion and chronic therapy with a diuretic than

those who were homozygous for the glycine variant. Recently, the initial group to

report on adducin have studied two case-control populations from Italy with
conXicting results regarding association with hypertension (Glorioso et al., 1999).

However, response to thiazide diuretics by genotype illustrated a consistent

relationship with the glycine variant.

Candidates for human hypertension

Rare single-gene disorders have suggested that it will be possible to identify genes

which play a part in raised blood pressure in rigorously phenotyped individuals.

However, several candidate genes have been evaluated in essential hypertension,
with some interesting and sometimes conXicting results.

The angiotensinogen gene locus: analysis in humans

The angiotensinogen gene locus emerged as a candidate for hypertension because

studies indicate that plasma angiotensinogen is elevated with raised blood pres-

sure and tracks with hypertension through families (Walker et al., 1979; Watt et
al., 1992). In addition, the cleavage of angiotensinogen by renin is a rate-limiting

step within the renin–angiotensin system and the kinetics of this reaction indicate

that there is considerable reserve capability of renin to process angiotensinogen
(Menard et al., 1993). In animal models, transgenic mice with overexpression of a

rat angiotensinogen gene develop hypertension (Kimura et al., 1992).

In 1992, Jeunemaitre et al. reported linkage of the angiotensinogen gene locus to
hypertension in 215 sibships from Paris and Utah. By employing mutation

detection techniques, 15 polymorphisms were identiWed within the gene. Of great

interest was the observation that a variant encoding threonine rather than me-
thionine at position 235 (M235T) was associated with hypertension and plasma

angiotensinogen level. Subsequently, studies in white Europeans, Mexican Ameri-

cans and African Caribbeans have supported linkage of angiotensinogen locus to
raised blood pressure (CaulWeld et al., 1994, 1995; Atwood et al., 1997). Several

studies both conWrming and disputing the association of M235T with hyperten-

sion have been published in diVerent ethnic groups (Hata et al., 1994; Rotimi et
al., 1994; Iwai et al., 1995). A recent metaanalysis of the literature on M235T in

white Europeans suggests methodological Xaws in several studies, with selection

bias, diVering deWnitions of phenotype and failure to match cases and controls
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(Kunz et al., 1997). In spite of these problems the metaanalysis suggested a small
but signiWcant relationship between M235T and hypertension.

The mechanism by which M235T could alter plasma angiotensinogen or blood

pressure level remains obscure. The variant is remote from angiotensin peptide
cleavage sites and regulatory sequences. Thus it is important to consider other

variations within the angiotensinogen gene that might alter the level of gene

product and play a role in hypertension.
Recent evidence in Japanese populations suggests that a functional variant

which swaps a guanine for adenine at position − 6 bp upstream of the transcrip-

tion start site is in complete linkage disequilibrium with M235T (Inoue et al.,
1997; Ishigami et al., 1997). Studies of in vitro angiotensinogen promoter activity

indicate that the − 6 bp variant alters basal transcription rate, whichmight explain

higher levels of angiotensinogen and a relationship with blood pressure (Inoue et
al., 1997; Ishigami et al., 1997). If this is borne out in further studies, then it will

emphasize the need to consider that an associated variant is not necessarily the

cause. Indeed, it may well prove that several variants of angiotensinogen gene
contribute to altered expression of gene product and that speciWc combinations of

these variations or haplotypes may be needed to elevate blood pressure.

Gene targeting and angiotensinogen: the synthetic experiments

In an elegant series of experiments using gene targeting in mouse models, Oliver
Smithies’ group have evaluated the eVect of up to four copies of the angiotensino-

gen gene on blood pressure and gene product (Kim et al., 1995; Smithies, 1997). In

the angiotensinogen knockout mice models, gene disruption leads to much lower
blood pressure than normal mice and absence of gene product. As Smithies (1997)

points out, it is more interesting to evaluate the inXuence of a polymorphism on

plasma level of angiotensinogen and blood pressure. Ideally, such experiments
would start by introducing a known functional mutation. However, detailed data

are frequently inadequate on the regulatory regions of genes and it was more

practical to consider the inXuence of reducing to one copy instead of the normal
two copies of the angiotensinogen gene. Then, by a series of experimental crosses,

mice with up to four copies of the gene could be evaluated. The results indicate

that each extra copy of the gene adds approximately 8 mmHg to the mouse blood
pressure and about a 20% increment of angiotensinogen (Kim et al., 1995;

Smithies, 1997). In fact these experiments show a remarkable dose–response curve

for both gene product and blood pressure, which provides important evidence
that genetic manipulation of angiotensinogen could elevate blood pressure. Fur-

thermore, they underscore the value of such models in the testing of genetic

hypotheses.



179 Genes for hypertension

Angiotensinogen: a definitive cause for hypertension or false positive?

The evidence for a role for functional variation within angiotensinogen inXuenc-
ing blood pressure looks encouraging but not watertight. In the context of the

evidence above it is worth tempering enthusiasm with the knowledge that there

are a number of negative studies on this gene. A large European aVected sib pair
study, involving 350 European families and studies in Chinese families, has not

supported a role of this gene in hypertension (Brand et al., 1998; Niu et al., 1999).

Nevertheless, at this time we suspect that angiotensinogen will probably prove to
have some genetic inXuence on blood pressure in some populations.

G protein variant alters sodium exchange

There is some evidence suggesting that sodium hydrogen exchange activity is
enhanced in 50% of hypertensives (SiVert and Dusing, 1995). The persistence of

this feature in cell lines and concomitant increased intracellular calcium mobiliz-

ation and DNA synthesis implies that altered signal transductionmay be the cause.
An intriguing series of experiments points to anomalies within the guanine

nucleotide-binding regulatory proteins linked to the sodium hydrogen exchanger

as a potential mechanism for this link with hypertension. These so-called G
proteins are a family of heterotrimeric �, � and � subunits, which are linked to a

variety of second messenger systems. They are triggered through the � subunit by

stimulation of seven transmembrane domain receptors. Activation of the �
subunit leads to dissociation of the � and � subunits releasing cyclic guanine

monophosphate which in turn activates the second messenger systems.

Within the gene encoding a speciWc � subunit known as GNB3, a base change
where cytosine is changed to thymidine at position 825 creates an alternate splice

site leading to a 123 bp in frame deletion (SiVert et al., 1998). Surprisingly, in spite

of this variation truncating the Wnal GNB3 protein, the activity of the downstream
sodium exchanger is not attenuated. On the contrary, when expressed in cell lines,

those homozygous for the thymidine variant with the deletion exhibit consider-

able gain in sodium hydrogen exchange.
The same workers followed this up by showing association of the thymidine

allele with hypertension in a large case-control study (SiVert et al., 1998). How-

ever, the source of these cases or controls is not revealed in the paper so it is
diYcult to evaluate the possibility of selection bias. In the same vein as studies on

angiotensinogen there are now positive and negative associations of the GNB3

subunit with hypertension (BenjaWeld et al., 1998; Kato et al., 1998; Tsai et al.,
2000). In spite of this, if subsequent research conWrms the association, this will

demonstrate that an intermediary measure such as sodium hydrogen exchange

may be applied to delineate susceptibility variants for hypertension.
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Candidates from the sympathetic nervous system

The sympathetic nervous system adjusts cardiac output, vascular tone, renal
sodium reabsorption and renin release and could be implicated in enhanced

vascular responsiveness observed in some hypertensives (Victor and Mark, 1995).

This might arise from genetic variants which aVect agonist response of �1 or
�2-adrenoceptors, leading to augmented vasoconstriction or attenuated �2-ad-

renoceptor-mediated vasodilatation. There is some evidence of a blunted vasodi-

lator response to the �-agonist isoprenaline in African Americans (Lang et al.,
1995). A variation of the �2-adrenoceptor gene which encodes glycine, rather than

arginine, at position 16 (Arg16�Gly), has been found to enhance receptor

downregulation which could attenuate vasodilation (Kotanko et al., 1997). There
have been several studies which have suggested a role for polymorphisms within

the �2-adrenoceptor gene in people of African ancestry but further studies are

needed (Svetkey et al., 1996b, 1997). There are also studies on the gene encoding
the �2-adrenoceptor, which is located on presynaptic neurons and reduces release

of noradrenaline (norepinephrine), but these are diYcult to interpret at this time

(Lockette et al., 1995).

Genome-wide screens in human hypertension

Attempts to screen the human genome in family studies of common complex

traits are now being undertaken. This approach uses markers spread at even

distances throughout the genome in the hope of identifying segments of the
genome as large as 30 million bases. These segments oVer the basis for Wne-

mapping, or positional cloning to identify genes of interest. At present, there are

several inconclusive genome screens for human hypertension within the public
domain (Table 8.2). In a survey of 200 000 people from the Anquing Province, 200

Chinese families, based upon hypertensive aVected sib pairs and 200 discordant

sib pairs, were identiWed. A genome screen of these individuals has provided a
number of interesting areas for further study (Xu et al., 1999). A screen on 55

discordant sib pairs from the Rochester Family Heart Study has given several

regions of suggestive linkage to hypertension and one region on chromosome 6
that reaches signiWcance at a genome-wide screen level (Krushkal et al., 1999).

Recently a British genome screen has identiWed a potential area of interest on

chromosome 11 (Sharma et al., 2000). The preliminary results of a genome screen
by the Family Blood Pressure Program are available on their internet site http://
www.hypertensiongenetics.org. However, there are no loci within the screen that

reach signiWcance.

Hypertension genetics: quo vadis?

The substantial worldwide research on genetics of hypertension is only



Table 8.2 Blood pressure quantitative trait loci detected in genome-wide screens in
humans

Human populations Chromosome P value Marker Reference

Caucasiana 2 0.0089 D2S1788 Krushkal et al. (1999)

5 0.0076 D5S1471

6 � 0.0001 D6S1009

15 0.0033 D15S652

Caucasianb 11 0.004 D11S934 Sharma et al. (2000)

Chinesec 3 0.0011 D3S2387 Xu et al. (1999)

11 0.001 D11S2019

16 0.0002 D16S3396

17 0.0008 D17S1303

15 0.0002 D15S657

a Only loci with signiWcant P values from the study are listed, all are linked with systolic blood

pressure (SBP).
b No P values of a genome-wide screen level of signiWcance were obtained. The locus highlighted is

in the region that was most suggestive of linkage.
c No P values of a genome-wide screen level of signiWcance were obtained. The loci with unadjusted

P � 0.001 or logarithmic odds ratio scores � 2.0 are listed. Regions on chromosomes 3, 11, 16 and

17 gave suggestive evidence of linkage with SBP, the region on chromosome 15 gave suggestive

evidence of linkage with diastolic blood pressure.
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summarized herein; many groups are establishing large-scale family studies to

evaluate known candidates and screen the genome. The scale of family resources
required and the early diYculties experienced during genome screens have

prompted some expressions of scepticism about hypertension genetics research

(Bell and Lathrop, 1996).
At this time we can draw upon several strands of evidence which encourage

optimism. Firstly, it has been possible to demonstrate clear genetic causes for rare

hypertensive phenotypes. Secondly, we are beginning to realize the potential of
comparative mapping between rodent and human hypertension. Finally, and

perhaps most importantly, we know we can take information from analytical

human studies of candidate genes and test in synthetic gene-targeted animal
models whether the hypothesis holds true.

These developments are further boosted by the availability of the human

genome sequence (http://www.gdb.org). The importance of additional sequence
variation data has been recognized by the Pharmaceutical Industry and the

Wellcome Trust who have formed a partnership known as the Single Nucleotide

Polymorphism (SNP) Consortium to deWne 300 000 novel SNPs by 2001. Like the
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human genome project, the SNP Consortium releases data on to the world wide
web at http://snp.well.ox.ac.uk. Alongside new high-throughput technologies,

such as microarray, chip-based or mass spectrometry genotyping, these advances

oVer the possibility of testing many candidates in an eYcient and comprehensive
manner (Chipping Forecast, 1999).

If these labours bear fruit (or even genes), then we may be able to identify

speciWc hypertensive phenotypes, tailor therapy appropriately for our patients,
develop novel therapeutic agents and spot individuals who have speciWc risks for

end-organ damage and intervene to minimize their risks.
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Introduction

The endothelium is far from the inert lining to blood vessels that it was originally

considered to be, but a highly specialized, metabolically active organ. Resting

endothelial cells form a monolayer maintaining a barrier between blood constitu-
ents and the extravascular space, but they also exert multifunctional homeostatic

eVects (Table 9.1). Although only one cell thick, the endothelium constitutes a

dynamic interface between the blood and the rest of the body. It is also increasing-
ly recognized that endothelial cells are heterogeneous, in that the function and

phenotype of endothelial cells are specialized according to their particular site, e.g.

cerebral endothelial cells lack thrombomodulin (see below), and not all en-
dothelial cells constitutively express histocompatibility locus A (HLA) class II

molecules. Discussion of the endothelium in disease is a confusing area. In many

circles the term ‘endothelial dysfunction’ is a synonym for impaired endothelial-
dependent vasodilatation. The aim of this chapter is to emphasize that the

pathophysiological responses of the endothelium involve multiple eVects and play

a critical role in many diseases (Table 9.2).

Endothelial cell activation

The quiescent endothelium maintains a status quo, but under the stimulation of

certain agents such as interleukin-1 (IL-1) and tumour necrosis factor-� (TNF-�)
it undergoes a series of metabolic changes and participates in the inXammatory

process; this is known as endothelial cell activation (ECA) and is a central

pathophysiological event.
The term ‘ECA’ was coined in the late 1960s when Willms-Kretschmer et al.

(1967) noted that in delayed hypersensitivity reactions venules became leaky and

their endothelial cell linings became plump and protruded into the lumen. These



Table 9.1 Functions of the vascular endothelium

Maintenance of selective permeability

Integration and transduction of blood-borne signals

Regulation of inXammatory and immune reactions

Regulation of vascular tone

Maintenance of thromboresistance

Modulation of leukocyte interactions with tissues

Regulation of vascular growth

Table 9.2 Diseases where the endothelium is critically involved

Adult respiratory distress syndrome

Atherosclerosis

Diabetic vasculopathy

Haemolytic–uraemic syndrome/thrombotic thrombocytopenic purpura

Kawasaki’s syndrome

Transplant rejection, both allograft and xenograft

Pulmonary hypertension

Systemic inXammatory response syndrome

Vasculitis
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endothelial cells also displayed increased quantities of biosynthetic organelles
(such as endoplasmic reticulum). The authors referred to these endothelial cells as

being ‘activated’, implying that there was a functional consequence to the altered

morphology. In the 1970s this view of the endothelium having a dynamic function
was ignored and the endothelium was considered to be inert and passive.

In the 1980s, however, there was growing realization that when endothelial cells

were exposed in vitro to cytokines which mediate the inXammatory response they
exhibited new surface molecules and biological functions. To emphasize that this

process did not represent sublethal injury with consequent dysfunction, Pober

(1988) reintroduced the term ‘ECA’ with the following deWnition: ‘a quantitative
change in the level of expression of certain gene products (i.e. proteins) that, in

turn, endow endothelial cells with the new capacities that cumulatively allow

endothelial cells to perform new functions’ (Pober, 1988).
Today the extraordinary multifunctional ability of endothelial cells to control

and mediate inXammation is recognized by many in basic science and clinical

science conferences focusing on the endothelium. Few scientists study all aspects
of ECA, but concentrate on the area relevant to them. Meetings on endothelial

cells are characterized by the diversity of approaches used to study these multi-

functional cells. Due to the complexity of the subject many are working on one
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aspect without being aware of the other areas. To an immunologist ECA means the
upregulation of MHC class II antigens, the expression of cell adhesion molecules

and the production of certain cytokines. To those involved in thrombosis, ECA

produces a change in phenotype from antithrombotic to prothrombotic. To the
vascular biologist there is alteration in tone, due to changes in prostacyclin and

nitric oxide, which also promote platelet aggregation. In fact all these changes are

present in ECA; biological functions cannot be pigeon-holed and are often
mutually dependent and interactive. For example, there is integration of haemo-

static and immunological responses of the endothelium. Immunoregulatory

cytokines such as IL-1 stimulate tissue factor (TF) expression, while thrombin, a
central molecule in haemostasis, has a number of bioregulatory roles, such as

being chemotactic for monocytes in addition to activating platelets and cleaving

Wbrinogen. Hence proinXammatory and prothrombotic responses are interlinked
as part of host defence and the physical and biological behaviour of cells involved

in these mechanisms can be dramatically aVected by interactions between them.

Agents causing ECA include the cytokines IL-1 and TNF-�, bacterial endotoxin
(lipopolysaccharide: LPS), complement, viral infections and immune complexes.

Knowledge concerning ECA is largely based on in vitro stimulation by IL-1,

TNF-� or LPS. Pober and Cotran (1991) have distinguished two types of en-
dothelial cell response: the Wrst, ‘endothelial cell stimulation’, or type I ECA, does

not require de novo protein synthesis or gene upregulation (e.g. the release of von

Willebrand factor: vWF); the second, ‘endothelial cell activation’, or type II ECA,
does. Thus endothelial cell activation requires a period of time for the stimulating

agent to cause eVect (e.g. expression of TF by endothelial cells in culture occurs

after 4–6 h), whereas in endothelial cell stimulation the response occurs within
seconds.

Type I activation involves retraction of endothelial cells from one another,

exposing the underlying subendothelium. This is accompanied by expression of
P-selectin and release of vWF and secretion of platelet-activating factor (PAF).

Type II activation includes progressive induction, at the level of transcription, of

many genes including leukocyte adhesion molecules (E-selectin, intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1),

cytokines (IL-1, IL-6, IL-8 and monocyte chemoattractant protein (MCP)), and

tissue factor (TF) which is the main initiator of coagulation. Thrombomodulin
and other functionally important molecules are lost from the surface of en-

dothelial cells (Bach et al., 1995).

The changes in endothelial cell activation

There are Wve main changes associated with ECA: loss of vascular integrity;

expression of leukocyte adhesion molecules; secretion of cytokines; prothrom-



Figure 9.1 Changes associated with endothelial cell activation. TM, thrombomodulin; HS, heparan
sulphate; VWF, von Willebrand factor; PAF, platelet-activating factor; PAI-1, plasminogen
activator inhibitor type 1.
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botic changes and upregulation of HLA molecules. They are reviewed below and
summarized in Figure 9.1.

Loss of vascular integrity

In type I ECA, after stimulation with agents such as thrombin or histamine,
endothelial cells retract from one another leaving gaps that allow cells and proteins

to pass from the intravascular space to the underlying tissue space.

Expression of leukocyte adhesion molecules

Leukocyte–endothelial interactions involve the four sequential steps of tethering,
triggering, strong adhesion and migration (Figure 9.2). Tethering of circulating

leukocytes to the endothelium results in their rolling along the vessel wall.

Triggering agents, mainly cytokines, activate cell adhesion molecules resulting in
strong adhesion and Xattening of leukocytes which then become motile and

migrate into the tissues. This sequence of events can be viewed as a cascade

reaction similar to the complement and coagulation cascades.
Tethering is mediated by the selectins. The selectin family comprises E-, L- and

P-selectin (CD62E, CD62L and CD62P respectively) composed of a lectin domain,

an epidermal growth factor (EGF)-like region and complement regulatory-like



Figure 9.2 Leukocyte adhesion. Simplified representation of leukocyte–endothelial adhesion
reactions. Tethering of leukocytes to activated endothelium is mediated by low-affinity
interactions between selectins. Strong adhesion and transendothelial migration are
dependent on higher-affinity reactions involving integrins and the IgG supergene family of
adhesion molecules. PSGL-1, P-selectin glycosylation ligand 1; IL-8, interleukin 8; MIP-1�,
monocyte inducible protein 1�; MCP-1, monocyte chemotactic protein 1; PAF,
platelet-activating factor; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell
adhesion molecule 1. The interactions shown are simplified and are not exclusive.
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modules (Bevilacqua and Nelson, 1993). L-selectin binds to mucin-like en-
dothelial glycoproteins whilst E and P-selectins bind sulphated polysaccharides

and sialylated Lewis x-related structures (Rosen and Bertozzi, 1994). E-selectin is

synthesized and expressed by endothelial cells when activated by cytokines (Pober
et al., 1986) and binds neutrophils, monocytes and a subpopulation of memory T

cells. P-selectin is expressed by activated endothelium and platelets. It is present

on the inner surface of intracellular storage bodies, known as Weibel Palade bodies
in the cytoplasm of endothelial cells (Bonfani et al., 1989), and is also found in the

� granules of platelets (Israels et al., 1992). Upon stimulation of endothelial cells

the Weibel Palade bodies fuse with the endothelial cell surface membrane, dis-
charging their contents and exposing P-selectin. L-selectin is constituitively ex-

pressed on most leukocytes and is shed upon their activation (Kishimoto et al.,

1989). It is mainly concentrated at the microvilli of leukocytes, a site important for
its adhesive function (Stein et al., 1999).

Each selectin recognizes speciWc carbohydrate motifs on either endothelial cells

or leukocytes through their lectin domain. Endothelial cell selectins extend
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beyond the surrounding glycocalyx so allowing capture of circulating leukocytes
that express the appropriate receptor. This loose association of leukocyte and en-

dothelium allows exposure to triggering factors which activate leukocyte integrins.

Integrins consist of � and � subunits (Plow and Ginsberg, 1989) and can be
grouped according to their � subunit. At least four leukocyte integrins mediate

strong adhesion. These are the �2-integrins, CD11a/b/c (Sanches-Madrid et al.,

1983); and �1-integrin CD49d (MaxWeld et al., 1989). CD11a is present on
lymphocytes and CD11b (Mac-1) on neutrophils and monocytes; CD49d is

expressed by lymphocytes and monocytes. Activation of leukocytes triggers an

increase in avidity caused by a conformational change in the integrin heterodimer.
Once activated, the leukocyte integrins bind to counterreceptors on the en-

dothelium–endothelial cell adhesion molecules, which are members of the im-

munoglobulin gene superfamily (Hogg et al., 1991). �2-integrins bind to ICAM-1
and ICAM-2. ICAM-2 is constituitively expressed on the endothelium, but ICAM-

1 is increased with ECA and inXammation (Pober and Cotran, 1991). The

�1-integrin mediates binding of lymphocytes and monocytes to VCAM-1 which is
induced by proinXammatory cytokines (Osborn et al., 1989).

Important triggering factors are IL-8, produced by the endothelium itself or

underlying inXammatory cells; PAF, a phospholipid that is rapidly produced by
endothelium in response to thrombin, histamine or leukotrienes; monocyte in-

ductible protein 1� (MIP-1�) bound to endothelial proteoglycans; bacterial wall

components; and complement activation products. Following strong adhesion to
the endothelium leukocytes migrate into the tissues. Many of the cytokines that

trigger strong adhesion are also chemotactic; IL-8 induces adhesion and

chemotaxis of neutrophils and MIP-1� induces adhesion and migration of T cells.
In addition to host defence, endothelial-leukocyte interactions contribute to

pathological inXammatory conditions such as reperfusion injury after ischaemia,

autoimmunity, graft rejection and allergic reactions. Diseases characterized by
acute inXammation and neutrophil inWltration show increased expression of E-

and P-selectin, whereas in chronic lymphocytic inXammation there is increased

VCAM-1 expression. E-selectin, ICAM-1 and VCAM-1 are transcriptionally regu-
lated by cytokines, LPS and other inXammatory mediators. DiVerent combina-

tions of cytokines can diVerentially modulate their induction. There are also

diVerences in the ability to express these molecules between endothelium in large
vessels and in the microvasculature.

Cytokine production

Cytokines are important mediators of inXammation. They promote innate im-

munity and host defence in infectious disease, but also augment the pathogenesis

of noninfectious inXammatory states contributing to tissue injury. In addition to



Table 9.3 Cytokines produced by the endothelium

Cytokine Function

IL-1 Lymphocyte activation

Local and systemic inXammation

Acute phase response

Haematopoiesis

IL-6 Lymphocyte activation

Acute phase response

Haematopoiesis

CSFs Leukocyte recruitment and activation

Haematopoiesis

EC proliferation

Chemotactic factors (MCP-1, IL-8) Leukocyte recruitment and activation

PDGF Smooth muscle cell proliferation

IL-1, interleukin 1; CSFs, colony-stimulating factors; EC, endothelial cell; MCP-1, monocyte

chemotactic protein-1; PDGF, platelet-derived growth factor.
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acting as a target for the action of cytokines the endothelium is an important
source of these molecules (Table 9.3). Endothelium stimulated with IL-1, TNF-�,
interferon-� (IFN-�) or LPS produces cytokines. Endothelial cells can synthesize

IL-6 that aVects the proliferation of T and B cells and regulates production of
acute-phase proteins in the liver. Stimulation of the endotheliumwith LPS, TNF-�
or IL-1 itself induces IL-1 production by endothelial cells, which ampliWes the

inXammatory response. The endothelium also releases chemoattractants such as
IL-8 and MCP-1 (Mantovani and Dejana, 1989).

Prothrombotic changes

The antithrombotic eVects of the resting endothelium can be separated into
antiplatelet, anticoagulant and Wbrinolytic. The prothrombotic eVects of the

endothelium are due to loss of antithrombotic eVects and expression of pro-

thrombotic molecules. These changes are reviewed below.

Antiplatelet/vasoactive effects

Key molecules: nitric oxide (NO), prostacyclin (PGI2), PAF, endothelin-1 (ET-1),

ecto-ADPase

Endothelial cells exhibit an antithrombotic eVect by reducing platelet reactivity by
synthesizing and releasing prostacyclin PGI2, NO and also ecto-ADPase (for

reviews, see Hamblin, 1990; Bach et al., 1994; Marcus, 1994; Davies et al., 1995).

PGI2 is a potent inhibitor of platelet aggregation and a powerful vasodilator. It is
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transiently and rapidly secreted in response to a variety of agonists, including
thrombin, histamine and adenosine diphosphate (ADP), thereby acting locally to

inhibit the spread of thrombus.

NO is a potent inhibitor of platelet aggregation and works synergistically with
PGI2. The vascular relaxant and platelet-inhibitory actions of NO are mediated via

stimulation of soluble guanylate cyclase, thus elevating cyclic guanosine mono-

phosphate (GMP) levels in smooth muscle cells and platelets. This contrasts with
the biological actions of PGI2, many of which are mediated via elevation of cyclic

adenosine monophosphate (AMP) levels. Unlike PGI2, NO also inhibits platelet

adhesion to the subendothelium.
NO is synthesized by NO synthetase. There are three main classes of NO

synthetase: inducible NO synthase (iNOS) endothelial NO synthetase (eNOS) and

neuronal NO synthase (nNOS). cNOS is expressed by endothelial cells, neuronal
cells and several other cell types and is regulated by Ca2+ and calmodulin. NO is

released from the endothelium under basal conditions, and also in response to a

number of physiological stimuli such as shear stress, circulating hormones
(noradrenaline (norepinephrine), vasopressin, bradykinin) and various autacoids

(acetylcholine, histamine, substance P). Shear stress, in particular, appears to be a

major stimulus for NO release, for NO activity is highest in largest-diameter
arteries that are subject to greater variation in pulsatile Xow and shear stress (see

Chapter 3).

iNOS is found in endothelium, vascular smooth muscle cells, macrophages and
neutrophils. It is induced after cytokine exposure and is capable of generating far

greater quantities of NO than cNOS; at high concentrations NO is cytotoxic and

thus plays a key role in the immune response to bacteria and other pathogens.
The endothelins (ETs) are 21-amino-acid peptides produced in a number of

diVerent tissues. Originally discovered in 1988 (Yanagisiwa et al., 1988), three ETs

are now known – ET-1, ET-2 and ET-3. Endothelial cells produce ETs, mainly
ET-1, in response to a number of diVerent factors including hypoxia, hyperoxia,

pressure, low shear stress, catecholamines, thrombin, low-density lipoproteins,

vasopressin, angiotensin II and TGF-� (SchriYn, 1995). ET-1 is the most potent
vasoconstrictor known and is produced by posttranslational processessing of

preproET-1, the 212-amino-acid ET-1 precursor, to proET-1 or big ET-1 which is

subsequently converted to the ET-1 peptide (Denault et al., 1995). This occurs
both intracellularly and at the membrane in endothelial cells and on the surface of

smooth muscle cells in the vascular wall through the action of ET-converting

enzyme (ECE). ECE is found on the cell surface as an ectoenzyme and colocalized
with big ET-1 in intracellular vesicles where it is recycled from the luminal

membrane (Barnes et al., 1998). ECE-1�, ECE-1� and ECE-2 are diVering iso-

forms of ECE.
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After binding to speciWc receptors, ET-1 promotes inXux of calcium ions and
release of calcium from intracellular stores, resulting in phosphorylation of my-

osin light chains and initiation of smooth muscle contraction. There are two ET

receptor subtypes, ETA and ETB (Hosoda et al., 1992, Arai et al., 1993). ET-1 is
secreted mainly toward underlying smooth muscle and binds ETA and ETB recep-

tors to bring about contraction, proliferation and hypertrophy. Receptor binding

is rapid but dissociation is very slow, accounting for the long-lasting vasoconstric-
tor eVect. ET-1 also acts on endothelial ETB receptors, which induces release of NO

and PGI2, so inducing vasodilatation. A critical balance exists between NO and

ET-1: this may be a major determinant in the regulation of local and systemic
haemodynamic function and cellular proliferation. The distribution of receptor

subtypes is tissue and cell-speciWc. Vascular smooth muscle cells possess mainly

ETA receptors, whereas endothelial cells contain only ETB receptors. In the coron-
ary circulation ETB receptors are virtually absent, thus ET-1 behaves mainly as a

coronary vasoconstrictor (Russell et al., 1997).

ET-1 may play a role in the pathophysiology of a variety of cardiovascular
disorders, including heart failure, coronary heart disease, primary pulmonary

hypertension, arterial hypertension and atherosclerosis (SchiVrin and Touyz,

1998). In these conditions there is evidence of increased plasma ET levels, in-
creased ET-1 mRNA in endothelial cells and smooth muscle cells or response to

ET antagonists. Although ET-1 is known as a potent vasoconstictor there is

accumulating evidence that ET-1 acts as a cytokine. It may play a part in
inXammation by priming neutrophils and inducing neutrophil aggregation, ad-

hesion and elastase release (Gomez-Garre et al., 1992, Lopez-Farre et al., 1993); by

activating mast cells (Uchida et al., 1992); increasing cell adhesion molecule
expression (McCarron et al., 1993); stimulating monocytes and macrophages to

release proinXammatory cytokines (McMillen and Sumpio, 1995); stimulating

IL-6 production by endothelial cells (Xin et al., 1995); and by inducing release of
growth factors (JaVe et al., 1990).

Rapid production of PAF is induced by many of the agonists that induce PGI2
synthesis and causes platelet secretion and aggregation. Activated platelets release
adenosine triphosphate (ATP) and ADP from their dense granules. Adenine

nucleotides are relatively stable and a system to degrade them is provided by

ectonucleotidases at the endothelial cell surface, thus endothelial cells inhibit
platelet aggregation, in part, by ecto-ADPase activity. Ecto-ADPase catalyses

hydrolysis of ATP and ADP to AMP and orthophosphate. Endothelial cells

convert AMP to adenosine, which has an antiaggregating eVect. When endothelial
cells are activated in vitro, platelet aggregation occurs associated with loss of

ecto-ADPase activity, which will permit accumulation of ADP, a potent stimulus

to platelet thrombosis.
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Anticoagulant pathways

Key molecules: antithrombin/heparan sulphate; thrombomodulin, tissue factor

pathway inhibitor (TFPI)

Aortic, venous and microvascular endothelia exert a profound anticoagulant eVect

by expressing heparan sulphate proteoglycans, consisting of a protein core to
which heparan sulphate glycosaminglyocan chains are attached. Heparan sulphate

potentiates antithrombin (AT) activity, which is a major physiological anti-

coagulant. AT is an irreversible inhibitor of not only thrombin, as the name
suggests, but of the majority of intrinsic coagulation proteases. Heparan sulphate,

expressed on endothelial cell surfaces in vivo, acts as an endogenous catalyst for

the anticoagulant actions of AT.
Heparan sulphate proteoglycans are the predominating proteoglycans of the

endothelium. Cytokines stimulate synthesis of the glycosaminoglycans whilst

physical injury, hypoxia and viral infection decrease its synthesis (Ihrcke et al.,
1996). During inXammation heparan sulphate is released from the endothelium.

Mechanisms causing this release include cleavage of the glycosaminoglycan chains

by heparanases, produced by many cell types, including activated platelets, ac-
tivated endothelial cells and activated T cells; through proteolysis of the protein

core by proteases from activated T cells and neutrophil elastase, binding of

antibodies to endothelial cells and the activation of complement.
Apart from its anticoagulant function, heparan sulphate is also important in

maintaining vascular integrity and its loss from the surface may result in oedema

and exudation of plasma proteins. There is also evidence that heparan sulphate
can inXuence cellular immune responses through interactions with antigen-

presenting cells and it tethers extracellular superoxide dismutase (SOD) to the

vessel wall. The loss of heparan sulphate during ECA thus results in both loss of
anticoagulant and anti-free radical mechanisms.

Thrombomodulin is an endothelial cell surface-expressed glycoprotein, and is a

critical receptor in the protein C anticoagulant system (Esmon and Owen, 1981).
This system is activated when coagulation is initiated and thrombin is generated.

Thrombin bound to thrombomodulin on the surface of endothelial cells allows

the activation of protein C. (Thrombin, once bound to thrombomodulin, loses its
coagulant activity and is no longer able to convert Wbrinogen to Wbrin, or activate

platelets.) Activated protein C, together with its cofactor protein S, act as anti-

coagulants by inactivating factors Va and VIIIa, thus limiting further thrombin
generation.

ECA results in the loss of thrombomodulin from the endothelial cell surface.

This is due to internalization of thrombomodulin, decreased transcription of
mRNA and subsequent downregulation of thrombomodulin synthesis (Moore et

al., 1989).
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TFPI is produced by the endothelium and inhibits the Wrst steps of the extrinsic
coagulation pathway by inhibiting factor Xa and the TF–VIIa complex (Rapaport,

1991). Much of circulating TFPI is bound to lipoprotein, and platelets carry about

10% of circulating TFPI which they release upon activation. It is also released into
the circulation in response to heparin (Sandset et al., 1988) and other

glycosaminoglycans to a lesser degree. It has been suggested that TFPI is bound to

endothelial cell glycosaminoglycans, but this is not certain. The main physiologi-
cal role of TFPI appears to be in the inhibition of small amounts of TF and is

essential for maintaining a normal haemostatic balance. The eVect of ECA on

TFPI levels is uncertain, but it is increased in plasma by endotoxin, suggesting it
may be upregulated at the same time as TF.

Procoagulant effects

Key molecules: vWF, TF, vesicles with prothrombinase activity

vWF is stored in Weibel Palade bodies in endothelial cells and in the � granules of

platelets. It is also present free in plasma and anchored in the subendothelium
(Wagner, 1990). When platelets are activated, vWF acts as the ligand for platelet

adhesion by binding to a speciWc receptor, glycoprotein Ib. Following type 1 ECA,

Weibel Palade bodies fuse with the endothelial cell membrane, releasing vWF. The
inner surface of the Weibel Palade bodies is coated with P-selectin, which is thus

expressed on the endothelial cell surface. In the plasma vWF is also the carrier for

factor VIII, thus levels of factor VIII are reduced with levels of vWF in von
Willebrand’s disease. Levels of vWF have been used as a marker of disease activity

in the vasculitides; but they are not ideal because vWF also behaves as an

acute-phase protein.
TF is an integral membrane component that serves as the essential cofactor for

coagulation factor VII/VIIa which subsequently activates factor X, but has also

been shown to activate factor IX. TF is strongly expressed on all solid tissues,
especially vascular adventitial cells, forming a haemostatic envelope around blood

vessels. Thus if a vessel is injured, extraendothelial TF initiates coagulation (Drake

et al., 1989). It is not expressed on endothelium, but expression is induced in vitro
on monocytes and endothelium 2–6h after stimulation with IL-1, TNF-� or LPS

and will thus cause activation of coagulation and clot formation. It remains

unclear whether endothelial TF can be upregulated in vivo: the current consensus
is that it probably is not, and that monocyte TF expression is the main activator in

pathological situations.

Stimulation of platelets or endothelium by complement results in deposition of
C5-9 and subsequent vesiculation of their membranes. These vesicles are endowed

with prothrombinase activity. This phenomenon also occurs with ECA

(Berckmans et al., 2001).



197 The endothelium in health and disease

Fibrinolytic effects

The Wbrinolytic system is responsible for clot breakdown and thus healing.
Plasmin is produced from its inactive precursor plasminogen by the action of

tissue plasminogen activator (tPA) which, with its inhibitor, plasminogen ac-

tivator inhibitor type I (PAI-1), is produced by the endothelium. Stimulation of
endothelial cells with cytokines such as TNF-� or with LPS leads to unaltered or

decreased secretion of tPA, but enhanced PAI-1 release. Thus, overall there is a

reduction of Wbrinolytic activators resulting in reduced Wbrinolytic potential
(Schleef et al., 1988).

Upregulation of expression of class I and II HLA molecules

The term ‘antigen presenting cell’ means that the cell is able to present antigen to

resting T cells in a form they recognize as foreign and thus cause activation of T
cells. T cells recognize antigens as foreign in two ways: ‘direct’ recognition is when

they see, and are activated by, major histocompatibility complex (MHC) mol-

ecules of a diVerent type from their own, while ‘indirect’ recognition occurs when
a foreign antigen is processed and ‘presented’ to them by self MHC molecules.

Thus, in transplant rejection, recipient T cells will see MHC molecules on donor

cells as foreign and become activated. This is discussed in Chapter 18, as is the
controversy over whether endothelial cells can act as antigen-presenting cells.

MHC loci are the major target of immune response following allograft rejec-

tion. It has also been suggested that aberrant expression of autologous MHC is
involved in the pathogenesis of some autoimmune diseases. MHC expression is

not a constant feature of endothelial cells; they can be upregulated by cytokines.

Moreover, an increase in expression will alter the magnitude of the immune
response. Thus the distribution and the MHC will determine both the target

and the strength of the immune response. Under standard culture conditions

human endothelial cells express class I MHC molecules (HLA-A, B and C) but
not class II (HLA-DR, DP, DQ). Treatment of cultured endothelial cells with

IFN-�, IFN-�, TNF-�, lymphotoxin or CD40 ligand increases the level of ex-

pression of class I molecules without inducing class II molecules. IFN-� also
increases the level of class I MHC molecule expression and, on human en-

dothelial cells, is uniquely able to induce expression of class II MHC molecules.

In general, the MHC patterns of expression in vivo are the same as exhibited by
cultured endothelial cells. Human endothelial cells are uniformly positive for

class I molecules. Class II MHC molecules are expressed constitutively on some

endothelial cells, including most postcapillary venules, veins and some arteries.
This expression is altered at sites of inXammation and rejection, e.g. on quiesc-

ent pulmonary endothelium HLA class II MHC are variably expressed;

however, in chronic rejection there is enhanced and consistent expression of
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class II on endothelial cells (for review, see Pober et al., 1996; see Chapter 18).

The intracellular mechanisms underlying endothelial cell activation

The diverse eVects of ECA share a common intracellular control mechanism

which ‘switch on’ the facets of endothelial cell activation ECA by altering gene
transcription (Baldwin, 1996). After a stimulating agent attaches to its receptor on

the endothelial cell surface, the message is transmitted intracellularly to a tran-

scription factor, nuclear factor 
B (NF-
B). Most inducible transcription factors
are activated by a limited number of physiological agents, but NF-
B is activated

by a large variety of agents representing a threat to the organism. The genes which

are upregulated during ECA (e.g. TF, PAI-1, E-selectin) contain binding sites for
NF-
B in their promoter area. NF-
B is stored in an inactive form in the

cytoplasm, and is activated by the removal of an inhibitory subunit, I
B. This is

initiated by phosphorylation followed by proteolysis (Henkel et al., 1993). In the
absence of I
B, exposed sequences on the NF-
B dimer composed of p50 and p65

(RelA) subunits are recognized by a receptor and transported into the nucleus

where binding to DNA regulatory sequences initiates transcription of the genes
involved in ECA. NF-
B-binding sites are found in the regulatory region of

essentially all the genes studied that are induced as part of ECA (Collins et al.,

1993).

Endothelial cell activation in disease

Systemic inflammatory response syndrome (SIRS)

SIRS is deWned as the clinical response to a nonspeciWc insult resulting in two or

more of the following: (1) temperature greater than 38°C or less than 36°C; (2)
heart rate greater than 90 beats/min; (3) respiratory rate greater than 20 breaths/
min or a Pco2 less than 32 mmHg; or (4) white blood cell count greater than

12.0× 109/l or less than 4.0 × 109/l or the presence of more than 10% immature
neutrophils. Sepsis refers to the presence of SIRS in association with a conWrmed

infectious process. Septic shock is deWned as sepsis with hypotension in spite of

adequate Xuid resuscitation, or hypoperfusion (manifest as lactic acidosis, oliguria
or altered mental status). Epidemiological evidence suggests that these occur

sequentially and that a clinical progression from SIRS to sepsis to septic shock

occurs. A stepwise increase in mortality rates exists for the hierarchy of SIRS,
sepsis and septic shock: 7%, 16% and 46% respectively. The likelihood of end-

organ dysfunction (acute respiratory distress syndrome (ARDS), acute renal

failure, disseminated intravascular coagulation (DIC)) increases directly as two,
three and four criteria for SIRS are met (Rangel-Frauso et al., 1995). Overwhelm-

ing infection with Gram-negative bacteria results in the release of endotoxin, an

LPS component of bacterial cell walls that stimulates production of pro-
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inXammatory cytokines. Widespread ECA in response to the sequential release of
TNF-�, IL-1, IL-6 and IL-8 is thought to be the mechanism underlying SIRS and

its sequelae (Van Zee et al., 1991).

Excess NO production may mediate the hypotension and myocardial depres-
sion associated with septic shock. Endotoxin and subsequent cytokine generation

is capable of initiating iNOS in macrophages and vascular smooth muscle cells.

Once synthesized, iNOS produces abundant amounts of NO, resulting in the
vasodilatation and hypotension that characterize septic shock (Petro et al., 1991).

Because it is apparent that NO is integrally involved in the pathophysiology of

septic shock, l-arginine analogues have been used as speciWc inhibitors of iNOS.
Glucocorticoids inhibit induction of iNOS after exposure to endotoxin. Methyl-

ene blue (an NO inactivator) reverses hypotension secondary to sepsis in associ-

ation with normalizing plasma NO levels (Keaney et al., 1994). Although it
appears that NO inhibition may be an eVective therapy for the treatment of

hypotension secondary to sepsis, there is no evidence that NOS inhibitors reduce

mortality, and there is concern that complete, nonselective inhibition of NO
synthesis may have deleterious side-eVects. In animal models of sepsis, higher

doses of an NOS inhibitor lead to higher mortality and glomerular thrombosis

(Nava et al., 1992). Thus, NO release during sepsis may be necessary to ensure
adequate local perfusion to vital organs and to prevent vascular thrombosis in

small arterioles both by minimizing vascular resistance and impairing platelet

activation.
Inducing septicaemia in primates results in widespread expression of E-selectin,

especially in the kidney, lung, and liver – all involved at an early stage of the

development of multiorgan failure. At the same time there is a rapid inXux of
neutrophils into the lungs and central organs which parallels the expression of

E-selectin (see Dinarello et al., 1993, for review of animal models of SIRS).

The infusion of endotoxin into healthy volunteers results in early rises in TNF-�
levels (at 30 min) followed by rises in IL-1 and IL-6 (SuVredini et al., 1989; van

Deventer et al., 1990); and increase in coagulation activation as measured by

thrombin–antithrombin complexes and prothrombin fragment 1.2, and also an
increase in tPA activity soon to be oVset by the release of PAI-1. Rises in plasma

vWF are also observed. These changes are consistent with ECA type I and type II.

DIC is common during SIRS and is a strong predictor of death and multiple
organ failure in the setting of SIRS. Nonsurvivors of septic shock have a stronger

activation of coagulation and a more marked inhibition of Wbrinolysis than

survivors (Gando et al., 1995). Recently a polymorphism within the promoter area
of the PAI-1 gene, which is known to produce a greater increase in PAI-1 levels

after IL-1, has been shown to be an adverse survival factor in meningococcal

septicaemia (Hermans et al., 1999; Westendorp et al., 1999). Upregulation of TF
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on the endothelium and monocytes may be the initiator of the activation of
coagulation. Treatment with antithrombin concentrates and protein C concen-

trates has been used to negate the eVects of activation of coagulation, but the

studies have been small and poorly controlled (Taylor et al., 1987; Fourier et al.,
1993). The administration of TFPI following a bacterial infusion into baboons

resulted in the prolongation of survival time and attenuation of coagulopathy

(Creasey et al., 1993). In addition, the inhibition of an endotoxin-induced co-
agulopathy has been achieved in chimpanzees by a monoclonal antibody speciWc

for TF (Levi et al., 1994). As yet there are no comprehensive studies of their use in

humans.
Anticytokine strategies aimed at TNF-� and IL-1 have been employed in animal

models of SIRS (for review, see Dinarello et al., 1993). SpeciWc blockade of TNF by

soluble forms of the TNF-� receptor or neutralizing antibodies reduce mortality
and severity of disease. Similar results have been obtained with IL-1 receptor

antagonists and soluble IL-1 receptors. Clinical studies have demonstrated that

blockade of these cytokines may also be useful in treating human SIRS
(Boermeester et al., 1995), but the outcome is not always beneWcial and further

studies are needed.

Ischaemia–reperfusion injury

Ischaemic–reperfusion injury contributes to the pathophysiology of a number of

clinical disorders. These include stroke and myocardial infarction, organ preserva-
tion, the use of Wbrinolytic agents and surgery where blood vessels are cross-

clamped. The length of time a tissue can survive oxygen deprivation varies but

eventually all ischaemic tissue becomes necrotic. (For recent excellent reviews of
ischaemia–reperfusion, see Grace, 1994; Cohen, 1995).

There is abundant evidence to suggest that cell damage following ischaemia is

biphasic, with injury being initiated during ischaemia and exacerbated during
reperfusion. Ischaemic injury has been well characterized: the cell is deprived of

the energy needed to maintain ionic gradients and homeostasis, and failure of

enzyme systems leads to cell death. Reperfusion is obviously a prerequisite for
recovery from ischaemic injury and removal of toxic metabolites. However, the

return of toxic metabolites to the circulation may have serious metabolic conse-

quences and, paradoxically, reperfusion of ischaemic tissue may induce further
local tissue injury. Reperfusion injury is mediated by the interaction of free

radicals, neutrophils and activated endothelial cells (see Figure 9.3 for simpliWed

series of events).
A free radical is an unstable molecule containing one or more unpaired

electrons. The hydroxyl radical is formed via the iron-catalysed Haber–Weiss

reaction. Superoxide radicals (which are a byproduct of normal cellular



Figure 9.3 Likely sequence of events in ischaemia–reperfusion injury.
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metabolism and produced by xanthine oxidase in postischaemic tissue) release
iron from ferritin which in turn reacts with hydrogen peroxide to produce

hydroxyl radicals. It is probably responsible for most of the cellular damage that

occurs from free radicals. The most damaging eVect of free radicals is lipid
peroxidation which produces structural and functional cell damage.

Reperfusion is associated with accumulation of neutrophils in the microvas-

culature; neutrophil–endothelial cell interactions are a prerequisite for the micro-
vascular injury of ischaemia–reperfusion. Neutrophils adhere to, and migrate

across, the endothelium via adhesion molecules and cause local damage by

releasing free radicals, proteolytic enzymes and peroxidase.
In ischaemia–reperfusionNO release is impaired or the released NO is immedi-

ately inactivated by haemoglobin or oxygen-derived free radicals before it can

exert its vasodilator eVects. It has also been suggested that NO may react with
superoxide to yield secondary cytotoxic species via peroxynitrite (ONOO−). Some

animal work has actually suggested that it may be causally involved in myocardial

reoxygenation injury. ET-1 may also play a role in the pathogenesis of ischaemic
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injury. Raised circulating plasma ET-1 concentrations have been found in vivo in
arterial injury and in the early hours after myocardial infarction, with sustained

increase in patients with continuing ischaemia. Watanabe and colleagues demon-

strated that administration of endothelin antibody reducedmyocardial infarct size
in rats (Watanabe et al., 1991). Endothelial damage and impaired NO release

occur during ischaemia, resulting in inhibition of vasodilatation. Ischaemia and

decreased shear stress will stimulate ET-1 release, which in turn results in vasocon-
striction, continuing ischaemia and further infarction.

There are diVerent opportunities of reducing the damage. The Wrst is to prevent

generation of free radicals and hydrogen peroxide directly. Allopurinol inhibits
the production of xanthine oxidase, and has been shown to reduce infarct size in

animal models and in some clinical trials. Desferrioxamine is a powerful iron-

chelating agent; because iron is essential for the Haber–Weiss reaction and
production of the free radical it has been used with beneWcial eVects during

ischaemia–reperfusion injury (Ambrosia et al., 1987). A second option is to

enhance the tissues’ capacity to trap free radicals. A number of antioxidants and
free radical scavengers have been investigated. Recombinant superoxide dismutase

(SOD) is an enzyme that detoxifes O2
−. Results of its use in clinical trials have so far

been variable.
The use of monoclonal antibodies against key cytokines, IL-1 and TNF-�,

reduced leg muscle injury in a rat leg model of ischaemia–reperfusion, while

antibodies to adhesion molecules in animals have also shown success.
Ischaemic preconditioning is a term used to cover the phenomenon whereby

resistance of a tissue to a lethal period of ischaemia is enhanced by a preceding

period of sublethal ischaemia. Ischaemic preconditioning from animal experi-
ments appears to be a biphasic phenomenon: there is an early phase of protection

that lasts for about 2 h after the preconditioning stimulus, and a secondwindow of

protection that occurs 24 h later (Marber et al., 1993). Adenosine and heat shock
proteins are implicated in this phenomenon.

Heat shock proteins are produced by all living organisms, in response to adverse

changes in the environment. This defensive process, called the heat-shock re-
sponse, occurs in response to a wide range of stimuli, including ischaemia

preconditioning (Lindquist, 1986). How they work is unclear: experimental work

suggests that they are associated with increased production of free radical scaven-
gers, especially catalase and SOD (Karmazyn et al., 1990).

Adenosine is a ubiquitous product of ischaemia. The early phase of ischaemic

preconditioning appears to be eVected by the intervention of A1 receptors and
protein kinase C in myocytes, for if adenosine receptors are blocked then precon-

ditioning does not have an eVect. Similar eVects are seen with inhibitors and

agonists of the protein kinase C pathway (Cophen and Downey, 1993).
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Currently there is no clearcut solution to the management of ischaemia–
reperfusion injury. The future may be in the use of combination therapy with

better techniques for reperfusion, and the use of antioxidants with neutrophil

inhibitors.

Antiendothelial cell antibodies

There have been studies in many conditions suggesting a causative role for

antiendothelial antibodies. They have been reported in patients with various types
of connective tissue disorders and autoimmune state, including Behçet’s disease,

retinal vasculitis, Kawasaki’s disease, haemolytic–uraemia syndrome, inXamma-

tory bowel disease, multiple sclerosis, acute preeclampsia and some viral infec-
tions. In spite of the interest, no deWnite conclusions have been drawn about their

clinical signiWcance or their pathogenic role. All studies should be reviewed

carefully, especially the methodology, for it is diYcult to identify true antien-
dothelial cell antibodies. The endothelium is bathed in plasma containing anti-

bodies and many antiendothelial cell assays are based on measuring binding of

antibodies to endothelial cells. Thus, binding of low-titre immunoglobulins may
have little pathological signiWcance. In addition the assays are often performed in

vitro on human umbilical vein endothelial cells following three or more passages

in vitro. This can alter the endothelial cell surface phenotype or the response to
standard stimuli. Finally, there is enormous endothelial cell heterogeneity, de-

pending on their site, so antiendothelial cell antibodies could be speciWc for

certain antigens present only on a few types of endothelium.
Antiendothelial cell antibodies have been described in active systemic lupus

erythematosus (SLE). In culture they bind to the endothelium, deposit comple-

ment, cause platelets to adhere, can upregulate TF and disrupt the endothelial cell
monolayer. The addition of peripheral blood mononuclear cells has been shown

to induce endothelial cell cytotoxicity in combination with antiendothelial cell

antibodies (Meroni et al., 1995).

Immune complexes

Normally the mononuclear phagocytic system is an eYcient scavenger of immune

complexes.However, under certain circumstances, immune complexes apparently

escape the system and are deposited on tissues, causing inXammation. The
association of serum sickness with systemic necrotizing vasculitis is widely recog-

nized. Animal models have formed the basis of our current understanding (for

review, see Cochrane and KoZer, 1973).
If antigen is injected into the skin of sensitized animals then this is followed by a

vasculitis mediated by the formation of immune complexes (the Arthus reaction).

These immune complexes are removed within 24–48h by neutrophils. Activated
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neutrophils release proteases that digest proteins and they also generate free
radicals. These cause endothelial cell detachment and lysis, with vessel wall

damage and occlusion (Kniker and Cochrane, 1965).

SLE is considered a prototype disease mediated by immune complexes. Serum
complement levels are reduced in active lupus and improve with treatment (Schur

and Sandson, 1968). Complement deposition has been identiWed in inXamed

tissues (Tann and Kunkel, 1966). Anti-double-stranded DNA antibodies are
considered to be a marker of lupus activity, and DNA and anti-DNA antibodies

are found in renal tissue and skin (Fournie, 1988), although there are some

patients with very high serum levels and apparently inactive disease and vice
versa.

Immune complex-mediated vasculitis occurs with hepatitis B infection. Cases

of polyarteritis nodosa associated with chronic carriage of hepatitis B were Wrst
described in 1970 (Gocke et al., 1970). Circulating immune complexes from

patients with vasculitis in association with chronic carriage of hepatitis B contain

viral antigen, and vasculitis is accompanied by low complement levels, cryo-
globulins and deposits of immunoglobulin and complement in aVected vessel

walls (Shusterman and London, 1984). In vitro studies suggest this would cause

activation of local endothelial cells.
vWF levels are also elevated in the systemic vasculitides and there is some

evidence to show that plasma levels reXect disease activity; many authors feel the

levels reXect the extent of ECA but it must be remembered that levels are also
increased as part of the acute-phase response (Nusinow et al., 1984). (For further

details, see Chapter 16)

Summary

ECA appears to be an eVect mechanism in the inXammatory response and thus a

component of the pathophysiological response to injury. ECA may play an
important role in the pathogenesis of many diseases. However it must be remem-

bered that many of the mechanisms described here have only been observed in

vitro or in animal models: there is considerable scope for future research.
In future there may be more fundamental approaches to switching oV ECA, at

the level of NF-
B. Intriguingly, glucocorticosteroids stimulate the production of

I
B, thus locking up NF-
B, while the glucocorticoid receptor complex binds to
NF-
B, preventing it from binding to DNA and thus preventing increased gene

activity (Marx, 1995). The design of a pharmaceutical agent behaving in the same

way but without the side-eVects of glucocorticoids would have obvious beneWts.
Aspirin, a widely used antiinXammatory drug and platelet inhibitor, inhibits

activation of NF-
B by preventing proteolytic degradation of I
B (Kopp and

Ghosh, 1994). Inhibition of NF-
B activation by antioxidants and speciWc
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protease inhibitors may also prove useful. Other approaches at switching oV

NF-
B are being actively explored. There is clearly great potential for interference

with the mechanism of NF-
B activation and hence prevention of ECA, which

may aid in the treatment of many conditions.

Endothelial responses to hypoxic stress

Physiologically there are wide variations in oxygen tension within the body, which

are transduced by the endothelial cell through regulated gene expression into

homeostatic signals to the surrounding tissues. Normally, the Po2 of arterial blood
is approximately 150 mmHg, while oxygen tensions in the tissues have been

measured at 40 mmHg, and lower in conditions of hypoxaemia. Endothelial cells

sense and respond to oxygen tensions falling below 70 mmHg. In contrast to the
homeostatic eVect that occurs with ‘normal’ oxygenation, prolonged or severe

hypoxia represents a major stress and the genetic response can cause permanent

detrimental eVects (Graven et al., 1993).
Changes in the environmental oxygen tension result in a diVerential expression

of speciWc geneswithin the endothelial cell. These produce a speciWc set of proteins

which are responsible for erythropoiesis, glycolysis and angiogenesis. Changes in
oxygen tension appears to signal through a novel oxygen sensor that alters the

levels and DNA-binding activity of transcription factors such as activating pro-

tein-1 (AP-1), nuclear kappa NF-
B and hypoxia-inducible transcription factor-1
(HIF). Thus, this results in the transcription induction of genes encoding

vasoconstrictors, smooth muscle mitogens and genes encoding matrix or re-

modelling molecules. The vasoconstrictors and smooth muscle mitogens include
PDGF-�, ET-1, vascular endothelial growth factor (VEGF) and thrombospondin-

1 (TSP-1). The remodelling molecules include collagenase IV and thrombospon-

din-TSP-1. There is also reciprocal transcription inhibition of vasodilator and/or
antimitogenic eVects through eNOS.

The oxygen sensor

The nature of this has not been fully elucidated. It has been hypothesized that it

consists of a haem-binding protein that binds O2-like molecules and attains a

relaxed form in the bound state or a ‘tense’ conWguration in the unbound state
(Faller, 1999). Certainly, inhibitors of haem biosynthesis blunt the hypoxic re-

sponse in endothelial cells. Furthermore, transition metals that can substitute for

iron in the haem structure, but which are incapable of binding oxygen (cobalt and
nickel) render the sensing molecule unresponsive to oxygen tension. Further

research is required.
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Second messenger systems

Several transcription factors have been found to be activated by hypoxia, including
hypoxia-inducible transcription factor (HIF), AP-1 and NF-
B. The induction of

cyclooxygenase-2 (COX-2) gene by hypoxia is mediated via the NF-
B p65

transcription factor in human vascular endothelial cells (Schmedtje et al., 1997),
but the role of NF-
B in mediating other hypoxia-responsive genes remains

unclear. A number of endothelial cell vasoactive genes that are transcriptionally

activated by hypoxia, including PDGF-B, ET-1, TSP-1 and VEGF, are also known
to be inducible by phorbol esters through an AP-1 binding site.

Genes upregulated by hypoxia in the endothelium

See Figure 9.4 for a summary of gene regulation in hypoxia.
PDGF-� is a mitogenic peptide that causes proliferation of vascular smooth

muscle cells and is also a paracrine vasoconstrictor. Hypoxia increases PDGF-�
mRNA 8–12-fold within 24–48h (Kourembanas et al., 1990). ET-1 is the most
powerful vasoconstrictor agent released by endothelial cells. Production increases

rapidly in in vitro hypoxia and persists for at least 48 h. TSP-1 is a 450 kDa

matrix-associated glycoprotein. It is involved in platelet aggregation, cell ad-
hesion, smooth muscle and Wbroblast proliferation and migration. Hypoxia in-

creases transcription. In vitro hypoxia increases transcription sixfold. Like PDGF-

� and ET-1, eNOS and VEGF, the eVect of low oxygen tension is reversible.

Vascular endothelial growth factor

This is a dimeric glycoprotein which is a potent mitogen for endothelial cells,

mediating endothelial cell growth and tissue neovascularization (Goldberg and

Schneider, 1994; Minchenko et al., 1994), which plays an important role in
response to ischaemic injury, wound healing and tumour pathogenesis. The

receptors for both ET-1 and VEGF (Flt-1 and Flk-1) are upregulated in vascular

tissue in parallel with their respective ligands by low oxygen tension. The VEGF
gene is regulated at both the transcriptional and posttranscriptional level. Hypoxia

increases the rate of transcription threefold and the stability of VEGF mRNA is

enhanced by hypoxia, and by hypoglycaemia, both of which are a consequence of
ischaemia (Stein et al., 1995).

Endothelial nitric oxide synthase (eNOS) and NO

eNOS produces NO, a potent inorganic vasodilator from arginine, and promotes

relaxation of neighbouring smooth muscle cells. ENOS is constituitively expressed
but activation of the calcium–calmodulin pathway is required for maximal activa-

tion. Exposure of endothelial cells to low oxygen tensions (20–40 mmHg) results

in a dramatic fall in transcription of eNOS and thus a subsequent fall in eNOS



(a)
Hypoxia

E
nd

ot
he

lia
l c

el
l

2

2

Haem O  sensor

Active state

PDGF-

NF-KB
AP-1

eNOS

ET-1

VEGF

TSP-1

Secreted products

Smooth muscle/mesenchymal cell

Contraction
Proliferation

Matrix formation
Migration

(b)
O NO

2O NO

E
nd

ot
he

lia
l c

el
l

2Haem O  sensor

Inactive state

PDGF- eNOS

ET-1

VEGF

TSP-1

Secreted products

Smooth muscle/mesenchymal cell

Relaxation Antiproliferative

Figure 9.4 Schemative model of vasoactive gene regulation by oxygen and nitric oxide (NO). (a)
Under hypoxic conditions, the haem-containing oxygen sensor is activated (unbound,
tense conformation), leading to activation of genes whose products can act upon
underlying vascular smooth muscle and stromal cells to cause constriction, proliferation,
migration and matrix deposition and the suppression of genes whose products counteract
these effects. (b) Conversely, in the presence of ligands for the haem-containing oxygen
sensor, such as oxygen or NO, the sensor attains an inactive state (bound, relaxed
conformation), resulting in the production of vasoconstrictor or mitogenic factors. NF-
B,
nuclear factor 
B; AP-1, activating protein-1; PDGF-�, platelet-derived growth factor-�;
eNOS, endothelial nitric oxide synthase; ET-1, endothelin-1; VEGF, vascular endothelial
growth factor; TSP-1, thrombospondin-1; from Douglas V. Faller, ‘Endothelial cell responses
to hypoxic stress’, Clinical and Experimental Pharmacology Physiology (1999) 26, 74–84.
Figure no 1, reproduced with permission.
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protein levels (Phelan and Faller, 1996). NO itself regulates the genes encoding

vasoactive factors, i.e. NO and oxygen transduce similar genes, and thus their

absence leads to the same pattern of gene expression. Thus NO can feed back and
modulate signals induced by hypoxia and vice versa. For example, NO, which can

act directly on smooth muscle cells as a vasodilator, can also facilitate vasodilata-

tion indirectly by reversing the production of vasoconstrictors induced by hypoxia
(Faller, 1999).
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In vivo effects of chronic hypoxia

Short-term exposure of endothelial cells to low oxygen tensions results in pre-
dominantly vasoconstrictor eVects. However, chronic hypoxia can lead to re-

modelling of the vasculature, for it generates factors that induce smooth muscle

proliferation and remodelling. This will have the eVect of causing irreversible
remodelling of the vasculature and surrounding tissues with smooth muscle

proliferation and Wbrosis (Voelkel and Tudor, 1995).

PDGF-� and ET-1 may mediate much of the tissue remodelling as both are
strong chemoattractants and mitogens for Wbroblast and smooth muscle cells. A

major inhibitor of these eVects, as well as endothelial cell migration, mitogenesis

and proliferation, is NO, the production of which is inhibited by hypoxia. Over
time the mitogenic eVects of PFGF-�, VEGF, ET-1 and TSP-1 will result in

structural remodelling and smooth muscle hypertrophy that is seen in chronic

pulmonary artery hypertension, whether due to hypoxia in the newborn or
primary or secondary pulmonary hypertension, seen in adults.

Endothelial cell heterogeneity

Endothelial cells not only have to performmultiple homeostatic functions but also
integrate diVerent extracellular signals and cellular responses in diVerent regions

of the vascular tree. One can imagine that the predominant functions of an

endothelial cell in the liver might be diVerent from those in the brain.
Let us consider the diversity of the haemostatic function of endothelial cells.

Firstly, the level of mRNA can vary from one vascular bed to another, as does vWF

(Bahnak et al., 1989). Histochemical studies of the thrombomodulin receptor
have revealed high levels within the endothelium of the lungs and heart and yet

barely detectable levels within the brain (Ishii et al., 1986). Similarly, there are

variations in expression of tPA, PAI-1 and urokinase plasminogen activator.
Experimentation with knockout mice has conWrmed that some aspects of the

endothelium are regulated in a tissue-speciWc manner (Aird et al., 1995). For

example,mice that are homozygous for a point mutation in thrombomodulin that
deletes its anticoagulant function have Wbrin deposits in lungs, heart and spleen,

illustrating these organs’ endothelial dependence on thrombomodulin as an

anticoagulant. Under hypoxic conditions there is a 10-fold increase in Wbrin
deposition in the lungs, suggesting that the environment interacts with the

genotype to alter phenotypic expression (Weiler-Guettler et al., 1998).

The mechanisms responsible for generating a tissue-speciWc phenotype for the
endothelium are slowly being unravelled. Firstly, it is recognized that an array of

signals, including growth factors, cytokines, mechanical forces, extracellular

matrix and neighbouring cells, will exert their eVect on local endothelium. For
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example, the degree of shear stress is diVerent, levels of shear will vary during the
phases of the cardiac cycle and exercise and are higher in arteries than veins and is

accentuated at sites just distal to bifurcations in vessels. Shear appears to play a

particularly important role because it stimulates the release of vasoactive proteins
and changes gene expression and thus cell phenotype (Davies, 1995). This is

illustrated by the increased presence of atherosclerotic lesions at branch points of

the arterial tree where there is Xow reversal and low shear stresses. These en-
dothelial cells demonstrate increased lipoprotein uptake, upregulation of

leukocyte adhesion molecules and secretion of growth and chemotactic factors

causing monocyte/macrophage and smooth muscle cell proliferation (Ku et al.,
1985, Mondy et al., 1997).

A secondmechanism that contributes to the formation of tissue-speciWc pheno-

types is signalling pathways speciWc to cell subtypes. For example, in the heart,
only some of the microvascular endothelial cells in the myocardium express the

gene for vWF. This is dictated by the presence of diVerent receptors for platelet-

derived growth factor (PDGF) AB heterodimers; some have the appropriate
receptors and can transduce the signal and produce vWF, while others cannot

(Edelberg et al., 1998). The PDGF is produced by underlying myocytes. Thus, the

range of responses of the endothelial cell is shaped by the extracellular milieu and
the ability to transduce the local signals.

A Wnal mechanism is found at the level of transcription. It seems that some

endothelial cell genes are regulated by diVerent pathways in diVerent regions of the
vascular tree. Returning to vWF again, studies in transgenic mice have shown that

a short region of the vWF promoter directed expression of vWF exclusively in the

brain. However, a promoter that contained additional DNA elements up- and
downstream directed expression in the heart and skeletal muscles (Aird et al.,

1997). Further studies showed that this level of transcription control was due to

microenvironmental factors and led to these genes being expressed by brain or
lung tissues.

In conclusion, there appears to be cross-talk between local environment and

endothelium that operates at varying levels from molecular to cellular.
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Introduction

Since the discovery of endothelial-derived nitric oxide (NO) as a potent vasodila-

tor, NO has been implicated in a variety of biological roles. This chapter aims to
provide a general overview of the role of NO in normal physiology of the

vasculature as well as pathophysiology in disease states.

From EDRF to nitric oxide

In 1980, Furchgott and Zawadzki demonstrated that the presence of vascular

endothelial cells is essential for acetylcholine (ACh) to induce relaxation of

isolated rabbit aorta. If the vascular endothelium is injured or mechanically
removed, the blood vessel fails to relax to ACh but still responds to glyceryl

trinitrate (GTN). This endothelial-dependent relaxation of vascular smooth

muscle to ACh is mediated by a humoral factor, initially named endothelium-
derived relaxing factor (EDRF; Furchgott and Zawadzki, 1980). The exact bio-

chemical identity of EDRF was the focus of intense research and in 1986 Furchgott

and Ignarro independently suggested that NO might account for the biological
properties of EDRF (Furchgott, 1988; Ignarro et al., 1988). This was conWrmed a

year later (Ignarro et al., 1987; Palmer et al., 1987).

The L-arginine–nitric oxide pathway

Endothelium-derived NO is synthesized from one of the guanidine-nitrogen

atoms of the amino acid l-arginine by the endothelial isoform of NO synthase,

yielding l-citrulline as a byproduct (Palmer et al., 1988; Schmidt et al., 1988). NO
is labile and has a short half–life (10–60 s; Knowles and Moncada, 1992). It is

rapidly oxidized to nitrite and then nitrate by oxygenated haemoglobin, molecular

oxygen and superoxide anions before being excreted into the urine (Wennmalm et
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Figure 10.1 The L-arginine–nitric oxide (NO) pathway. BH4, tetrahydrobiopterin; NADPH,
nicotinamide-adenine dinucleotide phosphate; cGMP, cyclic guanosine
3,5-monophosphate; GC, guanylate cyclase; GTP, guanosine triphosphate.
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al., 1992; Moncada and Higgs, 1993). The biosynthesis of NO from l-arginine
requires several cofactors, including nicotinamide-adenine dinucleotide phos-

phate (NADPH), Xavin mononucleotide, Xavin adenine dinucleotide, tetrahyd-

robiopterin (BH4), calmodulin and oxygen (Bredt and Snyder, 1990; Lewis et al.,
1993; Moncada and Higgs, 1995). Endothelium-derived NO then diVuses across

the endothelial cell membrane and enters the vascular smooth muscle cells

(VSMC) where it activates guanylate cyclase (GC) leading to an increase in
intracellular cyclic guanosine-3',5-monophosphate (cGMP) levels (Figure 10.1;

Gruetter et al., 1981; Ignarro et al., 1984; Luscher and Vanhoutte, 1989; Moncada

and Higgs, 1993). As a secondary messenger, cGMP mediates many of the
biological eVects of NO including the control of vascular tone and blood pressure,

platelet activation and neurotransmission. In addition, NO has other molecular

targets which include haem proteins, DNA and thiols. These eVects may mediate
changes in functions of certain enzymes or channels. NO may also interact with

some enzymes of the respiratory chain including complex I and II, and aconitase

(Radi et al., 1994), and exert an eVect on tissue mitochondrial respiration through



Figure 10.2 (a) In most, if not all, vessels nitric oxide (NO) is synthesized within the endothelium. (b) In
certain vessels (e.g. cerebral vessels) NO is also synthesized by nerves in the adventitia
(nitrogenic nerves). (c) After exposure to endotoxin or cytokines, inducible nitric oxide
synthase (iNOS) is expressed throughout the vessel wall and produces large amounts of
NO.
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thesemechanisms. Interaction of NO with superoxide anion can attenuate physio-

logical responses mediated by NO (Gryglewski et al., 1986) and can produce
irreversible inhibitory eVects on mitochondrial function as a result of peroxynit-

rite (ONOO−) formation (Castro et al., 1994; Wolin, 1996).

Nitric oxide synthase isoforms: expression and regulation

Three isoforms of nitric oxide synthase (NOS) have been identiWed, the en-
dothelial isoform (eNOS), neuronal isoform (nNOS) and macrophage or in-

ducible isoform (iNOS; Forstermann et al., 1994). All three NOS isoforms play

distinct roles in the regulation of vascular tone. eNOS and nNOS are constituents
of healthy cells (Figure. 10.2). The genes encoding eNOS and nNOS are located on

chromosome 7 and 12 respectively. The levels of eNOS and nNOS expression and

activity are tightly regulated and may be induced under diVerent physiological
conditions (e.g. shear stress or nerve injury). Inducible NOS is encoded by a gene

located on chromosome 17 (Xu et al., 1994). Under normal physiological condi-

tions, iNOS is not expressed in vascular cells and its expression is seen mainly in
conditions of acute infection or inXammation. To classify iNOS as ‘nonconstitu-

tive’ is not strictly correct since it is also expressed constitutively in certain

epithelial cells (Guo et al., 1995). Similarly, it is clear that the ‘constitutive’
isoforms are transcriptionally regulated and may be induced.

Regulation by calcium and calmodulin

eNOS isoform is activated by elevation of intracellular calcium and the subsequent

binding of calcium/calmodulin. This process can be induced by several substances,

including ACh, bradykinin, substance P, thrombin and adenosine 5'-triphosphate,
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all of whichmay lead to an increase in intracellular free calcium in endothelial cells
(Furchgott and Vanhoutte, 1987; Moncada, 1992). In contrast, iNOS is irrevers-

ibly bound to calcium/calmodulin and its activation is largely independent of

calcium.

Caveolae

The simplistic calcium/calmodulin-dependent, eNOS-mediated signalling mech-

anism has been reWned following the discovery that eNOS is located in specialized
cell surface signal-transducing domains termed plasmalemmal caveolae (Feron et

al., 1996; Shaul et al., 1996). Caveolae are cholesterol-rich and have a rigid

structure. They produce a microenvironment for eNOS and other transporter
localization such as cationic amino acid transporter 1 (CAT1). The colocalization

of these transporters forms a caveolar complex which facilitates the uptake of

arginine in the formation of NO (McDonald et al., 1997). Caveolin, the principal
transmembrane protein in caveolae, may interact with eNOS, resulting in enzyme

inhibition, a reversible process modulated by calcium/calmodulin (Michel et al.,

1997).

Acylation

The targeting of eNOS to caveolae involves acylation by saturated fatty acids

myristate (myristoylation) and palmitate (palmitoylation). Myristoylation of

eNOS is irreversible whereas eNOS palmitoylation is reversible and the enzymes
involved in these processes remain unidentiWed. Agonists such as bradykinin

promote eNOS depalmitoylation, thus stimulating NO production by the en-

dothelium (Robinson and Michel, 1995). Upon formation of eNOS–caveolin
heteromeric complex, it may undergo cycles of dissociation and reassociation

modulated by calcium-mobilizing agonists such as calcium ionophore A23187

and muscarinic agonists such as carbachol (Feron et al., 1998). Alteration of this
cycle directly aVects the NO-dependent signalling in the vascular wall. While

mechanisms for eNOS targeting of caveolae are fairly well established, it remains

unclear whether nNOS and iNOS targeting also occurs.

Phosphorylation

Endothelial NO production is also regulated by phosphorylation of eNOS with
various protein kinases, including protein kinase A, protein kinase B (Akt),

protein kinase C and calmodulin kinase. This process is independent of intracellu-

lar calcium concentrations. Several amino acid residues (for example, serine,
threonine and tyrosine) are involved in the phosphorylation of eNOS (Michel et

al., 1993; Garcia-Cardena et al., 1996; Fleming et al., 1998). The eVect of phos-

phorylation on eNOS activity depends on the speciWc residue phosphorylated and



Figure 10.3 Mechanisms of different time course through which shear stress induces nitric oxide (NO)
generation.
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the binding domain. While the Akt-mediated serine phosphorylation of eNOS

increases enzyme activity (Dimmeler et al., 1999), phosphorylation of serine (741)

in the calcium/calmodulin domain of nNOS prevents the binding of calmodulin
and decreases enzyme activity (Zoche et al., 1997).

Regulation by shear stress

Haemodynamic shear stress exerted by the viscous drag of Xowing blood is an

important physiological stimulus in the regulation of NO release from the en-
dothelial cells (Davies, 1995). The mechanism of shear stress-induced NO release

is complex, involving an extremely rapid initiation via ion channel activation and

subsequent upstream events related to signalling pathway activation, such as
phosphorylation and eNOS transcription (Figure 10.3). These complex events

allow rapid and short-lasting as well as slow-onset and sustained vasodilatation

which is important in maintaining vascular tone. A more detailed analysis of
Xow-mediated events is provided in Chapter 3, but a short summary will now be

given.

Ultraquick: ion channels

Numerous in vitro studies provided strong evidence that ion channels, including

certain calcium, potassium and chloride ion channels, are involved in the
mechanotransduction by the vascular endothelium seconds after exposure to

haemodynamic shear stress (Resnick et al., 2000). Application of shear stress to

bovine aortic endothelial cells by Xuid perfusion led to an immediate marked
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increase in intracellular free calcium within 1 min followed by a rapid decline
(Ando et al., 1988). Notably, the increase in intracellular calcium occurs only in

response to pulsatile Xow and not to steady Xow (Helmlinger et al., 1995) and is

independent of Xow rate (Ando et al., 1993). The detection of potassium-selective
current with whole cell patch-clamp recordings of arterial endothelial cells sug-

gests activation of a distinct potassium channel in response to shear stress. This

stress-activated current desensitizes slowly and recovers rapidly and fully on Xow
cessation (Olesen et al., 1988). Recently, a Xow-activated chloride-selective mem-

brane current in vascular endothelial cell was demonstrated which is distinct from

the potassium current (Barakat et al., 1999). The balance between anionic and
cationic current determines the net membrane potential and the subsequent

change in calcium that alters NO output.

Quick: phosphorylation

Mechanical activation of eNOS as induced by shear stress also occurs via phos-

phorylation and the eVect is independent of intracellular calcium concentrations
(Kuchan & Frangos, 1994; Ayajiki et al., 1996; Corson et al., 1996; Fleming et al.,

1998). It has been shown that, in response to shear stress, the serine/threonine
protein kinase B (Akt) directly phosphorylates eNOS and activates eNOS (Dim-
meler et al., 1999; Fulton et al., 1999; Fisslthaler et al., 2000) with a maximal

increase up to sixfold after 1 h of exposure to shear stress (Dimmeler et al., 1999).

The stimulation of Akt phosphorylation by shear stress appears to be mediated by
phosphoinositide 3-OH kinase (Dimmeler et al., 1999).

Slow: increased transcription

Shear stress also stimulates eNOS gene transcription to maintain long-term NO
production (Resnick et al., 2000). Application of shear stress for 3 h resulted in an

induction of eNOS mRNA in a dose-dependent manner in both bovine and

human aortic endothelial cells. This increase in eNOS mRNA is prevented by
incubation with a potassium channel antagonist (Uematsu et al., 1995). Further-

more, exposure of endothelium to laminar shear stress induces the expression of

transforming growth factor �1 also modulated by potassium channel currents
(Ohno et al., 1995).

These in vitro experimental data demonstrated the complexity of short, me-

dium and long-term regulation of NO release in response to shear stress.

Agonist activation of eNOS

In addition to shear stress, activation of eNOS can be induced by hormones (such

as catecholamines, vasopressin, oestrogen), autacids (such as bradykinin and
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histamine) and platelet-derivedmediators (such as serotonin and adenine diphos-
phate). SpeciWc receptors for these stimuli mediate eNOS activation through

coupling with G proteins (e.g. serotonin receptors; Boulanger and Vanhoutte,

1997). Inhibition of eNOS activities may also be induced by the association of
eNOS with caveolin-1 and caveolin-3 in endothelial cells and myocytes respective-

ly (Garcia-Cardena et al., 1997). This negative eVect on eNOS activities may be a

result of interference with calcium/calmodulin binding and electron transfer
(Ghosh et al., 1998). Thus the balance between activation and inhibition mechan-

isms mediated by various receptors and caveolin regulates eNOS activity.

Genetic variation in NOS isoforms

The genetic sequence and chromosomal location for each of the NOS isoforms in

human have been identiWed (Wang and Marsden, 1995). There is signiWcant
genetic sequence variation for eNOS between individuals (Nadaud et al., 1994;

Wang et al., 1996; Markus et al., 1998; Miyamoto et al., 1998; Hingorani et al.,

1999). Recently, it has been shown that one eNOS gene polymorphism involves a
point mutation (G�T subsitution) in exon 7 of the gene which predicts an

amino acid substitution, glutamic acid � aspartic acid at residue 298 of the

mature protein (Yoshimura et al., 1998; Hingorani et al., 1999). The Asp/Asp
protein is more susceptible to proteolytic degradation. In some studies, this

mutation has been associated with essential hypertension (Miyamoto et al., 1998),

coronary artery disease (Cai et al., 1999; Hingorani et al., 1999; Liao et al., 1999)
and acute myocardial infarction (Hibi et al., 1998; Shimasaki et al., 1998) but

further studies are needed. Additional genetic polymorphism involving mutations

in the 5'-Xanking region of the eNOS gene (T-786�C) has been demonstrated
and appears more prevalent in Japanese patients with coronary spasm. This

mutation results in a signiWcant reduction in eNOS gene promotor activity leading

to reduced eNOS expression, at least in vitro (Nakayama et al., 1999). Polymor-
phism of the variable number of tandem repeats (VNTR) in intron 4 of the eNOS

gene was found to contribute to variation in fasting plasma levels of NO in healthy

human subjects and with a variety of cardiovascular diseases (Wang et al., 1997).
However, its functional signiWcance is uncertain since in itself it should not aVect

eNOS expression or activity.

Biological effects of NO on the vasculature

Endothelium-derived NO is a very potent vasodilator in the vasculature and the
balance between NO and various endothelium-derived vasoconstrictors (such as

endothelin) and the eVects of the sympathetic nervous system maintains the blood

vessel tone. In addition, NO has antiatherogenic properties including suppression
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of platelet aggregation, leukocyte migration and cellular adhesion to the en-
dothelium (Radomski et al., 1987, 1990; Bath et al., 1991; Kubes et al., 1991;

Bode-Boger et al., 1994) and inhibition of VSMC mitogenesis, proliferation (Garg

and Hassid, 1989; Nakaki et al., 1990; Scott-Burden and Vanhoutte, 1993) and
migration (Sarkar et al., 1996). Furthermore, NO inhibits the activation and

expression of certain adhesion molecules (De Caterina et al., 1995; BiZ et al.,

1996; Khan et al., 1996; Takahashi et al., 1996), production of superoxide anion
(Clancy et al., 1992) and oxidation of low-density lipoprotein (LDL) (Hogg et al.,

1993). Loss of endothelium-derived NO would be expected to promote a vascular

phenotype more prone to atherogenesis, a concept supported by studies in
experimental animals (Carvalho et al., 1987; Chataigneau et al., 1999).

Nitric oxide release from the vascular endothelium

There is a continuous basal release of NO from the vascular endothelium to

maintain the resting vascular tone. A number of chemical and physical stimuli
may activate eNOS which leads to increased NO production contributing to the

control and regulation of the vascular tone (Busse et al., 1993).

Basal nitric oxide release

The synthesis of NO in vascular endothelial cells in culture and in fresh vascular

tissue can be inhibited by NG-monomethyl-l-arginine (l-NMMA), an analogue of
l-arginine in which one of the guanidino nitrogen atoms is methylated (Palmer et

al., 1988). This inhibitory eVect of l-NMMA is readily reversed by l-arginine and

the inactive stereoisomer (d-NMMA) has no eVect on the l-arginine – NO
pathway (Vallance et al., 1989a). This NOS-inhibitor has been used to examine the

role of NO in various vascular beds in vitro and in vivo in both human and animal

models.
In rings of rabbit aorta, l-NMMA causes signiWcant endothelium-dependent

contraction (Rees et al., 1989a). Intravenous infusion of l-NMMA induced a

dose-related increase in blood pressure which is reversed by intravenous adminis-
tration of l-arginine in guinea pigs (Aisaka et al., 1989), rats (Whittle et al., 1989)

and rabbits (Rees et al., 1989a). These in vitro and in vivo data suggest a pivotal

role of basal NO synthesis in maintaining vascular tone.
In the human forearm vasculature, infusion of l-NMMA via the brachial artery

causes substantial dose-dependent vasoconstriction, indicating that continuous

generation of NO is crucial in maintaining peripheral vasodilatation (Figure 10.4;
Vallance et al., 1989a). Basal NO production also occurs in every other vascular

bed studied, including cerebral (White et al., 1997), pulmonary (Stamler et al.,

1994), renal (Haynes et al., 1993) and coronary arteries (Lefroy et al., 1993).



Figure 10.4 Inhibition of endogenous nitric oxide NO by L-NG-monomethyl-L-arginine (L-NMMA)
produced a dose-dependent reduction in forearm blood flow.
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In the venous system, however, inhibitors of NOS do not lead to an increase in
basal tone in a variety of venous preparations from animals (Ekelund and

Mellander, 1990; Martin et al., 1992). Identical Wndings have also been shown in

humans (Vallance et al., 1989b; Yang et al., 1991), suggesting that basal NO
production does not have a major role in the maintenance of the resting tone in

most veins.

Agonist-stimulated NO release

Many chemical substances, such as ACh, bradykinin, serotonin and substance P,

are able to induce endothelium-dependent vasodilatation in experimental set-
tings. In rings of rabbit aorta, endothelium-dependent relaxation induced by ACh,

calcium ionophore A23187 or substance P is inhibited by l-NMMA (Rees et al.,

1989a). This provides in vitro evidence that vasorelaxation induced by en-
dothelium-dependent agonists is NO-mediated. This was also supported by in

vivo animal studies. l-NMMA has been shown to inhibit the hypotensive eVect of

ACh but not that of GTN in rabbits (Rees et al., 1989b) and rats (Whittle et al.,
1989). However, the blockade is far from complete and there is now growing

evidence for additional mechanisms underlying endothelium-dependent re-

sponse, particularly in resistance vessels.



Table 10.1 Phenotypes of nitric oxide synthase knockout mice

Mutant mice Phenotype

eNOS− /− Elevation of systemic blood pressure

Increased pulmonary vasoconstrictor response to hypoxia

Diminished vasodilatory responses to muscarinic agonists

nNOS− /− Resistance to ischaemic and inXammatory injury to the brain

Gastroparesis

Pyloric stenosis

Bladder–urethral sphincter dysfunction

Impaired NANC neurotransmission of gastrointestinal and bronchial smooth

muscles

iNOS− /− Increased susceptibility to bacterial infection

Resistance to sepsis-induced hypotension

eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; iNOS, inducible

nitric oxide synthase; NANC, nonadrenergic noncholinergic.
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Similarly, in humans, l-NMMA inhibits agonist-stimulated relaxation in both

resistance (Vallance et al., 1989a; Lefroy et al., 1993; Cockcroft et al., 1994;
Quyyumi et al., 1995) and conduit vessels in vivo (Thom et al., 1987; SchoeVter et

al., 1988; Yasue et al., 1990; Yang et al., 1991; Collins et al., 1993; Jovanovic et al.,

1994). However, the degree of inhibition to agonist varies depending on the
speciWc vascular bed, suggesting that mechanisms (e.g. prostaglandins and en-

dothelium-derived hyperpolarizing factors) other than that mediated by NO may

also be involved.

Vascular phenotype of NOS knockouts

Endothelium-derived NO from any of the NOS isoforms can be involved in

vasodilatory responses. Pharmacological blockade of NO production with l-

NMMA aVects all isoforms of NOS and is unable to distinguish their individual
physiological roles (GriYth and Gross, 1996). However, with the use of genetically

modiWed animals lacking one or other isoform of NOS (knockouts), it is possible

to distinguish the roles of NO from various NOS isoforms in regulating intravas-
cular pressure and Xow under diVerent physiological conditions. The phenotypes

of various NOS knockouts are summarized in Table 10.1.

eNOS

eNOS knockout mice are hypertensive (Huang et al., 1995; Shesely et al., 1996;

Godecke et al., 1998) and lack vasodilatory responses to ACh in several major
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vessels. These include the aorta (Huang et al., 1995; Gregg et al., 1998;
Chataigneau et al., 1999; Kojda et al., 1999; Lake-Bruse et al., 1999), carotid

(Faraci et al., 1998; Chataigneau et al., 1999), coronary (Godecke et al., 1998;

Chataigneau et al., 1999) and pulmonary arteries (Steudel et al., 1997). These
observations provide direct evidence that endothelium-dependent vasorelaxation

is mediated by eNOS-derived NO. Interestingly, small-resistance vessels from

these animals show a preserved response to ACh, suggesting that ACh has complex
and NO-independent actions. Flow-mediated dilatation is also preserved in the

eNOS knockouts and it appears that prostaglandins compensate for the loss of

NO.
The importance of eNOS-derived NO in the modulation of vascular tone is

further demonstrated by studies of heterozygous eNOS-deWcient mice (eNOS+ /
− ). In eNOS+ /− mice, there is increased pulmonary vasoconstrictor responses
to hypoxia (Fagan et al., 1999). Additionally, low-dose ACh produced relaxation

whereas high doses of ACh produced paradoxical vasoconstriction in this geno-

type (Faraci et al., 1998). Thus even partial loss of eNOS expression is suYcient to
alter vascular tone–a phenomenon known as ‘gene-dosing’ eVect.

nNOS

In the central nervous system, nNOS-derived NO is involved (in addition to
eNOS) in the regulation of blood pressure by reducing vascular sympathetic tone,

and regulates local cerebral blood Xow by a direct paracrine action on adjacent

VSMCs. Mice with nNOS gene deletion are resistant to ischaemic and inXamma-
tory injury. Occlusion of the middle cerebral artery after 1–3 days resulted in a

reduced infarct volume and neurological deWcit in nNOS knockout mice com-

pared to controls (Huang et al., 1994). This protective role of nNOS knockout was
also found in response to malonate-induced neurotoxicity and in N-methyl-d-

aspartate-treated isolated cortical neurons (Schulz et al., 1996).

iNOS

Mice lacking iNOS, iNOS− /− , have increased susceptibility to bacterial infection
but are more resistant to sepsis-induced hypotension (Laubach et al., 1995;

MacMicking et al., 1995; Wei et al., 1995).

Limitations of knockout studies

Although study of genetically altered mice is a powerful tool in examining the

impact of speciWc genes on complex physiological system, there are potential
drawbacks. Following deletion of the target gene, compensatory mechanisms may

result which could inXuence vascular responses to pharmacological agents. For

instance, in eNOS knockout mice, synthesis of nNOS may be upregulated to
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compensate for the lack of eNOS in mediating cerebral artery responses to ACh
(Meng et al., 1998). It has also been shown that in eNOS− /− mice, response to

exogenous NO donors is increased as a result of increased guanylate cyclase

sensitivity to NO compared to the wild-type mice (eNOS+ /+ ) (Hussain et al.,
1999; Brandes et al., 2000). Furthermore, near-normal Xow-induced dilatation in

gracilis muscle arterioles of eNOS− /− mice was maintained due to enhanced

release of endothelial dilator prostaglandins (Sun et al., 1999). In nNOS-deWcient
mice, carbon dioxide inhalation augments cerebral blood Xow to the same extent

as in wild-typemice. However, inhibition of other NOS isoforms failed to decrease

cerebral blood Xow, indicating that cerebral circulation response is compensated
by mechanisms not involving the l-arginine – NO pathway (Irikura et al., 1995).

Hence, compensatory mechanismsmay cause considerable diYculties when com-

paring endothelium-dependent and endothelium-independent mechanisms in
genetically modiWed mouse models.

Assessing NO response using acetylcholine

Vascular response to agonists varies depending on the blood vessel type as well as

the speciWc vascular bed studied. For instance, ACh causes relaxation of human
conduit (Thom et al., 1987; SchoeVter et al., 1988; Yasue et al., 1990; Yang et al.,

1991; Collins et al., 1993; Jovanovic et al., 1994) and resistance vessels but has only

minimal eVect on hand veins (Vallance et al., 1989b; Collier and Vallance, 1990)
and saphenous veins (Thom et al., 1987; Lawrie et al., 1990; Yang et al., 1991). A

biphasic response to ACh has been observed in superWcial hand veins (Collier and

Vallance, 1990) and the coronary artery (Angus et al., 1991) in humans with
vasodilatation at low doses of ACh and vasoconstriction at high doses. Further-

more, in eNOS knockout mice, ACh-induced vasorelaxation of femoral and

mesenteric vessels occurs. This is thought to be due to the release of endothelial-
derived hyperpolarizing factor (EDHF; Waldron et al., 1999), an unidentiWed

diVusable substance distinct from NO which contributes to endothelium-depend-

ent relaxation by opening potassium channels in the VSMCs (Beny and Brunet,
1988; Kauser et al., 1989).

Clearly, the mechanism of ACh-induced vascular response is complex and may

involve several components. These include endothelium-dependent relaxation
(Bruning et al., 1994), endothelium-independent contraction as a result of a direct

eVect on muscarinic receptors on VSMCs (Penny et al., 1995), vasorelaxation

through inhibition of noradrenaline (norepinephrine) release as a result of its
action on presynapticmuscarinic receptors (Vanhoutte, 1974), and vasorelaxation

through the release of prostaglandins and/or EDHF (Chen and Cheung, 1992;

Bauersachs et al., 1996; Garland and Plane, 1996; Hutcheson et al., 1999). The
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relative contribution of each mechanism depends on the vascular bed, size of the
vessel (Shimokawa et al., 1996) and pathophysiological condition studied

(Rosolowsky et al., 1990; Najibi et al., 1994). For this reason, caution should be

exercised when interpreting changes in ACh responses as being indicative of
changes in the l-arginine – NO pathway.

Biochemical detection of NO in vivo

Given the diYculty in interpreting NO-mediated vascular responses induced by

ACh and other agonists, direct quantiWcation of NO might help to resolve the

issue. However, there are considerable diYculties in the direct biochemical
measurement of NO. Electrochemical methods such as a porphyrinic microsensor

have been used to detect free NO (Malinski et al., 1993; Vallance et al., 1995).

These methods are, however, unsuitable for quantitative measurement of NO due
to the instability of NO in vivo (Baylis and Vallance, 1998). Measurement of

plasma and urinary nitrate, the stable endproduct of NO metabolism, has limited

value as it does not distinguish exogenous nitrate (present in diet) from en-
dogenous nitrate. Furthermore, plasma nitrate concentration does not diVerenti-

ate the Wner diVerences in NO production since the rate of NO production,

excretion and its volume of distribution are all factors that can inXuence the
plasma concentration.

Production of NO can also be quantiWed by measuring 15N nitrate excretion in

urine after intravenous administration of the isotope l-[15N]2-guanidino arginine
(Hibbs et al., 1992; Forte et al., 1997; Macallan et al., 1997). This method has the

advantage of ensuring that the measured urinary 15N nitrate is endogenous.

However, it does not distinguish the cellular origin of NO production. Even
accurate direct measurement of total body nitrate production does not reXect

biologically active NO, nor does it provide information regarding the target tissue

response to the available NO. Given these various drawbacks in the measurement
and interpretation of NO production and activities, measurement of NO meta-

bolites should be interpreted with caution and ideally in conjunction with func-

tional outcomes (vascular responses).

Loss of NO and predisposition to atherogenesis

Since NO has a number of antiatherogenic eVects, it would be logical to assume

that loss of NO or a reduction in its activities promotes atherogenesis. Indeed, a
reduction in NO activity (manifested as impaired endothelial-dependent

vasodilatation) occurs very early in experimental and human hypercholes-

terolaemia, even before any structural changes in the vascular wall. The impaired
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endothelial-dependent vasodilatation can be reversed with l-arginine (Cooke et
al., 1991; Drexler et al., 1991). The antiatherogenic role of NO is further supported

by studies of long-term NOS inhibition. Aortic rings from rabbits fed with

cholesterol-rich diet had impaired endothelial-dependent vasorelaxation in re-
sponse to ACh. Furthermore, blockade of NO with nitro-l-arginine methylester

(l-NAME) caused structural changes with development of greater lesion surface

area in the aorta of hypercholesterolaemic rabbits (Naruse et al., 1994).

Endothelial dysfunction in disease states

Hypercholesterolaemia and atherosclerosis

Impaired endothelium-dependent vasorelaxation to ACh occurs in models of

atherosclerosis and hypercholesterolaemic animals (Bossaller et al., 1987;
Shimokawa and Vanhoutte, 1989). In these studies, relaxation to endothelium-

independent NO donors such as GTN and sodium nitroprusside (SNP) was

unaVected, indicating impairment of the l-arginine – NO pathway rather than a
reduced VSMC response to NO. Similar Wndings were also conWrmed in human

coronary and peripheral circulation in vivo (Ludmer et al., 1986; Werns et al.,

1989; Creager et al., 1990; Zeiher et al., 1991). In patients with early coronary
artery disease (CAD), abnormal responses to ACh were found even in angio-

graphically normal segments of coronary artery (Werns et al., 1989). Similarly, in

patients with established CAD, the degree of endothelium dysfunction in the
conduit vessels as assessed by Xow-mediated dilatation is also impaired. This

impairment correlates with the extent of the CAD (NeunteuX et al., 1997).

Furthermore, in hypercholesterolaemic subjects, impaired endothelium-depend-
ent vasodilatation occurs in both coronary and peripheral vessels before the

development of clinical atherosclerosis (Drexler et al., 1991; Chowienczyk et al.,

1992). Restoration of this impaired endothelium-dependent vasodilatation in the
forearm resistance vessels of hypercholesterolaemic subjects can be achieved after

24 weeks of lipid-lowering therapy (John et al., 1998).

Hypertension

A large body of evidence from animal studies (Konishi and Su, 1983; Luscher and

Vanhoutte, 1986; Carvalho et al., 1987) and in vivo human studies indicates that
ACh-induced relaxation is impaired in individuals with hypertension (Panza et

al., 1993a, b; Taddei et al., 1993; Cardillo et al., 1998). However, at least one study

has found no diVerence in endothelium-dependent vasodilator response to ACh
or carbachol between patients with essential hypertension and matched nor-

motensive controls (Cockcroft et al., 1994). This may reXect diVerences in

methodology and in population subgroup in this heterogeneous condition.
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Additionally, basal NO release is reduced in essential hypertension (Calver et al.,
1992b; Forte et al., 1997). Current data would be most consistent with hyperten-

sion causing a decrease in NO-mediated dilatation rather than the loss of NO

being causative in essential hypertension (Vallance, 1999). This notion is sup-
ported by the observation that impaired endothelium-dependent vasodilatation

in essential hypertension can be restored with antihypertensive therapy (Hirooka

et al., 1992; Panza et al., 1993c; Calver et al., 1994); and that endothelium-
dependent vasodilatation is impaired following acute elevation of blood pressure

in normotensive subjects (Millgard and Lind, 1998).

Impairment of NO-mediated dilatation occurs not only in essential hyperten-
sion but also in secondary hypertension due to primary hyperaldosteronism,

renovascular hypertension (Taddei et al., 1993), cortisol-induced hypertension

(Kelly et al., 1998) and preeclampsia (Delacretaz et al., 1995).

Diabetes mellitus

Endothelial function can be aVected in diabetes mellitus in several ways. There
may be reduced basal and/or stimulated NO release, decreased bioavailability of

NO or reduced VSMC responsiveness. The vasodilating eVect of insulin in skeletal

muscle has been shown to be mediated via an increase in NO release (Steinberg et
al., 1994). Hence in the presence of insulin deWciency in type 1 diabetes mellitus,

there may be reduced NO release. Even if NO release is normal, its bioavailability

may be reduced since advanced glycation endproducts as a result of chronic
hyperglycaemia may quench NO in vitro (Bucala et al., 1991). Alternatively, there

may be a defective response to NO since hyperglycaemia interferes with NO-

induced GC activation (Weisbrod et al., 1993). There is considerable controversy
regarding the extent of endothelial dysfunction in type 1 diabetes mellitus (Chan

et al., 2000), as endothelial function studies in both animal and human models of

type 1 diabetes mellitus have produced conXicting results. For example, agonist-
stimulated endothelium-dependent vasodilatation has been found to be either

impaired (Johnstone et al., 1993; O’Driscoll et al., 1997) or unchanged (Calver et

al., 1992a; Huvers et al., 1999; Smits et al., 1993; Meeking et al., 2000). Endothelial
function is modulated by several factors associated with diabetes such as degree of

acute hyperglycaemia (SchaZer et al., 1998; Williams et al., 1998), chronicity of

hyperglycaemia (disease duration), accumulation of advanced glycosylated end-
product (Bucala et al., 1991), insulin levels (Scherrer et al., 1994), diabetic

complications such as autonomic neuropathy (Makimattila et al., 1997) and

microalbuminuria (Elliot et al., 1993). Variation in these factors between subjects
in diVerent studies may in part explain the conXicting results. At present, there is

no clear consensus about the level at which the disease might alter NO signalling.

Several aetiological factors may account for endothelial dysfunction in diabetic
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vasculopathies. These include excess oxygen free radicals, abnormalities in the
aldose reductase and polyol pathway, activation of protein kinase C and accumu-

lation of advanced glycation endproducts. The contribution of each of the above

factors in diabetic vasculopathy has been reviewed recently (Chan et al., 2000) and
is beyond the scope of this chapter, but Chapter 15 provides a detailed account of

the diabetic vasculopathies.

Links between risk factors and atherogenesis

In addition to various disease states, endothelium-dependent vasodilatation is

impaired in old age (Celermajer et al., 1994; Lyons et al., 1997), young healthy

subjects with a family history of premature CHD (Clarkson et al., 1997) and
cigarette smoking (Celermajer et al., 1993). The age-related endothelial dysfunc-

tion may partially explain the increased cardiovascular risk in the elderly. In

asymptomatic young smokers, impairment of endothelium-dependent
vasodilatation is reversible with smoking cessation (Celermajer et al., 1993). It

may be that tobacco has a direct toxic eVect on the vascular endothelium (Davis et

al., 1985; Nagy et al., 1997). Additionally, depletion of the cofactor BH4 for eNOS
in chronic smokers may contribute to decreased NO synthesis (Heitzer et al.,

2000). This is supported by the Wnding that BH4 supplementation restores en-

dothelial function in chronic smokers (Ueda et al., 2000). Thus, various eVects on
the l-arginine – NO pathway exerted by hypertension, diabetes, hyperlipidaemia,

ageing, cigarette smoking and family history of CHD may form a link between risk

factors and atherogenesis.

Chronic heart failure

Chronic heart failure (CHF) is characterized by a reduced vasodilator response to

exercise and increased vasoconstriction. In addition to various compensatory

neurohumoral mechanisms and markedly increased vasoconstrictor production,
the endothelium plays an important role in abnormal dilator response (Kiowski et

al., 1998). In patients with CHF, there is a reduced endothelium-dependent

vasodilator response to ACh (Katz et al., 1993; Nakamura et al., 1994a; Carville et
al., 1998) and serotonin (Maguire et al., 1998) in peripheral resistance vessels.

Interestingly, the endothelium-independent vasodilator response to NO donor is

also attenuated (Katz et al., 1993; Maguire et al., 1998) and the degree of
impairment relates to the severity of CHF (Carville et al., 1998). Furthermore,

vasoconstriction response is also diminished (Carville et al., 1998; Yoshida et al.,

1998) or lost (Maguire et al., 1998), suggesting that mechanisms other than the
l-arginine – NO pathway may contribute to abnormal basal vascular tone in this

condition. Treatment of CHF with angiotensin-converting enzyme (ACE) inhibi-

tor has been shown to improve endothelium-dependent vasodilatation induced by



Figure 10.5 Summary of complex mechanisms through which disease states decrease nitric oxide (NO)
bioactivities. For abbreviations, see text.
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cholinergic stimuli (Nakamura et al., 1994b; Drexler et al., 1995), an eVect which

may contribute to the improved cardiovascular mortality associated with this
form of treatment. Recently, the addition of spironolactone to conventional

therapy for CHF has been shown to reduce mortality substantially (Pitt et al.,

1999). It has subsequently been shown in a randomized placebo-controlled study
in patients with moderate to severe CHF, spironolactone increased vasodilator

response to ACh with an associated increase in vasoconstriction to l-NMMA,

suggestive of enhanced basal NO-mediated dilatation (Farquharson and
Struthers, 2000). Whether these beneWcial eVects on endothelial NO account for

the favourable outcome remains to be determined.

Howmight diseases alter the L-arginine – NO pathway?

The involvement of the l-arginine – NO pathway in disease states is complex and

it can be altered in several ways (Figure. 10.5).

Decreased NO production

Cofactor deficiency

In diabetes, chronic hyperglycaemia increases aldose reductase activity, leading to

an increase in glucose metabolism through the polypol pathway (Asahina et al.,

1995). Aldose reductase is the rate-limiting enzyme in the conversion of glucose to
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Figure 10.6 Asymmetric dimethylarginine (ADMA) is synthesized from L-arginine by protein methylase I
and subsequently metabolized by dimethylarginine dimethylaminochydrolase (DDHA)
yielding citrulline. ADMA acts as an endogenous inhibitor of nitric oxide NO synthesis and
its synthesis is increased in certain disease states.
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sorbitol. This process is dependent on NADPH, resulting in increased utilization

(Asahina et al., 1995). Since NADPH is also an essential cofactor for NOS, its
depletion as a result of chronic hyperglycaemia could lead to a reduction in NO

synthesis. Furthermore, insulin resistance was associated with deWciency of BH4,

resulting in impaired vascular relaxation (Shinozaki et al., 1999). In hypercholes-
terolaemia, impaired endothelial-dependent vasodilatation can be restored with

BH4 supplementation (Stroes et al., 1997) suggesting that BH4 deWciency plays an

important role in impaired vascular function in this condition.

Role of endogenous inhibitors of NOS

Overproduction of endogenous inhibitors of NOS in certain disease states may
contribute to reduced NO synthesis. Asymmetric and symmetric dimethylar-

ginine (ADMA and SDMA) have been identiWed in the human plasma. ADMAhas

similar properties to l-NMMA (Vallance et al., 1992a). It is synthesized by the
human endothelial cells from arginine and is metabolized to citrulline (MacAllis-

ter et al., 1996) before excretion into the urine (Figure 10.6; Vallance et al., 1992a).

The enzyme responsible for ADMA metabolism in the human vascular endothelial
cells is dimethylarginine dimethylaminohydrolase, of which two isoforms (DDAH

I and II) have been identiWed, sequenced and cloned (MacAllister et al., 1996;

Kimoto et al., 1997; Leiper et al., 1999). Circulating ADMA is increased in certain
disease states. This includes animal models of hypertension (Matsuoka et al.,

1997), diabetes (Masuda et al., 1999), hypercholesterolaemia (Yu et al., 1994;

Bode-Boger et al., 1996a) and atherosclerosis (Boger et al., 1997). In humans,
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elevated ADMA concentrations were found in chronic renal failure (Vallance et
al., 1992b), childhood hypertension (Goonasekera et al., 1997), preeclampsia

(Fickling et al., 1993), thrombotic microangiopathy (Herlitz et al., 1997), hyper-

cholesterolaemia (Boger et al., 1998) and atherosclerosis (Miyazaki et al., 1999).
The mechanism whereby various disease states are associated with increased

ADMA levels remains unclear but may involve alteration in DDHA activity, which

may be important in atherogenesis.

Decreased NO bioavailability

Role of oxidative stress

Even with adequate production, NO may not reach its biological targets (VSMCs
and platelet) to exert its eVect due to the lack of its bioavailability. For example, in

hyperlipidaemia, excess LDL synthesis increases the formation of oxidized LDL

superoxide anions. The resultant increase of oxidative stress enhances NO de-
struction (Chin et al., 1992), thereby reducing its biological eVects. In atheros-

clerotic rabbit aorta, despite a threefold increase in total NO synthesis compared

to normal rabbits, there is markedly impaired endothelium-dependent vasodilata-
tion (Minor et al., 1990). This impaired vascular response was partially restored

following treatment with superoxide dismutase (Mugge et al., 1991), suggesting

that superoxide-induced NO inactivation plays a major role. In humans, hyper-
triglyceridaemia with or without diabetes may have greater potential than choles-

terol to increase superoxide production by leukocytes (Hiramatsu, 1988; Pronai et

al., 1991). Other atherogenic factors such as free fatty acids and low levels of
high-density lipoproteins also increase oxidative stress (Sattar et al., 1998), contri-

buting to reduced NO bioavailability. In addition to the associated atherogenic

phenotype and oxidative stress, hyperglycaemia per se increases free radical
production through increased arachidonic acid metabolism (Tesfamariam and

Cohen, 1992). In human aortic endothelial cells, although prolonged exposure to

high glucose concentration causes increased eNOS expression, it also leads to a
concomitant increase in superoxide anion production, resulting in NO inactiva-

tion (Cosentino et al., 1997).

Advanced glycation endproducts

Inactivation or quenching of NO also occurs in diabetes as a result of accumula-
tion of advanced glycation endproducts (AGEs), the product of nonenzymatic

glycation and cross-linking of collagen protein in sustained hyperglycaemia. In

experimentally induced diabetic rats, there is in vitro and in vivo evidence that
reactive intermediates resulting from glycation quench NO rapidly (� 5 s, Bucala

et al., 1991). Additionally, impairment of endothelium-dependent vasodilatation

in diabetic rats can be partially restored by aminoguanidine, an inhibitor of AGE
formation (Bucala et al., 1991).
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Decreased VSMC sensitivity

The VSMC sensitivity may be decreased even with adequate NO supply. In human
in vivo vascular studies, nitrovasodilators or NO donors (such as GTN or sodium

nitroprusside) have frequently been used as controls for agonist-stimulated en-

dothelium-dependent vasodilatation. These agents act directly upon VSMC and
the resultant vasodilatation is endothelium-independent. There is evidence to

suggest that VSMC sensitivity to NO is reduced in diabetes since hyperglycaemia

interferes with NO-induced GC activation in vitro (Weisbrod et al., 1993).
Consistent with this Wnding, impaired vascular response to NO donors in vivo

have been demonstrated in patients with type 1 diabetes (Calver et al., 1992a;

Zenere et al., 1995; Clarkson et al., 1996).

Endotoxaemia, septic shock and inflammation: overproduction of NO

Bacterial endotoxin and certain proinXammatory cytokines can lead to profound

vasodilatation and decreased vasopressor responsiveness – the main clinical fea-

tures of septic shock. These cardiovascular eVects result from excessive NO
production due to induction of iNOS (SuVredini et al., 1989; Fleming et al., 1990;

Wang et al., 1994b; Wong and Biliar, 1995; Rees et al., 1998). Under normal

physiological conditions, iNOS is not expressed in the vasculature. Exposure to
bacterial lipopolysaccharide (LPS) in sepsis stimulates the iNOS expression. The

subsequent transcriptional induction and activation of iNOS are mediated by

release of proinXammatory cytokines such as tumour necrosis factor-� (TNF-�),
interleukin-1� (IL-1�) and interleukin-6 (IL-6; for review, see Bhagat and

Vallance, 1999). In experimental animals, administration of TNF-� in doses

similar to those produced endogenously during endotoxaemia rapidly results in a
fall in arterial pressure (Mitaka et al., 1994; Lodato et al., 1995) and longer

exposure to TNF-� and IL-1� in vitro leads to vasopressor hyporesponsiveness

(Myers et al., 1994).
Several animal studies provide evidence for iNOS involvement in the pathogen-

esis of sepsis. Administration of bacterial LPS causes an increase in nitrite concen-

tration, which is attenuated by a selective iNOS inhibitor in mice (Tunctan et al.,
1998). Moreover, selective inhibition of iNOS markedly increased vascular cat-

echolamine reactivity in experimental mice with sepsis but not in control mice

(Hollenberg et al., 1999). A major limitation in these inhibitor studies is the lack of
isoform speciWcity. More direct evidence comes from iNOS knockout studies. In

wild-type mice, treatment of carotid arteries with LPS leads to impaired constric-

tor responses which were improved with selective iNOS inhibitors. In contrast,
LPS treatment caused no impairment of vasoconstrictor responses in carotid

arteries from iNOS-deWcient mice (Gunnett et al., 1998).

In human sepsis the evidence for iNOS involvement has been less consistent.
Some studies have suggested an increased iNOS activity, for example, in urinary
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leukocytes from patients with urinary tract infection (Wheeler et al., 1997), in
alveolar macrophages from patients with acute respiratory distress syndrome

(ARDS) following sepsis (Kobayashi et al., 1998) and in peripheral blood mono-

nuclear cells and macrophages isolated from putrescent muscle areas in patients
with cellulitis (Annane et al., 2000). However, other studies demonstrated the

involvement of eNOS rather than iNOS in sepsis. In an in vitro study using human

umbilical vein endothelial cells cultured with IL-1� and TNF-�, the resultant
increase in NO production was shown to originate from eNOS as a result of

activation of guanosine triphosphate cyclohydrolase (GTPCH-I), the rate-limiting

enzyme responsible for the synthesis of BH4 (Rosenkranz Weiss et al., 1994).
Similar Wndings have recently been demonstrated in vivo (Bhagat et al., 1999).

Whilst it is clear that overproduction of NO contributes to vasodilatation in

human sepsis (Petros et al., 1991, 1994), the molecular mechanisms and isoform
of NOS activated are unclear. It is also not known whether inhibition of NO

generation is beneWcial.

Future therapeutic possibilities

The extensive involvement of NO in various disease states makes the l-arginine –
NO pathway a target for therapeutic modulation. Depending on the underlying

disease process, beneWcial eVects may be achieved with either strategy to increase

NO production or to increase NOS inhibition.

Potential therapies to increase NO production

L-arginine

Supplementation of the NO substrate l-arginine has beneWcial eVects in certain

conditions in both animals and humans. Dietary l-arginine for 10 weeks has been

shown to prevent intimal thickening in the coronary arteries (Wang et al., 1994a)
and attenuates platelet reactivity in hypercholesterolaemic rabbits (Tsao et al.,

1994). Furthermore, oral l-arginine administration reduces neointimal formation

following balloon catheter-induced injury in both hypercholesterolaemic
(Greenlees et al., 1997) and normocholesterolaemic rabbit models (McNamara et

al., 1993). In humans, dietary l-arginine supplementation reduces the increased

platelet reactivity in hypercholesterolaemic subjects (Wolf et al., 1997). Addition-
ally, intravenous l-arginine infusion reduces peripheral vascular resistance

(Bode-Boger et al., 1994), decreases both systolic and diastolic blood pressure

(Hishikawa et al., 1992), improves endothelium-dependent coronary vasodilata-
tion in response to intracoronary ACh in hypercholesterolaemic subjects (Drexler

et al., 1991) and improves blood Xow in critical lower-limb ischaemia (Kobayashi

et al., 1998).
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The arginine paradox

The beneWcial eVects of exogenous l-arginine to the vasculature in various disease
states with increase of plasma nitrate and cGMP levels during l-arginine adminis-

tration suggest that adequate l-arginine supply is essential for NOS activity.

However, it is perplexing that the extracellular arginine administration drives NO
production even when intracellular arginine levels are available in excess (Arnal et

al., 1995), a phenomenon known as the ‘arginine paradox’. This was Wrst demon-

strated in hypercholesterolaemic rabbits (Girerd et al., 1995) and has also been
observed in patients with pulmonary hypertension (Mehta et al., 1995). Several

explanations have been proposed to account for this paradox. Firstly, it is possible

that the endogenous inhibitor of NOS, ADMA (Vallance et al., 1992a), might
antagonize the normal intracellular concentrations of l-arginine and additional

arginine supplementation could overcome NOS substrate deWciency. Secondly,

since eNOS is preferentially localized to caveolae (Feron et al., 1996; Garcia-
Cardena et al., 1996; Shaul et al., 1996), local concentration of l-arginine in this

microenvironmentmay diVer considerably from that within the endothelial cell. It

remains unclear how speciWc localization of eNOS by caveolae might aVect local
substrate availability but may involve the colocalization of certain arginine trans-

porters such as CAT1 (McDonald et al., 1997). The formation of such a caveolar

complex seems to facilitate arginine delivery to eNOS.
Evidence has also emerged that the vasodilatory eVects of l-arginine are not all

mediated directly by NO. l-arginine may inhibit peripheral sympathetic tone

leading to vasodilatation via its metabolite, agmatine (Wu and Morris, 1998),
which stimulates central �2-adrenoceptors (Li et al., 1994). Additionally, arginine

also stimulates the release of several other hormones such as glucagon, prolactin

and growth hormone (MacAllister et al., 1995a; Petrinelli et al., 1995). It is
possible that these hormonal changes induced by l-arginine could contribute to

the vasodilatatory eVects (Steinberg et al., 1994; Giugliano et al., 1997; Boger,

1999). The complex mechanisms whereby l-arginine improves cardiovascular
function merit further investigation.

Nitrovasodilators/NO donors

This group of drugs includes amyl, nitrite, GTN, SNP and molsidomine. They are

all prodrugs and exert their pharmacological eVects after metabolism into NO,
hence termed ‘NO donor’. Nitrovasodilators have conventionally been used for

the treatment of cardiac failure and angina based on their venodilatory properties.

Nitrosoglutathione, a compound in the class of nitrosothiols, has been studied
extensively in humans. It has profound antiplatelet eVects and more balanced

arterial and venous vasodilatory eVects in contrast to organic nitrates (de Belder et

al., 1994; MacAllister et al., 1995b; Ramsey et al., 1995). Nitrosoglutathione has
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been shown to inhibit platelet activation in the coronary artery following angio-
plasty (Langford et al., 1994) as well as in coronary bypass grafts (Salas et al.,

1998). Hence, these nitrosothiols are potential pharmacological agents in the

treatment of NO-deWcient conditions and it is possible that novel NO donors
could be developed that diVer signiWcantly from existing drugs.

Inhalation of NO

Administration of NO as inhalation therapy has been shown to improve several
conditions aVecting the pulmonary vasculature including persistent pulmonary

hypertension of the newborn (Kinsella et al., 1992), pulmonary hypertension

secondary to chronic hypoxia (Pepke-Zaba et al., 1991; Frostell et al., 1993) and
ARDS (Rossaint et al., 1993; Johannigman et al., 1997). In ARDS, selective delivery

of NO to the pulmonary vasculature reduces the pulmonary arterial pressure and

increases arterial oxygenation by improving the matching of ventilation with
perfusion. As the NO is rapidly inactivated by haemoglobin, inhalation of NO gas

does not cause systemic vasodilatation. However, whether this form of NO

therapy will improve survival outcome in patients with ARDS remains to be
determined by randomized controlled clinical trials. It does have potential adverse

eVects, such as pulmonary oedema and methaemoglobinaemia, which are largely

due to its metabolic intermediates (e.g. ONOO−). There is as yet no clear guide-
lines regarding the eVective dose of inhaled NO for the above pulmonary condi-

tions.

Antioxidants

Since oxidative stress has been strongly implicated for endothelial dysfunction,
numerous studies have examined the role of antioxidants in vascular function and

in the prevention of cardiovascular disease. Intrabrachial administration of ascor-

bic acid (vitamin C) improves endothelium-dependent vasodilatation in type 2
diabetes, smokers, patients with hypercholesterolaemia and heart failure (Heitzer

et al., 1996; Ting et al., 1996, 1997; Hornig et al., 1998). Similarly, oral administra-

tion of ascorbic acid in patients with CHD also improves Xow-mediated
vasodilatation. This beneWcial eVect has been shown to occur rapidly after 2 h

(Levine et al., 1996) and can be sustained for 30 days (Gokce et al., 1999).

Furthermore, intravenous infusion of ascorbic acid improved endothelium-de-
pendent vasodilatation in epicardial arteries in hypertensive patients without

CHD (Solzbach et al., 1997). In patients with CHD, intracoronary coinfusion of

vitamin C with l-arginine caused markedly increased vasodilatation (Tousoulis et
al., 1999). Despite these observations, not all experiments have shown beneWcial

eVects and further studies are required.

Several epidemiological studies have shown that increased dietary antioxidant
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vitamin E was associated with a lower risk of CHD in men (Rimm et al., 1993),
premenopausal and postmenopausal women (Stampfer et al., 1993; Kushi et al.,

1996). However, there was no association between vitamin C intake and CHD risk

(Rimm et al., 1993; Kushi et al., 1996). The role of oxidative stress in preeclampsia
has been the subject of much recent interest and is discussed in detail in Chapter

19. Clearly, large-scale randomized controlled-trials are required to determine

whether improved endothelial function by antioxidants can be translated into
reduction in cardiovascular end-points.

Gene transfer

The direct transfer of NOS isoform genes to the vessel wall alters vasomotor
function and may have a role in the treatment of cardiovascular diseases (for

review, see Kibbe et al., 1999). This approach has been shown to be eVective in a

variety of animal models of vascular disease. Vascular gene therapy delivered to
speciWc tissues enhances NO production at the site of interest in a sustained

manner. In 1995, NOS gene transfer was Wrst reported when eNOS cDNA,

complexed with the haemagglutinating virus of Japan, was delivered to rat carotid
arteries intraluminally following balloon injury (von der Leyden et al., 1995). This

resulted in a marked reduction in neointima formation at 14 days. Shortly after,

similar results were conWrmed by other research groups not only in the carotid
artery but also in iliac, coronary arteries (Chen et al., 1998; Janssens et al., 1998;

Shears et al., 1998; Varenne et al., 1998) and vein grafts (Matsumoto et al., 1998).

Gene therapy has also been extended from local to systemic delivery. Delivery of a
single injection of naked eNOS cDNA into the systemic circulation through the

tail vein of spontaneously hypertensive rats resulted in increased production and

excretion of cGMP and nitrite/nitrate, and was associated with a signiWcant
reduction in systolic blood pressure lasting up to 12 weeks (Lin et al., 1997).

Potential therapies to decrease NO production

NOS inhibitors

Inhibition of iNOS has been shown to improve NO-mediated haemodynamic
changes in experimental models of septic shock (Wolfe and Dasta, 1995). Intra-

venous administration of the arginine analogue, l-NMMA, reverses the decrease

in peripheral vascular resistance and fall in arterial blood pressure in endo-
toxaemic dogs (Kilbourn et al., 1990). The same eVects with l-NMMA were also

conWrmed in humans in a randomized, double blind, placebo-controlled trial

(Petros et al., 1991, 1994). A major pitfall in this therapeutic strategy is that none
of the currently available NOS inhibitors is speciWc for the iNOS and this may

therefore lead to potential hazardous eVects (Peterson et al., 1992). Indeed, both

pulmonary hypertension and reduced cardiac output have been reported follow-
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ing NOS inhibition (Petros et al., 1994; Robertson et al., 1994; Avontuur et al.,
1998). Furthermore, it remains unclear what degree of iNOS inhibition and

duration is required in septic shock. It has been shown in rats that a low dose of

l-NMMA is ineVective in reversing endotoxin-induced hypotension while a
higher dose accelerated the fall in systemic blood pressure and caused death (Nava

et al., 1991). Future drug development in this area should focus on NOS speciWcity

as well as degree of iNOS inhibition in order to produce an optimal pharmacologi-
cal eVect. Ultimately, large-scale randomized controlled trials will be needed to

examine its eVect on mortality in septic shock.
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Introduction

For any individual the way in which his or her vascular system responds in health

and disease is unique. The ability to visualize the normal and abnormal processes

of vascular biology on an individual basis is therefore of paramount importance. It
is clear that the vascular system is much more than a passive conduit for the

transport of blood, so the means by which it is imaged must respond by providing

information relevant to its function and dysfunction. The ideal imaging technique
would be one that is noninvasive and repeatable, thus allowing longitudinal study

without inXuencing the system under investigation. It should provide localized

information about normal morphology and physiology as well as being able to
detect early abnormalities and overt disease states. By so doing, imaging has the

potential to reveal normal vascular biology within an individual at a speciWc

anatomical site; provide a means by which early dysfunction can be detected, i.e.
screening for disease; and be an accurate technique for the detection and charac-

terization of established disease. Conventional imaging techniques have concen-

trated on visualizing the lumen of blood vessels, deWning the resultant narrowing
or occlusion brought about by disease. In an attempt to understand better the

process of vascular disease it is necessary to visualize the site of disease and the

interacting processes that occur there, and imaging techniques must respond to
this challenge.

Imaging

Catheter angiography

Catheter angiography allows great access to the vascular system, providing de-

tailed information regarding the lumen of vessels (Figure 11.1). Unfortunately, the



Figure 11.1 Conventional carotid angiography has high spatial resolution for defining tight stenoses
(arrow).
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technique is invasive, requiring vessel wall puncture and contrast injection, thus

precluding practical longitudinal study requiring frequent repeated imaging.
While the images provided are adequate for the detection of established vascular

disease which results in luminal narrowing, the presence and extent of vessel wall

disease can only be inferred from these studies as no direct visualization of the
vessel wall itself is achieved. Physiological information with reference to blood

Xow is also not routinely available, though some estimate of the blood supply to

endorgans can be obtained from imaging during the capillary phase of contrast
enhancement.

CT scanning

A completely diVerent approach to the visualization of vessels was achieved with

the advent of cross-sectional imaging techniques. The greater contrast generated

by computed tomography (CT) scanning, in combination with higher spatial



Figure 11.2 Contrast enhanced spiral computed tomography scan demonstrating a pulmonary
embolus in the right lower-lobe artery (arrow).
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resolution in three dimensions, has resulted in a technique that can visualize not
only the vascular lumen but also the vessel wall itself. Rapid imaging techniques

(spiral or volumetric scanning or multislice imaging) allow the acquisition of a

large volume of data in a short (breath-hold) imaging time. This therefore
overcomes movement artefact that occurs during more prolonged scanning but,

importantly, also allows a compact, high-concentration bolus of contrast medium

to be delivered during scanning, resulting in high vascular contrast (Rydberg et al.,
2000; Figure 11.2).

CT scanning has the same fundamental contrast-generating capability as plain

radiography, being dependent on the absorption of X-rays by the tissue under
study. Tissue characterization is therefore limited. CT scanning is particularly

good at detecting calcium. (Figure 11.3). Scoring the presence of calcium within

the coronary arteries has been used as a surrogate marker of atherothrombotic



Figure 11.3 Computed tomography angiography of the carotid arteries is capable of defining calcific
atheromatous plaque (arrows).
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disease. It has been shown that those patients with high coronary artery calcium

scores are prone to cardiac and, for that matter, other vascular events, such as
stroke (Becker et al., 1999; Rabin et al., 2000). This technique therefore acts as a

test of global vascular disease rather than identifying local at-risk regions within a

single vascular bed. Being dependent on ionizing radiation for image generation,
the technique is not ideal. The image acquisition plane is relatively Wxed and

postprocessing to produce angiographic-type eVects can be lengthy; while calcium

is easily detected on nonenhanced scans, the addition of contrast makes calcium
identiWcation diYcult and may result in artefactual appearances.



263 Magnetic resonance imaging in vascular biology

Ultrasound scanning

Ultrasound scanning is a more versatile cross-sectional imaging technique that has
many attractive features for the investigation of vascular biology. Images are

dependent on the reXection of ultrasound waves from, and transmission through,

tissues, providing an alternative means of generating tissue contrast. Of great
beneWt is the fact that image generation does not involve ionizing radiation and

this is therefore a highly repeatable technique. The imaging plane is also complete-

ly variable, allowing optimal imaging conditions, though this degree of Xexibility
is also a disadvantage as the resultant image is often highly dependent upon the

operator and interpretation of static images from complex investigations is often

diYcult by anyone other than the operator. One of the great disadvantages of
ultrasound is its inability to gain access to various anatomical sites as a result of

tissues and their contents (such as bone or gas). These do not allow the ultrasound

beam to pass through, thus obscuring deeper structures. SuperWcial vessels are,
however, accessible to ultrasound scanning and their superWcial nature allows the

use of high-resolution scanning techniques. The morphological information

allows measurement of the vessel wall layers of larger-sized vessels providing a
measure of abnormal thickening (intima media thickness). It has been shown that

this measurement can also be used as a surrogate marker of more generalized

vascular disease (Baldassarre et al., 2000). Because of its contrast-generating
capabilities in association with high-resolution images, imaging of sites such as the

carotid vessels is feasible such that characterization of individual lesions is poss-

ible. The application of ultrasound Doppler techniques also provides another
essential element in the imaging of vascular biology – the detection and measure-

ment of blood Xow. Vessel wall abnormalities can then be investigated in conjunc-

tion with measurements of the resultant local blood Xow. Measurement of
changes in vessel diameter and blood Xow also allows dynamic assessment of

endothelial function in response to endogenous or exogenous nitric oxide and the

eVect of circulating substances on the vessel wall (Poredos et al., 1999).

Magnetic resonance imaging

The most recent addition to the armamentarium of imaging techniques to investi-

gate vascular biology is magnetic resonance imaging (MRI). The Wrst clinical use

of MRI was largely conWned to the neuroaxis and joints, body areas that could be
immobilized for extended periods, which was necessary because of the prolonged

imaging times. Imaging of vessels was largely ignored and signal generated

from Xowing blood was generally considered to be an artefact. With the
advent of shorter acquisition times, imaging of areas of the body which were

previously inaccessible to MRI, because of excessive physiological movement,

such as the abdomen and chest, became feasible. The advantage of MRI lies in
its lack of ionizing radiation and multiplanar imaging capability. Image contrast
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manipulation is far greater than with other simple ‘transmission’ techniques as the
MRI signal is generated within the tissue, and reXects the molecular environment

from which it has arisen. Alteration of the scanning acquisition parameters will

therefore generate morphological images representing data dependent on the
make-up of the tissue. The scans can be sensitized to Xow that may provide a

morphological image or data relating to direction and velocity of Xow. Additional

techniques measuring perfusion, diVusion, metabolism (spectroscopy) and tissue
enhancement can all be applied to the investigation of vascular biology, making

MRI potentially the most comprehensive imaging technique in this Weld. In light

of the present and future capabilities of MRI, this chapter will address the MRI
techniques for the investigation of vascular biology and disease.

MRI techniques

Morphology: established disease

Vessel lumen: MR angiography (MRA)

Time-of-flight angiography

The relatively uniform movement of Xowing blood through a slice or volume of

tissue generates information that can be interrogated to provide information
about the vascular system. Most techniques in the Weld of MRA attempt to

generate bright blood images akin to conventional angiograms. Using gradient

echo imaging, stationary tissues within the imaged region will undergo repeated
measurements with insuYcient time for the tissues to recover, resulting in a

reduced MR signal intensity. However, blood that Xows into the MR imaging

volume will continually refresh the vascular compartment, resulting in increased
signal intensity within the vessel lumen (known as a time-of-Xight eVect). The

combination of reduced background and increased intraluminal signal therefore

results in an image depicting Xowing blood, i.e. an MR angiogram. This technique
therefore mimics conventional angiography demonstrating stenosis or occlusion

(Figure 11.4).

The technique is attractive compared to conventional angiography as it is
noninvasive, requiring no arterial catheter access or contrast agents. The applica-

tion of further pulses to the MR sequence result in the signal from Xow in certain

directions being removed, resulting in the selection of predominantly arterial
Xow, being cardiofugal, and venous, cardiopetal. Drawbacks to this technique are

the artefacts that can arise which mimic reduced or absent Xow. Blood which

travels within the plane of an imaging slice, rather than through it, experiences an
increased number of measurements, causing an overall decrease in signal. Similar-

ly, turbulent Xow will cause a permanent loss of MR signal, resulting in apparent

loss of Xow.



Figure 11.4 Time-of-flight magnetic resonance angiography shows complete occlusion of the left
internal carotid (arrow) and middle cerebral arteries (arrowheads).
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Contrast-enhanced angiography

Many of the problems experienced using time-of-Xight angiography can be

overcome using the combination of very rapidly acquired data in conjunction

with a small bolus of contrast agent. The rapidly acquired three-dimensional
imaging technique results in signiWcant background suppression of stationary

tissues. The technique, however, is extremely sensitive to intravascular contrast

which produces high signal. The high intravascular signal and low background
signal result in high-deWnition angiograms. This technique is much less sensitive

to Xow, because of the presence of contrast agent within the blood, and therefore is

not prone to the same artefacts as time-of-Xight MRA. This results in greater
anatomical coverage and more accurate deWnition of tortuous or stenotic vessels.

Because of the natural timing of blood Xow there is a reasonably well-deWned

arterial and venous phase. By manipulation of these phases it is possible to image
selectively either the arterial or venous systems from the same acquisition (Figure

11.5).



Figure 11.5 Contrast-enhanced angiography. Early phase (a) demonstrating the arterial phase which
shows bilateral femoral artery occlusions (arrows). Late venographic phase (b) demon-
strates a chronic right-sided occlusion of the femoral vein (arrow) with prominent super-
ficial collaterals (arrowheads).
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Phase contrast angiography

A further technique that is highly dependent on the presence of blood Xow is
phase contrast angiography. MR signal is produced by the changes in magnetic

Weld produced within the blood travelling along the magnetic gradients present

within the scanner itself. The more rapidly the blood moves, so the blood will
experience a greater change in magnetic gradient strength. This information can

be translated into the velocity at which the blood is travelling and also the

direction. Phase contrast angiography is therefore a useful noninvasive means of
acquiring information not only about vessel morphology but also blood velocity.

Vessel wall

Broadly speaking, inXammation accounts for much vessel wall pathology. Vir-

chow Wrst pointed out the importance of vessel wall disease and its relationship
with thrombosis. This may be in the acute setting when inXammatory change

within the vessel wall results in mural thrombosis, perhaps to be followed by

complete luminal thrombotic occlusion. In the chronic setting inXammatory
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disease is now thought to be a major component of atherothrombotic disease. The
origin of both of these conditions lies in the loss of normal endothelial function

whose normal role is antithrombotic, antiinXammatory and to maintain blood

Xow.

Acute: thrombosis

Sudden cessation of blood Xow due to vessel thrombosis, either arterial or venous,
is a medical emergency. Ideally, diagnostic techniques should be able to conWrm

the diagnosis of acute thrombosis and deWne the extent of the problem. Applica-

tion of conventional angiography in this setting is limited as the column of
contrast within the patent lumen merely deWnes one end of the thrombosed vessel

without visualizing the total extent. This can be overcome using ultrasound

provided there is access to the vessel under examination. However, adequate views
are not always possible, as in detecting deep vein thrombosis within the pelvis,

where access is often obscured by bowel gas.

MR techniquesmay overcome some of these problems.However, time-of-Xight
MRA has similar drawbacks to conventional studies as it too is reliant on detecting

Xow, or its absence, rather than the causative pathology, i.e. the mural/occlusive
thrombus. The use of contrast-enhanced techniques can help. When imaging
venous thrombosis the upper extent of the thrombus is often deWned, as the

technique is not reliant on direct injection of contrast into a vein but utilizes the

natural circulation of contrast agent into the venous system. By this means there is
far better enhancement of the vessels distal to an occluding thrombus (Figure

11.6). Being a luminal technique, however, no information regarding the throm-

bus itself is acquired.
Conventional imaging is problematic when attempting to diVerentiate between

acute and chronic thrombotic venous occlusion. Having suVered a thrombosis,

resolution is commonly incomplete, to the extent that the vessel may remain
completely occluded or signiWcantly stenosed due to the organized thrombus. This

may then result in continuing signs and symptoms that mimic the original acute

disease. Patients, however, who have sustained one thrombosis are at increased
risk of suVering further thrombosis at the same site. Attempts to diVerentiate

between residual chronic disease and fresh acute thrombosis rely on the morphol-

ogy of the Wlling defects using conventional venography and on the echotexture of
the clot with ultrasound, both of which tend to be unreliable.

New techniques in MRI have attempted to overcomemany of these problems. It

has been known for some time that, as blood clots, it passes through a number of
predictable stages, as the blood contains oxy- then deoxy- and then methaemo-

globin. The MRI signal characteristics of each of these can be exploited to produce

diVerent appearances. Methaemoglobin causes a reduction in T1 similar to



Figure 11.6 Contrast-enhancedmagnetic resonance venogram demonstrating a large left sided filling
defect due to a large deep vein thrombosis (arrows).
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intravenous MRI contrast agents, so that it appears bright on T1-weighted image

sequences. Clinical studies have suggested that blood passes through the oxy- and
deoxy-phases of haemoglobin rapidly and that the methaemoglobin component

persists thereafter for a number of weeks (Moody et al., 1998). This therefore

provides a natural in vivo contrast agent that acts as a marker for acute thrombus.



Figure 11.7 Direct clot image of below-knee deep vein thrombosis involving the gastrocnemius veins
(arrows).
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This technique allows the complete visualization of the thrombus as it is imaged

directly (Figure 11.7). Because the generated signal is reliant on the age of the clot

itself, it is possible to discriminate between acute/subacute clot and long-standing
chronic clot, which is no longer of bright signal.

This technique has been applied in the setting of acute deep vein thrombosis

(DVT). Diagnosis in this group can be diYcult. Venography requires venous
access and the injection of iodinated contrast media. Visualization of the pelvic

vessels can be poor due to dilution of contrast in these larger vessels. Commonly,

only the inferior aspect of the clot is visualized with no deWnition of the upper end
of the clot. Ultrasonography has limitations in the calf vessels and, as stated

previously, the pelvic vessels may be obscured by bowel gas. In the largest study of

MR direct thrombus imaging to date, the technique had an overall sensitivity of



Figure 11.8 Large left-sided deep vein thrombosis (arrows) in a pregnant woman.
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96% and speciWcity of 90% when compared with conventional venography. This
degree of accuracy was maintained in all anatomical areas, i.e. below- and above-

knee and pelvic. In addition to identifying clot within the symptomatic deep

venous system the technique also detects disease within the asymptomatic deep
veins and within the superWcial system. This highlights the advantage of this

technique, which has bilateral coverage from ankle to inferior vena cava and

visualizes both the deep and superWcial venous systems.
Because of the noninvasive nature of the technique, it can be repeated if

necessary to follow disease progress or its treatment. Similarly, this technique is

particularly useful in situations in which ionizing radiation and contrast media are
to be avoided, such as pregnancy (Figure 11.8). Ultrasound may also provide a

diagnosis but the reliance on demonstrating Xow in vessels that may be com-

pressed by the gravid uterus is less than ideal.



Figure 11.9 Direct embolus imaging demonstrates a large proximal right sided pulmonary embolus
(arrow).
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The danger of DVT is if it embolizes to the chest. The embolus is made up of the

same thrombus that is in the leg and therefore should have the same MRI

characteristics. Exploiting these characteristics allows the demonstration of pul-
monary emboli as high signal material within the vessels of the chest. This

technique can be combined with the DVT imaging at the same imaging session,

thus providing a comprehensive diagnostic technique (Moody et al., 1997; Figure
11.9). Using these combined techniques it is possible to show that, in patients with

DVT, the larger the volume of leg clot, or the closer it is to the inferior vena cava,

then the greater the chance of embolization. Clots of greater than 60ml volume or
extending into the inferior vena cava were all found to embolize to the chest.

While the constituents of thrombus may diVer between the arterial and venous

systems there is still suYcient methaemoglobin within arterial clot to allow direct
thrombus imaging within arteries. This will usually present as an ischaemic

emergency and intervention depends on the extent of thrombosis and the age of

the obstructing lesion. When combined with MRA it has been possible to deWne
how much of the occlusion is due to recent thrombus and how much due to

underlying chronic disease (Figure 11.10). This type of information may have a

bearing on the type of intervention undertaken, i.e. thrombolysis.



Figure 11.10 Direct thrombus imaging of the lower leg confirms arterial thrombosis (arrowheads) but
also detects asymptomatic venous thrombosis (arrow).
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Chronic: atherothrombosis

One of the biggest causes of mortality and morbidity today is atherothrombotic

disease. In the heart this results in cardiac ischaemia with angina and myocardial
infarction while in the brain it causes, transient ischaemic attacks and stroke. In

the peripheral vessels this results in narrowing or occlusion with intermittent

claudication and potentially amputation. Conventional techniques have again
concentrated on the residual vessel lumen as the marker of disease severity. This

requires disease to be suYciently established to cause a luminal abnormality,

which means that disease may be missed at its earlier stages and the opportunity
for very early disease detection or screening is lost.

Ultrasound has been used to characterize vessel wall disease. Established disease

can be recognized and the components within the plaque deWned, i.e. calciWcation
and hypoechoic plaque contents. Knowing that the earliest stages of atheromatous

disease result in generalized thickening of the vessel wall, the intima media
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thickness has been used as an indicator of early disease and can be used to predict
the likelihood of vascular events throughout the vascular system.

The ability of MRI to generate high tissue contrast is particularly useful in

deWning the individual components of atheromatous plaque. In vitro high-
resolution imaging has the capacity to deWne accurately the signiWcant disease

components, with clear deWnition of the Wbrous cap, shoulders of the plaque and

the lipid contents (Toussaint et al., 1996). In vivo imaging has as yet to achieve
similar spatial resolution, though similar components can be recognized in vessels

with gross disease (Hatsukami et al., 2000). Most studies have so far been

restricted to observation of the plaque morphology; further longitudinal studies
into the relevance of these appearances and symptomatology are awaited. Im-

provements in scanning techniques (speed, resolution and contrast generation)

coupled with hardware advances in surface coil design will lead to further im-
provements in these techniques that will allow their utilization beyond the re-

search setting.

In addition to acceptedmorphologicalmarkers of risk such as cap thickness and
lipid content, a marker of disease is the presence of intraplaque haemorrhage,

deWning the plaque as complex. IdentiWcation of intraplaque haemorrhage is

possible using the same MRI techniques of direct thrombus imaging (Figure
11.11). High signal within the carotid vessel wall has been associated with patients

suVering stroke and transient ischaemic attacks (Moody et al., 1999). A signiWcant

proportion of these patients have asymptomatic contralateral disease, the signiW-
cance of which remains to be proven. IdentiWcation of patients with complex

plaque may therefore allow selection of patients, otherwise unsuitable for surgical

intervention, who may beneWt from aggressive maximal medical therapy. The
noninvasive nature of the MRI technique lends itself to follow-up of these

patients, looking for signs of disease regression.

One area in which similar MRI techniques are being applied is in the coronary
vessels. These vessels obviously hold the biggest challenge because of their size and

the degree of physiological movement that occurs. Recent images, however, have

shown that imaging of coronary vessel wall is becoming a reality. These techniques
will therefore provide a means of not only diagnosing established disease but also

detecting early at-risk disease, enabling intervention which can be followed using

these noninvasive methods (Fayad et al., 2000).

Inflammation

Not only can MRI detect the endresult of chronic inXammation within the vessel
wall, but recent work has shown that the inXammatory process itself can be

detected, potentially providing a means of monitoring disease activity and its

response to intervention. Macrophages play a pivotal role in the inXammatory



Figure 11.11 Coronal (a) and axial (b) direct clot image shows high signal within the left internal carotid
artery (arrows).
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response, migrating from the circulation through the vessel wall to within the

plaque. Labelling of the macrophages while in the circulation can be achieved

using ultrasmall particles of iron oxide (USPIO). These particles are taken up
within the macrophages. Because of the magnetic eVects of the iron, local magnet-

ic homogeneity is lost, causing destruction of the MR signal and creating an area of

low signal. Wherever there is a high concentration of USPIO-laden macrophages
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they will be detected as regions of low signal within the tissue. In the experimental
setting increased accumulation of USPIO was detected within the endothelial cells

andmacrophages of rabbits pretreated with USPIO contrast agent and particularly

in areas of early atheromatous formation (Schmitz et al., 2000).

Hyper/neovascularity

Part of the inXammatory response to perimural thombosis is the hypervascularity

that occurs within the wall of the vessel. Some researchers have suggested that this
Wnding may be useful in diVerentiating between acute and chronic thrombosis, as

the latter does not display this appearance (Londy et al., 1999). This can readily be

detected using MR contrast agents, which result in an intense increase in vessel
wall signal at the site of thrombosis.

A similar microvascular response has been noted in the chronic setting within

the wall of atheromatous vessels. New vessels arise from the vasa vasorum and
permeate the thickened vessel wall. These vessels are tortuous and fragile, and may

act as a source of intraplaque haemorrhage (Barger and Beeuwkes, 1990). The

hypervascularity caused by these neovessels can be visualized by the injection of
MRI contrast agent into the blood stream, causing an increase in MR signal at the

site of high-density vessels. This therefore potentially provides another means by

which the process of local inXammation and plaque formation can be monitored
and the eVect of modifying drugs upon the vessel wall such as vascular endothelial

growth factor can be measured (Aoki et al., 1999).

Physiology: disease prediction/prevention?

Many, if not all of the imaging techniques used in clinical practice aim at detecting
changes in tissue morphology which result from disease that is already established.

The vasculature is extremely dynamic, responding to changes in its local and

global environment. Numerous defence mechanisms exist within the lumen and
the wall itself to protect the vessel from these changes. When stressed, there are a

number of changes that occur which could be used to detect and monitor disease

when it is still at a treatable, reversible phase. The time scale of these changes is also
suYciently protracted that there is suYcient opportunity for detection and inter-

vention. Many of the changes are reXected in the local physiology, or resultant

pathophysiology, and while these tests may not Wnd their way into clinical usage,
may be applicable in the research setting when investigating the development of

early vascular disease.

Vessel lumen

The aim of the normal blood vessel is to maintain Xow to the tissues. Complete

occlusion of the vessel with cessation of Xow will compromise the viability of that
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tissue. Lesser degrees of disturbed Xow may be able to provide suYcient supply to
the tissues but will have an eVect on the local intravascular environment to which

the vessel wall will respond. Turbulent Xow is one such change in the blood Xow.

This will result in changes both to the direction and velocity of Xow. Common
sites for turbulent Xow are at vessel bifurcations, and this accounts for the high

incidence of vascular disease at these sites. We have already seen how the image of

blood travelling within a vessel has the capacity to carry information regarding
speed and direction (phase contrast angiography). The application of similar

phase-mapping techniques to blood, which is turbulent, can also produce images

reXecting the degree of complex Xow and the eVects of the vessel morphology
upon these Xow patterns.

Shear stress

Further manipulation of this data can provide speciWc information regarding the
eVects of Xowing blood at the lumen–wall interface. The shear stress upon the

vessel’s endothelial surface has a direct eVect on the endothelial response, with

increased shear stress resulting in increased endothelial activity, nitric oxide
production and vasodilation. Mapping of localized vessel wall shear stress is

possible throughout the cardiac cycle and thus the eVects of normal and turbulent

Xow on speciWc areas of vessel wall can be studied (Stokholm et al., 2000).

Vessel wall

Abnormalities within the vessel, either the constituents of the blood itself or the

Xow characteristics, will have a signiWcant eVect upon the vessel wall. The wall

itself is capable of responding to these changes which will initially act to protect
the vessel but will eventually result in structural changes, manifest as vessel wall

disease.

Vasodilatation

Nitric oxide acts as one of the main regulators of endothelial homeostasis, being

antiinXammatory, antiplatelet and bringing about local vasodilatation. The ability
of the endothelium to produce these eVects can be tested in a number of ways.

Shear stress will have a profound eVect on the endothelial response. Increase in

shear stress, detected by the endothelium, results in increased nitric oxide produc-
tion and subsequent vasodilation (endothelium-dependent). This can be brought

about by initially causing a reduction in Xow to a tissue by reducing arterial Xow

by way of a tourniquet. Following removal of the tourniquet and reconstitution of
Xow, there is an endothelially driven vasodilatation. Alternatively, the eVect of

nitric oxide on the vessel can be tested without local nitric oxide production by

providing an nitric oxide precursor such as glyceryl trinitrate (endothelium-
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independent). Whichever technique is used, the endresult is vasodilatation.
Measurement of vessel wall diameter or luminal area before and after such

manoeuvres will allow the measurement of this vasodilatory response. Ultrasound

has been used successfully to monitor this response using the brachial or femoral
arteries. MRI also has the capability of measuring the same response as part of a

multimodal approach to imaging of vascular function (Sorensen et al., 1999).

Compliance

Abnormalities in the vessel wall will cause increased stiVness such that there is a
decrease in expansion of the vessel in response to systole, i.e. compliance of the

vessel wall is reduced. The ability of MRI to be gated to the cardiac cycle allows the

acquisition of images at diVerent time-points within the cardiac cycle, i.e. end-
diastole and end-systole. Knowing the pulse pressure during the acquisition of

these images, the compliance of the vessel wall can be calculated. Using the aorta as

the vessel of choice, reproducible results can be obtained (Forbat et al., 1995).
Comparison of diVerent patient populations, such as those with coronary artery

disease, normal volunteers and elite athletes, results in signiWcant diVerences in

the measured aortic compliance between the groups (Mohiaddin et al., 1989).

Endorgan effects

A major advantage of MRI is its ability to image not only the vasculature but also

the endorgans supplied by those vessels. It is therefore possible to construct an

imaging algorithm that will include investigation of a complete vascular organ
system visualizing the local pathology within the vessel and distant eVects within

the endorgan.

Tissue ischaemia and irreversible damage

Myocardial infarction

Rupture of an atheromatous plaque within a large coronary artery can trigger a

train of events which will result in luminal thrombosis and occlusion. In this acute
setting collateral blood supply is minimal and the territory supplied by this vessel

will rapidly become ischaemic and undergo infarction. MR cardiac imaging is

technically challenging because of the normal physiological motion (respiratory,
cardiac, vascular) that exists. This can be overcome by gating the image acquisi-

tion to the same phase of each cardiac cycle. Respiratory motion is overcome by

using sequences that are suYciently short that the whole of the image acquisition
can be achieved in suspended respiration. In the acute phase of myocardial

ischaemia, MR imaging can diVerentiate between regions of irreversible tissue

infarction and at-risk tissue (Fieno et al., 2000). Furthermore, perfusion imaging
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can depict the region of the heart which has lost its blood supply (Bluemke and
Halefoglu, 1999). In the chronic phase myocardial tissue will be lost and the

muscle wall will become thinned. Because of the ability to detect morphology

these changes can be accurately depicted.

Cerebral infarction

While the underlying vascular abnormality in cerebral infarction is the same as
myocardial infarction – rupture of an atheromatous plaque – the means by which

this has an eVect on the endorgan, the brain, is diVerent. Cerebral infarction is

most commonly secondary to vascular disease within the carotid vessels in the
neck. Because of the collateral vascular networks that exist within the brain via the

vessels of the circle of Willis, thrombotic occlusion of a carotid vessel does not

necessarily bring about symptomatic brain disease as blood supply can still be
maintained. Global reduction in Xow, secondary to carotid occlusion, can pro-

duce transient symptoms or intermittent reduction in cerebral blood Xow, though

the latter is rare. The most common aetiology of cerebral infarction secondary to
carotid disease is due to thromboembolic disease which can be as a result of

occlusion, but more commonly arises from nonocclusive, stenotic carotid disease.

As with myocardial ischaemia, the cause for acute onset of symptoms is plaque
rupture which acts as a focus for the production of thrombus emboli.When one of

these emboli travel into the cerebral circulation they will impact, occlude and then

bring about ischaemia. Just as the precipitating event within the carotid vessel has
a number of diVerent outcomes, this variability continues within the brain

because of its extensive collateral blood supply which exists at a number of

diVerent levels. Firstly, the circle of Willis, if intact, can overcome a proximal
carotid obstruction by stealing blood Xow from the contralateral carotid, posterior

or external carotid circulations. Above the circle of Willis these circulations are no

longer accessible but collateral supply can still be achieved via the leptomeningeal
plexus which connects all three cerebral arterial territories and allows relatively

free cross-communication. The response to a carotid or cerebral artery occlusion

is therefore quite variable. The clinical presentation can also be misleading and
there is a dynamic environment in which vessels may further thrombose or

spontaneously recanalize. Clinical assessment of these patients is therefore diYcult

(Allder et al., 1999). The ability of MRI to deWne the site of causative vascular
lesion and endorgan damage is therefore a great advantage.

Routine MRI techniques will depict areas of damaged brain by the presence of

excess water within the tissues. This may be within the acute phase (6–12 h) or in
the chronic phase when the resultant brain damage can be visualized. Recent

technical advances however have resulted in MRI techniques that can detect

cerebral ischaemia within minutes of its onset. DiVusion-weighted sequences are



Figure 11.12 Diffusion-weightedmagnetic resonance imaging rapidly detects acute cerebral ischaemia
in the right middle cerebral artery territory (arrows).
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able to detect the normal random diVusion of water molecules within the brain.

Following ischaemia, the cell membrane pumps are inactivated, resulting in
cellular inXux of Xuid. This restricted Xuid no longer undergoes random diVusion

and therefore becomes apparent on this sequence as an area of high signal

intensity (Figure 11.12). This appears to be a highly sensitive technique for the
detection of infarction in its earliest stages (Albers, 1998). To this technique

further methods of better deWning the endresult of vascular occlusion can also be

added, including MR cerebral angiography and perfusion (Fisher et al., 1995).

Organ function

Cardiac

Having made the diagnosis of myocardial infarction, the most important question

is: what eVect has the loss of that region of viable myocardium had upon cardiac

function? This can be measured in a number of ways, which include stroke



Figure 11.13 Functional magnetic resonance imaging demonstrating motor and sensory activation.
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volume, ejection fraction and cardiac output. These parameters rely on the

measurement of the maximum volume of blood within the ventricle (at diastole)

and the minimum volume (at systole). Subtraction of the two will give the volume
of blood expelled from the cardiac chamber per heart beat (stroke volume);

multiplied by the heart rate, this gives the cardiac output. The speed of MRI allows

breath-hold imaging and the ability to acquire data during the same part of the
cardiac cycle using electrocardiograph gating results in images of high spatial

resolution. Visualization of the cardiac chambers through the cardiac cycle can be

achieved, and the appropriate volume measurements can be derived. From the
same images it is also possible to calculate wall thickening and global myocardial

mass. By magnetically tagging the myocardium the distortion of regions within

the ventricle wall can also be visualized (Pettigrew et al., 1999).

Brain

The eVect of vascular brain damage is usually assessed using neurological or
psychometric tests. Recent advances in MRI have resulted in techniques that allow

the depiction of cerebral activation. These techniques are reliant on detecting the

changes in the cerebral microcirculation. During brain activation blood Xow to
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the activated region increases. There is however dissociation between the resultant
oxygen supply and oxygen extraction such that there is an excess of oxygenated

blood in the tissue circulation. Because the MRI characteristics of blood alter in

changing from oxy- to deoxyhaemoglobin, it is possible to detect the alteration in
signal when a task is performed. This will be represented by an increase in signal

intensity during the task and will be localized to the area undergoing activation

(Welch et al., 2000; Figure 11.13).
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Introduction

What does the title of this chapter actually mean? It has to be said at the outset that

it sounds more comprehensive than it can possibly be within the constraints of

space and the reader’s patience. In other words, it has to represent the author’s
selective interests and prejudices. In this case this will wholly exclude from

consideration the role of large arteries and their mechanical properties, apart from

one brief mention. Instead the focus will be on the following main questions:
∑ Is there endothelial dysfunction in hypertension?

– If so, what is its severity?

– How does it occur?
– Is it inXuenced and even corrected by antihypertensive drugs?

– Is this clinically important?

∑ What determines peripheral vascular resistance, especially in terms of the
structure of the vessels concerned?

As one might expect, these are contentious issues despite, or rather because of,

intensive research. The reader, as always, will have to make up his or her own mind
and should note that in some cases reviews have been cited in order to keep the

number of references within manageable limits.

Endothelial dysfunction in hypertension

Is there endothelial dysfunction in hypertension?

The dynamic nature of the endothelium is now very much a truism, though it

would have surprised most vascular biologists 30 or even 20 years ago. Table 12.1

lists some of the vasoconstrictor and vasodilator substances produced by the
endothelium. Though this list is likely to grow it is also probable that the most

important factors have now been identiWed. Of course, the one that has attracted

by far the most attention is nitric oxide (NO), as we know the original



Table 12.1 Vasoactive substances produced by the endothelium

Constrictors Dilators

Endothelinsa Nitric oxide

Endoperoxides/thromboxanes Prostacyclin

Superoxide/free radicals EDHF(s)b

a Note that endothelins may also stimulate endothelial nitric oxide release.
b EDHF(s), endothelium-derived hyperpolarizing factor(s). Not discussed in text.
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‘endothelium-derived relaxant factor’. We also know that its physiological and

pathological role extends far beyond the vasculature. The term ‘endothelial dys-

function’ is now mostly a synonym for impaired endothelium-dependent
vasodilatation. This is convenient, and will largely be followed in this chapter, but

is only a part of the possible spectrum of endothelial pathophysiology in hyperten-

sion and other cardiovascular diseases. In particular, this includes abnormal
balance between clotting and Wbrinolysis and increased platelet–endothelium

interaction (Lip and Li-Saw-Hee, 1998).

Endothelial dysfunction has been investigated in several of the commonly used
animal models of hypertension. The general consensus is that there is impairment

of endothelium-dependent vasodilatation whether tested in isolated vessels or in

vascular beds (Boulanger, 1999). In most cases acetylcholine has been the stimulus
used, but in some instances this has not produced a deWnitely abnormal response

while other agents (e.g. bradykinin) have been more conclusive. This indicates

that the mechanism of the dysfunction can vary widely in diVerent models
In human hypertension too, the majority of researchers agree that en-

dothelium-dependent relaxation is abnormal, even though there are a few dis-

senting Wndings (Taddei et al., 1998; John and Schmieder, 2000). In fact, these
relate less to the fundamental observation than to its relationship with cholinergic

muscarinic receptors. This once again raises the question: what is the actual

mechanism of this abnormality?

What is wrong with endothelium-dependent vasodilatation in hypertension?

If it is accepted that an abnormality is present, one can envisage several levels at
which it can occur:

∑ abnormal muscarinic receptor function (itself a composite of several potential

defects
∑ reduced substrate availability of the endothelial nitric oxide synthase (eNOS or

NOS-III)

∑ reduced expression or activity of the enzyme itself
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∑ increased degradation of the NO that is generated, possibly at a normal rate
∑ increased release of an endothelial vasoconstrictor, or vasoconstrictors, which

does not directly interact with NO but functionally antagonizes its eVects

∑ reduced sensitivity of the smooth muscle cell to normal levels of NO (this too
may have several components)

Clearly there are many possible processes in which dysfunction can occur and they

are not necessarily mutually exclusive. The overall result in any case is reduced
bioavailability of NO. It is hardly surprising that dissecting out exactly what is

wrong is not straightforward, even in animals, where it has to be acknowledged

that the available models are not accurate parallels of essential hypertension. The
evidence quoted in this chapter will in fact focus largely on human hypertension.

Are receptors or their signalling mechanisms abnormal?

Hypertensive patients show impaired endothelium-dependent vasodilatation in
response not only to acetylcholine but also to the peptides substance P and

bradykinin (Panza et al., 1995). However, even though these are distinct receptors,

they are members of the G protein-linked superfamily with similar signal trans-
duction mechanisms (Figure 12.1). It is therefore still possible that postreceptor

mechanisms are abnormal in these individuals. To some extent, this is supported

by the Wnding that isoprenaline-induced vasodilatation is not impaired in hyper-
tensive subjects (Cardillo et al., 1998). This too is endothelium-dependent , but in

this instance the signal for increasedNO synthase activity is increased intracellular

cyclic adenosine monophosphate rather than calcium, as is the case with the other
three agonists.

Is there a deficiency of the substrate for endothelial NO synthase?

Apparently not. The vasodilator response to acetylcholine is not enhanced by

increased availability of substrate, the amino acid l-arginine (Taddei et al., 1997).
However NGNG-dimethyl-l-arginine (ADMA), which is an endogenous circula-

ting inhibitor of NO synthase, may be increased in the plasma of patients with

hypertension (Surdacki et al., 1999).

Is there reduced expression or activity of NO synthase?

This may be the case in preeclampsia (Brennecke et al., 1997; Napolitano et al.,
2000) but evidence is even less decisive in other types of human hypertension (and

in animal models). On the other hand, inhibitors of NO synthase, such as

NG-monomethyl-l-arginine (l-NMMA), cause less vasoconstriction in hyperten-
sive individuals under basal conditions (Calver et al., 1992) and also fail to modify

the response to acetylcholine (Taddei et al., 1997). This tends to support the view

that reduced synthesis of NO is part of the endothelial defect in hypertension, as
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Figure 12.1 Highly simplified scheme of the effects of G protein-linked agonists involved in nitric oxide
release. Note that some cholinergic receptors have other transduction mechanisms. PLC,
phospholipase C; PLD, phospholipase D; IP3, inositol trisphosphate; src, rho, ras:
protooncogenes.
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do reduced circulating levels of nitrite and nitrate, the endproducts of NO

metabolism (Forte et al., 1997).

Is there increased degradation of nitric oxide?

This is proving to be perhaps the most interesting area of research in the whole
Weld of endothelial dysfunction in hypertension. There is increasing evidence that

the reduced bioavailability of NO is largely determined by its increased inactiva-

tion. The main agent of this inactivation is the superoxide anion (Boulanger, 1999;
de Artiñano and Gonzalez, 1999; Kojda and Harrison, 1999). This has a high

aYnity for NO and the reaction between the two, which produces the peroxy-

nitrite anion, is very rapid. Peroxynitrite is itself a powerful oxidant (Beckman and
Koppenol, 1996) but may also spontaneously generate the hydroxyl radical under

physiological conditions (Figure 12.2). It can act either as a vasodilator or

vasoconstrictor and may interfere with endothelium-dependent dilatation pro-
duced by other agents. The key issue therefore is the source and quantity of

superoxide that is likely to be present in the vasculature. This will be discussed

separately.
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Figure 12.2 Formation of peroxynitrite (ONOO−) and some of its breakdown products, including the
nitrogen dioxide and hydroxyl radicals.
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Is there a vasoconstrictor (or several) generated by the endothelium?

This question cannot be wholly separated from the previous one. The neutraliz-
ation of a vasodilator is clearly potentially vasoconstrictor. But in fact theremay be

more direct vasoconstrictors generated by the endothelium. The most plausible

candidates are prostanoids generated by cyclooxygenase (COX), speciWcally the
COX-1 form of the enzyme, and the endothelins. Endothelium-dependent

vasodilatation is facilitated in patients treated with indometacin (Taddei et al.,

1997). The opposing eVects of l-arginine and l-NMMA are both restored after
indometacin treatment, implying that cyclooxygenase-derived compounds are

reducing NO bioavailability. The exact nature of these compounds is not known

but may in fact include superoxide.
Endothelin-1 is well-known as an extremely potent vasoconstrictor, although it

must be remembered that it can also stimulate endothelial NO release. Although

there are reports of increased plasma levels of endothelin in some groups of
hypertensive patients (John and Schmieder, 2000), this is not universally accepted

(Boulanger, 1999) and in any case it is uncertain whether it would be

haemodynamically relevant. However, a nonselective endothelin receptor antag-
onist has been shown to reduce blood pressure in patients with essential hyperten-

sion (Krum et al., 1998).

What are the possible sources of superoxide?

The superoxide anion, while not strictly a free radical, is none the less highly
reactive with other biological molecules and is also the precursor of genuine free

radicals of greater reactivity (Figure 12.3). Where does it come from? In fact, there

are several possible sources in the vascular wall apart from the cyclooxygenase
already mentioned:

1. ‘leakage’ from the mitochondrial electron chain, which is never of course 100%

eYcient
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2. xanthine oxidase, which generates superoxide during the process of purine
oxidation

3. endothelial NO synthase

4. nicotin amide-adenine dinucleotide phosphate (NADPH)-dependent oxidases
in vascular cells, similar to those found in phagocytic blood cells

The Wrst of these sources is not thought to be of major signiWcance. The others are

of greater interest. Increased superoxide production, primarily but not exclusively
from the endothelium, has been described in several animal models of hyperten-

sion (de Artiñano and Gonzalez, 1999). Angiotensin II is one of the stimulants for

this process and appears to act mainly through the NADPH oxidase system
(Griendling et al., 1994; Zhang et al., 1999; Berry et al., 2000). Endothelial NO

synthase is perhaps a more surprising source. The puriWed enzyme was known to

generate superoxide in the absence of the cofactor tetrahydrobiopterin (BH4),
which is required for NO production (Wang et al., 2000). These eVects of BH4 are

also apparently relevant for constitutive NO synthase in the spontaneously hyper-

tensive rat and in humans with smoking-induced endothelial dysfunction
(Cosentino et al., 1998; Ueda et al., 2000). It has since been shown that this

apparently aberrant pathway can occur in cultured cells, again in association with

deWciency of BH4. The importance of xanthine oxidase as a source of superoxide is
less clearly established, but it has been reported that the xanthine oxidase inhibitor

allopurinol largely reversed endothelial dysfunction in patients with type 2 dia-

betes and mild hypertension, even though it did not aVect blood pressure (Butler
et al., 2000).

Endothelial dysfunction and therapy

It is clearly important to know whether current and potential antihypertensive

therapies have an impact on endothelial function, even if we do not yet know the

signiWcance of this in terms of clinical outcome. The drugs with the best-
documented eVect in this regard are the angiotensin converting enzyme (ACE)

inhibitors (Mombouli and Vanhoutte, 1999; Ruschitzka et al., 1999). These have a

dual action, not only reducing the generation of angiotensin II and therefore
reducing its constrictor activity, but also increasing levels of the peptide brad-

ykinin, a stimulator of endothelial NO release. Understandably, there is much less

information on the activity of the angiotensin II receptor antagonists selective for
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the angiotensin II type 1 (AT1) receptor, but it seems that they too might improve
endothelial dysfunction (SchiVrin et al., 2000). Calcium channel blockers also

appear to have beneWcial eVects during chronic administration (Ruschitzka et al.,

1999). Several mechanisms have been proposed: they may counteract the cellular
action vasoconstrictors such as the endothelins and cyclooxygenase products.

Theymay also enhance the eVects of endothelium-dependent vasodilators, though

it is not clear how this takes place. The novel vasopeptidase inhibitors, which
inhibit ACE and also neutral endopeptidase (which inactivates natriuretic pep-

tides) can also increase endothelium-dependent vasodilatation but have complex

actions since neutral endopeptidase is also involved in the degradation of vasocon-
strictors such as endothelin-1 (Ruschitzka et al., 1999). It is worth noting, of

course, that several major classes of antihypertensive drugs, notably diuretics and

conventional �-blockers, do not directly improve endothelial dysfunction: some
�-blockers (celiprololol and nebivolol; Dawes et al., 1999) have ancillary NO-

releasing properties.

Resistance vessels in hypertension

Hypertension is characterized by increased total systemic peripheral resistance.
This is not strictly true for isolated systolic hypertension (systolic blood pressure

� 160 mmHg, diastolic blood pressure � 90 mmHg), which is believed to be

primarily the consequence of increased stiVness in medium to large arteries
(Kocemba et al., 1998). The increased resistance can be partly attributed to

changes in the structure of small arteries and arterioles (luminal diameter

� 300�m). It is at this point in the circulation that the largest pressure drop
occurs (Figure 12.4). The structural properties will be discussed in much greater

detail below. The other factor relates to the microvasculature, that is to say, vessels

that are even smaller, particularly capillaries. In many vascular beds (e.g. skin and
conjunctiva), there is a reduction in the total number of such vessels (Struijker

Boudier et al., 1992). This of course is functionally equivalent to increasing the

total resistance of the vascular bed concerned. As one might expect, there is
considerable controversy over whether these changes are causative or secondary

adaptations to sustained rises in blood pressure. This will not be discussed here in

detail except to comment that Wrstly, there is some evidence that, even if not
causative, the microvascular changes occur very early in the evolution of hyperten-

sion (Antonios et al., 1999); and secondly, a related point is that the apparent

‘underdevelopment’ of the microvasculature has been linked to what is now
known as the Barker hypothesis. This proposes, to put it very simplistically, that

hypertension is related to fetal growth retardation and relative placental insuY-

ciency (Barker, 1997).
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Figure 12.4 Schematic illustration of the pressure gradient on the arterial side of the systemic
circulation. See text for discussion.
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Small-vessel structure in hypertension

The characteristic change in these vessels, often described as resistance arteries, is a
decrease in the lumen and usually an increase in the thickness of the media,

resulting in an increased media-to-lumen ratio: this is recognized as the crucial

characteristic of small-vessel structural change in hypertension (Mulvany and
Aalkjaer, 1990). The increase in media-to-lumen ratio can occur in up to three

ways (Heagerty et al., 1993; Mulvany, 1999; Figure 12.5). In animal models of

hypertension the predominant processes are hyperplasia (often in small to me-
dium arteries) and hypertrophy (in the aorta). In the Wrst instance there is

proliferation of medial smooth muscle cells; in the second the total mass of the

media increases but largely by increase in the size of individual cells rather than
their number. It appears that hypertrophy does occur in small arteries in patients

with secondary hypertension, for instance in renovascular disease (Rizzoni et al.,

2000). In the much more frequent circumstance of primary (essential) hyperten-
sion the usual change in resistance arteries is eutrophic remodelling. Here there is

no change in cell size and number but instead a smaller lumen is formed by

rearrangement of cells unchanged in number and size by a process which is not
clearly understood. The exact role of this remodelling remains unclear and the

experimental procedures from which these data are derived are very laborious and

time-consuming.
It is important at this point to note two fundamental concepts which are

relevant regardless of the exact nature of the structural change:



Figure 12.5 Possible structural changes in small arteries and arterioles in hypertension. See text.
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1. relatively small changes in luminal diameter will have a major impact on

resistance since, in accordance with Poiseuille’s law,

Xow � r4

2. resistance should not be regarded as a static state but as a dynamic one, since in

the altered vessel – by whatever mechanism that change may come about – the
vasodilator capacity is reduced and the sensitivity to vasoconstriction is gen-

erally enhanced (Folkow, 1982).

Small vessels and the amplifier hypothesis

Folkow in Sweden and Lever in the UK have developed a hypothesis for the
pathophysiology of hypertension that is often described as the ampliWer hypothesis

(Lever and Harrap, 1992; Folkow, 1995; Wright and Angus, 1999). This has two

basic elements. Firstly, as mentioned above, there is the increased response to
vasoconstrictors (Figure 12.6). Secondly, they have put forward a scheme which

takes in to account the structural changes noted in small vessels in animal and

human hypertension and links them to genetic factors and the activity of trophic
substances such angiotensin II (Figure 12.7). These concepts of the pathogenesis

of hypertension are widely but certainly not universally accepted (Izzard et al.,

1999), or at least are recognized as a useful basis for discussion and research
(Folkow, 2000). Clearly, it is diYcult to prove the validity of these schemes,

particularly the latter, but one can look at the endresult in two ways: Wrstly, what

happens to vascular structure and blood pressure in animals when there is



Figure 12.6 Schematic illustration of the different responses of hypertensive (HT) and normotensive
(NT) resistance arteries. In the hypertensive vessels, with greater media-to-lumen ratios,
there is greater increase in resistance for a given degree of smooth muscle contraction.

Figure 12.7 Simplified scheme of the hypothesis for the pathogenesis of hypertension proposed by
Folkow, Lever and their coworkers. The nature of the initiating vasoconstrictor stimulus is
generally speculative, but in some cases may be sympathetic overactivity. ‘Hypertrophy’ in
this context refers to all the processes illustrated in Figure 12.6. BP, blood pressure; AII,
angiotensin II; IGF, insulin-like growth factors.
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interference with growth of resistance (and other) arteries? Secondly, what hap-
pens to the structure of human arteries when raised blood pressure is successfully

treated?

Inhibition of vascular growth in hypertension

This approach is a consequence of the following question: if the (presumably

largely adaptive; Ueno et al., 2000) growth response of small arteries is inhibited



Figure 12.8 Synthetic pathway of the polyamines. Note that cycling occurs, so that spermine to
spermidine conversion may take place. ODC, ornithine decarboxylase (rate-limiting enzyme
of the pathway).
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during the development of hypertension, will the rise in blood pressure be

abolished or attenuated? In practical terms one needs to Wnd some means of

inXuencing vascular growth that does not directly aVect haemodynamics and has
low toxicity. Several groups, including our own, have chosen to inhibit polyamine

synthesis to achieve these objectives. Polyamines are essential intracellular cations

and in almost all circumstances in all cells growth-promoting stimuli cause
increases in polyamine concentrations (Igarashi and Kashigawi, 2000; Wallace,

2000). The rate-limiting enzyme for polyamine synthesis is ornithine decar-

boxylase (Figure 12.8) and highly selective inhibitors of this enzyme have been
developed, such as �-diXuoromethyornithine (eXornithine) which is of low toxic-

ity and has been used in the chemotherapy of protozoal infections. This agent has

been used in several animal models of hypertension, including the spontaneously
hypertensive rat (Soltis et al., 1994), aortic coarctation (Lipke et al., 1997),

deoxycorticosterone acetate-salt induced hypertension (Soltis et al., 1991) and

chronic low-dose angiotensin II infusion (Ibrahim et al., 1996). EXornithine
reduced vascular polyamine levels, modiWed the characteristic changes in vascular

structure and reduced the expected rise in blood pressure as compared to controls.

Not surprisingly, analogous experiments have not been carried out in hyperten-
sive patients, but these studies do support the validity of a pathophysiological link

between vascular structure and blood pressure.

Reversibility of vascular structural changes in hypertension

It is a well-established observation, frustrating for both patients and clinicians,

that in the majority of cases patients do not remain normotensive after withdrawal
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of antihypertensive drugs, even after years of successful blood pressure control
(Jennings et al., 1995; Froom et al., 1997; Aylett et al., 1999). This is a surprisingly

poorly studied Weld, and the reasons for this problem are largely conjectural.

However, it is reasonable to assume that changes in vascular structure at least
contribute to this situation and that it is relevant to assess the reversibility of these

changes. A few groups have examined this question since the introduction by

Mulvany and Halpern of the microvascular myograph, which allows structural
and functional studies on vessels with internal diameters as small as 100�m

(Froom et al., 1997). Human clinical investigations have used arteries obtained

from biopsies of subcutaneous fat and of course this always raises the issue of how
far this is representative of the whole circulation (Warshaw et al., 1979). Neverthe-

less, the data have been informative. Patients treated with thiazide diuretics,

conventional �-blockers, �-blockers and short- to medium-acting calcium chan-
nel blockers show partial or no regression of structural abnormalities in subcu-

taneous vessels. On the other hand, long-acting ACE inhibitors, selective AT1

antagonists and long-acting calcium channel blockers did show structural re-
gression (SchiVrin et al., 1995, 2000; Thybo et al., 1995; Rizzoni et al., 1997;

SchiVrin, 1998). The reasons for these discrepancies are not known but appear to

be unrelated to diVerential eVects on pulse pressure, as has been suggested
(SchiVrin and Deng, 1999). On the other hand, it is striking that the same drugs

that improve endothelial function also promote the partial normalization of

small-artery structure. This is potentially an extremely important link and it is
tempting once again to attribute a pivotal role to the renin–angiotensin system.

Summary and conclusions

We know a great deal about the vascular biology of hypertension, as this brief

review must indicate without even touching on the biology of larger vessels. At the
same time, there are obvious gaps in our understanding. The consensus can be

summarized as follows. In hypertensive individuals small vessels (from small

arteries to capillaries, with internal diameters � 500�m), diVer from those of
controls in number, structure and function. That is to say:

1. in some vascular beds at least, the number and density of capillaries is reduced

(rarefaction).
2. in small arteries the media-to-lumen ratio is generally increased, mostly by

eutrophic remodelling, where the conWguration of the blood vessel is altered,

without any change in the mass of the vascular wall.
3. endothelium-dependent relaxation is impaired in most small (and large)

vessels.

Some further issues arise from this: is there any unifying mechanism underlying



Hypertension as inflammation?
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Figure 12.9 Scheme of possible roles of oxidative stress and inflammation in the pathogenesis of
hypertension. VSMC, vascular smooth muscle cell.
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these changes? What is their relevance in the wider context of cardiovascular
disease, particularly atherosclerosis?

The ‘chicken and egg’ questions about vascular structure and function remain

largely unresolved in primary essential hypertension, mainly because of our very
incomplete understanding of the aetiology of this condition. For the moment it

may be best to avoid too much immersion in such questions. Instead, it may be

interesting to focus on two issues that appear to be interrelated: oxidative stress
and angiotensin II. As earlier discussion has indicated, angiotensin II is a promoter

of free radical generation in the vasculature (Romero and ReckelhoV, 1999). In

addition to the direct and indirect vasconstrictor eVects that this produces, it is
also possible that the overall increase in cellular oxidative stress may have other

consequences (Chakraborti et al., 1998; Kunsch and Medford, 1999) which may

include vascular smooth muscle cell proliferation (Griendling and Ushio-Fukai,
1998; Viedt et al., 2000). It is hardly likely that angiotensin II is the sole stimulus

for such processes. Increased wall stress is another likely candidate (Howard et al.,

1997), as are circulating lipoproteins, particularly oxidized low-density lipo-
protein (Andalibi et al., 1993; Galle et al., 1999). This therefore forms one point of

convergence between the vascular abnormalities related to high blood pressure

and those attributed to raised levels of plasma lipids. Although atherosclerosis is
usually characterized as a disease of medium and large arteries, it is now well

established that functional endothelial abnormalities also encompass smaller

vessels (Cooper and Heagerty, 1998). One way of looking at hypertension and
hyperlipidaemia may be as promoters of oxidative stress (Kojda and Harrison,

1999; Dhalla et al., 2000), and indeed of inXammation (Taylor, 1999; Figure 12.9).

There is also a further link to angiotensin II. Hypercholesterolaemia induces



298 M. Schachter

expression of angiotensin AT1 receptor and these can be downregulated by
lowering cholesterol with hydroxymethyl glutaryl coenzyme A reductase inhibi-

tors (Nickenig et al., 1999). A picture is therefore emerging of the totality of the

vascular biology of human disease, of which hypertension is a critical component.
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Introduction

Atherosclerosis continues to be a leading cause of mortality and morbidity

throughout the world. It has until recently been thought of as a degenerative

disease, aVecting predominantly older people, with progression over several dec-
ades, and eventually leading to symptoms through its mechanical eVects on blood

Xow, particularly in the small-calibre arteries supplying the myocardium and

brain. Because of the perceived insidious and relentless nature of its development,
there has been a somewhat pessimistic view of the potential to modify its pro-

gression by medical therapy, and treatment has instead been dominated by

interventional revascularization approaches, targeting the largest and most visible
or symptomatic lesions with angioplasty or bypass surgery. There has been little

emphasis on the diagnosis and quantiWcation of subclinical disease, or the treat-

ment of high-risk, asymptomatic patients. Recently, this defeatist view of the
pathogenesis and progression of atherosclerosis has begun to change, Wrstly,

because careful descriptive studies of the underlying pathology of atherosclerosis

have revealed that atherosclerotic plaques diVer in their cellular composition, and
that the cell types predominating in the plaque can determine the risk of a fatal

clinical event such as myocardial infarction or stroke. Secondly, cellular and

molecular biological studies, particularly involving transgenic mice, have empha-
sized the importance of inXammatory cells and inXammatory mediators in the

pathogenesis of atherosclerosis. The third and most important reason is because

several recent large-scale clinical studies have shown that drugs, in particular the
statin group of lipid-lowering agents, can reduce clinical events in patients with

established atherosclerosis without necessarily reducing the size of Xow-limiting

lesions. Taken together, this evidence has shown that, rather than being an
irreversible, inevitably progressive disease, atherosclerosis is a dynamic, inXamma-

tory process that is potentially modiWable with medical therapy. Understanding

the cellular and molecular interactions that determine the development and



Figure 13.1 Stable atherosclerotic lesion. This lesion has a low risk of rupture. There are numerous
vascular smooth muscle cells in a uniformly thick fibrous cap, with relatively few
inflammatory cells present.
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progression of atherosclerosis brings with it opportunities to develop novel
therapeutic agents targeting key molecular and cellular interactions in its aetiol-

ogy. In addition, the recognition that the outcome of atherosclerotic disease

dependsmuch more on plaque composition than plaque size also argues for a new
diagnostic approach dominated less by determining plaque size, as in angiogra-

phy, and focused more on plaque cellular content and activity.

The pathogenesis of atherosclerosis

The normal artery consists of a tube of vascular smooth muscle cells (VSMCs)
with their associated extracellular matrix (the media), lined by a single layer of

endothelial cells on the luminal surface (the intima), and surrounded by connect-

ive tissue containing blood vessels and nerves on the outside (the adventitia). In
normal arteries, the luminal diameter of the vessel can be altered by contraction

and relaxation of the VSMCs, in response to a variety of local and circulating

signals.
Histologically, the earliest lesion in atherosclerosis is a subendothelial accumu-

lation of lipid-laden monocyte-derived foam cells and associated T lymphocytes

which form a nonstenotic fatty streak. Fatty streaks are asymptomatic and are
present in most people in the western world by the second decade of life. With

progression, the core of the plaque becomes necrotic, containing cellular debris,

crystalline cholesterol and inXammatory cells, particularly macrophage foam cells.
This core is bounded on its luminal aspect by an endothelialized Wbrous cap

containing VSMCs embedded in an extensive collagenous extracellular matrix

(Figure 13.1). InXammatory cells are also present in the Wbrous cap, particularly in
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the ‘shoulder’ regions, where T cells, mast cells and especially macrophages have a
tendency to accumulate. In advanced lesions, there are also deposits of calcium

hydroxyapatite, which make the lesions less compressible and therefore more

prone to rupture. There are also numerous immature new blood vessels that
facilitate further recruitment of inXammatory cells and tend to predispose to

intraplaque haemorrhage. Thus, the composition of atherosclerotic lesions is

variable and complex, and it is the interaction between the various cell types
within a plaque that determines the progression, complications and outcome of

the disease.

The endothelium

Over the last few years, it has become clear that the endothelium plays a crucial
role in vascular biology and the development of vascular disease by producing a

number of vasoactive and antithrombotic molecules, in particular prostacyclin

and nitric oxide (NO). NO is a potent vasodilator, but is also involved in
inhibition of platelet aggregation, inhibition of VSMC proliferation, inhibition of

inXammation and, depending on concentration, either scavenging or production

of potentially destructive oxygen free radicals, in particular peroxynitrite
(Anggard, 1994; Bhagat and Vallance, 1996; Hobbs et al., 1999). Physiologically,

the earliest detectable manifestation of atherosclerosis is reduced production or

bioavailability of NO in response to pharmacological or haemodynamic stimuli
(Ross, 1999). This is demonstrable even in children with hypercholesterolaemia

(Sorensen et al., 1994) where there is reduced brachial artery dilatation in response

to increased forearm blood Xow. This is consistent with the hypothesis that high
circulating levels of atherogenic lipoproteins cause endothelial dysfunction and

(by unknown mechanisms) subendothelial lipid accumulation. Importantly,

drugs that have been shown to improve the outcome of vascular disease, including
statins and angiotensin-converting enzyme inhibitors, also improve endothelial

function.

Crucially, endothelial cells in atherosclerosis also express surface-bound se-
lectins and adhesion molecules, such as P-selectin, intercellular adhesion mol-

ecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) that attract

and capture circulating inXammatory cells and facilitate their migration into the
subendothelial space (Ross, 1999). Their importance in the development of

atherosclerosis is clearly demonstrated by experiments using genetic knockout

mice which lack their expression. The animals developed smaller lesions with
lower lipid content and fewer inXammatory cells than control mice when fed a

high-cholesterol diet (Nakashima et al., 1998). These animal models clearly

demonstrate the importance of inXammatory cell recruitment to the pathogenesis
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of atherosclerosis, but since inXammatory cells are never seen in the intima in the
absence of lipid, the results are consistent with the underlying premise that lipid

accumulation is the trigger to the development of an atherosclerotic plaque. The

tendency for atherosclerosis to occur preferentially at particular sites in the arterial
tree may be due to subtle diVerences in endothelial function, induced particularly

by alterations in local shear stress, which is known to inXuence expression of a

number of endothelial cell genes, including ICAM-1 and endothelial cell nitric
oxide synthase (eNOS; Topper et al., 1996; Resnick et al., 1997).

Inflammatory cells

The accumulation of subendothelial lipid, particularly if oxidized, is thought to
stimulate the local inXammatory reaction that initiates and maintains activation

of overlying endothelial cells. This results in their continued expression of selectins

and adhesion molecules and the expression of chemokines, in particular monocyte
chemoattractant proteins-1 (MCP-1; Boring et al., 1998). Chemokines are proin-

Xammatory cytokines that are responsible for chemoattraction, migration and

activation of leukocytes. Mice lacking MCP-1 develop smaller atherosclerotic
lesions than mice expressing MCP-1 when fed an atherogenic diet (Gosling et al.,

1999). Under the inXuence of activated endothelial cells, appropriate chemokines

and adhesion molecules, inXammatory cells migrate into the subendothelial space
where they become activated. Monocytes diVerentiate into macrophages and

express the scavenger receptors that allow them to ingest modiWed, particularly

oxidized, lipids and develop into macrophage foam cells, the predominant cell in
an early atherosclerotic lesion. In early atherosclerosis at least, the macrophage can

be thought of as performing a predominantly beneWcial role in ‘neutralizing’

potentially harmful lipid components in the vessel wall. However, activated
inXammatory cells also express a variety of proinXammatory cytokines and

growth factors that contribute both beneWcially and detrimentally to the evolution

of the plaque. Some of these factors are chemoattractant, for example osteopontin
(Liaw et al., 1994; Shanahan et al., 1994), and growth-enhancing, for example,

platelet-derived growth factor (PDGF) for VSMCs. These cytokines induce

VSMCs Wrstly to migrate from the media to the intima. In addition, activated
macrophages may undergo apoptosis, and release their lipid content into the core

of the plaque, thereby contributing to its enlargement. It is now generally recog-

nized that the progression and consequences of atherosclerosis are determined by
dynamic interactions between inXammatory cells recruited in response to sub-

endothelial lipid accumulation and the local reparative ‘wound-healing’ response

of surrounding VSMCs.
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The role of vascular smooth muscle cells

VSMCs reside mostly in the media of adult arteries where their role is to regulate

vascular tone. Thus, medial VSMCs contain large amounts of contractile proteins.

Continued expression of this ‘contractile’ phenotype is maintained by the inXu-
ence of the extracellular proteins in the vessel media acting via integrins in the

VSMC membrane. However, on migration from the media to the intima of

atherosclerotic arteries, VSMCs undergo a phenotypic change characterized by a
reduction in content of contractile proteins and a large increase in the number of

synthetic organelles. The migration of VSMCs from the media to the intima and

consequent change from a ‘contractile’ to a ‘synthetic’ phenotype was once
thought to enhance or even initiate the development of an atherosclerotic lesion

(Ross and Glomset, 1976). However, it has recently been recognized that intimal

VSMCs in atherosclerotic plaques bear a remarkable similarity to VSMCs in the
early developing blood vessel (Shanahan and Weissberg, 1998), suggesting that

intimal VSMCs may be performing a reparative rather than a destructive role in

atherosclerosis. By adopting a synthetic ‘repair’ phenotype, VSMCs become well
adapted to perform this role. Thus, they are able to express the proteinases that

they require to break free from their surrounding basement membrane and allow

them to migrate to the site of inXammation or injury in response to inXammatory
cell chemokines. They are also capable of producing growth factors and their

receptors that act in an autocrine loop to facilitate their proliferation at the site of

injury. Finally, and most importantly, they produce large quantities of matrix
proteins, in particular collagens and elastin, necessary to repair the plaque. Indeed,

it is only by changing phenotype and expressing a new repertoire of genes that

VSMCs are uniquely able to form and maintain the Wbrous cap over the lipid core
of an atherosclerotic plaque. The Wbrous cap separates the highly thrombogenic

lipid-rich core from circulating platelets and the proteins of the coagulation

cascade and confers structural stability to the atherosclerotic lesion. And since the
VSMC is the only cell capable of synthesizing the cap, it follows that VSMCs play a

pivotal role in maintaining plaque stability and protecting against the potentially

fatal thrombotic consequences of atherosclerosis (Libby, 1995).

Cellular interactions and plaque stability

Most adult males in the developed world have atherosclerosis to a greater or lesser

extent, but females do not usually develop atherosclerosis until after the meno-
pause. Although the precise reasons for this marked gender diVerence remain

uncertain, beneWcial eVects of female hormones on lipoprotein proWles and

endothelial function are likely to bear a strong inXuence. Early atherosclerosis in



Figure 13.2 Unstable atherosclerotic lesion. A complicated atherosclerotic plaque, with an area of
thrombus overlying a fibrous cap rupture.
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either sex progresses without symptoms until a lesion manifests itself by one of

two mechanisms. With time, macrophage foam cells undergo apoptosis and the

remnants become part of an enlarging lipid-rich core. This results in an enlarging
plaque, which may limit blood Xow at times of increased demand, resulting in

reversible ischaemia, as in chronic stable angina. Alternatively, the Wbrous cap of a

plaque may suddenly rupture or erode, leading to exposure of the thrombogenic
lipid core. This is likely to result in subsequent platelet accumulation, Wbrin

deposition, intravascular thrombosis and consequent tissue necrosis, as in my-

ocardial infarction.
The degree of stenosis, which is the angiographic measure of atherosclerosis,

does not necessarily reXect the size of a particular lesion. This is because arteries

can remodel to accommodate an expanding atherosclerotic lesion and thus
maintain a normal, or near normal, lumen diameter (Glagov et al., 1987). Thus,

large atherosclerotic lesions may be, and often are, clinically silent and angiog-

raphically insigniWcant. This is an important and frequently overlooked consider-
ation in the clinical evaluation of atherosclerosis.

Plaques with a large lipid pool and a thin Wbrous cap are prone to rupture,

whereas those with a thick cap are more able to resist local mechanical stresses and
therefore less likely to rupture. The most important determinant of the structure

and integrity of the Wbrous cap is its cellular composition. Plaques containing a

heavy inXammatory cell inWltrate and relatively few VSMCs are at highest risk of
rupture (Davies, 1996). If the inXammatory process instigated by the inXamma-

tory cells in the cap predominates over the repairing, stabilizing eVects of the

VSMCs, there will be Wbrous cap destruction (Figure 13.2).
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InXammatory cells act synergistically to promote plaque rupture by a number
of diVerent mechanisms. Firstly, by producing proinXammatory cytokines, such

as interferon-� (IFN-�), they directly inhibit VSMC proliferation (Warner et al.,

1989) and collagen synthesis (Amento et al., 1991). Secondly, inXammatory
cytokines, in particular interleukin-1� (IL-1�), tumour necrosis factor-� (TNF-�)
and IFN-�, are synergistically cytotoxic for VSMCs, causing depletion in cell

number by apoptosis (Geng et al., 1996). Thirdly, it has been demonstrated in cell
culture experiments that activated macrophages can induce VSMC apoptosis by

direct cell–cell contact (Boyle et al., 1998). Finally, and probably most important-

ly, macrophages secrete a variety of matrix metalloproteinases that degrade the
matrix components of the Wbrous cap by proteolytic cleavage of its protein

components (Libby, 1995). In combination with these detrimental inXammatory

cell actions, VSMCs themselves within the Wbrous cap of a mature plaque have a
reduced ability to proliferate (Ross et al., 1984; Bennett et al., 1998) and an

enhanced susceptibility to apoptosis (Bennett et al., 1997). Thus, inXammatory

cells can destroy the fabric of the Wbrous cap, and resident VSMCs are poorly
equipped to compensate, particularly in the presence of inhibitory inXammatory

cytokines. Importantly, all these features can be present in small, haemodynami-

cally insigniWcant plaques that are clinically silent and angiographically invisible.
Thus, plaque composition is far more important than plaque size in determining

outcome.

Consequences of plaque rupture

The collagen-rich extracellularmatrix that makes up the Wbrous cap contains large
amounts of tissue factor which, along with the lipid core, is highly thrombogenic.

Therefore rupture of the Wbrous cap leads invariably to local platelet accumulation

and activation. This may result in triggering of the clotting cascade, thrombus
formation and, if extensive, complete vessel occlusion. However, plaque rupture

does not invariably lead to vessel occlusion and an acute coronary syndrome. Up

to 70% of plaques causing high-grade stenosis contain histological evidence of
previous subclinical plaque rupture and subsequent repair (Davies, 1995). This is

particularly likely to occur if high blood Xow through the vessel prevents the

accumulation of a large occlusive thrombus. A platelet-rich thrombus contains
chemokines and mitogens, in particular PDGF and thrombin, that induce migra-

tion and proliferation of VSMCs from the arterial wall (McNamara et al., 1996). It

is also a rich source of transforming growth factor-� (TGF-�; Grainger et al.,
1995), the most potent stimulator of VSMC matrix synthesis. Thus, nonocclusive

plaque rupture induces formation of a new Wbrous cap over the organizing

thrombus which restabilizes the lesion, but at the expense of increasing its size.
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Since this occurs suddenly, there is little opportunity for adaptive remodelling of
the artery and the healed lesion may now impede Xow suYciently to produce

ischaemic symptoms. This explains why patients who have previously had normal

exercise tolerance may suddenly develop symptoms of stable limiting angina. It
also follows that, if lesions can grow as a consequence of repeated episodes of silent

rupture and repair, inhibition of plaque rupture will reduce progression of

atherosclerosis. In summary, therefore, atheromatous plaques may become larger
by two methods: the Wrst is a gradual increase in size as a consequence of the

apoptotic death of macrophage foam cells and their incorporation into an enlarg-

ing necrotic lipid-laden plaque core. The second is a stepwise increase in size
because of repeated, often silent episodes of plaque rupture with subsequently

excessive VSMC-driven repair.

Implications for clinical evaluation of atherosclerosis

Risk factor assessment

The realization that atherosclerosis is essentially an inXammatory process has

prompted the evaluation of circulating markers of inXammation to predict plaque
rupture and risk of clinical events. These markersmay reXect levels of macrophage

activation. Circulating levels of serum amyloid A (SAA), C-reactive protein (CRP)

and TNF-� all correlate with risk of a coronary event, but they are nonspeciWc and
may be elevated as a consequence of many inXammatory processes. A major

advance in this Weld has been the development of a highly sensitive assay to

measure levels of CRP (hs-CRP) that are below the limit of detection of assays
used routinely. This revealed a strong correlation between CRP level and future

risk of myocardial infarction and stroke in the Physicians Health Study (Ridker et

al., 1997) where it was also demonstrated that subjects with the highest CRP levels
(albeit within the conventional normal range) derived most beneWt from prophy-

lactic aspirin therapy. The CARE study (a secondary prevention study comparing

eVects of pravastatin with placebo in patients after myocardial infarction with only
mildly elevated cholesterol levels) not only conWrmed the association between risk

of a vascular event and CRP (and SAA) levels, but also demonstrated that, whilst

the CRP level rose over 5 years in the placebo group, it fell in association with risk
of an event in the active treatment group, and this reduction was not correlated

with the magnitude of the decrease in serum lipids in the treated group (Ridker et

al., 1998b). It has also been demonstrated recently that hs-CRP levels in apparently
healthy postmenopausal women are also strongly predictive of future coronary

events (Ridker et al., 2000). Interestingly, there was no association between the

degree of cardiovascular risk or hs-CRP level and the titres of immunoglobulin G
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antibodies to Chlamydia pneumoniae, Helicobacter pylori, herpes simplex virus or
cytomegalovirus. Levels of more speciWc markers of vascular inXammation, such

as ICAM-1 and VCAM-1, also correlate with risk of vascular events, but their role

in clinical practice also remains to be established. Ridker et al. demonstrated a
relationship between levels of soluble ICAM-1 in apparently healthy men and the

risk of future myocardial infarction, with levels in the highest quartile conferring

an increased risk of 80% compared to those with values in the lowest quartile
(Ridker et al., 1998a). These results provide powerful support for the theory that

atherosclerosis is an inXammatory process and they suggest that biochemical

measures of inXammation can be used, in combination with conventional risk
factors, to reWne risk prediction and help select high-risk patients for primary

prevention therapy and to monitor their progress. They also add weight to the idea

that statin therapy has an antiinXammatory plaque-stabilizing eVect, which could
be independent of its lipid-lowering action.

Atherosclerosis imaging

Although plaque composition is more important than size in determining clinical

outcome, contrast angiography remains the gold standard diagnostic test in

vascular disease. This technique allows high-resolution deWnition of the site and
severity of luminal obstructions. Angiography, however, is not an ideal investiga-

tion for predicting risk of plaque rupture and therefore clinical events. Firstly, it

only detects lesions that impinge signiWcantly on the lumen, and is unable to
image the vessel wall. It cannot therefore give any information about the composi-

tion or inXammatory state of plaques. Secondly, it is invasive and involves a Wnite

degree of risk and is therefore usually only performed on patients who already
have symptoms of ischaemia. Thirdly, most of the lesions that cause myocardial

infarction produce less than a 50% stenosis (Falk et al., 1995), explaining why

myocardial infarction occurs so commonly in patients who have experienced no
previous symptoms. Thus, despite its continued importance in the evaluation and

management of symptomatic coronary disease, angiography has little to oVer in

terms of risk prediction or therapeutic monitoring, particularly in the asympto-
matic population.

Intravascular ultrasound provides much more information than angiography

on the extent and composition of targeted plaques but, like angiography, is
invasive and expensive and is therefore unsuitable for large-scale evaluation of

coronary disease. The extent of coronary calciWcation, as quantiWed by electron

beam computed tomography, has been shown to predict clinical events, and the
technique has a high negative predictive value, with a low calcium score making

signiWcant atherosclerotic disease unlikely (BudoV et al., 1998). However, the

precise relationship between calciWcation and plaque progression remains to be
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Figure 13.3 A balancing act. The plaque cell content determines the balance between plaque stability
and plaque instability.
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determined and monitoring calciWcation as a surrogate marker of atheroma load
will only be of value if, as recently suggested (Callister et al., 1998), it proves to be

reversible.

The most promising emerging imaging techniques are magnetic resonance
imaging (MRI) and positron emission tomography (PET). MRI can diVerentiate

diVerent plaque components in animal models and human vessels (Toussaint et

al., 1996). In addition, it is possible to image plaque progression, regression and
rupture (Skinner et al., 1995; McConnell et al., 1999). However, image resolution

and movement artefact remain substantial obstacles to its use in diagnosis or

monitoring of coronary artery disease. In addition, whilst it may provide some
anatomical detail, MRI is unlikely to provide information on inXammatory

activity within plaques. In contrast, PET provides no anatomical information but

may be able to measure plaque inXammatory cell content and activity. It has been
shown that macrophages avidly accumulate the positron-emitting tracer, the

glucose analogue 18-Xuoro-deoxyglucose ([18F]FDG; Kubota et al., 1994). Early

animal studies using [18F]FDG-PET to measure plaque metabolism in balloon-
injured hypercholesterolaemic rabbits have been encouraging, with intense uptake

noted in the aorta (Vallabhajosula et al., 1996; Vallabhajosula, 1999). However, as

withMRI, there are a number of technical obstacles to overcome before its place in
clinical evaluation of atheroma (if any) can be established. There is an urgent need

to develop new imaging technologies to evaluate plaque composition and inXam-

matory state, in order to help determine risk of plaque rupture.

The balance of atherosclerosis: therapeutic implications

Atherosclerosis is a dynamic process in which the balance between the destructive

inXuence of inXammatory cells and the reactive, stabilizing eVects of VSMCs

determines outcome (Figure 13.3). The balance is tipped in favour of plaque
rupture by factors such as an atherogenic lipoprotein proWle, extent of lipid

oxidation and local free radical generation, and genetic variability in expression

and activity of the inXammatory molecules involved. For example, a correlation



312 J. H. F. Rudd and P. L. Weissberg

has been described between plaque progression and a polymorphism in the
stromelysin-1 gene promoter (Ye et al., 1996). In addition, it is plausible that

infective organisms may exacerbate the inXammatory reaction within the plaque.

Whilst earlier reported associations between H. pylori infection and cardiac events
appear to be spurious (Danesh and Peto, 1998), C. pneumoniae remains a plaus-

ible candidate pathogen, particularly since it can be found within plaque macro-

phages (Kol et al., 1998). However, currently, the association between infection
and coronary events remains hypothetical and the results of ongoing antibiotic

treatment clinical trials are awaited with interest.

The balance can be tipped towards plaque stability by a reduction in plaque
inXammation and/or an increase in VSMC-driven repair. Lipid reduction, by

whatever means, reduces clinical events. Evidence that this may be due to a

plaque-stabilizing eVect comes from animal studies which showed that statins
reduced inXammatory cell and increased VSMC content of plaques (Shiomi et al.,

1995), changes that would be expected to enhance stability. More importantly,

however, evidence from human clinical studies also points to a plaque-stabilizing
eVect of statins. Angiographic studies have shown that statins produce a small,

haemodynamically insigniWcant reduction in progression of established stenoses

(Investigators, 1994; Jukema et al., 1995; Pitt et al., 1995). They also reduce new
lesion formation and, importantly, the number of new vessel occlusions. These

arise when a plaque ruptures, and an occlusive thrombus occurs in the context of a

well-collateralized myocardial circulation. This seems to imply that statins are
stabilizing plaques by reducing rupture rate. This conclusion is supported by the

results of all the large primary and secondary prevention studies, which have

demonstrated that statins (pravastatin, simvastatin and lovastatin) produce a
major reduction in events such as myocardial infarction and stroke, due to plaque

rupture (Scandinavian Simvastatin Surival Study, 1994; Shepherd et al., 1995;

Sacks et al., 1996; Downs et al., 1998; LIPID Study Group, 1998). Since statins have
only a modest eVect on plaque size, but cause profound reductions in number of

clinical events, these results argue strongly that the statins have a beneWcial eVect

on plaque stability, in addition to eVects on lipid lowering. They also highlight the
inadequacy of angiography for the prediction of clinical events.

Statin drugs may help stabilize plaques by a variety of diVerent means. It is

known that they can exert direct eVects on endothelial cell function, inXammatory
cell activity, VSMC proliferation, platelet aggregation and thrombus formation

(Lacoste et al., 1995; Treasure et al., 1995; Negre-Aminou et al., 1997; Katznelson

et al., 1998; Rosenson and Tangney, 1998). Evidence that non-lipid-lowering
eVects may be important in vivo comes from animal studies in which pravastatin

caused beneWcial changes in plaque composition (but not size), even when lipid

levels were maintained at pretreatment levels (Williams et al., 1998), and from the
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WOSCOPS study, in which the outcome beneWt from pravastatin therapy was
greater than predicted by the achieved reduction in low-density lipoprotein

cholesterol. These observations point to potentially important eVects of statins

that are poorly understood and still have to be deWned, but also imply that, since
the statins may not exert uniform eVects on the biological events contributing to

plaque progression and rupture, it is possible that some may aVord more or less

protection than others for an equivalent lipid-lowering eVect.
The notion that plaque stability may be enhanced by directly targeting speciWc

lipid-independent events in the pathogenesis of atherosclerosis has paved the way

for the development of new therapies to try to achieve this. Possible therapeutic
targets include endothelial NO and adhesion molecule production, the matrix

metalloproteinases and inXammatory cytokines and their receptors. Stimulation

of VSMC repair is also a potential therapeutic aim. This is currently best achieved
by balloon angioplasty which stimulates a vigorous VSMC response to create a

matrix-rich neointima. Although this may combine with other factors, most

notably arterial recoil and remodelling, to cause restenosis, the resulting lesion
rarely, if ever, precipitates an acute coronary event, even when the original target

lesion was unstable. It is feasible therefore that regulators of VSMC behaviour, in

particular modulators of TGF-�-driven matrix production, may lead to new
therapies aimed at enhancing and maintaining the Wbrous cap.

Summary

Plaque composition reXects the dynamic balance between lipid-driven inXamma-

tory cell mediated inXammation and the stabilizing, reparative inXuence of the
surrounding VSMCs, and is more important than plaque size in determining

outcome in atherosclerosis. This argues for new diagnostic strategies that rely less

on angiographic appearances in symptomatic patients and more on potential
measures of vascular inXammation and plaque activity in asymptomatic patients

with subclinical disease. Results of recent clinical trials have shown that athero-

sclerosis is a dynamic and therefore potentially reversible process, and have paved
the way for new approaches to treatment based on understanding of the underly-

ing biological interactions that determine plaque stability.
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Introduction

The aorta has to withstand the load imposed by arterial blood pressure for a

lifetime. The microanatomy of the aorta reXects this burden and the media is

thick, composed of numerous concentric lamellae of elastic connective tissue and
smooth muscle cells. In youth and health elastin is the principal load-bearing

component of the aorta with collagen Wbres only being recruited at the highest

loads (Burton, 1954). Other microWbrils, including Wbrillin-rich Wbrils, also con-
tribute to load bearing. The abdominal aorta, distal to the renal arteries, is the

aortic segment with least elastin and least nutrient vasa vasorum in the adventitia.

With ageing this segment of the aorta is vulnerable to weakening and fusiform
aneurysmal dilatation: abdominal aortic aneurysms (AAAs) are present in ap-

proximately 5% of men aged 65 years or older.

Definition of an abdominal aortic aneurysm

The normal diameter of the infrarenal aorta is 1.5–2.2 cm, with taller patients
tending to have wider aortas. The infrarenal aorta is conveniently assessed by

ultrasonography. A localized fusiform dilation is clearly evidenced when the

proximal and distal aortic diameters are much smaller than the maximum diam-
eter. One suggested deWnition of an AAA is when the ratio of maximum diameter

to infrarenal diameter exceeds 1.5 cm. However, the resolution and visualization

of the suprarenal aorta by ultrasonography are poor. A more convenient and
widely accepted deWnition of an aneurysm is when the maximum anterior–

posterior diameter exceeds 3 cm.

Clinical examination often fails to detect the smallest aneurysms (3–5 cm) but
larger aneurysms are readily detected by clinical examination. The largest

aneurysms may reach from 10 to 15 cm in diameter, but the larger the aneurysm,

the higher the risk of catastrophic rupture.
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Disease burden and epidemiology

Studies in three continents have indicated that the incidence of AAA is increasing

(Fowkes et al., 1989). AAA was one of the outcomes documented in the Framing-

ham study and has been associated strongly with smoking. Two other epi-
demiological studies have identiWed hypertension as a risk factor for AAA

(Strachan, 1991; Reed et al., 1992). In Strachan’s study diastolic blood pressure

and the smoking of hand-rolled cigarettes were associated with a greatly increased
risk of death from ruptured AAA. It is also the author’s prejudice that AAA is

usually a smoking-related disorder and the increasing incidence of AAA lags 30–40

years behind the rise of cigarette consumption (Henney et al., 1993). The recom-
mended treatment option for all larger aneurysms (� 5.5 cm) is elective aortic

graft replacement surgery or endovascular repair. The UK Small Aneurysm Trial,

which was established to identify whether prophylactic surgery also provided the
best management for smaller aneurysms, reported in 1998 (UK Small Aneurysm

Trial Participants, 1998). Early prophylactic surgery had no beneWt on long-term

survival, minimal beneWt on quality of life and increased health service costs. For
these reasons, early surgery cannot be recommended for asymptomatic aneurysms

� 5.5 cm in diameter. The focus must now be on developing medical therapies to

limit the growth of small aneurysms. This emphasizes our need to know more
about the biology of aneurysms. Aortic biopsy is readily available at the time of

open surgery. Even though the number of elective aneurysm repairs performed

each year grows rapidly, so too do the number of emergency operations for
ruptured AAA. With the population of 65 + years expected almost to double by

2025, the burden of AAA on health resources is enormous.

Screening studies and clues to the aetiology of abdominal aortic aneurysm

Ultrasonographic screening studies of the general population � 65 years of age

have demonstrated the presence of AAA in approximately 5% of men. The

prevalence of AAA in women is much lower. The screening of particular groups
has indicated predisposing risk factors (Table 14.1; Henney et al., 1993).

Screening hypertensive patients has provided a low yield of AAA but about 10%

of patients with intermittent claudication have an AAA and approximately 25% of
the brothers of patients with AAA also have an AAA detected on screening. Such

studies indicate a strong familial tendency to AAA, although this may be environ-

mental rather than genetic. These studies also indicate a common risk factor for
peripheral atherosclerosis and AAA: smoking, dyslipidaemia and hypertension are

possible common risk factors. Interestingly, AAA is rare amongst patients with

type 2 diabetes.



Table 14.1 Screening for abdominal aortic aneurysm (AAA)

Prevalence of AAA

(%)

Population (� 65 years general practice) 2–6

Patients with hypertension 1

Patients with peripheral arterial disease 10–12

Brothers of patients with AAA 20–30

Figure 14.1 Histopathology of the aneurysm.
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Histopathology

The aneurysmwall as observed at surgery is lined with laminated thrombus, which

must act to deny luminal nutrition to the aortic wall. Underneath this extensive

intimal atherosclerosis is the rule (Figure 14.1). Beneath this the media is very thin
and atrophic, there is Wbrous replacement with few smooth muscle cells being

observed, with good evidence for smooth muscle cell apoptosis (Lopez-Candales

et al., 1997). The medial connective tissue has become collagen-rich and the elastic
Wbres are very disrupted, with the elastin content being very reduced. The adven-

titia has undergone compensatory thickening and neovascularization. In larger

aneurysms an extensive inXammatory inWltrate (mainly B cells and macrophages)
in the adventitia is an important Wnding (Koch et al., 1990). Although the media

thins and the elastin content is very low, there is compensatory increase in both

adventitial collagen and thickness.

Biomechanical properties of the abdominal aorta

With ageing the elastic resilience of the aorta is gradually lost and this accords with
a declining elastin content and increasing content of polar glycoproteins in the

media. In youth the dry weight elastin content of the aortic wall is approximately

35% compared with about 25% at the age of 70 years and only 8–10% or less in an
AAA wall. The aneurysmal wall also is very inelastic and stiV and the stiVness or

loss of elasticity appears to depend upon both the elastin content and genetic

variation in the type III collagen and Wbrillin genes (MacSweeney et al., 1994).

Cell biology and biochemical perspectives

It is very diYcult to propagate in culture smooth muscle cells isolated from the
adult abdominal aorta. In contrast, cells isolated from the adult thoracic aorta can

be passaged readily. It is these cells that, as the aorta develops, synthesize the

load-bearing connective tissue components of the aortic media: elastin, types I, III,
V collagen, microWbril-associated glycoproteins and Wbrillin. Smooth muscle cells

isolated from adult abdominal aortic media synthesize collagens type I and III but

not elastin in culture.
The earliest theories about aneurysm formation came from experiments of the

instillation of elastase into canine aorta in vivo or human vessels in vitro, which

was suYcient to cause aneurysmal dilatation (Dobrin et al., 1984; Anidjar et al.,
1990). Such aneurysms do not rupture unless collagenase also is installed. These

experiments have given rise to a widely held hypothesis for aneurysmal dilatation

in the aorta:
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Elastinolysis� aortic dilatation

Collagenolysis� aneurysm rupture

Not surprisingly, many workers have identiWed increased elastase activity in both

the blood and aortic wall of patients with AAA. Elastin is very resistant to both

chemical and enzymic degradation and only a few enzymes are known to degrade
elastin: these include leukocyte elastase (a serine protease), cathepsin S (a cysteine

protease) and matrix metalloproteinases (MMPs), including gelatinases A and B

(MMP-2 and MMP-9, respectively), matrilysin (MMP-7) and a metalloelastase
(MMP-12). All these enzymes degrade insoluble elastin and, together with their

inhibitors, are likely to contribute to the vascular remodelling in the AAA wall. All

these enzymes are likely to be present in the aneurysm wall and all are under tight
biological control. These enzymes are tightly regulated at both gene and protein

level, and often secreted as inactive precursors (zymogens; Figure 14.2). Activation

may be triggered by proteolytic cascades and each protease family is inhibited by a
separate family of inhibitors: serpins (e.g. �1-antitrypsin) inhibit the serine pro-

teases, tissue inhibitors of metalloproteases (TIMPs) inhibit MMPs and cystatins

inhibit the cysteine proteases MMPs.
As elastin peptides are known to be chemotatic for inXammatory cells, the

scheme shown in Figure 14.3 accords with our current knowledge about aneurys-

mal dilatation. InXammatory cells in the aneurysm wall, macrophages and lym-
phocytes, are rich sources of proteases, including MMP-2 and MMP-9.

InXammation is an important feature of the aneurysm biopsy, with a variable

inWltrate of chronic inXammatory cells (B cells and macrophages) in the adven-
titia; T cells commonly are found as a cuV around the neovasculature in the

adventitia. There is no evidence that this inXammation is a response to speciWc

antigens, although viral infection with cytomegalovirus has been suggested to have
a pathogenic role in inXammatory aneurysms (Yonemitsu et al., 1996). These

inXammatory aneurysms are deWned clinically by the dense periaortic Wbrosis,

which makes surgical resection more diYcult. Such inXammatory aneurysms are
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not common and in the most common form the chronic inXammation may be a

response to hypoxia or a result of a unique stromal environment which favours
inXammatory cell residence and proliferation. Irrespective of its origin, this inXux

of inXammatory cells will play a prominent part in connective tissue remodelling

in the aortic wall through secretion of proteases, cytokines and other inXamma-
tory mediators.

InXammation and proteolysis are considered to be the two key pathological

processes driving aneurysm over expansion (Shah, 1997). Hence these processes
are attractive targets for therapeutic intervention, e.g. tetracycline derivatives to

inhibit metalloprotease activity.

The genetics of AAA

The strong familial predisposition to AAA raises the question of an inherited
disorder manifest late in life. Two well-characterized genetic disorders have been

associated with aortic fragility (Ehlers–Danlos type IV syndrome) and aortic

rupture (Marfan syndrome). These disorders are caused by mutations in the type
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III collagen gene (chromosome 2) and the Wbrillin-1 gene (chromosome 15),

respectively. Both direct gene-sequencing studies and population molecular gen-
etics have failed to demonstrate that mutations or genetic variation in either the

Wbrillin or type III collagen genes are a common cause of AAA. Similarly, variation

in the elastin gene is not a common cause of AAA; however, variations in both the
Wbrillin and type III collagen gene have been associated with the biomechanical

properties of the aneurysm wall (Figure 14.4). Several other candidate genes (e.g.

TIMP-1) have been investigated, without any strong associations being observed.
The genetics of AAA remains an unsolved problem and several centres are

collecting and pooling families enriched in AAA for amore systematic approach to

this problem.

Animal and other models of aortic aneurysm

Dissection of the complex interactions between proteolysis and inXammation in

driving aneurysm expansion would be facilitated by the availability of an appro-

priate animal model. Several animal species, including turkeys and mice (blotchy
mice), may develop aneurysms. However, recent focus has been on the develop-

ment of aneurysms in transgenic mice. The role of serine proteases, particularly

plasminogen and its activators – tissue (t + PA) and urokinase (uPA) plasminogen
activator – has been highlighted in the work of Carmeliet and colleagues (1997).

They found that reduced activity of uPA protected apoE− mice from elastin

destruction and aneurysm formation. These workers have suggested that uPA
catalysed activation of plasmin results in the activation of MMPs which degrade

elastin. Other workers are trying to evaluate the role of speciWc MMPs by

following the development of elastase-induced aneurysms in transgenic mice
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(instillation of elastase via balloon catheter provokes elastin degradation and an
inXammatory reaction). The role of speciWc cytokines and inXammatory medi-

ators is also being followed in a rabbit model, where periarterial application of

calcium chloride causes aneurysms. However, the mechanisms of the human
disease appear to be more complex (Parks, 1999). For these reasons the human

tissue explant models, developed by Walton et al. (1999), may prove more useful

in identifying the role of the speciWc inXammatory mediators, e.g. interleukin-1�
and prostaglandin E2.

The cause of abdominal aortic aneurysm

In the past there have been two champion causes of AAA: atherosclerosis and

inheritance. My personal viewpoint is that AAA is a multifactorial disorder with

complex environmental–genetic interactions, stimulating an adventitital inXam-
matory response which is critical to the aortic remodelling. The theory that

proteolysis and inXammation are the two processes pivotal to aneurysm forma-

tion and growth is gaining widespread acceptance. In those who develop AAA at a
young age (� 60 years) the genetic contribution is stronger while the environ-

mental contribution is greater for those developing AAA in the seventh and eighth

decades. If we all lived to 120 years we might all develop AAA as the elastin in the
abdominal aorta wears out and is not replaced.
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Introduction

Diabetes mellitus owes much of its morbidity and most of its mortality to the late

complications of the condition. These are predominantly vascular in origin and
include diabetic retinopathy, the commonest cause of blindness in people of

working age in our society, and diabetic nephropathy, an increasingly common

cause of renal failure as well as premature peripheral vascular, cerebrovascular and
coronary artery disease. The person with diabetes is approximately three times as

likely to suVer a heart attack, at least twice as likely to suVer a stroke and 20 times

as likely to have a limb amputated.
It is common to refer to the vascular disease associated with diabetes as either

microangiopathy (involving the microcirculation) or macroangiopathy, i.e. arter-

ial disease. It is none the less likely that diabetes aVects the whole circulation
although little work has been done on the impact of the condition on venous

function or lymphatic function. Macroangiopathy includes atherosclerosis which

is typiWed by its prematurity, its multisegmental and distal nature and by the fact
that women of premenopausal age are not spared as they commonly are in the

absence of diabetes. Macroangiopathy also includes arteriosclerosis and may be

regarded as a manifestation of accelerated ageing of the vasculature in diabetes.
Both micro- and macroangiopathy exhibit certain stages in their evolution.

Atherosclerosis goes through the normal stages observed in the nondiabetic

including the formation of the fatty streak, the development of atherosclerotic
plaque, eventually resulting in vessel stenosis and the symptom complexes of

angina and intermittent claudication; the major vascular events of stroke and

myocardial infarction represent the superimposition of thrombus on ruptured
plaque (Ross, 1993). See Chapter 13 for a detailed account of atherogenesis.

Clinical microangiopathy is preceded by functional changes in the microcircula-

tion with later structural adaptation, including capillary basement membrane
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thickening. In the kidney the mesangium around the glomerular capillary loops
develops to excess. The eventual terminal event is the extinction of the glomerular

capillary or closure of the retinal capillary; in the latter case (misplaced), reparative

mechanisms result in neovascularization, the resultant new vessels being friable
and hyperpermeable (Zatz and Brenner, 1986).

The term ‘diabetic angiopathy’ suggests that the pathological processes involved

are uniform, irrespective of the type of diabetes. There is none the less emerging
evidence that the pathophysiology of microangiopathy may diVer between two

major types, type 1 and type 2.

Type 1 diabetes is characterized by early increase in microvascular pressure and
Xow. It is thought that this leads to endothelial injury and resultant capillary

basement membrane thickening and microvascular sclerosis. This in turn limits

maximum hyperaemia and impairs autoregulatory capacity (Parving et al., 1983).
In contrast, in type 2 diabetes, in the absence of hypertension microvascular

pressure appears normal (Shore et al., 1992). There is however a profound early

reduction in vasodilatory reserve and increasing evidence that this abnormality,
which probably represents endothelial dysfunction, precedes the development of

diabetes (Tooke and Goh, 1999). Indeed, it has been argued that impaired

endothelium-dependent vasodilatation may be an intrinsic feature of the vascula-
ture associated with the metabolic syndrome, the insulin-resistant state which

almost invariably precedes the development of type 2 diabetes. Whether or not

endothelial dysfunction is itself a cause of insulin resistance through impaired
insulin-mediated vasodilatation of skeletal muscle remains contentious.

Diabetic angiopathy: a role for the endothelium

Given the location of the vascular endothelium and its multiplicity of roles in

relation to the control of vascular function, it is little surprise that it is perceived as
the tissue that orchestrates much of the expression of clinical microangiopathy.

Evidence for endothelial dysfunction stems from three major sets of observations:

Wrstly, the release of markers of endothelial activation damage into the circulation
in diabetic subjects; secondly, evidence for impaired endothelium-dependent

vasodilatation and thirdly, changes in vascular permeability.

Endothelial marker studies

Elevated levels of soluble adhesion molecules expressed by endothelial cells and

von Willebrand factor have been demonstrated in the serum of patients with
diabetes, particularly in the context of diabetic complications (Lim et al., 1999). In

line with the concept of intrinsic endotheliopathy being part of the metabolic

syndrome, elevated levels of adhesion molecules have also been observed in obese
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hypertensive subjects with normal glucose tolerance (Ferri et al., 1999). Despite
these observations it is diYcult to be certain whether the presence of such markers

represents occult existing vascular disease or endothelial activation that precedes

vascular pathology.

Impaired endothelium-dependent vasodilatation

Endothelial function has been assessed in a variety of vessels in vivo from conduit

arteries to skin microvessels. The data for each will be reviewed. In addition, in an
attempt to assess whether there is evidence of any change in endothelial function

as the disease progresses, studies investigating subjects without clinical complica-

tions or with retinopathy only (since the majority will develop some degree of
retinopathy as the disease progresses) will be compared with those assessing

patients with microalbuminuria, a marker of diabetic renal disease, associated

with the more malignant forms of angiopathy expression.

Vascular function in type 1 diabetes (Table 15.1)

In vivo studies

Conduit artery function Using high-resolution ultrasound and wall-tracking

software, conduit artery endothelial function has been assessed by monitoring the
change in diameter to an increase in Xow through usually the brachial artery

(induced by a 5-minute inXation and subsequent release of a cuV around the lower

forearm), so called Xow-related vasodilatation or FRD (Joannides et al., 1995; see
Chapter 3 for a detailed account of Xow-related vasodilatation). The femoral,

radial or carotid artery may also be used. Impairment in the hyperaemic response

to cuV release could result in diVerent stimuli being applied to diVerent groups,
thus this should be assessed in all cases. To dissect out whether any abnormalities

seen are due to endothelial or smooth muscle dysfunction, endothelium-indepen-

dent vasodilatation is assessed by the response to sublingual glyceryl trinitrate
(GTN). The technique is diYcult to use, requiring highly skilled operators to

ensure reproducible responses. Flow-related vasodilatation has been shown to

vary with resting vessel diameter, thus it is important to ensure groups are
matched for basal artery diameter.

Patients with type 1 diabetes with normoalbuminuria may demonstrate an

impaired response to both endothelium-dependent and independent responses
(Zenere et al., 1995; Clarkson et al., 1996; Donaghue et al., 1997), an impaired

FRD but normal GTN response (Lekakis et al., 1997; Meeking et al., 1999) or

normal responses for both the endothelium-dependent and independent response
(Lambert et al., 1996; Enderle et al., 1998). In the Meeking study endothelium-

dependent vasodilatation was impaired but the GTN response showed a wide

variability in all groups with a trend to be impaired in the diabetics which failed to



Table 15.1 Summary of vascular function in type 1 diabetes

Response

Vascular bed Stimulus Long duration/no complications Normoalbuminuria Microalbuminuria

Conduit artery Increased Xow Normal � �
Glyceryl trinitrite Normal � �

Forearm blood vessels ED agonist Normal Normal Normal

EI agonist Normal Normal Normal

Skin microvessels ED agonist Normal ? �
EI agonist Normal ? Normal

ED, endothelium-dependent; EI, endothelium-independent
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reach statistical signiWcance. The reasons for the discrepancies are unclear. Patient
characteristics may contribute: thus in patients of long disease duration, who have

had lifelong good glycaemic control, have no clinical complications and have

normal lipids, conduit artery function may be normal (Lambert et al., 1996;
Enderle et al., 1998), whereas in those with poorer control and abnormal lipids,

abnormalities have been reported (Clarkson et al., 1996; Meeking et al., 1999).

However, this is unlikely to be the complete explanation as Donaghue et al. (1997)
reported in adolescents with moderate/good control, shorter disease duration,

normal lipids and minimal complications (retinopathy in 4/16) that both en-

dothelium-dependent and independent function are impaired. Other factors such
as smoking (passive and active), exercise levels, sex, insulin, current glycaemia

may all inXuence the response, making interpretation diYcult.

In the presence of microalbuminuria, conduit artery endothelial function is
abnormal (Zenere et al., 1995; Lekakis et al., 1997; Meeking et al., 1999). The

endothelium-independent response is also impaired, although in one of the

studies the impairment failed to reach statistical signiWcance (Meeking et al.,
1999).

Forearm blood flow The response of the forearm resistance vasculature to the
intraarterial administration of endothelium-dependent (acetylcholine, methacho-

line, carbachol, bradykinin, etc.) and independent (usually sodium nitroprusside

but also verapamil) agonists may be assessed by venous occlusion plethysmogra-
phy. The data should be presented as change in blood Xow in the drug-infused

arm compared to the control arm in order to take into account nondrug-related

changes in blood Xow. DiVerences in baseline blood Xow may result in delivery of
diVerent concentrations of drugs between groups and thus basal blood Xow

should be measured. Due to concerns regarding eVects of diVerent ambient

glucose levels or diVerences in basal blood Xow, several studies have been carried
out during euglycaemic clamps, although one could argue that this represents an

unphysiological environment.

A large number of such studies have been carried out in type 1 patients without
microalbuminuria. The overall summary of these data is that the response to an

endothelium-dependent agonist is usually normal whether subjects are studied

under normal conditions (Halkin et al., 1991; Calver et al., 1993; Smits et al., 1993;
Khan et al., 1996) or during euglycaemic clamp (Elliott et al., 1993; Huvers et al.,

1999). The exceptions to this are a study by Johnstone and colleagues (1993) in

which the clinical complications of the patients were not described and which was
carried out during blockade of prostaglandins, and a study using historical

controls which were younger than the patients, a factor which may have contrib-

uted to their Wndings (O’Driscoll et al., 1997). The contribution of nitric oxide
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(NO) to resting tone (as determined by infusion of the NO synthax inhibitor
NG-monomethyl-l-arginine (l-NMMA)) has been described as normal (Elliott et

al., 1993; Makimattila et al., 1996) or reduced (Calver et al., 1993; Elliott et al.,

1993) in this group. The endothelium-independent response was normal in all but
two of these studies (Khan et al., 1996; Makimattila et al., 1996).

In patients with microalbuminuria the responses to endothelium-dependent

and independent vasodilators were normal when studied under conditions of
euglycaemic clamp (Huvers et al., 1999), although the contribution of NO to this

vasodilatation was reduced, suggesting other vasodilators may play a greater role

(Elliott et al., 1993). Makimattila and colleagues (1996) suggest that diabetic
subjects with or without microalbuminuria may have impaired endothelial func-

tion in the presence of long-term poor control.

Hyperresponsiveness to both acetylcholine and sodium nitroprusside has been
described in patients with macroalbuminuria but normal creatinine. It has been

postulated that this is linked to the pronounced autonomic dysfunction in this

group (Makimattila et al., 1997).

Skin microcirculation Acetylcholine and sodium nitroprusside can be intro-

duced into the skin using a technique called iontophoresis. This noninvasive
technique uses an electric charge to deliver the charged substances to the skin and

the resulting vasodilatation is measured by laser Doppler perfusion imaging

technique. In subjects with long disease duration without clinical complications,
the endothelium-dependent and independent responses are normal. In contrast,

in those with microalbuminuria there is an impaired response to the endothelial

vasodilator acetylcholine whilst the smooth muscle cell response was normal
(Shore et al., 1997). In a group of young people with diabetes, Khan and Elhadd

(1997) reported that the impairment in acetylcholine-induced vasodilatation was

inversely related to duration of diabetes and glycaemia.

In vitro studies

Subcutaneous resistance arteries from the gluteal region, mounted on the Mul-

vany wire myograph, demonstrate reduced reactivity to acetylcholine but normal

responses to bradykinin and sodium nitroprusside (McNally et al., 1994). It has
been suggested that this reXects an acetylcholine receptor abnormality, although

recent preliminary evidence using vessels from a similar group of patients has

failed to conWrm this (Malik et al., 1999).

Vascular function in type 2 diabetes (Table 15.2)

In vivo studies

Conduit artery studies Ultrasound wall-tracking studies have demonstrated that



Table 15.2 Summary of vascular function in type 2 diabetes (in the absence of
hypertension and peripheral vascular disease)

Vascular bed Stimulus Response

Conduit artery Increased Xow �
Glyceryl trinitrate Normal

Forearm blood vessels ED agonist �
EI agonist Normal / �

Skin microvessels ED agonist �
EI agonist �

ED, endothelium-dependent; EI, endothelium-independent.
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Xow-related vasodilatation is impaired in this group although there is no evidence

of abnormalities in smooth muscle cell function (Goodfellow et al., 1996; Enderle

et al., 1998).

Forearm blood flow studies Many studies have performed assessment of fore-
arm resistance vessel function in patients with type 2 diabetes. The majority of

studies report an impaired endothelium-dependent response (McVeigh et al.,

1992; Ting et al., 1996; Watts et al., 1996; Williams et al., 1996; Hogikyan et al.,
1998; Gazis et al., 1999). One study in a small group of uncomplicated nor-

molipidaemic normotensive men with type 2 diabetes found no diVerence in

endothelium-dependent or independent vasodilatation compared to a body mass
index (BMI)-matched control group (Avogaro et al., 1997). The reason for this

discrepancy is unclear but may relate to lack of power to detect a diVerence in this

small study, or the complication-free nature of this patient group. Vasodilatation
to sodium nitroprusside is more variable with normal (Avogaro et al., 1997;

Hogikyan et al., 1998; Gazis et al., 1999) or reduced responses (McVeigh et al.,

1992; Watts et al., 1996; Williams et al., 1996).
The contribution of NO to resting Xow (Watts et al., 1996; Avogaro et al., 1997;

Catalano et al., 1997) and acetylcholine-stimulated blood Xow appears normal, as

assessed by infusion of l-NMMA, or nitrite/nitrate production (McVeigh et al.,
1992; Watts et al., 1996; Avogaro et al., 1997).

Improvement of the response to acetylcholine was achieved by oral administra-

tion of Wsh oils for 6 weeks (McVeigh et al., 1992) or by the acute administration of
vitamin C intraarterially (Ting et al., 1996). In contrast, oral vitamin E supple-

mentation for 8 weeks was without eVect (Gazis et al., 1999).

Skin microcirculation In patients with type 2 diabetes with minimal complica-

tions, Morris and colleagues (1995) demonstrated an impairment in both en-
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dothelium-dependent and endothelium-independent vasodilatation in the skin
microcirculation.

In vitro studies

Studies in vitro in type 2 diabetes have used tissue obtained at operation. Cipolla
and colleagues (1996) compared responsiveness of subcutaneous vessels obtained

from the lower limbs of diabetic and nondiabetic subjects undergoing vascular

surgery. In both groups vascular disease was evident, such as coronary artery
disease, peripheral vascular disease, ulcers, angina and many subjects in both

groups were on multiple medication. The authors argue that this approach will

identify any diVerences due to diabetes per se rather than vascular disease or
therapy. This study identiWed an enhanced vasoconstriction to noradrenaline

(norepinephrine) in vessels from diabetic individuals and this was attributed to a

lack of endothelial release of NO and subsequent attenuation of the vasoconstric-
tor response. In contrast, the NO response to acetylcholine was enhanced in the

diabetic group, perhaps by an alteration at the receptor level. The vascular

response to sodium nitropresside was normal.
Internalmammary artery and saphenous vein rings obtained from patients with

and without type 2 diabetes at coronary artery bypass surgery were compared in

organ chambers. The two groups of patients had similar age and BMI but the type
2 patients had greater triglycerides and blood pressure. All patients received

multiple therapy. Endothelium-independent relaxations were not inXuenced by

the presence of type 2 diabetes. However, type 2 diabetes caused a deWcit in the
vasorelaxant activity of the endothelium, leading to an increase in contractility of

bothmammary artery and saphenous vein to noradrenaline and endothelin due to

lack of attenuation of the vasoconstrictor eVect by endothelial-released vasodila-
tors (Karasu et al., 1995).

Studies in prediabetic subjects

Conduit artery studies

Caballero et al. (1999) demonstrated that subjects with impaired glucose tolerance
(IGT) according to World Health Organization criteria have reduced Xow-related

brachial artery vasodilatation compared to healthy controls, although a direct NO

donor was not used in this study to exclude an impairment in endothelium-
independent function. Notably, the IGT subjects had higher BMI, waist–hip ratio,

systolic blood pressure, triglyceride, total cholesterol and fasting insulin levels

compared to the healthy controls. In a separate study, subjects with fasting
hyperglycaemia (fasting plasma glucose between 5.5 and 7.7 mmol/l, 11 subjects

with normal glucose tolerance and 2 with IGT) were similarly found to have

reduced Xow-related vasodilatation but intact vasodilatory response to GTN in
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the brachial artery compared to age- and sex-matched control subjects (Lee et al.,
1998).

Forearm blood flow studies

Impaired forearm blood Xow response to intraarterial acetylcholine infusion

(endothelium-dependent vasodilatation) has been reported in patients with im-

paired fasting glucose (fasting glucose between 6.1 and 7.0 mmol/l). The en-
dothelium-independent function was found to be intact in these individuals

(Vehkavaara et al., 1999).

Skin microcirculation

Caballero and colleagues (1999) also demonstrated that the IGT subjects have

both reduced endothelium-dependent and endothelium-independent vasodila-

tory responses in the skin microcirculation. In contrast, Morris and colleagues
(1996) found that subjects with fasting hyperglycaemia have impaired en-

dothelium-dependent vasodilatation but the endothelium-independent function

remains intact.

Changes in vascular permeability

Endothelial dysfunction in diabetes is not only characterized by an alteration in

the endothelium-dependent vasodilatory function but may also involve changes
in the vascular permeability. Interendothelial cell junctional region has been

proposed as the major route of traYc for molecular substances. Other alternative

pathways proposed included transcellular holes in the endothelial cell layer
(pores) and vesicular/ caveola tranport. The interendothelial cell cleft consists of

an adherence junctional zone in which tight and gap junctions are inserted

according to the vascular segment. This transendothelial permeability is governed
by specialized junctional proteins and adhesion molecules and disruption of the

junctional complexes is one mechanism whereby vascular permeability is in-

creased in diabetes. In vitro studies have shown that conXuent monolayers of
human umbilical vein endothelial cells in a high glucose medium result in reduced

expression of platelet endothelial cell adhesion molecule, which has a regulatory

role in the maintenance of endothelial cell junctions (Baumgartner-Parzer et al.,
1995). Animal studies reveal that retinal occludin, a protein speciWc to the tight

junction, is decreased in the diabetic state and blood–retinal permeability is

increased (Antonetti et al., 1998). However, the role of the endothelium in the
regulation of microvascular permeability in human diabetes is hampered by the

lack of unambiguous techniques for measuring capillary permeability. In early

stages of diabetes glycaemic control-dependent water and albumin Xux is
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increased (Parving et al., 1976), which could represent an increase in capillary
pressure that is related to glycaemic control rather than primary changes in the

integrity of the endothelial layer. Alteration in the capillary Wltration coeYcient

(Jaap et al., 1996) and capillary diVusion capacity (Trap-Jensen and Lassen, 1968)
in the later course of the disease are likely to be related to changes in microvascular

permeability.

Vascular smooth muscle changes

In type 2 diabetes, as well as there being evidence of impaired endothelium-

dependent vasodilatation, there is also evidence of impaired endothelium-inde-
pendent vasodilatation implicating changes in vascular smooth muscle. For

example, as stated above, the iontophoresis of sodium nitroprusside through the

skin (a direct nitro donor) results in a diminished microvascular vasodilatory
response in subjects with type 2 diabetes compared with age- and sex-matched

healthy control subjects (Morris et al., 1995). IGT subjects were also reported to

have impaired endothelium-independent function in the skin microcirculation
(Caballero et al., 1999). This contrasts with the situation in another study where

subjects who have mildly raised fasting glucose but who are at risk of type 2

diabetes in whom vascular smooth muscle responses appear normal (Morris et al.,
1996). The nature of such vascular smooth muscle changes in type 2 diabetes is

poorly understood but advanced glycation endproduct accumulation has been

implicated.

Extracellular matrix

The endothelium is responsible for the generation of extracellular matrix in

response to pressure shear and changes in the metabolic environment (including
hyperglycaemia). This results in the almost ubiquitous development of capillary

basementmembrane thickening involving reduplication of the basal laminae. The

tertiary structure of the basement membrane network is altered by advanced
glycation which in turn appears to alter the compressibility of the basement

membrane and its permeability behaviour under pressure. In the kidney, stimu-

lated by raised glomerular pressure and a high glucose environment, mesangial
proliferation occurs, mediated by transforming growth factor �.

Diabetic angiopathy: molecular mechanisms

Diabetes is characterized by glucose intolerance and hyperglycaemia and the

central role of glucose in the pathogenesis of diabetic complications has been



337 The vasculature in diabetes

conWrmed by two landmark studies, the Diabetes Control and Complication trial
in type 1 diabetes (Group DCCT, 1993) and the United Kingdom Prospective

Diabetes Study of type 2 diabetic patients (Group UKPDS, 1998a). Both studies

conWrmed that strict glycaemic control retards the development of diabetic
microangiopathy. There were hints but no absolute proof that improved

glycaemic control may also reduce the risk of large-vessel events. The United

Kingdom Prospective Diabetes Study also conclusively demonstrated that reduc-
tion in arterial blood pressure, regardless of whether the primary therapeutic agent

was a �-blocker or an angiotensin-converting enzyme inhibitor, reduced the

development of microangiopathy, adding further weight to the concept that
microangiopathy is accelerated in the presence of both hyperglycaemia and raised

capillary pressure (Group UKPDS, 1998b).

Although a central role of hyperglycaemia has thus been demonstrated beyond
reasonable doubt, the actual mechanism(s) by which hyperglycaemia results in

cellular dysfunction and the range of pathophysiological abnormalities demon-

strable in diabetes is less clear. Hyperglycaemia increases oxidative stress through
several diVerent mechanisms, including the autooxidation of glucose, increased

Xux through the sorbitol pathway, resulting in consumption of nicotinamide-

adenine dinucleotide phosphate, a crucial cofactor in the regeneration of the
antioxidant glutathione, and also through the generation of advanced glycation

endproducts. Increased oxidative stress can result in the inactivation of NO with

the formation of the toxic species peroxynitrite. Advanced glycation endproducts
can also quench NO in their own right as well as contributing to changes in both

the biophysical properties of the extracellular matrix, cell constituents and their

immunogenicity.
A further way in which hyperglycaemia may induce cellular pathology is

through activation of protein kinase C. Hyperglycaemia results in the generation

of diacyl glycerol which increases protein kinase C activity, with a number of
relevant potentially adverse vascular cellular consequences, including increased

permeability and extravascular matrix production. Evidence for a key role for

protein kinase C comes from recent studies suggesting that selective inhibition of
the vascular isoform of this enzyme may reduce the development of diabetic

microangiopathy in animal models; human studies are currently under way (King

et al., 1996). Recently, it has been proposed that activation of the mitogen-
activated protein kinase pathway may provide a Wnal common path through

which both oxidative stress and hyperglycaemia aVect vascular function

(Tomlinson, 1999).
Following capillary closure in the retina, the release of a variety of growth

factors occurs stimulated by the hypoxic environment. Crucial amongst these is

vascular endothelial growth factor (VEGF) release, which can also be stimulated
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by the diacyl glycerol–protein kinase C pathway. VEGF is not only a potent
angiogenic factor but can also increase microvascular permeability and thus

possesses clear credentials as a mediator of proliferative diabetic retinopathy

(Wautier and Guillausseau, 1998). In support of this hypothesis, elevated levels of
VEGF have been demonstrated in the vitreous humour of patients undergoing

vitrectomy for proliferative retinopathy (Aiello et al., 1994).

Conclusions

It is a sobering thought that nearly 80 years after the introduction of insulin, there

are no speciWc pharmacological approaches to the prevention of diabetic microan-

giopathy other than reduction in elevated blood pressure and glycaemic control.
The pathophysiological framework for the development of microangiopathy is

becoming clearer, whereas the atherogenic process is essentially the same as that

observed in nondiabetic subjects. Endothelial dysfunction appears to play a crucial
role, particularly in those subjects most prone to the development of vascular

disease. There are now emerging data providing clues on the cellular and molecu-

lar basis for these changes and it is likely that the development of protective
therapy will be dependent upon their further elucidation. In most instances,

normoglycaemia in a diabetic patient is impossible to achieve in practice and its

pursuit is not without risk, notably from hypoglycaemia. Given the growing
prevalence of diabetes, which is approaching worldwide epidemic proportions, a

vascular biological solution to the angiopathic process is urgently required.
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The vasculitides

Peter Hewins and Caroline O. S. Savage
Renal Immunobiology Group, University of Birmingham, Birmingham

Definition and introduction

Vasculitis is deWned as blood vessel inXammation. The histopathological features

are marked disruption of the normal vessel wall architecture, perivascular

leukocyte inWltration and variable deposition of homogeneous Wbrin-like material
in the medial layer of the vessel wall (Wbrinoid necrosis: Lie, 1990). The leukocyte

inWltrate is frequently mixed, but may be predominantly neutrophilic, lympho-

cytic or eosinophilic. In some instances, specialized aggregates of macrophages
and T cells (granulomata) are noted. Intravascular thrombosis and extravasation

of blood frequently occur. Aneurysms can form through focal dilatation of the

walls of muscular or elastic arteries and are at risk of rupturing. Intimal prolifer-
ation and/or Wbrosis during healing can signiWcantly narrow the vessel lumen

(stenosis), leading to ischaemia or infarction. Arterial and venous vessels of any

calibre, from the aorta to capillaries, can be aVected. In many instances vasculitis is
patchy but disseminated. Glomeruli are diVerentiated capillaries and, where

small-vessel vasculitis involves the kidney, a segmental necrotizing

glomerulonephritis (SNGN) is typically seen. The SNGN is also frequently ‘cres-
centic’, indicating the presence of inXammatory (mainly mononuclear) cells in

Bowman’s space surrounding the glomerular tuft. The vasculitides constitute a

heterogeneous group of disorders aVecting vessels of particular size and with
distinct extravascular features. Pathological Wndings in diVerent diseases frequent-

ly overlap.

NonspeciWc early symptoms can delay diagnosis but evolving disease causes
progressive organ damage which may become irreversible. Vasculitis must not be

neglected in the diVerential diagnosis of any unexplained inXammatory response.

Life-threatening manifestations mandate expedient treatment.
Traditionally, Kussmaul and Maier are accredited with the seminal description

of vasculitis (‘periarteritis nodosa’ – now termed polyarteritis nodosa) in 1866

(Lie, 1991). All cases were initially labelled as periarteritis but subsequently
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distinct pathological entities were distinguished and terminology altered. Diag-
nostic techniques have also radically changed since the original autopsy descrip-

tions and pathogenic mechanisms have begun to be illuminated. Serum sickness

models provided the Wrst experimental data. Animals developed arteritis and
glomerulonephritis after being injected with antigens able to stimulate the pro-

duction of immune complexes that deposited in vessel walls (Savage and Ng,

1986). Cellular and humoral autoimmunity (loss of self-tolerance) have since been
implicated in many vasculitides. To date, however, the exact aetiology of most

vasculitides remains enigmatic and their varying clinicopathological features have

vexed numerous attempts to provide an encompassing classiWcation. The utility of
classiWcation is illustrated by data indicating diVering responses to treatment,

mortality and relapse rates for speciWc vasculitides.

The most recent classiWcation is the Chapel Hill Consensus Conference
(CHCC) nomenclature (Table 16.1; Jennette et al., 1994). Vasculitides are

grouped according to the size of the predominant vessel type involved: large-vessel

(aorta and its main branches), medium-vessel (main visceral arteries and veins) or
small-vessel (arterioles, capillaries and venules). SubclassiWcation is based upon

features such as age, the distribution of vascular involvement or associated

Wndings. The CHCCnomenclature is not exhaustive, deWning only 10 diseases and
excluding vasculitis occurring secondary to either rheumatological disease or

infection. The classic model of antibody-mediated small-vessel vasculitis,

Goodpasture’s disease (antiglomerular basement membrane (GBM) disease) is
also absent from the CHCC nomenclature. Aetiology is characterized for some

CHCC vasculitides, such as essential cryoglobulinaemic vasculitis, which is usually

secondary to hepatitis C virus infection, and classical polyarteritis nodosa, which
is associated with hepatitis B infection in some instances. Antineutrophil cytoplas-

mic antibodies (ANCA) may be pathogenic in certain small-vessel vasculitides. A

complete classiWcation will require determination of aetiology and pathogenesis
for all vasculitides. Herein, we will consider ANCA-associated small-vessel vas-

culitides to illustrate important clinical features and salient pathogenic factors.

ANCA-associated systemic vasculitides (ASV)

Wegener’s granulomatosis (WG), microscopic polyangiitis (MPA) and Churg–
Strauss syndrome (CSS) can be distinguished from the other small-vessel vasculit-

ides by the scarcity of immune deposits and by their frequent association with

ANCA. This novel immunoglobulin G (IgG)-class autoantibody may well have a
pathogenic role in ASV, although direct evidence for this has proved diYcult to

obtain (Hewins et al., 2000). Renal limited vasculitis (RLV or idiopathic necrotiz-

ing crescentic glomerulonephritis) is absent from the CHCC nomenclature but is



Table 16.1 Vasculitis classification according to Chapel Hill Consensus Conference
nomenclature

Vessel Size Disease name Clinicopathological features

Large-vessel

vasculitis

Giant cell (temporal)

arteritis

Granulomatous arteritis of aorta and its major

branches, notably temporal and other

extracranial branches of the carotids. Patients

aged over 50. Associated with polymyalgia

rheumatica

Takayasu arteritis Granulomatous inXammation of aorta and

major branches. Patients aged under 50

Medium-vessel

vasculitis

Polyarteritis nodosa

(classical)

Necrotizing medium and small arteritis without

SNGN or vasculitis in smaller vessels

Kawasaki disease Large, medium and small arteritis plus

mucocutaneous lymph node syndrome.

Coronary artery involvement frequent. Mainly

aVects children

Small-vessel

vasculitis

Wegener’s granulomatosis Granulomatous respiratory tract inXammation

plus necrotizing venulitis, capillaritis, arteriolitis

and arteritis. SNGN often present

Churg–Strauss syndrome Small- to medium-vessel necrotizing vasculitis

plus granulomatous and eosinophilic respiratory

tract inXammation with asthma and blood

eosinophilia

Microscopic polyangiitis Small- to medium-vessel necrotizing vasculitis

usually with SNGN± lung capillaritis

Henoch–Schönlein purpura Small-vessel vasculitis (mainly in skin, glomeruli

and gut) with immunoglobulin A deposits.

Arthralgia /arthritis common

Essential cryoglobulinaemic

vasculitis

Small-vessel vasculitis (mainly skin and

glomeruli) with cryoglobulin immune deposits

plus serum cryoglobulins

Cutaneous leukocytoclastic

angiitis

Isolated skin angiitis. No systemic vasculitis or

glomerulonephritis

SNGN, segmental necrotizing glomerulonephritis.
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ANCA-associated and almost certainly represents a variant with no extraglomeru-

lar involvement. The ASV are not uncommon: one recent estimate of the annual
incidence in Sweden was 21/million adults from 1986 to 1995 (Tidman et al.,

1998). ASV also constitute the most frequent cause of rapidly progressive

glomerulonephritis (RPGN).
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Wegener’s granulomatosis

The incidence of WG has been estimated at up to 7.9/million adults in the UK
(Lane et al., 2000). There is an equal sex distribution, most patients are Caucasian

and the mean age for presentation is 50–70 years. Disseminated WG is character-

ized by the triad of granulomatous inXammation of the respiratory tract, systemic
necrotizing vasculitis and SNGN. All three features do not invariably coexist. WG

limited to the respiratory tract is well described, although it usually evolves into a

disseminated disease. The most dramatic manifestations of WG are RPGN and
diVuse alveolar haemorrhage. The sera of most patients (� 70%) with active

disseminated WG contain ANCA directed against proteinase 3 (PR3-ANCA), a

serine protease found within the neutrophil azurophilic granule. In up to 25% of
WG patients, ANCA are directed against another azurophilic granule protein,

myeloperoxidase (MPO) (Savige et al., 1999). A small number of patients with

active disseminated WG are ANCA-negative.
Typical early symptoms, as with other vasculitides, are constitutional (fever,

weight loss and malaise), rheumatological (arthralgia and myalgia) and cutaneous

(purpura). Upper respiratory tract (URT) features include purulent/bloody nasal
discharge, nasal pain, nasal crusting, sinusitis, otitis media, hearing loss, mastoid-

itis and mucosal ulcers. URT features are prominent, evident at presentation in

~ 75% of patients and occur in most (� 90%) during follow-up (Anderson et al.,
1992; HoVman et al., 1992). Severe manifestations include nasal septal perforation

and saddle-nose deformity, which are speciWc but uncommon. Nondiscrimina-

tory ocular symptoms are common but exceptionally proptosis develops second-
arily to an inXammatory retroorbital mass.

Tracheobronchial stenosis may develop as a result of granulomatous inXamma-

tion. Pulmonary granulomata cause chest X-ray nodules, which are often bilateral,
multiple and cavitating. Pulmonary involvement is evident in 45–63% of patients

at presentation and eventually occurs in ~85% (Anderson et al., 1992; HoVman et

al., 1992). Polyneuropathy and mononeuritis multiplex (reXecting vasa nervorum
vasculitis) and central nervous system symptoms (due to localized granulomata or

vasculitis) are well recognized. Renal involvement was diagnosed in 76% of cases

in a metaanalysis of 349 patients (Bajema et al., 1997).
Open-lung biopsy oVers the highest diagnostic yield for concurrent

granulomata and vasculitis (Lane et al., 2000). Other granulomatous conditions

such as tuberculosis must be carefully excluded. Transbronchial and upper-
airways biopsy specimens are diagnostic in only ~ 50% of cases. Renal biopsy will

usually provide a diagnosis where there is an active urinary sediment and/or renal

impairment. Granulomata are rarely detected on the renal biopsy and the renal
histology alone does not distinguish WG from MPA or RLV. None the less, renal
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biopsy is relatively noninvasive and the treatment of SNGN is common to all three
conditions.

Microscopic polyangiitis and renal limited vasculitis

A recent UK estimate of the incidence of MPA was 7/million adults (Lane et al.,
2000). MPA and RLV accounted for 77% of cases in the afore-mentioned Swedish

study with a higher incidence of ASV (Tidman et al., 1998). Patient demographics

closely resemble those for WG (Serra et al., 1984; Savage et al., 1985; Adu et al.,
1987; Pettersson et al., 1995; Tidman et al., 1998;Westman et al., 1998; Guillevin et

al., 1999a). RLV has no systemic features and presents as RPGN but many patients

with MPA describe systemic symptoms preceding the development of renal
disease. Constitutional, rheumatological, cutaneous and ocular features are simi-

lar in type and frequency to those in WG. URT symptoms are less prominent than

in WG, although reported frequencies vary from ~1% to 47% (Serra et al., 1984;
Savage et al., 1985; Adu et al., 1987; Pettersson et al., 1995; Tidman et al., 1998;

Westman et al., 1998; Guillevin et al., 1999a). The frequency of pulmonary

involvement is between 25% and 68%. DiVuse alveolar haemorrhage occurs in
~10–30%. Gastrointestinal symptoms are more frequent (up to 30%) and promi-

nent than in WG, although visceral perforation is less common than in classical

polyarteritis nodosa. Peripheral nervous system involvement is also frequent. A
recent series of MPA patients (not recruited from a nephrology centre) recorded

renal disease in 79% (Guillevin et al., 1999a). Most patients are ANCA-positive.

PR3-ANCA are frequently detected (� 30%) but a greater proportion of patients
(� 60%) with MPA and RLV have MPO-ANCA (Savige et al., 1999). Renal

biopsy is the most frequently employed diagnostic technique; other aVected

tissues may be sampled and, when pulmonary inWltrates are present, open-lung
biopsy should be considered.

Churg–Strauss syndrome (CSS)

CSS is a rare disorder, accounting for only a few per cent of younger patients with

ASV. The syndrome comprises hypereosinophilia ( � 1.5× 109/l and � 10% of
the total peripheral blood leukocyte count), asthma, eosinophilic and granu-

lomatous inXammation, particularly aVecting the respiratory tract and systemic

vasculitis. Vasculitic lesions may also exhibit marked eosinophilic inWltration. The
CHCC deWnition includes the presence of extravascular eosinophilic granulomata

but some studies have suggested that extravascular granulomata may not always

be detectable. Lanham et al. (1984) previously proposed the presence of asthma,
hypereosinophilia and two or more extrapulmonary sites of systemic vasculitis as

diagnostic.
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There is typically a prior history of allergic rhinitis, sinusitis and/or nasal
polyposis. Late-onset asthma follows and, after an interval, which may last some

years, the second phase of hypereosinophilia and Xeeting pulmonary inWltrates

develops. Eventually, the third life-threatening, vasculitic phase occurs. Not all
cases follow this triphasic pattern. The spectrum of systemic involvement is

similar to other ASV but, in addition to pulmonary inWltrates, cardiac and

gastrointestinal involvement are common and frequently severe (Guillevin, 2000).
The cardiac manifestations include coronary vasculitis, cardiomyopathy and my-

ocardial infarction. In contrast, diVuse alveolar haemorrhage and SNGN are less

frequent in CSS. ANCA, with speciWcity for either PR3 or MPO, are detected in
~ 50% of patients with CSS (Guillevin et al., 1999b; Savige et al., 1999). Diagnosis

should be based upon consistent clinical features and histopathology from biopsy

of an aVected organ.

Common laboratory findings in ASV

1. Elevated erythrocyte sedimentation rate and C-reactive protein

2. Neutrophilic leukocytosis (eosinophilic in CSS), anaemia, thrombocytosis and
hypoalbuminaemia

3. Cytoplasmic ANCA (cANCA: PR3-ANCA) or MPO-ANCA-positivity

4. Normal complement levels and no cryoglobulins or anti-DNA antibodies
(indicating essential cryoglobulinaemic vasculitis or systemic lupus eryth-

ematosus).

5. Negative anti-GBM antibodies (although ASV and anti-GBM antibody-
mediated disease can coexist)

6. Negative microbiological cultures (ANCA may occur in infections such as

bacterial endocarditis)

Diffuse alveolar haemorrhage in ASV

ASV are the most frequent cause of this condition, a capillaritis, although it also

occurs in anti-GBM disease and very rarely in other diseases, such as systemic

lupus erythematosus. The clinical features are haemoptysis, anaemia, hypoxia,
diVuse chest X-ray inWltrates and an increased carbon monoxide gas transfer

factor. Mechanical ventilation is often required and mortality remains high

despite aggressive treatment. Frequently, diVuse alveolar haemorrhage and SNGN
coexist, producing a ‘pulmonary–renal syndrome’.

Renal involvement in ASV

Pauciimmune SNGN ( ± crescent formation) is characteristic of WG, MPA, RLV

and CSS. Arteritis and/or arteriolitis is detected in 19–34% of renal biopsies.

Interstitial inWltrates and tubular atrophy are also common. Eventually, the active



349 The vasculitides

inWltrates are replaced by Wbrosis and the glomeruli become sclerosed. Character-
istically in ASV, lesions of diVering ages coexist in one biopsy.

Intraglomerular leukocytes were scarce in one early report of renal histopathol-

ogy in WG which found mainly platelet aggregation and Wbrin deposition at sites
of capillary thrombosis and necrosis (Weiss and Crissman, 1984). A subsequent

study of crescentic GN (of mixed aetiology) identiWed signiWcantly increased

numbers of intraglomerular monocytes (Hooke et al., 1987). More recently, two
studies have found signiWcantly increased numbers of intraglomerular neutrophils

in ASV. The number of intraglomerular activated neutrophils correlated with the

severity of renal injury in one study (Brouwer et al., 1994). In the second,
neutrophils were mainly retained within capillary loops, which potentially localiz-

es them to mediate endothelial damage (Cockwell et al., 1999). In some series

monocytes/macrophages and T lymphocytes are the predominant cells detected
but this does not necessarily imply their involvement in the initiation of inXam-

mation (Cunningham et al., 1999). Furthermore, biopsy may not readily detect

cells that are rapidly lost from sites of inXammation, either by necrosis or
apoptosis (programmed cell death).

Pathogenicity of ANCA

Clinical evidence

The association of ANCA with SNGN was Wrst described in 1982 using indirect
immunoXuorescence (IIF) to examine ethanol-Wxed neutrophils from healthy

donors incubated with sera from aVected patients (Davies et al., 1982). The two

typical IIF patterns seen in ASV are cANCA and perinuclear (pANCA; Savige et al.,
1999). The most frequent target antigens for cANCA and pANCA in ASV are PR3

and MPO, respectively. Enzyme-linked immunosorbent assays (ELISA) are typi-

cally used to determine antigenic speciWcities and titres. A minority of cANCA
recognize MPO and pANCA can have more diverse speciWcities, including lac-

toferrin, cathepsin G and elastase. Atypical ANCA IIF staining patterns also occur,

usually in patients with nonvasculitic illnesses where the antigenic speciWcity is
rarely PR3 or MPO. Vasculitis should not be diagnosed on the basis of a positive

ANCA alone (particularly isolated IIF) due to their occurrence in other illnesses

but the combination of IIF and ELISA ANCA testing is extremely valuable in
patients with suspected vasculitis as an adjunct to tissue diagnosis (Hagen et al.,

1998).

Circumstantial clinical evidence supports a pathogenic role for PR3-ANCA and
MPO-ANCA in ASV. The majority of patients with active ASV have one or other

of these antibodies in their sera. For active WG, many series report � 88%

ANCA-positivity (HoVman et al., 1992; Bajema et al., 1997; Tidman et al., 1998).
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Results in MPA vary from ~75% to � 90% (Pettersson et al., 1995; Tidman et al.,
1998; Guillevin et al., 1999). A study incorporating a more sensitive technique

(capture ELISA) reported 97% positivity for newly diagnosed WG and MPA

(Westman et al., 1998). Furthermore, the combination of IIF and PR3/MPO
ELISA testing confers a very high speciWcity (99%) when ASV patients are

compared to disease controls (Hagen et al., 1998). Many patients become ANCA-

negative when their disease remits; persistent or intermittent ANCA positivity has
been reported as risk factor for relapse; a signiWcant proportion of patients switch

from ANCA-negative to -positive around the time of relapse and in some series

the rise in ANCA titre precedes the clinical relapse (Cohen Tervaert et al., 1989;
Gaskin et al., 1991; Jayne et al., 1995; Ara et al., 1999; Kyndt et al., 1999). Similar

Wndings apply in WG, MPA and RLV. The favourable response to immunosup-

pression ( � 90% patients enter remission) also suggests an autoimmune aetiol-
ogy for the ASV. Finally, ANCA are detected in the sera of ~ 20–40% of patients

with anti-GBM disease and appear to modulate its clinical features, increasing the

frequency of systemic symptoms and relapse (Jayne et al., 1990).

In vitro and ex vivo evidence

In vitro, primed neutrophils from healthy donors are activated by ANCA, causing
degranulation, reactive oxygen species generation and cytokine production (Falk

et al., 1990; Mulder et al., 1994; Porges et al., 1994; Radford et al., 1999). Primed

and ANCA-treated neutrophils mediate cytolysis of endothelial cells in culture
(Savage et al., 1992). In vivo, activated leukocytes could similarly mediate damage

to nearby endothelium. Neutrophil priming, by proinXammatory cytokines such

as tumour necrosis factor-� or interleukin-8, causes translocation of PR3 and
MPO to the plasma membrane where they are available for interaction with

autoantibodies (Falk et al., 1990; Csernok et al., 1994; Porges et al., 1994). It has

recently been suggested that there are intracellular stores of PR3 in addition to the
azurophilic granules and that these are mobilized by lower concentrations of

priming agents (Witko-Sarsat et al., 1999a). Apoptosis also translocates PR3 and

MPO to the plasma membrane (Gilligan et al., 1996). A recent report that
neutrophils from an MPO-deWcient donor were not activated by MPO-ANCA

conWrms the requirement for antigen expression (Reumaux et al., 2000). Ex vivo

examination of neutrophils from patients with active ASV suggests that priming
does occur and that increased PR3 membrane expression is evident (Csernok et

al., 1994; Muller Kobold et al., 1998a, b). Thus, PR3 may be available in vivo to

interact with ANCA. A separate report claimed that PR3 is expressed on a subset of
neutrophils in all individuals and that a larger subset of PR3-positive neutrophils

was a risk factor for developing ASV (Witko-Sarsat et al., 1996b). Increased

plasma membrane expression of MPO has not been demonstrated in ASV.
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Monocytes also surface-express ANCA antigens and in vitro ANCA induce IL-8
and MCP-1 secretion by monocytes (Casselman et al., 1995; Ralston et al., 1997).

Activation of circulating monocytes in ASV has been reported (Muller Kobold et

al., 1999). A major problem in interpreting such data is that some degree of
leukocyte priming/activation is inevitable during their collection, isolation and

study.

Although there is some debate, the balance of evidence suggests that ANCA-
mediated neutrophil/monocyte activation also involves engagement of Fc� recep-

tors (Fc�R) (Mulder et al., 1994; Porges et al., 1994; Radford et al., 1999). The

physiological role of Fc�R is to permit phagocytosis of IgG-coated pathogens by
engaging the Fc portion of IgG. Fc�R cross-linking by monoclonal antibodies

induces similar, but not identical patterns of neutrophil activation to ANCA. PR3

and MPO do not have transmembrane domains and are not believed to be able
directly to signal intracellularly. Thus, Fc�R involvement oVers an attractive

mechanism to explain ANCA-mediated activation. Genetically determined poly-

morphisms in neutrophil-expressed Fc�R correlate with the severity of renal
injury in ASV (Tse et al., 2000). Other evidence indicates the need for the

�2-integrin, CD 18, in ANCA-mediated neutrophil activation (Reumaux et al.,

1995).
ANCA render neutrophils temporarily adherent when superfused on to neu-

trophils rolling on a platelet monolayer in vitro (a surrogate endothelium;

Radford et al., 2000). This mechanism is Fc�R- and �2-integrin-dependent.
ANCA-induced secretion of IL-8 (a neutrophil chemoattractant) may trap neu-

trophils in glomerular capillary loops, preventing them from migrating into the

mesangium and promoting endothelial damage (Cockwell et al., 1999). Finally,
ANCA accelerate apoptosis of primed neutrophils but the process is aberrant,

reducing the ability of macrophages to clear the apoptotic bodies (Harper et al.,

2000). Apoptotic neutrophils may then secondarily necrose, negating the anti-
inXammatory potential of apoptosis. Opsonization of already apoptotic neutro-

phils by ANCA may also be a proinXammatory signal to macrophages (Csernok

et al., 2000; Harper et al., 2001).
Endothelial changes are also documented in ASV. Renal biopsy data indicate

upregulated expression of endothelial adhesion molecules intercellular adhesion

molecule 1 and vascular cell adhesion molecule 1. Furthermore, endothelial cells
may produce chemokines that recruit leukocyte subsets (Cockwell et al., 1997).

Neutrophil degranulation releases PR3 and MPO. In vitro, soluble PR3 and MPO

bind to endothelial cells where they are available to ligate ANCA (Vargunam et al.,
1992; Savage et al., 1993). In vivo, in situ immune complex formation might

result, mediating tissue damage, although of course, immune deposits in ASV are

scanty. We do not Wnd evidence of native ANCA autoantigen expression by
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endothelial cells (King et al., 1995). ANCA have been suggested to potentiate the
enzymatic activity of granule constituents, perhaps by preventing binding to

inhibitors or reducing clearance. In ASV, granule constituents released in proxim-

ity to the endothelium or bound to the surface of activated neutrophils might
cause direct endothelial damage. PR3 and elastase, but not MPO, have also been

reported to induce endothelial cell apoptosis in vitro and in the case of PR3, this

involves internalization but is not dependent upon catalytic activity (Yang et al.,
1996, 2000; Pendergraft et al., 2000).

In vivo evidence

Animal models of ASV have provided limited information. Restricted interspecies

homology renders it diYcult to raise reactive autoantibodies by immunizing

animals with human PR3. No useful models of PR3-ANCA vasculitis exist.
Anti-MPO antibodies are a part of a polyclonal autoimmune response in some

animal models of vasculitis but it is diYcult to interpret the pathogenicity of these

MPO antibodies. A more important Wnding is that anti-MPO autoantibodies
potentiate SNGN in rats injected with subnephritogenic doses of anti-GBM

antibodies (Heeringa et al., 1998). Rats not previously immunized with MPO did

not develop signiWcant SNGN in response to the same dose of anti-GBM anti-
bodies. In a separate model, antihuman MPO antibodies were raised in rats and,

although vasculitis or glomerulonephritis did not automatically develop, these

lesions could be induced by infusing neutrophil products (including MPO) plus
H2O2 (the MPO substrate) into preimmunized animals. Intriguingly, immune

deposits were present in the earliest stages of disease in this model but rapidly

disappeared (Heeringa et al., 1998).
In contrast to anti-GBM disease, where antibodies from aVected humans

induce disease when injected into animals, pathogenic transfer of ANCA has not

been demonstrated. Transport of IgG across the placenta oVers the opportunity to
observe the transfer of pathogenic antibodies between humans. Transient neonatal

myasthenia following the transfer of antiacetylcholine receptor antibodies is well

recognized for example. Pregnancy is predictably unusual in ASV and transfer of
ANCAhas not been documented. Successful pregnancy and fetal loss during active

WG have been described but the causes of fetal death were undetermined (Haber

et al., 1999). Interestingly, one described a transient vasculitic rash in a neonate
born to a mother who suVered a relapse of ANCA-negative MPA immediately

after delivery (Morton, 1998). The neonate’s symptoms indicate the acquisition of

a pathogenic factor, possibly an IgG, from the maternal circulation. One Wnal in
vivo observation of note is the development of ASV in patients treated with the

antithyroid drug propylthiouracil (Harper et al., 1998). Most patients develop

MPO-ANCA and a propylthiouracil metabolite may act as a hapten, promoting
autoantibody production.
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T-lymphocyte involvement in ASV

High aYnity of IgG, restricted epitope recognition and subclass switching suggest
T cell help in ANCA production. Autoreactive T lymphocytes (proliferating in

response to PR3 or MPO) have been identiWed in the peripheral blood of patients

with ASV by some groups (GriYth et al., 1995; King et al., 1998). The persistence
of autoreactive T cells in ASV patients in remission might explain their propensity

to relapse. There is no evidence to suggest that autoreactive cytotoxic T cells

initiate vascular damage in ASV, despite its pauciimmune nature. None the less, T
cells are likely to be involved in sustaining and amplifying tissue damage following

the initial insult, as is evident during the crescentic phase of SNGN (Cunningham

et al., 1999). A common dominating T-cell receptor BV8-F/L-G-G-A/Q-G-J2S3
�-chain sequence was found in CD4+ T cells from four unrelated patients with

vasculitis, all of whom were HLA-DRB1*0401 allele-positive, suggesting they had

each mounted a cell-mediated immune response against a common antigen
(Giscombe et al., 1998). Patients with ASV have been successfully treated with

anti-T lymphocyte therapies when conventional treatments have failed

(Lockwood et al., 1996).

T-lymphocyte involvement in WG

In WG, T cells almost certainly have additional roles in the pathogenesis of

granulomata, and these consist predominantly of macrophages, CD4+T cells and

neutrophils. Th1 responses are important in granulomata production and mainte-
nance. Peripheral blood from patients with active WG contain CD4+ HLA-DR+

(activated) T lymphocytes that exhibit enhanced proliferative responses and

selectively secrete Th1 cytokines (interferon-� and tumour necrosis factor-�) in a
interleukin-12-dependent manner (Lúdvı́ksson et al., 1998). A subsequent report

has conWrmed this Th1 proWle in peripheral blood T lymphocytes and docu-

mented similar Wndings in T cells isolated directly from granulomata (Csernok et
al., 1999). This suggests a primary role for T lymphocytes in the pathogenesis of

granulomata in WG. However, the link between granulomatous disease and

vasculitis is uncertain. T lymphocytes in the two studies discussed did not
proliferate in response to PR3.

Infectious triggers for ASV

WG in particular most commonly develops during the winter months (Raynauld

et al., 1993; Tidman et al., 1998). Chronic nasal carriage of Staphylococcus aureus is

a risk factor for relapse in WG and co-trimoxazole therapy to eradicate
Staphylococcus reduces relapse rates (Stegeman et al., 1994, 1996). Expanded

V�+T cell subsets have been reported in WG and MPA suggesting superantigen

involvement and relapses of WG were found to be more common in patients
carrying superantigen producing Staphylococcal strains (Simpson et al., 1995;
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Cohen Tervaeart et al., 2000). Cytokines produced in response to infection might
prime leukocytes and endothelial cells, promoting ANCA mediated vascular

damage. Infection may also trigger granuloma formation.

Summary of ASV pathogenesis

The majority of patients with WG, MPA and RLV, together with a signiWcant

proportion of those with CSS, have autoantibodies to MPO or PR3. These
antibodies are speciWc for vasculitis and correlate with disease activity in many

patients. In vitro, PR3-ANCA and MPO-ANCA activate primed neutrophils and

monocytes and promote neutrophil-directed endothelial cell cytolysis. ANCA are
likely to promote intravascular retention of neutrophils and neutrophil–

endothelial adhesion in vivo. Furthermore, the products released from activated

neutrophils may damage the endothelium. The ANCA response is presumed to be
dependent upon T-cell help and T cells probably have additional speciWc roles in

the pathogenesis of granulomata. While there is some evidence that the autoan-

tigens to which T cells respond are PR3 and/or MPO, this is by no means proven.
Infections may trigger ASV disease activity.

However, direct proof of ANCA pathogenicity is lacking. Identical pathology

occurs in some patients who are consistently ANCA-negative and sustained rises
in ANCA titres may occur without relapse. These Wndings suggest that, in some

patients, ANCA are either unnecessary or insuYcient to cause vasculitis. Some

patients may not have true vasculitis: a WG-like condition due to transporter
associated with the proteosome (TAP) deWciency associated with reduced

leukocyte expression of MHC class I has recently been described (Moins-

Teisserene et al., 1999). Autoantibodies and autoreactive T cells have not been
detected in ASV lesions. Experimental models suggest only that ANCA potentiate

vasculitis. It remains to be determined to what extent these negative Wndings

reXect the limitations of our current methodologies and of our understanding of
autoimmune pathogenesis.

Treatment and prognosis of ASV

The use of cyclophosphamide plus corticosteroids has transformed prognosis for

ASV patients. Untreated, the 12-month mortality rate for WG was 82% (Fauci et

al., 1983) but there was only 20% mortality in a large cohort followed for a median
time of 8 years, 84% of whom received combined cyclophosphamide and cortico-

steroids (HoVman et al., 1992). In a cohort of patients with renal vasculitis (MPA

and RLV) who received combination therapy, 5-year survival was 65% but
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previous reports of survival without cyclophosphamide were much lower (38%)
(Serra et al., 1984; Savage et al., 1985). A 74% 5-year survival was documented in

the largest MPA series to include patients without renal involvement (Guillevin et

al., 1999). Furthermore, combination therapy can induce complete remission
(reported rates: 70–96% HoVman et al., 1992; Jayne et al., 1995; Westman et al.,

1998; Ara et al., 1999) and preserves or restores independent renal function

(67–84%: HoVman et al., 1992; Pettersson et al., 1995; Westman et al., 1998).
Renal recovery can occur in patients who are dialysis-dependent at presentation.

The major diYculties still to be overcome are frequent relapses (occurring in

21–54% of patients still on immunosuppression (Cohen Tervaert et al., 1989;
Gaskin et al., 1991; HoVman et al., 1992; Jayne et al., 1995; Pettersson et al., 1995;

Westman et al., 1998; Guillevin et al., 1999) and the toxicity of therapy. Cyclo-

phosphamide-related side-eVects include life-threatening infections, infertility,
haemorrhagic cystitis and increased rates of malignancy (particularly bladder

cancer: HoVman et al., 1992; Westman et al., 1998). The role of pulsed cyclophos-

phamide (using larger intermittent doses to allow a lower cumulative dose) in
ASV remains to be clariWed; relapses were more frequent in patients treated with

pulse therapy in one controlled trial but not in another (Adu et al., 1997; Guillevin

et al., 1997). Importantly, it has recently been demonstrated that azathioprine is as
eVective as cyclophosphamide as maintenance therapy after cyclophosphamide

induced remission and azathioprine-treated patients suVered less severe side-

eVects (Jayne and Rasmussen, 2000). Although it is less toxic, azathioprine is not
without risks, including increased malignancy rates (Westman et al., 1998).

Plasma exchange is frequently employed in patients with ASV and diVuse

alveolar haemorrhage on the basis of its eYcacy in anti-GBM disease. The merits
of methylprednisolone and/or plasma exchange in ASV with severe renal impair-

ment remain to be proven, but anecdotally they are often eVective. Intravenous

human immunoglobulin has been used in ASV and the role of anti-T cell therapy
has been alluded to but these treatments currently remain second-line. In patients

with nonrenal WG, methotrexate may be of beneWt and the value of anti-

staphylococcal therapy in preventing WG relapse is being further assessed. Finally,
newer cytotoxic agents such as mycophenolatemofetil are being tested in addition

to antitumour necrosis factor-� therapy which has proved eVective in rheumatoid

arthritis (Jayne and Rasmussen, 2000). The goal of new treatments must be to
reduce further or obviate the need for cyclophosphamide or similarly toxic drugs.

Our current strategy for ASV is to randomize all eligible and consenting patients

to ongoing multicentre therapeutic trials. The principal treatments employed are:
1. Oral prednisolone initiated at 1mg/kg/per day (maximum 60mg/day), tapered

to ~ 15mg/day by 3 months and further reduced thereafter.

2. Cyclophosphamide, orally at 2mg/kg/per day or by intermittent pulses at
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15mg/kg. The duration of treatment is ordinarily limited to 3–6 months
according to trial protocol.

3. Azathioprine 2mg/kg/per day after cyclophosphamide therapy.

Dose reductions are necessary in elderly patients, in renal impairment and with
leukopenia ( � 4 × 109/l). The optimal duration of therapy in ASV is undeter-

mined but it is likely to be several years at least, in contrast to the 12-month

regimes often used in classical polyarteritis nodosa. Patients with endstage renal
disease secondary to ASV can be successfully transplanted and maintained on

normal transplant immunosuppression regimes, although vasculitis relapses still

occur.
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Introduction

Pulmonary hypertension was Wrst recognized as a distinct illness in the nineteenth

century (Romberg, 1891). It required the detailed clinical descriptions of primary
pulmonary hypertension (PPH) from Dresdale et al. (1951) and Wood (1952) to

facilitate the modern diagnosis. In 1973, as a result of the widespread use of

cardiac catheterization and detailed histopathology, a World Health Organization
(WHO)-sponsored meeting was held to classify the many diVerent forms of

pulmonary hypertension. The meeting classiWed pulmonary hypertension into

primary or unexplained pulmonary hypertension and those forms that are sec-
ondary to other disease (Hantano and Strasser, 1975). Also, the concept of

pulmonary vasodilatation was introduced to encourage speciWc therapies for the

illness. The establishment of the National Institute of Health (NIH)-sponsored
register of PPH patients in the 1980s led to further changes in clinical practice, as

well as basic understanding of the disease. The place of right heart catheterization

was established as the essential step in diagnosis and quantiWcation of the severity
of the disease (Rich et al., 1987). Evidence of right heart failure proved valuable in

predicting survival (D’Alonzo et al., 1991). In only a relatively small proportion of

patients is it possible to vasodilate the pulmonary circulation.
Interest in pulmonary hypertension was increased by successful heart–lung and

lung transplant surgery (Reitz et al., 1982). Limited numbers of suitable donors,

however, preclude this form of treatment for the majority of patients. For
example, in the UK, over the last decade, an average of 10 lung and heart–lung

transplant surgery for PPH have been performed, with at least 120 adult patients

each year being diagnosed. In the 1980s long-term intravenous prostacyclin
proved eVective therapy to increase survival and quality of life (Higenbottam et al.,

1984; Jones et al., 1987). Initially proposed as a bridge to transplantation, it has

since been used as a substitute treatment instead of surgery. From these
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developments have followed the testing of new analogues of prostacyclin with
simpler delivery systems. Interesting alternatives to prostaglandins oVer poten-

tially simpler and more eVective means to improve survival for these unfortunate

patients.
In the NIH registry, 6% of patients were identiWed as exhibiting a familial

disposition (Rich et al., 1987). The chromosome 2q 31–32 was identiWed as

associated with familial PPH (Nichols et al., 1997). Recently those mutations
causing the familial disease were identiWed as responsible for the gene for bone

morphogenetic protein receptor-2 (BMPR-2) (Deng et al., 2000; Thomson et al.,

2000). Of particular interest is that this is a subunit of the receptor complex for
transforming growth factor-�, an important cytokine and mitogen in vascular

control (Blobe et al., 2000).

It is against the background of these rapid advances in medical science that this
chapter has been designed to draw together the basic and clinical themes to

illustrate this exciting story that has begun to improve the life of many patients.

The new classification of pulmonary hypertension (1998 WHO)

The advances in treatment and understanding during the last two decades
prompted the second world conference on pulmonary hypertension in 1998 in

Evian. The WHO again sponsored the meeting (Rich, 1998), which led to a new

classiWcation of pulmonary hypertension.
It had become evident that prostacyclin was eVective both in improving quality

of life and survival of PPH patients (Higenbottam et al., 1993; Barst et al., 1996).

Not all forms of pulmonary hypertension however beneWt from prostaglandin
therapy. Furthermore, the characteristic pathological abnormalities of the diVer-

ent forms of pulmonary hypertension had become clearly deWned from study of

explant tissue of lung transplant recipients (Chazova et al., 1995).
This led to a classiWcation of Wve types of pulmonary hypertension:

1. Pulmonary arterial hypertension

2. Pulmonary venous hypertension
3. Pulmonary hypertension from hypoxia and hypoxaemia

4. Chronic thromboembolic pulmonary hypertension

5. Miscellaneous types of pulmonary hypertension

Pulmonary arterial hypertension

In this form of pulmonary hypertension the characteristic morphological change
is extensive intimal thickening of the precapillary arteries (Figure 17.1). This is a

result of proliferation of Wbroblast and vascular smooth muscle cells. There is

narrowing of the lumen of the vessels that can become obliterated (Hislop and



Figure 17.1 Intimal thickening of a pulmonary artery in pulmonary hypertension. From Chazova et al.
(1995) with permission.
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Reid, 1976). Indeed, it has been estimated that at the time of diagnosis over 80% of

the precapillary arteries have been lost (Reeves and Noonan, 1973).

There are a number of types of pulmonary artery hypertension:
1. PPH, which can be either sporadic or familial

2. Pulmonary arterial hypertension associated with diseases, such as human

immunodeWciency virus (HIV) infection, congenital heart and lung disease,
scleroderma, portal hypertension, and systemic lupus erythematosus, or use of

appetite-suppressant drugs such as fenXuramine and dexfenXuramine

All these forms of pulmonary artery hypertension appear to beneWt from long-
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term prostacyclin therapy (Kuo et al., 1997; Rosenzweig et al., 1999; Badesch et al.,
2000).

Pulmonary venous hypertension

Postcapillary veins are aVected by this vascular disease, with again intimal prolifer-

ation representing the principal change in morphology and causing narrowing of
the lumen.

There are two unexplained forms:

1. Pulmonary venoocclusive disease
2. Pulmonary capillary haemangiomatosis

The most common causes of this form of pulmonary hypertension are left

ventricular failure and left-sided valvular disease, both of which cause chronic
elevation of pulmonary venous pressure. Treatment of the heart disease resolves

the pulmonary hypertension.

Prostacyclin therapy does not improve patients with pulmonary venous hyper-
tension (Nicod et al., 1989; Humbert et al., 1998). It is speculated that the

increased pulmonary blood Xow from the treatment leads to pulmonary oedema

in the face of an inability to reduce the pulmonary venous pressure.

Pulmonary hypertension from hypoxia and hypoxaemia

Alveolar hypoxia, from chronic lung disease and central hypoventilation, together

with obstructive sleep apnoea, causes pulmonary hypertension in a signiWcant

number of aZicted patients. In chronic obstructive pulmonary disease (COPD)
patients in respiratory failure, the pulmonary hypertension can be reversed or

progression delayed by long-term oxygen therapy (LTOT: Weitzenblum et al.,

1985). Indeed, this form of treatment signiWcantly increases survival (Anon, 1980,
1981).

Chronic thromboembolic pulmonary hypertension

Here the pulmonary hypertension results from obstruction of the pulmonary

arteries with either chronic pulmonary emboli and/or intravascular thrombosis.
This illness is divided into two forms according to the principal site of obstruction.

It is important to separate the proximal obstruction (Figure 17.2) from the

peripheral (Figure 17.3), as the former can, in selected patients, be treated
surgically (Jamieson, 1998).

Miscellaneous types of pulmonary hypertension

A number of diseases result in physical obstruction of the pulmonary arteries.

These include tumours, such as leiomyosarcomas, Wbrosing mediastinitis,

Wlariasis and schistosomiasis.



Figure 17.2 Proximal obstruction.
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Pathobiology of pulmonary hypertension

Heart–lung and lung transplant surgery has not only advanced the therapy of

pulmonary hypertension, it has also improved understanding of the pathobiology

through the use of ‘live’ tissue for physiological studies and histopathology.
Similarly the genetic studies that have followed precision in diagnosis have

identiWed further mechanisms involved in the disease. Together, these advances

will surely expand the range of treatments that may inXuence the disease.

Familial primary pulmonary hypertension

IdentiWcation of the gene mutations responsible for familial PPH illustrates the

remarkable advances that have occurred in medical science in the last few years.

Detailed family studies developed the idea of an autosomal-domininant inherited
condition with reduced penetrance (Loyd et al., 1984). There was evidence of

anticipation, with a falling age of occurrence in successive generations (Loyd et al.,

1995).



Figure 17.3 Peripheral obstruction.
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In 1997 the gene for familial PPH was mapped to chromosome 2q 31–32

(Morse et al., 1997; Nichols et al., 1997). All aVected families studied linked to this
locus, which was termed PPH1. Screening for candidate genes within this interval

revealed mutations in the gene BMPR-2 (Thomson et al., 2000). BMPR-2 is a

receptor member of the transforming growth factor-� (TGF-�) family (Blobe et
al., 2000: Figure 17.4). These cytokines are potent regulators of other growth

factors that are overexpressed in lung tissue in a variety of forms of pulmonary

hypertension (Botney et al., 1994). The TGF-� family is important in the regula-
tion of vascular development and integrity. In the disease hereditary haemorrhagic

pulmonary telangiectasia (Rendu–Osler–Weber syndrome) there are mutations of

the gene for endoglin and activin receptor like kinase-1 (ALK-1: Shovlin and
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Letarte, 1999), which are members of TGF-� receptor complexes (Massague and

Chen, 2000).
The importance of the mutations of BMPR-2 in the development of pulmonary

vascular disease has been highlighted by the Wnding that up to 26% of sporadic

cases of PPH exhibit the mutations (Thomson et al., 2000).



368 T. Higenbottam and H. Marriott

Endothelial dysfunction

The role of endothelial dysfunction in vascular disease is now well established.
There is evidence of widespread changes in the phenotype of pulmonary en-

dothelium in the various forms of pulmonary hypertension.

Reduction in endothelial production of prostacyclin

In PPH patients there is evidence that the rate of production of prostacyclin is

reduced (Tuder et al., 1999). The expression of the endothelial enzyme prostacyc-

lin synthase is also reduced (Christman et al., 1992). These Wndings underlined the
logic of long-term infusion of prostacyclin as a treatment of PPH.

Reduction of nitric oxide production

In all forms of pulmonary hypertension there is evidence that nitric oxide (NO)

release is reduced, especially in hypoxia-associated pulmonary hypertension
(Dinhxuan et al., 1991; Cremona et al., 1994, 1999). In the endothelium of

pulmonary arteries, NO synthase is underexpressed (Giaid and Saleh, 1995). In

PPH patients there is localized overexpression of NO synthase in plexiform
lesions, a proliferative angiogenic lesion associated with severe pulmonary hyper-

tension.

Again, this provides support for the use of NO therapies, particularly in hypoxic
pulmonary hypertension.

Endothelin-1 overexpression

Endothelin-1 (ET-1), a powerful vasoconstrictor and mitogen, is overexpressed in
lung tissue of all forms of pulmonary hypertension (Giaid et al., 1993). These

Wndings are common for PPH, pulmonary arterial hypertension associated with

congenital heart–lung disease, chronic thromboembolic pulmonary hypertension,
and hypoxia-induced pulmonary hypertension (Giaid et al., 1993; Kim et al.,

1999). Evidence is not so consistent with circulating levels of ET-1 but diVering

rates of metabolism may account for these varying results (Stewart et al., 1991).
On the strength of these observations, antagonists for the ET-1 receptors A

and/or B are now entering clinical trials for PPH (Williamson et al., 2000).

Endothelial cell proliferation

Isolation of endothelial cells from the plexiform lesions of the lungs of PPH
patients and those with pulmonary arterial hypertension from anorectic use has

added a further speciWc abnormality of the endothelium. These cells show a

monoclonal expansion (Lee et al., 1998), not unlike the changes associated with
certain tumours. Whether this represents a selective expansion within an area of

angiogenesis remains unknown, but it further emphasizes the striking and wide-

spread changes of behaviour of vascular cells of the pulmonary circulation.
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Phenotypic changes in other vascular cells

In experimental models of pulmonary hypertension most vascular cells have been
shown to undergo phenotypic changes. In cultured vascular smooth muscle cells

from PPH patients’ pulmonary arteries there is evidence of underexpression of a

subunit of the voltage-dependent potassium channel. This Kv 1.5 subunit is
reduced in these cells from PPH arteries (Yuan et al., 1998).

A diagnostic algorithm for pulmonary hypertension

The patient’s presenting signs and symptoms

The most common symptoms of all forms of pulmonary hypertension are non-
speciWc. They are breathlessness, angina and syncope. The latter two symptoms are

only seen in advanced disease and are often associated with peripheral oedema and

ascites, suggesting right ventricular failure.
The most important clue for the clinician is the inappropriate severity of

breathlessness, which is out of proportion to the signs from lung or heart disease.

Physical signs are absent in the lungs unless there is COPD or interstitial pulmon-
ary Wbrosis (IPF). The cardiac signs are of a loud second heart sound in the

pulmonary area and, later, a right ventricular heave. There may also be central

cyanosis and peripheral oedema.

Screening tests

Echocardiography with Doppler provides evidence of dilatation of the right

atrium and ventricle. It also provides a measure of systolic pulmonary artery
pressure (Eysmann et al., 1989). The exclusion of left ventricular failure and

left-sided valvulopathy are the other valuable attributes of this investigation.

Lung functions tests are used to determine evidence of COPD or IPF and
measurement of arterial blood gas tensions allows diagnosis of respiratory failure.

Screening for liver dysfunction and HIV infections aids diagnosis of these forms of

pulmonary arterial hypertension.
Systemic diseases are usually diagnosed by a combination of serological tests

and a detailed clinical examination for signs of lupus erythematosus and sclero-

derma.
All patients should undergo ventilation and perfusion lung scintigraphy to look

for evidence of pulmonary embolism.

Currently all patients undergo an exercise test. The most popular are the shuttle
(Singh et al., 1992) or 6-min walking (Miyamoto et al., 2000) tests. The distance

covered in each test correlates with cardiac output and allows patients to be graded

according to severity of disease.
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In all patients, diagnosis of pulmonary hypertension is made at right heart
cardiac catheterization. This should only be undertaken in those medical centres

with specialized expertise.

Right heart cardiac catheterization

Patients receive premedication with a sedative. Intravenous access is through the

internal jugular vein in either the neck or the femoral vein. Each site has its
devotees. Measurements of mean right atrial pressure, mean pulmonary artery

pressure and pulmonary wedge pressure can be obtained with a Swan–Ganz

Xoatation catheter. This device also provides a measurement of cardiac output
using the thermodilution method. Arterial blood pressure is obtained indirectly

with a Doppler device and arterial oxygen saturation is obtained with a pulse

oximeter.
It is ideal to record stable measurements: many investigators record six or eight

measurements as baseline.

Vasodilator trials are performed, with intravenous prostacyclin (RaVy et al.,
1996), adenosine (Morgan et al., 1991) or inhaled NO (Sitbon et al., 1998) being

the most commonly used drugs. The vasodilator tests should only be performed in

a specialist hospital as they carry a mortality risk.

Medical and surgical treatments for pulmonary hypertension

Pulmonary arterial hypertension

This includes PPH, both sporadic and familial, pulmonary arterial hypertension

with HIV, congenital heart–lung disease, portal pulmonary hypertension, anorec-

tic pulmonary hypertension and pulmonary hypertension with systemic disease.
Treatment is decided according to the severity of the haemodynamics, as

follows.

Mild-to-moderate disease

This is gauged by New York Heart Association (NYHA) grade I–II, or a shuttle
walking test distance of more than 200m. Such patients do not have angina or

syncope.

At right heart catheter the mean right atrial pressure is less than 10 mmHg,
mean pulmonary artery pressure is below 50 mmHg, and cardiac output is greater

than 2.5 l/min.

These patients are treated with anticoagulants which improve survival chances
(Fuster et al., 1984). If, in the acute vasodilator trial during right heart catheteriz-

ation, there had been a fall in mean pulmonary artery pressure of 20% or an

improvement of cardiac output of 20% was observed, then oral vasodilators can
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Figure 17.5 The effect of calcium channel blockers on survival in primary pulmonary hypertension.
From Rich et al. (1992) with permission.
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be tried. Diltiazem and amlodopine are the most popular vasodilators in use.
These should be started in hospital whilst monitoring systemic blood pressure to

avoid dangerous falls in systemic blood pressure (Packer, 1985). Again, for a

selected number of patients this improves survival (Figure 17.5; Rich et al., 1992).
The eYcacy of treatment is gauged with a walking test, which should increase if

the treatment is to be continued. Failure to demonstrate an improvement would

be an indication for a further right heart catheter study.

Moderate-to-severe disease

Here the patient may complain of breathlessness as well as angina and syncope.
The shuttle walk test will be below 200m. The NYHA grade would be III or IV.

The right atrial pressure will be above 10 mmHg., the mean pulmonary artery

pressure may be up to 70 mmHg and the cardiac output may be low (less than 2.5
l/min). It is very unlikely that there will be any vasodilation.

Currently these patients should receive continuously infused prostacyclin

(Higenbottam et al., 1993, 1998; Barst et al., 1996). This treatment is technically
challenging and should only be attempted in units with expertise. Common

problems are underdosing and cannulae infection, both of which can be fatal.

With successful therapy, patients survive and enjoy a good quality of life
(Figures 17.6 and 17.7). Again, progress is monitored with shuttle walk tests. The

dose of prostacyclin may need to be increased or alternative treatments such as

lung transplant surgery may be required.
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Pulmonary venous hypertension

There is no medical treatment for this condition and prostacyclin worsens the
patients with pulmonary venous hypertension (Figure 17.8). It is easily diagnosed

where there is left ventricular failure or left valvulopathy. At echocardiography left
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ventricular and valve abnormalities are found in this condition. When the disease
is a result of either venoocclusive disease or pulmonary capillary haemangiomato-

sis, the only abnormality is an elevated pulmonary wedge pressure. In such cases a

high-resolution computed tomography scan may detect distinctive features of a
reticular appearance (Dufour et al., 1998).

Pulmonary hypertension from hypoxia and hypoxaemia

For these patients the current therapy is the use of LTOT for COPD patients in

respiratory failure. These patients need to have arterial oxygen tensions below 7.3

kPa and forced expiratory volume in 1 s less than 1.5 l. The use of 2 l/min Xow rate
of oxygen overnight for 14 h (Anon, 1987) or 24 h (Anon, 1980) improves survival

and quality of life. There remains some uncertainty in the use of ambulatory

oxygen. Presently it is advised for those patients who show signiWcant arterial
oxygen desaturation during exercise (Wedzicha, 1999).

In IPF, oxygen is advised for patients with pulmonary hypertension, although

evidence of beneWt is diYcult to Wnd.
In patients with obstructive sleep apnoea, continuous positive airway pressure

overnight restores sleep and improves pulmonary hypertension. Alveolar hypo-

ventilation may need home-assisted ventilation, but this is used palliatively as
clear eVects on pulmonary hypertension have not been demonstrated.

Alternatives to oxygen that aVect the pulmonary vasculature, such as calcium

channel blockers or inhaled NO, can cause worsening of gas exchange in chronic
lung disease. They overcome hypoxic vasoconstriction leading to increased mis-

match between the distribution of ventilation and perfusion (Bratel et al., 1985;

Barbera et al., 1996). Selective distribution of such agents to those regions of high
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ventilation would be required if this problem of worsening gas exchange is to be
overcome.

Chronic thromboembolic pulmonary hypertension

Proximal obstructions of the pulmonary arteries

Careful selection of patients is critical for success of thromboendarterectomy
surgery (Jamieson, 1998). The ideal is to locate obstructions, complete and

incomplete, distributed from the main left and right pulmonary arteries to level of

the subsegmental arteries. Conventionally this is undertaken using pulmonary
angiography.

Patients should have right atrial pressuremeasures below 10 mmHg and cardiac

output measurements above 2.5 l/min (Moser et al., 1992). They should have no
evidence of coronary heart disease and should be under 65 years old.

The success of this form of surgery depends on a highly trained surgeon and

postoperative care team. There are only a few recognized centres with satisfactory
results.

Distal obstruction of the pulmonary arteries

In those patients with unsuitable haemodynamic measurements, and those with

distal postsegmental pulmonary artery obstructions, then management is as for
pulmonary arterial hypertension. For example, if cardiac output is below 2.5 l/min

and there is elevated right atrial pressure, then long-term intravenous prostacyclin

enhances survival (Sitbon et al., 1999).

Miscellaneous causes of pulmonary hypertension

There are no guidelines for care of these forms of pulmonary hypertension.

Atrial septostomy

In selected patients the provision of an atrial septal defect can improve exercise
tolerance and survival (Figure 17.9). The procedure in adults makes use of balloon

dilators at the time of right heart catheterization, progressively enlarging the defect

until the cardiac output increases (Kerstein et al., 1995; Sandoval et al., 1998).
This is again a procedure for specialized centres, as the procedure carries a

mortality risk. It cannot be used in patients with advanced disease.

Transplantation surgery

For all forms of pulmonary hypertension, transplant surgery oVers a treatment.

Currently,medical treatment is used where appropriate and the patient is followed
by exercise testing. Deterioration in functional status is an indication for further

right heart catheterization; if the condition has worsened then transplant surgery

is considered (Anon, 1998).
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The options are single-lung transplantation, sequential double-lung and heart–
lung transplantation. Most centres oVer either sequential double or heart–lung

transplantation. These probably provide a better outcome (Pasque et al., 1990).

The long-term survival after transplant surgery is a median of 2.8 years (Keck et
al., 1998): obliterative bronchiolitis is the main cause of fatalities.

Use of prostacyclin before surgery and introduction of newer immunosuppres-

sant therapy has enhanced survival in the last 5 years. Pretransplant treatment of
portal pulmonary hypertension patients with prostacyclin enhances the survival

after liver transplantation (Conte et al., 1998).

In those types of pulmonary hypertension where there is no eVective medical
treatment, e.g. pulmonary venous hypertension and miscellaneous causes, then

transplant surgery may be oVered to selected patients.

It is not indicated for any untreated tumours, e.g. leiomyosarcomas or in
HIV-associated pulmonary hypertension (Anon, 1998).

The future for pulmonary hypertension

The main challenges facing the care of patients with pulmonary hypertension is

the requirement to demonstrate that the newer analogues of prostacyclin perform
adequately with fewer complications. Alternatives to prostacyclin, such as the

ET-1 antagonists, need to be shown to be safer than prostacyclin and as eVective, if

not better.
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For the common forms of pulmonary hypertension such as pulmonary venous
hypertension with left ventricular failure and hypoxic pulmonary hypertension,

new therapies are needed. In each disorder it is necessary to avoid complications

associated with relief of the pulmonary hypertension.
In left ventricular failure, relief of pulmonary venous hypertension with pros-

tacyclin leads to pulmonary oedema. The speculation is that the development of

pulmonary venous hypertension protects the lungs from pulmonary hyperten-
sion. Lessening the pulmonary hypertension in hypoxic pulmonary hypertension

worsens gas exchange in chronic lung disease. In both conditions selective thera-

peutic eVects are needed.
Finally, evidence from prostacyclin therapy in PPH indicates that long-term

treatment may ‘reverse’ in part the structural changes characteristic of the illness

(McLaughlin et al., 1998). In experimental models of pulmonary hypertension it
has proved possible to reverse the disease with serine protease inhibitors (Cowan

et al., 2000) and ET-1 antagonists (Chen et al., 1995). The hope is that these

approaches will translate into real treatments for all forms of pulmonary hyperten-
sion.
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Role of endothelial cells in transplant
rejection

Marlene L. Rose
Division of Cardiothoracic Surgery, Imperial College School of Medicine, Harefield, Middlesex

Introduction

Approximately 36 000 transplants are performed throughout the world each year,

of which the majority are kidney transplants. About 5000 hearts, 6500 livers and

1200 lung transplants are performed. Rejection remains the most common com-
plication following transplantation and is the major cause of morbidity and

mortality. Endothelial cells form the interface between donor tissue and recipient

blood and so are the Wrst donor cells to be recognized by the host’s immune
system. This fact, and the observation that they express numerous molecules able

to stimulate lymphocytes, has led to much research into their precise role in

transplant rejection. It is our view that endothelial cells are pivotal both in
controlling the egress of inXammatory cells into the allografted organ and also as

speciWc antigen-presenting cells (APCs), by presenting foreign molecules to the

immune system (Figure 18.1).
Rejection is mediated by both cell-mediated and humoral mechanisms but the

relative importance of these pathways diVers in acute and chronic rejection. This

chapter brieXy describes the features of acute and chronic rejection and then
outlines the role of endothelial cells in this process.

Basic mechanism of rejection

The major stimulus for rejection of allografted organs is recognition that the

donor cells are foreign, by recognition of antigens that are coded by the major
histocompatibility complex (MHC). There are two classes of MHC: class I (hu-

man leukocyte antigen, HLA) ABC) and class II (HLA-DR, DP, DQ). Both sets of

antigens are highly polymorphic glycoproteins encoded by the MHC locus found



Figure 18.1 Diagram to illustrate the role of endothelial cells in transplant rejection.

Figure 18.2 Diagrammatic representation of T-cell (Tc) activation, illustrating the pivotal role of major
histocompatibility complex class II antigens (presented by antigen-presenting cells (APC)
within the graft) in initiating rejection. Activation of CD4+ T cells results in a cascade of
lymphokines causing the maturation of a number of possible effector mechanisms (in
double-lined boxes). Note that the cytokines interferon-� (IFN-�), tumour necrosis factor-�
(TNF-�) and TNF-� may be directly damaging to tissue. II-1, interleukin-2; LGL, large
granular lymphocyte; NK, natural killer; LAK, lymphokine-activated killer cell; iNOS,
inducible nitric oxide synthase.
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on chromosome 6 in humans. The number of T cells which are able to recognize
foreign MHC molecules is very large (estimated at an astounding 0.1–1% of

circulating T cells) – a fact which almost certainly accounts for the vigour of the

rejection response.
Rejection is initiated by the CD4+T-cell subset recognizing MHC class II

antigens on APC within the graft (Figure 18.2). This recognition results in

activation of recipient CD4+ T cells and the release of cytokines (interleukin-2
IL-2), IL-4, IL-5, IL-6, interferon-� (IFN-�), tumour necrosis factor-�(TNF-�),
TNF-�) by these cells. This produces the eVector mechanisms of rejection, namely

maturation of CD8+ cytotoxic T cells, inWltration of macrophages, maturation of
natural killer (NK) cells and lymphokine-activated killer cells (LAK) and antibody

formation (Figure 18.2). These eVector mechanisms have been listed for the sake

of completeness, but there is little evidence that NK or LAK cells are important in
allograft rejection. Indeed, the precisemediators which cause graft dysfunction are

unknown; for although CD8+ cytotoxic T cells can cause graft destruction, they

are not essential for rejection; it is quite possible that a direct eVect of cytokines, in
particular TNF-� and IFN-�, is toxic to the allografted cells. For example, TNF-�
has a negative inotropic eVect on cardiac myocytes. Similarly, induction of

inducible nitric oxide synthase (iNOS) by activated macrophages and endothelial
cells may be an important eVector mechanism.

Activation of CD4+ T cells is thus a pivotal event in initiating acute rejection

(Figure 18.2). Foreign MHC class II molecules initiate activation of CD4+ T cells,
so understanding the distribution and density of these molecules on the allograft-

ed organ is important. Advances in immunocytochemical techniques, including

the use of monoclonal antibodies and frozen sections, have revolutionzed knowl-
edge about the normal distribution of MHC molecules in diVerent tissues. Class II

(HLA-DR and DP) antigens, which were originally thought to be restricted to

macrophages, dendritic cells, monocytes and activated T cells, have now been
described on human endothelial cells and epithelial cells (for a review, see Rose,

1992). The expression of class II antigens on human endothelial cells has been

described in every organ (Rose, 1992) and it is particularly striking on the
microvessels, i.e. capillaries, arterioles and venules. The large-vessel endothelium

(such as aorta, pulmonary artery, saphenous vein), however, does not express

MHC class II.
The expression of MHC antigens is not a constant feature of a cell; they can be

upregulated or induced by cytokines (Halloran et al., 1986). Thus, the distribution

of MHC class I and class II antigens changes during acute rejection of the graft.
After cardiac transplantation there is massive upregulation of MHC class I anti-

gens (normally only on the interstitial cells) so that cardiac myocytes become

MHC class I-positive (Rose, 1992). Upregulation of MHC class I antigens has also
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been described after renal, liver and pancreatic transplantation. There is upregula-
tion of MHC class II antigens on renal tubular epithelial cells (Fuggle et al., 1986)

after renal transplantation. There is also upregulation of adhesion molecules on

endothelial cells during acute rejection (Briscoe et al., 1991: Taylor et al., 1992, and
see below). The upregulation of these molecules is almost certainly mediated by

local production of cytokines by inWltrating cells; thus, some cytokines (such as

TNF-� and IFN-�) have been directly visualized in graft biopsies using im-
munocytochemical methods (Arbustini et al., 1991); others (IL-2, IL-1, IL-4, IL-6,

IL-10) have been detected using polymerase chain reaction to amplify cytokine

mRNA (Cunningham et al., 1994).
The consequences of T-cell activation described above lead to inWltration of the

graft with inXammatory cells (T cells and monocytes) – this process is termed

acute rejection. The majority of heart transplant recipients have one or two acute
rejection episodes in the Wrst 6 months following transplantation. Acute rejection

may be suspected clinically but it is always conWrmed by histological assessment of

endomyocardial biopsy tissue; this is an essential part of the management of
patients following cardiac transplantation.

Chronic rejection

Chronic rejection in heart transplant recipients produces a rapidly progressing

obliterative vascular disease in the transplanted heart. It is the major cause of late
death and repeat transplantation after cardiac transplantation. This disease is

variously termed cardiac allograft vasculopathy or transplant-associated coronary

artery disease. This same phenomenon is also present in renal, lung and liver
allografts and has been designated chronic rejection, obliterative bronchiolitis and

vanishing bile duct syndrome, respectively. The reported incidence of transplant

coronary artery disease, as detected by routine coronary artery angiography, varies
greatly between cardiac transplant centres. A recent multicentre study of 3,837

patients reported a 5-year incidence of angiographically detectable disease of 42%

at 5 years (Costanzo et al., 1998). Higher incidences of diseases are reported using
intravascular ultrasound (Yeung et al., 1995). There are a number of reviews

which describe the histological diVerences between transplant-associated coron-

ary artery disease and naturally occurring coronary artery disease and the various
risk factors, both immunological and nonimmunological, have been described

(Gao et al., 1989; Hosenpud et al., 1992). Transplant coronary artery disease is a

more diVuse disease, aVecting the entire length of all coronary vessels, compared
with spontaneous coronary artery disease. There is concentric intimal prolifer-

ation down the length of the coronary arteries in transplant coronary artery

disease, as opposed to the eccentric plaques found in spontaneous coronary artery
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disease. These diVerences suggest the whole endothelium is the target of damage in
transplant coronary artery disease. As the epicardial branches, including the

intramyocardial branches, are aVected by transplant-associated coronary artery

disease, coronary artery bypass surgery for revascularization is usually precluded.
This vasculopathy of allografted organs is almost certainly of multifactorial

aetiology. It is highly likely that the obstructive vascular lesions progress through

repetitive endothelial injury followed by repair, smooth muscle cell (SMC) prolif-
eration and hypertrophy, all of which gradually produce luminal obliteration. It is

useful to think of the disease in terms of the Ross hypothesis (Ross, 1993) –

namely, an initial damage to the endothelium resulting in release of growth factors
and intimal proliferation. The latter process will be assisted by risk factors

(circulating cholesterol, insulin resistance) common to both spontaneous and

transplant-associated coronary artery disease. Most investigators would acknow-
ledge that the initial damage to the endothelium is mediated by the alloimmune

response, although it can also be argued that nonimmunological damage such as

ischaemia, surgical manipulation and perfusion/reperfusion injury could also
initially damage the endothelial cells (Tullius and Tilney, 1995). Precisely which

pathways of antigen presentation are involved, which endothelial antigens are

recognized and the relative importance of cell-mediated and humoral immunity
in this process are unknown (see below for discussion of these topics).

Properties of endothelial cells

The phenotypic properties of endothelial cells and their response to cytokines give

them a pivotal role in controlling rejection in three distinct ways:
1. They allow extravasation of inXammatory cells into the graft

2. They act as APCs

3. They are the target of the alloimmune response

Adhesion molecules and lymphocyte migration

There is currently extensive research on the role of endothelial adhesion molecules
in controlling lymphocyte recirculation and extravasation of inXammatory cells.

These processes are controlled by sequential interactions between diVerent fami-

lies of molecules on the endothelial cells (the selectins, �1-and �2-integrins and
members of the immunoglobulin family) and their respective ligands on

leukocytes. There are excellent reviews of this subject (Springer, 1994). Our own

studies have investigated the expression of adhesion molecules (platelet endo-
thelial cell adhesion molecule-1 (PECAM-1), intercellular (ICAM-1) and vascular

adhesion molecules cell (VCAM-1) and E-selectin) and other markers of endo-

thelial cells (such as von Willebrand factor) on endothelial cells within the
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cardiovascular system and have explored how these change during rejection (Page
et al., 1992; Taylor et al., 1992). Immunocytochemistry of frozen sections of

human heart, coronary artery, aorta, pulmonary artery and endocardium have

revealed diVerences with regard to basal expression of these molecules (Table
18.1). PECAM or CD31, generally acknowledged to be a marker of endothelial

cells, was strongly expressed on all endothelium. In contrast, von Willebrand

factor, also used as a marker of endothelial cells, was strongly expressed on the
larger vessels but was very weakly expressed on capillaries. ICAM-1 was constitut-

ively expressed on endothelial cells from all vessels but was particularly strong on

capillaries and endothelial cells lining the coronary artery. The coronary arteries
were rather surprising, as they were found basally to express VCAM-1 as well as

ICAM-1. VCAM-1 was not found to be expressed on any of the other large vessels.

All coronary arteries investigated at this centre have expressed an ‘activated
phenotype’; possible explanations are discussed below. Immunocytochemistry of

frozen sections of normal endomyocardial biopsies show weak expression of

E-selectin and VCAM-1: the capillaries are negative for these markers and venules
show patchy expression of E-selectin and VCAM-1. During acute (cell-mediated)

rejection, there is upregulation of VCAM-1 on capillary endothelial cells in close

apposition to inWltrating T cells. This is not surprising, as interaction between
endothelial VCAM-1 with the T-cell �1-integrins (�4�1) is a requirement for T-cell

migration across endothelial cells.

Endothelial expression of MHC molecules

As MHC antigens initiate allograft rejection, it is of interest to describe the

distribution of these molecules on endothelial cells of diVerent origins (Table
18.1). All endothelial cells constitutively express MHC class I molecules and many

endothelial cells constitutively express MHC class II molecules; however, there is

an interesting heterogeneity with regard to constitutive expression of class II
antigens; the large vessels (aorta, pulmonary artery, endocardium, umbilical vein,

umbilical artery) are negative but the capillaries within all organs examined are

strongly positive (Table 18.1; Pober and Cotran, 1990; Page et al., 1992). Arterioles
and venules within the heart showweak or patchy basal expression ofMHC class II

antigens. It was surprising to Wnd that all pieces of coronary artery we examined

expressed MHC class II molecules, as well as VCAM-1. The coronaries were either
obtained from heart donors deemed unsuitable for transplantation, or they were

removed from the explanted heart of patients requiring transplantation (for

diseases not involving the coronary artery). These molecules may therefore have
been upregulated during procedures prior to harvest. The most common en-

dothelial cells used in cell culture are those derived from umbilical vein en-

dothelial cells. These cells do not express MHC class II antigens in situ and it is



Table 18.1 Distribution of adhesion molecules, major histocompatibility complex
molecules and von Willebrand factor in endothelial cells derived from microvessels
and large vessels of the human cardiovascular system

Myocardial biopsies Large vessels

Pulmonary

Capillaries Arterioles Venules Coronary artery Aorta

CD31 + + + + + + + + + + + +

ICAM-1 + + + + + + + +

VCAM-1 − ± ± + − −

E-selectin − − ± + ± ±

von Willebrand

factor ± + + + + + + + + + +

Class I + + + + + + + +

Class II + + ± ± + + − −

ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1.

+ +, strong, even expression; +, strong but patchy expression; ±, weak and patchy expression;

−, negative.

Source: summarized from Page et al. (1992) and Taylor et al. (1992).
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therefore not surprising that they are also negative in vitro. Interestingly, cardiac

microvascular endothelial cells, which are positive in situ, lose their class II after 2

weeks in culture (McDougall et al., 1996). This observation raises the intriguing
possibility that factors in normal serum act to maintain class II expression in vivo.

In vitro, cytokines are used extensively to upregulate MHC and adhesion mol-

ecules in a variety of cell types, but endothelial cells are unique in the sense that
only IFN-� upregulates MHC class II expression in vitro (Pober and Cotran,

1990).

Pathways of antigen presentation and antigen-presenting cells

The term ‘antigen-presenting cell’ has a speciWc meaning to immunologists: it

means the cell is able to present antigen to resting T cells, i.e. is able to cause
activation of resting T cells. Only specialized cells (traditionally recognized as B

cells, dendritic cells and monocytes) can perform this task. T cells recognize

nominal antigen as processed peptides presented by self MHC molecules. An
important step in the understanding of alloreactivity came with the discovery that

T cells can engage and respond to allogenicMHC molecules directly (Figure 18.3).

This form of antigen recognition, termed direct presentation or the direct



Figure 18.3 Diagrammatic representation of mechanisms whereby recipient T cells recognize allo-class
II determinants. Recipient T cells recognize donor major histocompatibility complex (MHC)
determinants on donor antigen-presenting cells (APC: direct presentation) or they
recognize donor MHC peptides which have been released from donor cells and processed
and presented by host APC within self MHCmolecules (indirect presentation). Adapted
from Shoskes and Wood (1994) with permission.
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pathway, is responsible for the strong proliferative response to alloantigens seen in

vitro and quite possibly the early acute rejection seen in nonimmunosuppressed

animals after transplantation of MHC mismatched organs. T cells can also recog-
nize allogeneic peptides that have been processed and presented within self MHC

molecules by recipient APC in the same manner than T cells recognize nominal

antigen (Figure 18.3). This pathway is termed the indirect route or indirect
pathway of T-cell activation (Shoskes and Wood, 1994). Alloantigens shed from

the graft are likely to be treated as exogenous antigen by recipient APC and will

therefore be presented within MHC class II molecules to activate recipient
CD4+T cells.

Any graft cell expressing class II antigens will be able to activate the indirect

pathway – it is likely that damaged endothelial cells are an important source of
graft-derived MHC class II antigens – as these are the only parenchymal cells

expressing class II in the heart. The contribution indirect recognition of en-

dothelial MHC class II makes to cellular rejection is currently not known. The
question which has received much attention from a number of groups in recent

years is whether endothelial cells can cause direct allostimulation of resting T

lymphocytes (for a review, see Pober et al., 1996). The reason for this is that direct
recognition of allo-MHC molecules results in a ‘strong’ response; the number of T

cells recognizing MHC molecules directly is 10–100 higher than those recognizing

nominal antigen, resulting in a strong in vitro proliferative response.



Figure 18.4 Method of measuring the proliferative response of purified CD4+ T cells to human
endothelial cells (EC). Addition of mitomycin C (or irradiated) human EC to gelatin-coated
tissue culture wells results in a monolayer of EC to which can be added appropriate
numbers of responder T cells. The EC and T cells are cocultured for 6 days, in the presence
of 3[H]thymidine (3[H]TdR) for the last 24h. The cultures are harvested and counted on a
�-counter – the counts (cpm) represent the proliferative response of T cells.
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In order to discover whether endothelial cells directly cause allostimulation of

resting T cells, we and others (Savage et al., 1993; Page et al., 1994a) have cultured
stringently puriWed CD4+ T cells with pure passaged endothelial cells and looked

for T-cell proliferation (measured by uptake of [3H]thymidine) at day 6. The

endothelial cells are treated with mitomycin C to stop them proliferating; any cell
proliferation which is detected is thus due to responding T cells (Figure 18.4). The

results in Figure 18.5 show the response of CD4+ T cell to human endothelial cells

(Eahy.926), porcine aortic endothelial cells (PAEC) and fetal lung Wbroblasts. It
can be seen that, provided IFN-� is used to upregulate MHC class II, there is a

strong proliferative response to human endothelial cells, but not to Wbroblasts.

There is also a strong response to PAEC, which is independent of IFN-� treatment.
The reason for this is that PAEC class II expression persists in culture. That the

response was direct and not indirect was proven by the Wndings that responder T

cells were free of contaminating APC (Page et al., 1994a).
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Figure 18.5 Response at day 6 of purified peripheral blood mononuclear cells (PBMC) CD4+ and
CD8+ T cells to untreated and interferon-� (IFN-�)-treated porcine aortic endothelial cells
(PAEC), human endothelial cells (Eahy.926) and human fetal lung fibroblasts (HFLF). CD4+
and CD8+ T cells respond strongly to PAEC, regardless of cytokine treatment. CD4+ T cells
respond well to human endothelial cells, providing they have been pretreated with IFN-� to
upregulate major histocompatibility complex class II antigens. CD8+ T cells respond to
human endothelial cells in the absence of cytokine treatment. There is no proliferative
response of human lymphocytes to the fibroblasts.

390 M. L. Rose

It must be concluded, therefore, that donor endothelial cells can present
alloantigen to recipient T cells. It is interesting to note that there is a species

diVerence between rodents and humans, as rodents do not constitutively express

MHC class II antigens on their endothelial cells. This diVerencemay explain why it
is easier to suppress transplant rejection in rodents than it is in humans. It follows,

therefore, that understanding the signals that allow human endothelial cells to

stimulate T cells may lead to new strategies of preventing rejection. One of the
important concepts to emerge in recent years is the knowledge that T cells require

two signals to become activated (Janeway and Bottomly, 1994): one is occupancy

of the T-cell receptor and the second is activation of one of the many accessory



Figure 18.6 Diagrammatic representation of possible interactions between receptors on T cells and
their appropriate ligands on antigen-presenting cells (APC). CTLA-4, cytotoxic T late
antigen-4; LFA, leukocyte function antigen; TCR, T-cell receptor; MHC, major
histocompatibility complex; Ag, antigen; ICAM, intercellular adhesion molecule; VCAM-1,
vascular cell adhesion molecule 1.
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molecules’ present on T cells (Figure 18.6). Much attention has focused on the B7

family of receptors, known to be essential as second signals on APC of bone
marrow origin (e.g. monocytes, B cells and dendritic cells); blockade of this

pathway inhibits dendritic cell-stimulated mixed lymphocyte responses in vitro

and also inhibits allograft and indeed xenograft rejection in rodents (Pearson et
al., 1994). We have questioned whether endothelial cells utilize the B7 pathway to

stimulate T cells, and our results (Page et al., 1994b)) and those of others (Pober et

al., 1996) demonstrate that human endothelial cells do not express B7 receptors
and stimulate T cells via another accessory molecule leukocyte function antigen-3

(LFA)-3).

Role of endothelial cells in chronic rejection

It is paradoxical that, despite the heavy immunosuppression received by patients

after solid organ transplantation, the majority make a vigorous antibody response



392 M. L. Rose

against the allografted organ (for a review, see Rose, 1993). The most common
way of detecting these antibodies is a complement-dependent cytotoxicity test

against a panel of HLA-typed leukocytes (termed panel-reactive antibodies or

PRA test) or donor cells (termed a donor-speciWc response). Many clinical studies
have reported an association between antibody producers and development of

chronic rejection (Rose, 1993). Thus Suciu-Foca et al. (1991) reported a 90%

4-year actuarial survival in patients who had not made antibody following cardiac
transplantation versus a 38% 4-year survival in the antibody-producers. These

authors looked for anti-HLA antibodies, but our own studies have shown a

correlation between antiendothelial antibodies and chronic rejection (Dunn et al.,
1992). Using gel electrophoresis to separate endothelial peptides according to

molecular weight followed by probing blots with patients’ sera, we found that the

majority of patients who had transplant-associated coronary artery disease
(TxCAD) had antibodies against endothelial peptides of 56–58 kDa. Other groups

have also reported that antiendothelial antibodies are associated with chronic

rejection and poor patient survival after cardiac (Faulk et al., 1999; Frederich et al.,
1999) or renal transplantation (Ferry et al., 1997). As this test (Dunn et al., 1992)

detected antibodies against unrelated human umbilical vein endothelial cells, it is

clear that donor-speciWc HLA antigens could not be involved. Use of sodium
dodecyl sulphate gel electrophoresis and amino acid sequencing revealed that the

most immunogeneic endothelial peptide (at 56–58 kDa) was the intermediate

Wlament vimentin and other immunoreactive peptides were identiWed as triose
phosphate isomerase and glucose-regulating protein. In all, 40 diVerent proteins

were identiWed, which reacted with patients immunoglobulin M (Wheeler et al.,

1995). Vimentin is the intermediate Wlament characteristic of, but not restricted
to, endothelial cells and Wbroblasts.Whereas SMCs predominantly express desmin

as their intermediate Wlament, they coexpress desmin and vimentin when migra-

ting or proliferating. Vimentin is diVusely expressed in the intima and media of
normal and diseased coronary arteries. We have developed a simple enzyme-

linked immunoassay to measure antivimentin antibodies (Jurcevic et al., 1998),

which has been shown to be an independent risk factor for TxCAD (Jurcevic et al.,
2001). Our working hypothesis is that antibodies to vimentin reXect disease

activity in the coronary arteries – but the outstanding questions are how vimentin,

a cytosolic protein, is exposed to the immune system and whether and how the
antibodies are damaging.

It is highly likely that endothelial cells are damaged early after transplantation

(possibly by nonimmunological factors such as ischaemia–reperfusion injury) and
vimentin is released into the circulation. There it binds to host B cells. Our

hypothesis to explain the presence of antivimentin antibodies after transplanta-

tion is that host T cells recognize vimentin fragments, presented indirectly by host
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B cells. A database of MHC-binding peptides has revealed sequence homology
between epitopes of vimentin and class II presented peptides, these being an

HLA-DR� peptide and a heat shock protein peptide (hsp65), suggesting that the T

cells ‘see’ vimentin as a foreign class II peptide. Such cross-reactions between DR�
and infectious agents/normal components of tissues have been suggested as a

mechanism for a number of autoimmune diseases (Baum et al., 1996). It is likely

that damaged endothelial cells are a source of many other peptides which will be
presented indirectly to recipient T cells.

One of the major drawbacks to ascribing a role for antibodies in the pathogen-

esis of rejection is lack of understanding about the way antibodies interact with
their cellular targets. Serum derived from our transplant patients does not exhibit

complement-dependent or antibody-dependent cellular cytotoxicity against en-

dothelial cells derived from HUVEC or aorta. Complement-mediated lysis is a
severe and acute form of damage, usually associated with hyperacute rejection. It

is more important to investigate whether antiendothelial antibodies can cause

more subtle forms of change, such as endothelial cell activation. Recently, a
number of reports have demonstrated that antibodies from patients with autoim-

mune disease (Carvalho et al., 1996) or transplant patients (Pidwell et al., 1995)

can upregulate adhesion molecules on endothelial cells. Importantly, it has been
shown that monoclonal antibodies against MHC class I antigens and alloantisera

from patients cause signal transduction in human endothelial cells (Bian and

Reed, 1999), including activation of nuclear factor 
B (NF-
B) and endothelial
cell proliferation (Smith et al., 2000). For example, patients’ immunoglobulin G

containing anti-HLA-A2 antibodies were found to activate (NF-
B) in A2-positive

human umbilical vein or cardiac microvascular endothelial cells in an antigen-
speciWc manner (Figure 18.7). We believe the information that antibodies can

activate endothelial cells is very promising and should be explored as a mechanism

whereby antibodies could damage endothelial cells in both autoimmune disease
and chronic rejection after solid organ transplantation.

In conclusion, the immunological properties of endothelial cells suggest they

perform a pivotal role in rejection following solid organ transplantation. Expres-
sion of MHC class II molecules allows them to activate recipient T cells by the

direct and indirect route. Release of non-HLA antigens as a result of immunologi-

cal or nonimmunological damage provides a stimulus for antibody formation
which may further damage or activate donor endothelial cells. The costimulatory

molecules used by endothelial cells appear to diVer from those used by traditional

APC, such as B cells and dendritic cells. Further understanding of the molecules
involved is warranted, as development of speciWc strategies to block endothelial

cell recognition may provide better ways of preventing rejection than methods

currently used.
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Figure 18.7 Effect of patients’ immunoglobulin G (IgG) on nuclear factor (NF-
B) activation. Human
umbilical vein endothelial cells (HUVEC) bearing specific human leukocyte antigen
(HLA-A2) antigens were incubated with patients’ IgG anti-A2 antibodies ((a) patients BR)
HUVEC, or cardiac microvascular endothelial cells (CMEC) bearing HLA-A1 antigen was
incubated with patients’ sera containing anti-A1 antibodies ((b) patient VS), (c) normal
serum or patients’ IgG containing anti-A2 antibodies ((d) patient SH) for 30 min. Cells were
also incubated with media alone (not shown), media plus rabbit antihuman IgG, human
IgG plus rabbit antihuman IgG and tumour necrosis factor-� (TNF-�). The amount of
binding of nuclear extracts to [�-32P]dCTP-labelled oligodeoxynucleotides complementary
to the consensus sequence of the NF-
B DNA binding sites is shown on the y-axis as
density measurements in arbitrary units. It can be seen that, in two instances human IgG
anti-HLA significantly enhanced binding of NF-
B compared to rabbit antihuman serum
(RAH) controls (a and b), and this was not increased by addition of cross-linking antibody.
Normal serum (c) or anti-A2 added to irrelevant cells (d) had no effect on NF-
B binding to
HUVEC. These are the results from individual experiments. From Smith et al. (2000), with
permission.
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The maternal cardiovascular system undergoes remarkable adaptive physiological

changes in pregnancy in order to provide the growing conceptus with an adequate
blood supply, while simultaneously ensuring that the mother’s own blood pres-

sure remains within normal limits. The complex processes involved remain

incompletely understood but are essential to our understanding of the common
cardiovascular disorders in pregnancy, particularly gestational hypertension and

preeclampsia. In this review an attempt will be made to summarize the mechan-

isms known to inXuence vascular function in the mother in normal pregnancy and
to extend this to a discussion of preeclampsia.

Normotensive pregnancy

Cardiovascular haemodynamics

One of the earliest manifestations of the response to pregnancy is a fall in

peripheral vascular resistance (Robson et al., 1989). Longitudinal studies using
Doppler ultrasound and echocardiography indicate that the decline in systemic

peripheral vascular resistance occurs by 5 weeks of gestation and is 85% complete

by 16 weeks (Robson et al., 1989; Clapp and Capeless, 1997). As a result, blood
Xow to several maternal organs increases dramatically; perfusion of the kidneys is

raised by 80%, Xow to the skin of the hands and feet increases by over 200% and

uterine artery Xow is elevated by 1000%. Data from the pregnant baboon
(Phippard et al., 1986) and pregnant women (Chapman et al., 1998) suggest that

the fall in peripheral resistance provides the stimulus for early activation of the

renin–angiotensin–aldosterone axis and the resultant rise in plasma volume and
cardiac output which is characteristic of normal pregnancy. The cardiac output

rises as a result of an increase in both stroke volume and heart rate (Easterling et

al., 1987; Robson et al., 1989); both changes are detectable as early as 5 weeks after
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conception. Stroke volume reaches a plateau by 16 weeks and heart rate continues
upwards, albeit modestly, until 32 weeks. Although the cardiac output is elevated,

the fall in peripheral resistance is suYcient to prevent maternal blood pressure

from increasing; indeed, the blood pressure actually falls, reaching its nadir in the
second trimester.

The temporal relationship between stroke volume, heart rate, peripheral resis-

tance and the concentrations of the hormones which contribute to sodium and
volume homeostasis is well described and has provided valuable insight into the

origin of the raised cardiac output. However, the cause of the primary event – the

fall in vascular resistance – remains controversial. Resistance to Xow, i.e. a
reduction in the resistance to steady Xow, is determined in part by parameters

contributing to the pulsatile arterial load, including arterial compliance, arterial

impedance and physical indices of pulse wave propagation. In turn these depend
on the physical structure of the vessels and on vascular tone. The important role of

increased systemic vascular compliance through remodelling of the maternal

vasculature is reviewed in Chapter 2 and will therefore not be considered in detail
here. The emphasis on recent research has focused on an explanation for reduced

vascular tone in pregnancy which by reducing the pulsatile arterial load and

peripheral vascular resistance will make a substantial contribution to cardiovascu-
lar homeostasis. Over the years, a range of hypotheses has been proposed, includ-

ing altered sympathetic activity (Heesch and Rogers, 1995), reduced vascular

smooth muscle constrictor responsiveness (Gant et al., 1973) and enhanced
synthesis of vasodilators (Poston et al., 1995). These will now be considered in

detail.

The autonomic nervous system in normal pregnancy

Basal sympathetic tone does not seem to be aVected by pregnancy. Ganglionic or

selective �-adrenoreceptor blockade produces an equivalent fall in blood pressure
in pregnant and nonpregnant rats (Pan et al., 1990) and renal sympathetic nerve

activity is not inXuenced by pregnancy in late gestation in the pregnant rabbit

(O’Hagan and Casey, 1998). In pregnant women, skeletal muscle sympathetic
activity is also unchanged compared with the nonpregnant state (Schobel et al.,

1996). A decrease in basal sympathetic activity would therefore seem unlikely to

contribute to tonic vasodilatation. Studies of the baroreceptor response produce a
confusing picture, but suggest that pregnancy is associated with an exaggerated

lowering of heart rate when blood pressure is elevated (Heesch and Rogers, 1995).

The systemic vasoconstrictor response to hypotension seems diminished, al-
though cardiac response – tachycardia – is maintained. This might have physio-

logical beneWt as it would maintain blood Xow to peripheral circulations, includ-

ing the uterine vascular bed, in the face of a hypotensive challenge. The alternative
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approach to investigation of sympathetic control of the vasculature is to evaluate
responsiveness to infusion of adrenergic agonists. Nisell et al. (1985) found that

the absolute blood pressure response to noradrenaline (norepinephrine) infusion

was no diVerent between pregnant and nonpregnant women. However, the
pressor response in pregnancy was found to be the result of an increase in cardiac

output, whereas the rise in blood pressure in the nonpregnant womenwas because

of an increase in systemic vasoconstriction. The conclusion was that the arteries
from the pregnant women were less responsive to noradrenaline.

Reduced sensitivity to vasconstrictor stimuli in normal pregnancy

The reduced sensitivity to noradrenaline described by Nisell et al. (1985) is
unlikely to be due to altered characteristics or density of �-adrenoceptors since

reduced responsiveness to other vasoconstrictors has long been recognized in

normal pregnancy. The increased plasma renin activity in pregnancy generates an
elevation in plasma angiotensin II (AII), but this is paradoxically associated with a

reduced pressor response to exogenous AII (Gant et al., 1973). Reduced constric-

tion to vasopressin and noradrenaline has also been recorded (Chesley, 1978;
Williams et al., 1997).

The vascular endothelium in normotensive pregnancy

The discovery that the vascular endothelium, through the synthesis of vasodila-

tors, could blunt responses to vasoconstictor stimuli led to the hypothesis that
reduced vasoconstriction in pregnancy might be reinterpreted as a state of en-

hanced endothelium-dependent vasodilatation.

The role of endothelial nitric oxide

Studies in the rat (Chu and Beilin, 1993; Conrad et al., 1993; Yallampalli and

GarWeld, 1993; Xu et al., 1996, Cockell and Poston, 1997a) and guinea pig (Weiner
et al., 1994) have generally suggested that the l-arginine–nitric oxide (NO)

pathway makes a major contribution to vasodilatation in pregnancy (for review,

see Sladek et al., 1997). However, animal studies have also indicated there may be
some species/vascular bed heterogeneity in NO synthesis; one laboratory (Conrad

and Vernier, 1989; Danielson and Conrad, 1995) has proposed that NO plays a

particularly important role in renal vasodilatation in the rat, and studies in the
pregnant sheep highlight an increase in NO synthase (NOS) which is speciWc to

the uterine artery (Magness et al., 1997).

In human pregnancy, diVerent methodologies and conXicting results present a
rather confused picture of the role of NO. Urinary concentrations of cyclic

guanosine 3,5-monophosphate (cGMP), the second messenger for NO and a

surrogate but nonspeciWc marker for NOS activity, increase early in pregnancy
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and remain elevated until term (Chapman et al., 1998). An increase in plasma
cGMP has also been reported during normal pregnancy (Boccardo et al., 1996).

Several laboratories have measured the serum concentration of nitrite (NO2
−) and

nitrate (NO3
−), or their product, NOx, during healthy pregnancy but most have

ignored the inXuence of dietary nitrate and consequently these studies have

variously concluded that NO is increased (Seligman et al., 1994; Shaamash et al.,

2000), decreased (Hata et al., 1999) or unchanged (Curtis et al., 1995; Smarason et
al., 1997). Two groups have restricted the dietary nitrate intake in pregnant

women and one has found that NOx measured after a 12–15-h fast is signiWcantly

elevated (Nobunaga et al., 1996). The other (Conrad et al., 1999) measured NOx
in plasma and urine as well as plasma cGMP in pregnant women subjected to a

reduced NOx intake. A marked rise in plasma cGMP was observed, especially in

the Wrst trimester but, in contrast to the Wndings of Nobunaga et al., this occurred
without any alteration in plasma or urinary NOx.

In vivo studies have provided much more convincing and direct evidence for

NOS upregulation in the maternal circulation during normal pregnancy. Infusion
of the NO synthase inhibitor, NG-monomethyl-l-arginine (l-NMMA), into the

brachial artery in early pregnancy caused a greater reduction in hand blood Xow of

pregnant compared with nonpregnant women (Williams et al., 1997). In late
pregnancy (36–41 weeks), l-NMMA returned the elevated hand blood Xow back

to nongravid levels, implicating a major role for NO in peripheral vasodilatation.

A similar study, investigating blood Xow to the forearm rather than the hand, and
which eliminated the potential inXuence of increased blood Xow during preg-

nancy, has conWrmed these Wndings (Anumba et al., 1999a). The same group has

also shown that responses to endothelium-dependent dilators and the en-
dothelium-independent NO donor (glyceryl trinitrate) were similar in pregnant

and nonpregnant women, indicating that sensitivity to NO was unaVected by

pregnancy (Anumba et al., 1999b).
An alternative approach to investigation of the endothelium is the study of

isolated arteries, usually obtained during caesarean section. Small arteries from

subcutaneous fat, omentum and myometrium have been studied using the tech-
nique of small-vessel wire myography (Mulvany and Halpern, 1977) or small-

vessel perfusion myography (Halpern et al., 1984), enabling the measurement of

tension, pressure and vessel diameter in small arterioles. The classical method of
evaluating endothelium-dependent dilatation is to carry out concentration re-

sponses to known endothelium-dependent vasodilators, e.g. acteycholine (ACh)

or bradykinin (BK) in arteries preconstricted with a vasoconstrictor, usually
noradrenaline. Using this method, we investigated responses to the endothelium-

dependent vasodilator, ACh, in small arteries (250–300�m internal diameter)

from subcutaneous fat and found similar responses in arteries from pregnant
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women and those from nonpregnant women (obtained during routine abdominal
surgery; McCarthy et al., 1994). Interestingly, neither the NOS inhibitor, l-

NMMA, nor the cyclooxygenase inhibitor, indometacin, completely inhibits re-

laxation to ACh. In the presence of both inhibitors, the residual relaxation was
greater in arteries from the pregnant women, suggesting increased synthesis of an

endothelium-dependent dilator other than NO or prostacyclin (PGI2), possibly an

endothelium-derived hyperpolarizing factor (see below). In contrast, we later
found that pregnancy was associated with increased relaxation to BK, in small

subcutaneous arteries (Knock and Poston, 1996). To complicate the issue further,

and using arteries from the omental circulation, Pascoal and Umans (1996)
concluded that ACh- and BK-mediated relaxation was similar in arteries from

term pregnant women and nonpregnant women. However, these authors pro-

posed that pregnancy was associated with an increase in a novel component of
BK-mediated relaxation, identiWed using speciWc pharmacological inhibitors of

the diVerent pathways involved, and concluded that this was possibly attributable

to a hyperpolarizing factor. Another study showed no diVerence in relaxation to
BK in small myometrial arteries from pregnant women and from nonpregnant

women obtained during hysterectomy (Ashworth et al., 1997), although an

investigation of isolated uterine arteries has shown enhanced relaxation to ACh in
vessels from pregnant women (Nelson et al., 1998).

These comparisons of the uterine circulation in arteries from pregnant and

nonpregnant women must be interpreted with some caution since the substantial
alteration of structure of the uterine vasculature in pregnancy is likely to inXuence

constrictor and dilator tone. In summary, consideration of all the investigations of

isolated arteries has shown little consensus regarding the role of agonist-stimu-
lated NO synthesis in the vasodilatation of pregnancy.

Flow-mediated endothelium-dependent vasodilatation

The endothelium also releases NO in response to shear force (shear stress) created

as blood Xows through the artery (Chapter 3). Shear is arguably a far more

physiologically relevant dilator stimulus than either ACh or BK. We have shown
that small subcutaneous arteries from pregnant women demonstrate a remarkably

increased dilatory response to Xow compared to those from nonpregnant women,

and that this is totally inhibited by nitro-l-arginine (l-NAME: Cockell and
Poston, 1997a). This substantiated our earlier investigations in arteries from

pregnant rats (Cockell and Poston, 1996; Learmont et al., 1996), conWrmed by

Ahokas et al. (1997). Using the same technique, substantial NO-mediated re-
sponses to Xow have been observed in small myometrial arteries from pregnant

women at term (Kublickiene et al., 1997, 2000a) although, perhaps wisely, these

were not compared to arteries from nonpregnant women.



20

15

10

5

0

nonpregnant first middle
trimester

last

Fl
ow

-m
ed

ia
te

d 
di

la
tio

n 
(%

)

Figure 19.1 Flow-mediated dilation in 8 women studied in the first, middle and last trimesters of
pregnancy. Five of the women also had a vascular scan 1–5 months (median 1.5 month)
before pregnancy. Values are means ± SE. There was a significant difference between
flow-mediated dilatation before pregnancy and in the last trimester. From Dorup et al.
(1999) with permission.
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Flow-mediated relaxation may also be investigated in vivo using a noninvasive

method (Chapter 3). Fluid shear stress may be induced in the human arm by

application of a distal cuV around the lower arm or wrist. Release of the cuV leads
to hyperaemic dilatation and an increase in Xow (and shear stress) in the brachial

artery. This leads to vasodilatation, predominantly mediated by NO, which may

be monitored with high-resolution Doppler ultrasound. Using this method two
groups have recently shown that pregnant women demonstrate an increased

response to Xow (Veille et al., 1998; Dorup et al., 1999: Figure 19.1) when

compared to nonpregnant subjects. These studies all concur that an enhanced
response to shear stress is an important stimulus to vasodilatation in pregnancy.

Prostacyclin

Although previously considered to be a systemic vasodilator in pregnancy, PGI2 is

now thought more likely to play a role as a local autocoid. Urinary excretion of

2,3-dinor-6-keto-PGF1�, the major systemic enzymic metabolite of PGI2, is raised
early during human pregnancy and increases with each trimester (Goodman et al.,

1982; Fitzgerald et al., 1987a). However, Barrow et al. (1983) reported that

concentrations of the nonenzymic circulating PGI2 metabolite, 6-oxo-PGF1�, were
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too low for PGI2 to function as a circulating hormone – a conclusion upheld by
data from pregnant animals and women showing that infusion of indometacin did

not aVect blood pressure or peripheral resistance (Conrad and Colpoys, 1986;

Sorensen et al., 1992). In the sheep, PGI2 biosynthesis seems to be increased
preferentially in the uterine circulation during pregnancy, possibly in response to

the elevatation of AII (Magness et al., 1992). Pregnancy in the ewe is also

associated with a dramatic rise in the expression of cyclooxygenase-1 (COX-1)
mRNA and protein in the uterine artery endothelium (Janowiak et al., 1998), but

not COX-2 (Habermehl et al., 2000). Neither COX-1 nor COX-2 was found to be

increased in a systemic (omental) artery (Habermehl et al., 2000).
Human pregnancy is associated with increased synthesis of the constrictor

prostanoid thromboxane (TxA2) as assessed by measurement of its stable systemic

metabolite 2,3-dinor-TxB2. TxA2, which in pregnancy seems to be mainly derived
fromplatelets (Fitzgerald et al., 1987b) increases three- to Wvefold during gestation

and remains elevated throughout (Fitzgerald et al., 1987a).

Endothelium-derived hyperpolarizing factor

Several reports suggest that PGI2 and NO-independent, but endothelium-depend-

ent mechanisms of relaxation are enhanced in human pregnancy (McCarthy et al.,

1994; Pascoal and Umans, 1996), an observation supported in arteries from
pregnant rats (Bobadilla et al., 1997; Gerber et al., 1998; Dalle Lucca et al., 2000).

Vasodilation induced by ACh induced relaxation that is insensitive to cyclo-

oxygenase blockade and inhibition of NO synthase is greater in pregnant rats
compared with virgin animals. In both groups elevation of the potassium concen-

tration in the organ bath totally abolished any remaining relaxation. This is

strongly indicative of a role for enhanced synthesis of the putative endothelium-
derived hyperpolarizing factor (EDHF). The chemical nature of EDHF is hotly

disputed; the various candidates include a cytcochrome P450-derived metabolite

of arachidonic acid, one of the epoxyeicosatrienoic acids (EETs) and a canna-
binoid (Feletou and Vanhoutte, 1999).

Role of oestrogens in endothelial adaptation to pregnancy

The oestrogens undoubtedly play an important role in cardiovascular homeostasis

in pregnancy. Oestrogens are involved in stimulation of the renin–angiotensin
system, in the upregulation of NO and PGI2 synthesis and also may contribute to

remodelling of the heart and vasculature. A detailed description of the subject lies

beyond the scope of this review, but possibly the most convincing evidence in
relation to oestrogen-mediated peripheral vasodilatation lies in the now well-

established observation that oestrogens stimulate vasodilatation, achieved at least

in part through NO. Thus, the increase in uterine blood Xow following 17�-
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estradiol infusion in nonpregnant sheep (Magness and Rosenfeld, 1989) is blunted
by simultaneous local infusion of l-NAME (Van Buren et al., 1992) and is related

to greater NOS activity (Veille et al., 1996). 17�-estradiol pretreatment of isolated

arteries from nonpregnant rats (Cockell and Poston, 1997b) and from nonpreg-
nant women (Kublickiene et al., 2000b) also induces an increase in endothelium-

dependent NO-mediated Xow-induced dilatation equivalent to that observed in

arteries in pregnancy. These data are corroborated by numerous reports in
nonpregnant subjects, e.g. those describing improvement of agonist- and Xow-

mediated vasodilatation in postmenopausal women receiving hormone replace-

ment therapy (for review, see Mendelsohn and Karas, 1999).
The mechanism by which oestrogen modulates NO production has not been

fully elucidated, but there are 11 copies of an incomplete (half palindromic motif)

oestrogen response element (ERE) on the NOS III gene 5' Xanking ‘promoter’
region (Robinson et al., 1994). In other genes these ‘half motifs’ interact to form a

complete ERE and the occupied oestrogen receptormay similarly activate NOS-III

by binding to these regions. Recent evidence also strongly supports the presence of
an oestrogen receptor on the plasma membrane (Russell et al., 2000a) which is

likely to mediate the prompt ‘nongenomic’ responses to estradiol. The immediate

release of NO was inhibited by a speciWc oestrogen receptor anatgonist (ICI
182,780) suggesting structural similarity with the nuclear receptor. The observa-

tion that oestrogens stimulate the acute expression of endothelial cell heat shock

protein 90 (hsp90), calcium-independent activation of NOS (Russell et al., 2000b)
and mitogen-activated protein (MAP) kinase (Russell et al., 2000a) may have

direct relevance to the enhanced Xow-mediated relaxation observed in pregnancy.

As described in Chapter 3, activation of hsp90, calcium-independent NOS activa-
tion and MAP kinase activation are also features of the ‘nongenomic’ response of

endothelial cells exposed to shear stress. Oestrogens, by ‘priming’ these pivotal

pathways of the endothelial response to respond to shear stress, may thus contrib-
ute to stimulation of Xow-mediated vasodilatation.

Other functions of the endothelium in pregnancy

Despite an increase in synthesis of endothelium-dependent vasodilators which are

also potent ‘antiplatelet’ agents, and the associated haemodilution that accom-

panies volume expansion, normal pregnancy is characterized by low-grade intra-
vascular coagulation (Letsky, 1995). Indeed, the risk of thromboembolism in-

creases sixfold during pregnancy and is the most common direct cause of maternal

death in the UK. Plasma Wbrinogen (Bonnar, 1987) and endothelium-derived von
Willebrand factor (Sorensen et al., 1995) are raised in pregnancy. There is also a

gestational increase in endothelium production of plasminogen activator inhibi-

tor (PAI-1) and tissue plasminogen activator (tPA), with the eVect of both
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inhibition and promotion of Wbrinolysis, respectively (Sorensen et al., 1995).
Thrombin generation is also increased, as are circulating levels of Wbrin degrada-

tion products (FDP; de Boer et al., 1989; Sorensen et al., 1995), although the ratio

of thrombin to FDP remains unchanged. The procoagulant state of the en-
dothelium therefore does not appear to be compensated by upregulation of the

Wbrinolytic system (Bremme et al., 1992; Sorensen et al., 1995). In late pregnancy,

the procoagulant state is further aggravated as the gravid uterus partially obstructs
the inferior vena cava, causing venous stasis in the lower limbs.

Maternal vascular function in preeclampsia

Preeclampsia or the threat of this syndrome is the commonest cause of antenatal

admissions and aVects approximately 4% of all pregnancies. As delivery is at
present the only cure, preeclampsia is also responsible for many premature

deliveries. The diagnosis of the preeclampsia is determined by a pregnancy-

induced increase in blood pressure accompanied by proteinuria, oedema or both.
Hypertension and proteinuria are simply measurable endpoints of the disease;

they give no indication of the underlying complexity of the problem. Preeclampsia

occurs as a spectrum of disorders which may include eclampsia (Wtting), dysfunc-
tion of the liver, kidneys and lungs and profound abnormalities of the cardiovas-

cular system and haemostasis.

The last decade has seen considerable strides towards an understanding of the
origin of this extraordinary syndrome. There is an undoubted hereditary element

to preeclampsia and intensive eVort is currently underway to discover the asso-

ciated gene or genes. None the less, preeclampsia does not follow a simple pattern
of inheritance. There is also good evidence that paternal genes may play a role,

which complicates the search. The observation that preeclampsia often occurs in

pregnancies of women with other disorders, such as diabetes or systemic lupus
erythematosus, all characterized by microvascular dysfunction, has led many to

suggest that it is highly unlikely that a single associated gene will be found, and that

it will emerge that there are several ‘preeclampsia-susceptibility’ genes. Indeed, it is
wise to consider preeclampsia as a polygenic disease (for review, see Ward and

Lindheimer, 1999). Immunogenetic factors have also been implicated, with the

suggestion that the mother mounts an immunological response to paternal anti-
gens in the placenta. The normal recognition of the foreign placental antigens as

‘self ’ is likely to involve a complex interaction between the expression of human

leukocyte antigens (HLAs: possibly HLA-G) on the invading trophoblast and its
abilility to prevent attack by large uterine granular leukocytes, the natural killer

(NK) cells (Chumbley et al., 1994). This process may fail in preeclampsia. Failure

of maternal immune tolerance might explain the higher incidence of preeclampsia
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in Wrst pregnancies than in subsequent pregnancies, when antigenic ‘tolerance’
may have developed, and the higher incidence of preeclampsia if a woman changes

partners and is challenged with ‘new’ paternal antigens (Ward and Lindheimer,

1999).

Cardiovascular function in preeclampsia

Central haemodynamics

Established preeclampsia is a ‘low-cardiac-output, high-resistance’ syndrome

(Visser and Wallenburg, 1991) associated with a low plasma volume and reduced

aldosterone concentrations. Easterling et al. (1987) conducted a longitudinal
study in which cardiac output was measured serially by Doppler echocardiogra-

phy. Patients destined to develop preeclampsia had a raised cardiac output

throughout. Bosio et al. (1999) conWrmed the early elevation of cardiac output in
women who later developed preeclampsia, but during the clinical phase noted

there was a ‘cross-over’ to a state of low cardiac output, high resistance. This

carefully conducted longitudinal study explains the previous disagreement be-
tween those who consider preeclampsia is a high-cardiac-output state and those

who recognize it as a low-cardiac-output, high-peripheral-resistance state.

The sympathetic nervous system

A well-designed investigation has shown that women with preeclampsia have

increased sympathetic nerve activity in skeletal muscle (Schobel et al., 1996).
Further evidence for an inXuence of sympathetic tone on the hypertensive state is

provided by a report of raised plasma noradrenaline levels (Manyonda et al.,

1998), in which the authors propose that excessive noradrenaline leads to break-
down of triglycerides to free fatty acids, increasing the pool available for lipid

peroxidation (see the section on the role of oxidative stress, below). Facilitation of

the sympathetic regulation of heart rate has been reported in cases of preeclamp-
sia, with associated diminution of parasympathetic inXuence (Yang et al., 2000).

Involvement of the sympathetic system in elevation of the blood pressure in

preeclampsia is also suggested by the relative lack of functional vasodilatory
�2-adrenoreceptors compared with normal pregnancy (Aune et al., 2000).

The uteroplacental circulation

The pivotal role of the placenta in preeclampsia is unchallenged. Moreover, it is

now clear that a well-deWned histological abnormality is present in the utero-
placental circulation of most women who develop preeclampsia. In normal

pregnancies, perfusion of the placenta is ensured by the development of a massive-

ly reduced resistance in the uterine vasculature. In part this is achieved by
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dilatation and remodelling of the uterine artery and its major branches (Chapter
2), but also by extensive remodelling of the smaller spiral arteries in the decidua

and myometrium, at the site of attachment of the placenta (the placental bed).

This is achieved by invasion of the walls of the maternal uterine spiral arteries by
endovascular trophoblast cells from the placenta. The spiral arteries thus invaded

show a marked increase in luminal diameter with intramural Wbrinoid deposition

surrounding embedded trophoblasts and an absence of musculoelastic tissue
(Brosens et al., 1967; de Wolf et al., 1980). This process begins at approximately 10

weeks of gestation and is complete by 18–22 weeks. The mechanism by which

trophoblast invasion eVects such dramatic alteration in the vasculature has been,
and is still, subject to intensive investigation. It is suggested that the trophoblasts

express a range of ‘stage-speciWc’ genes as the cells progress through mitosis to an

invasive phenotype. Altered expression of cytokines, integrin cell adhesion mol-
ecules, matrix metalloproteinases, HLA-G and human placental lactogen have all

been implicated in trophoblast invasion (for review, see Fisher and Roberts, 1999).

Recent postulates include an inhibitory role for transforming growth factor
(TGF-�3), the expression of which is ‘switched oV’ during invasion (Caniggia et

al., 1999) and the local synthesis of NO, although this has recently been disputed

(Lyall et al., 1999). Others suggest that cytokine release by decidual NK cells (Loke
and King, 2000) and local macrophages (Reister et al., 1999) may modulate

trophoblast invasion.

In preeclampsia, failure of trophoblast invasion often occurs (Brosens et al.,
1972; Robertson et al., 1986; Pijnenborg et al., 1991), leading to persistence of

small arterioles with muscular coats and maintained high resistance, which in turn

results in reduced placental perfusion. Preeclamptic spiral and basal arteries are
also found to be more tortuous or densely distributed than normal placental bed

arteries, with smaller-calibre lumens and wall thickening due to medial hyper-

plasia (Starzyk et al., 1997). Acute atherosis with Wbrinoid necrosis may also be
present (Robertson et al., 1976). Since the process of placentation occurs early in

pregnancy and usually many weeks before the symptoms of the preeclampsia, it is

widely held that the observed failure of placentation is a pivotal event. It may also
represent the abnormal maternal immune response to male placental antigens.

However, failed placentation is not conWned to preeclampsia alone, as it may

occur in the placental bed of pregnancies associated with a variety of abnormal
outcomes, particularly intrauterine growth restriction (IUGR; Khong et al., 1986;

Brosens et al., 1997). Failed placentation can therefore only be considered as an

important facilitatory factor in preeclampsia. Impaired trophoblast invasion,
together with maternal vulnerability, is now generally considered to be the combi-

nation of factors required to precipitate preeclampsia (Roberts and Hubel, 1999).



Figure 19.2 Doppler ultrasound scan of the uterine artery of (left) a woman with an abnormal flow
velocity waveform (FVW 23 weeks’ gestation) and (right) a normal flow profile (23 weeks’
gestation). A high resistance index (RI) and the appearance of a diastolic notch are
indicative of high resistance and poor placentation.
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Women may be vulnerable to preeclampsia for many reasons. These include

preexisting maternal vascular disease, obesity (hyperlipidaemia), thrombophilia

and undoubtedly other as yet unidentiWed factors. Many theories for the shallow
trophoblast invasion are proposed, including abnormal expression of several of

the ‘stage-speciWc genes’, including the integrin cell adhesion molecules (Zhou et

al., 1997) and TGF-�3 (Caniggia et al., 1999). Clinically, these histological data are
consistent with the Wnding of increased impedance to blood Xow in women with

IUGR and preeclampsia, as assessed indirectly by uterine artery Doppler wave-

form analysis (Campbell et al., 1983; Figure 19.2). The Doppler waveform charac-
teristically has a high resistance index, often associated with a diastolic notch – a

pattern typical of the normal high-resistance uterine circulation in nonpregnant

women. Many studies have investigated the possibility that the abnormal wave-
form could be a useful predictive indicator of preeclampsia (Chappell and Bewley,

1998) in the clinic, but analysis is confounded by lack of conformity in the
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deWnition of the disease and in the absence of any agreed standard protocol.
Whilst of inadequate speciWcity for use in a low-risk population, uterine artery

Doppler waveform analysis is undoubtedly useful in the research setting where it

has been used successfully for identiWcation of women at risk of the disease for
intervention studies (for review, see Chien et al., 2000).

The vascular endothelium in preeclampsia

A name still often given to preeclampsia is ‘toxaemia’ of pregnancy, stemming

from the hypothesis that the maternal disease is caused by a toxin or toxic factors

originating from the placenta. This theory is little changed; indeed, it is now
stronger than ever. The present ‘version’ includes a fundamental role for the

maternal vascular endothelium; it is now hypothesized that poor perfusion of the

placenta resulting from failed invasion provides the stimulus for leakage into the
maternal circulation of factors which lead to endothelial cell dysfunction. En-

dothelial cell activation will promote platelet and neutrophil activation, and

failure of the normal dilatory mechanisms will lead to vasospasm. Intense
vasoconstriction will give rise to cerebral ischaemia and to eclamptic convulsions,

and also to hepatic and lung dysfunction. In the kidney, damage to the glomerular

capillary endothelium will cause proteinuria.
The defects described in the maternal vascular endothelium in preeclampsia are

legion. Glomerular endotheliosis, swelling of the capillary endothelium, a lesion

peculiar to preeclampsia, was Wrst correctly described in 1950 (for review, see
Sheehan, 1950). In the last decade endothelial dysfunction in preeclampsia has

become widely accepted. Our laboratory showed that small arteries obtained from

women with preeclampsia demonstrate impaired endothelium-dependent dila-
tion (McCarthy et al., 1993; Knock and Poston, 1996), subsequently conWrmed by

others (Ashworth et al., 1997; Pascoal et al., 1998). This was followed by the

demonstration of failure of the small arteries to dilate to Xow (Cockell and Poston,
1997a; Kublickiene et al., 2000c). Many tens of publications itemize the variety of

markers of endothelial cell activation which appear in the plasma of women with

the disease, including endothelin-1, cellular Wbronectin, thrombomodulin, plas-
minogen activator inhibitor type 1 and von Willebrand factor (for review, see

Dekker and Sibai, 1998; Taylor and Roberts, 1999). The concentrations of some

endothelial cell adhesion molecules, including vascular cell adhesion molecule,
intravascular cell adhesion molecule and P-selectin, are also elevated in pre-

eclampsia. The procoagulant state of healthy pregnancy is exacerbated by women

who inherit low levels of anticoagulants, including antithrombin III, protein C
and protein S (Dekker et al., 1995). Resistance to activated protein C, an inherited

trait associated with mutation of the factor V Leiden gene, has also been im-

plicated as some cohorts of preeclamptic patients have a higher incidence of this
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mutation (Dizon-Towson et al., 1996). However, other more recent studies have
not reported such a high prevalence in other populations.

Assessment of nitric oxide in preeclampsia

The l-arginine–NO pathway is an expected casualty of endothelial cell damage in
preeclampsia, and all studies in isolated arteries strongly suggest failure of NO-

mediated dilatation (see above). In contrast, and probably because of method-

ological limitations, there is no consensus whether systemic NO synthesis is
altered.Most studies have either shown no change (Cameron et al., 1993; Curtis et

al., 1995; Silver et al., 1996) or an increase (Nobunaga et al., 1996; Smarason et al.,

1997) in circulating or urinary NOx, probably reXecting variable nitrate intake,
although Conrad et al. (1999) have found no evidence for NO depletion in women

on restricted nitrate intake. Only Seligman et al. (1994) documented lower plasma

NOx concentrations in women with preeclampsia. Paradoxically, two groups
(Cameron et al., 1993; Nobunaga et al., 1996) have reported a correlation between

systolic blood pressure and increasing urinary and plasma concentrations of NOx,

respectively. In the latter study, volunteers were starved for 12–15 h in an attempt
to control for dietary nitrogen. The periods of starvation or dietary nitrogen

deprivation are necessarily short in pregnant women and are very likely to be

insuYcient for adequate ‘washout’. Moreover, plasma and urine concentrations of
NOx, as well as being inXuenced by the diet, are also not entirely derived from the

endothelium, being reXective of synthesis by activated leukocytes. Granulocyte

and monocyte activation are well described as part of the ‘inXammatory’ charac-
teristics of the disease (Redman et al., 1999), and may provide a substantive source

of NO.

NOS is competitively inhibited by an endogenous guanidino-substituted ar-
ginine analogue, NGNG-dimethylarginine (asymmetric dimethylarginine, ADMA).

In normal pregnancy, the plasma concentration of ADMA is lower than in

nonpregnant women (Fickling et al., 1993). Interestingly, plasma ADMA levels are
signiWcantly higher in women with preeclampsia than gestational-matched, nor-

motensive controls (Holden et al., 1998). Consequently, endogenous inhibition of

NOS by a speciWc inhibitor is a possible mechanism whereby NO production
could be reduced in preeclampsia.

Potential origins of endothelial cell dysfunction

Other than the controversial NOx data, the evidence for endothelial cell dysfunc-

tion in preeclampsia is undisputed and it is hardly unexpected that the search for
the possible cause or causes has been intense. Few are of the opinion that a single

molecular species is responsible, and few would argue with the fact that the

placenta is involved in some way. One attractive hypothesis is that preeclampsia is
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an exaggeration of the normal ‘inXammatory’ response to pregnancy (Redman et
al., 1999), triggered by placental factors arising from poor perfusion. According to

this hypothesis, endothelial cell activation is but one component of the excessive

inXammatory response. In support, there is good evidence for endothelial and
leukocyte activation in normal pregnancy. As described above, the endothelium

expresses procoagulant markers in normal pregnancy. Redman’s group (Sacks et

al., 1998) have shown increased expression of surface markers of peripheral blood
leukocyte activation, CD11b and CD64, on granulocytes and monocytes together

with an increase in synthesis of reactive oxygen species (ROS). Leukocyte activa-

tion leads to synthesis and release of certain proinXammatory cytokines, particu-
larly tumour necrosis factor alpha-� (TNF-�). Elevation of plasma TNF-� is well

described in preeclampsia, but it may also originate from the placenta as TNF-� is

a major secretory product of trophoblast, and secretion increases in response to
hypoxia. Whatever the source, TNF-� and other products of leukocyte activation

are likely to contribute to endothelial cell damage. Additionally, a feedforward

system may come into play since endothelial cell activation and subsequent cell
adhesion molecule expression will attract leukocytes and lead to further activa-

tion. A vicious cycle of endothelial cell damage could ensue.

A number of complementary theories of endothelial activation have received
justiWed and increasing attention. Redman’s group have evidence that leukocyte/
endothelial activation may arise from excessive deportation of shed particles of

placental trophoblast. Trophoblasts are deported from the placenta to the ma-
ternal circulation in normal pregnancy, and in increased numbers in preeclampsia

(Chua et al., 1991). However, due to their size, few are likely to reach the arterial

circulation, whereas the much smaller microvilli are much more likely to gain
access. Knight et al. (1998) have detected syncytiotrophoblast microvilli in the

plasma of pregnant women by the method of Xow cytometry and with a Xuoro-

immunoassay using antiplacental alkaline phosphatase antibodies. SigniWcantly
higher levels were found in women with preeclampsia and concentrations were

higher in uterine venous plasma than in concurrently sampled peripheral venous

plasma, suggestive of placental origin. Studies from the same group have also
shown that normal placental microvilli drastically reduce proliferation of cultured

human umbilical venous endothelial cells (Smarason et al., 1993). More recently,

von Dadelszen et al. (1999) have reported that supernatants from a coculture of
endothelial cells and syncytiotrophoblast microvilli led to activation of

granulocytes and monocytes, indicating that the microvilli may cause leukocyte

activation as a result of endothelial cell activation.
Whilst focus has been placed on the role of the endothelium, some studies have

also suggested that vascular smooth musclemay be abnormal in preeclampsia. The

contractile response to TxA2 has been shown to be upregulated in human omental
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resistance arteries from women with preeclampsia (Suzuki et al., 2000), and to be
unaVfected by endothelial removal, suggesting a smooth muscle defect. This study

also demonstrated a reduced response to endothelium-derived NO which ap-

peared, at least in part, to be due to a reduced GMP-mediated response in the
vascular smooth muscle. Human omental resistance arteries have also been shown

to undergo remodelling in women with preeclampsia (Aalkjaer et al., 1985),

although it is not clear if this remodelling is an adaptation to hypertension of a
cause of reduced perfusion.

A role for oxidative stress and dyslipidaemia?

The theory which one of us (LP) has recently focused upon is the postulate that

endothelial dysfunction may arise from oxidative stress. Directly, and particularly

through synthesis of lipid peroxides, ROS can cause endothelial dysfunction. The
evidence for oxidative stress in preeclampsia is substantial and growing. Plasma

nonenzymatic antioxidants, particularly ascorbic acid, are the primary line of

defence against oxidative damage. Decreased plasma ascorbate concentrations in
preeclampsia were Wrst reported in 1964 (Clemetson and Andersen, 1964), an

observation repeated many times (for review, see Hubel, 1999). We have shown

recently that plasma vitamin C concentrations are reduced many weeks prior to
the development of the disease (Chappell et al., 2000a) and Hubel et al. (1997)

have reported that the plasma from women with preeclampsia leads to an es-

calated oxidative depletion of ascorbic acid in vitro. In contrast, vitamin E is
usually raised in the plasma in preeclampsia (Uotila et al., 1993; SchiV et al., 1996).

This is probably explicable on the basis of the hyperlipoproteinaemia associated

with preeclampsia, since vitamin E is transported in plasma lipoproteins. Reduced
activity of glutathione peroxidase and of superoxide dismutase (Poranen et al.,

1996; Wang and Walsh, 1996) has also been reported, and both enzymes are

important antioxidant defences. Additionally, plasma concentrations of the anti-
oxidant glutathione are reduced (Raijmakers et al., 2000). Finally, there are scores

of reports that lipid peroxidation products are increased in the plasma in pre-

eclampsia (for review, see Hubel, 1999). These have been evaluated by estimation
of antibodies to oxidized low-density lipoprotein (LDL; Branch, 1994) and in

many instances by measurement of plasma concentrations of malondialdehyde

(e.g. Hubel et al., 1996). Malondialydehyde concentrations are approximately
50% higher in sera from women with preeclampsia and decrease within 48 h

postpartum. There is also evidence of raised plasma concentrations of the isopros-

tane, 8-epi-PGF2� (Barden et al., 1996). Isoprostanes are formed by free radical-
induced oxidation of arachidonic acid and are increasingly recognized as stable

lipid peroxidation products which may accurately reXect oxidative damage in

vivo. There are also reports of lipid peroxidation products in platelets and
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erythrocytes. Roggensack et al. (1999) have shown that small arteries from subcu-
taneous fat of women with preeclampsia demonstrate increased immunostaining

for peroxynitrite. This occurred together with reduced intensity of staining for

superoxide dismutase and increased staining for NOS. An increase in superoxide
and NO production is the likely cause of the peroxynitrite deposition as these two

radicals react to form peroxynitrite. Peroxynitrite will evoke endothelial dysfunc-

tion and at the same time reduce NO availability; these data accord therefore with
the blunted endothelium-dependent relaxation observed in isolated arteries from

the same circulation (McCarthy et al., 1993).

The peripheral blood leukocytes, and probably the maternal endothelium, are
likely contributors to ROS synthesis but the placenta undoubtedly plays a major

role. Placental ischaemia accelerates trophoblast cell turnover, thereby increasing

the concentration of purines, which are substrates for xanthine dehydrogenase/
oxidase (Many et al., 1996). Under hypoxic conditions, xanthine oxidase pre-

dominates over xanthine dehydrogenase to produce urate and ROS. This process

could explain why hyperuricaemia often precedes clinically recognizable pre-
eclampsia and occurs prior to any fall in glomerular Wltration rate. In support of

the suggestion that the placenta is the source of ROS synthesis, numerous studies

have reported evidence of oxidative stress in the placenta of women with preec-
lampsia. These include decreased superoxide dismutase activity (Poranen et al.,

1996), decreased glutathione peroxidase activity (Wang and Walsh, 1996) and

increased xanthine oxidase activity (Many et al., 2000). There is also evidence for
nitrotyrosine staining (indicating protein nitration by peroxynitrite; Myatt et al.,

1996; Many et al., 2000) and for formation and secretion of 8-epi-PGF2� (Walsh et

al., 2000) in the placenta. The content of free 8-epi-PGF2� is also increased in the
decidua (StaV et al., 1999) and a recent study has shown that free 8-epi-PGF2�

reduces invasion of a cultured trophoblast cell line (JAR cells) through Transwell

Wlters, an in vitro model of the placentation process (StaV et al., 2000).
The abnormal plasma lipid proWle in preeclampsia is also likely to contribute to

the generation of lipid oxidation products. Towards the end of normal pregnancy,

maternal plasma levels of cholesterol and triglyceride increase by 50% and 300%,
respectively (Potter and Nestel, 1979). Women with preeclampsia have even

higher circulating levels of triglyceride, free fatty acid and total cholesterol (Sattar

et al., 1996), with a relative increase in LDL cholesterol, and these disturbances are
evident as early as 10 weeks of gestation in women destined to develop the disease.

Free fatty acids themselves may stimulate ROS generation. Under conditions of

oxidant stress and hypertriglyceridaemia, increased amounts of unsaturated fatty
acids will be oxidized to lipid peroxides (Chirico et al., 1993; Sattar et al., 1996).

There is also a qualitative change in LDLs in established preeclampsia, with a

shift towards small dense particles (Hubel et al., 1998), a characteristic which
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predisposes the LDL particle to oxidation.

Another possible contributory inXuence on synthesis of ROS is hyperhomo-
cysteinaemia, frequently reported in women with preeclampsia (Ray and Laskin,

1999). Hyperhomocysteinaemia is known to induce endothelial dysfunction

through ROS synthesis, an eVect which has now been found to be reversible by
antioxidant supplementation in normal nonpregnant volunteers subjected to

acute experimental hyperhomocysteinaemia (Nappo et al., 1999; Figure 19.3).

The overwhelming evidence in favour of oxidative stress in preeclampsia has
prompted the suggestion that antioxidant supplementation may be beneWcial in

the prevention or amelioration of the disease. Two studies of vitamin supplement-

ation, both in women with established severe early-onset preeclampsia, have
reported no substantial clinical beneWt. Stratta et al. (1994) using 100–300 mg/day
vitamin E in a nonrandomized trial and Gulmezoglu et al. (1997) in a randomized

controlled trial of 1000 mg/day vitamin C, 800 IU/day vitamin E and 200 mg/day
allopurinol, reported no signiWcant improvement in clinical outcome. However,

the second of these reported a trend towards later delivery in the treated group,

and as late intervention may have precluded maximum beneWt, both reports
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proposed earlier initiation of therapy. We have recently reported a study in which

we identiWed women at risk of preeclampsia on the basis of a previous history of
the disease, or because they demonstrated an abnormal uterine artery Doppler

waveform (see above; Chappell et al., 1999). A total of 283 women identiWed to be

at risk were randomized to vitamin C (1000 mg/day) and vitamin E (400 IU/day)
or to placebo at 16–22 weeks’ gestation. Plasma markers of endothelial activation

(PAI-1) and placental dysfunction (PAI-2) and plasma vitamin C and E concen-

trations were evaluated longitudinally until delivery. Supplementation with vita-
mins C and E was associated with a 61% reduction in the odds of developing

preeclampsia on an intention-to-treat basis and a 76% reduction in the odds of

developing the disease in the group who received the vitamins compared with
those on placebo (Figure 19.4). Recently we reported (Chappell et al., 2000b) that

the vitamin-treated group had a lower concentration of plasma 8-epi-PGF2� than

the placebo group, which returned to values similar to those of a pregnant low-risk
control group, suggesting prevention/reversal of lipid peroxidation. This en-

couraging result in high-risk women has now paved the way for multicentre trials

which will determine the potential beneWt in lower-risk women, and establish that
these supplements bring no harm to the fetus.

Conclusion

This short review has attempted to cover areas of topical interest relating to

maternal vascular function in normal pregnancy and in preeclampsia. Many
interesting areas of research have only been touched upon as they fall outside the

focus of discussion. Neither has there been any attempt to cover fetal circulation,

which alone could be the subject of an entire chapter. The convergence of interest
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in the endothelium in normal pregnancy and preeclampsia provides an excellent
example of successful interaction between the physiological and clinical sciences.
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431 Index



blood pressure (cont.)

raised

environmental factors 171, 172

genetic susceptibility 170, 172

salt-responsive 173

systolic 34

see also hypertension

blood–retinal permeability 335

bone morphogenetic protein receptor-2 (BMPR-2)

gene 362

mutations 366, 367

signalling pathway 367

bosentan 42

Boyden chambers 133

BQ-123 78

brachial artery

Doppler ultrasound 51, 52–3

Xow-mediated dilatation 51

hyperaemia response 51

bradykinin

animal models of hypertension 286

endothelium-dependent vasodilatation 224

hypertension 287

nitric oxide 193

eNOS activation 218

pregnancy 401–2

brain

vascular damage 280–1

see also cerebral infarction; cerebral ischaemia

bronchiolitis, obliterative 375, 384

bulbospinal tract 80

burns 130

excessive healing 129

c-fos gene 59, 62

c-jun gene 62

c-Jun NH(2)-terminal kinase (JNK) 56

C-reactive protein (CRP) 309

c-src 13

cadherins 18, 60

calciWcation, plaque 272, 310

calcitonin gene-related peptide (CGRP) 4

localization in blood vessels 79

nociceptive C Wbres 87

calcium

antagonists 12–13

CT detection 261, 262

nitric oxide synthase isoform regulation 218–19

calcium-ATPase (PMCA) 15

calcium channel blockers

hypertension 291

lung disease 373

vascular structural change in hypertension 296

calcium hydroxyapatite 304

calcium ion-ATPase 14

calcium ion-calmodulin-dependent protein kinase

72

calcium ion channels 7, 11

l-type/T-type 11, 12, 13

voltage-operated 12–13

calcium ion-selective ion channels 14

calcium ions

calmodulin complex 18, 19

desensitization mechanisms 22–6

eZux 15

endothelial cell 58

inXux 7–8

intracellular 58

stores 13–15

intracellular free concentration 6–7, 18–19, 72

sensitization/desensitization of contractile

machinery 19, 21

shear stress 221

intraneuronal concentration 82

cNOS regulation 193

removal 14

sensitization mechanisms 22–6

spark generation 15

calcium–calmodulin pathway 206

caldesmon 16, 17, 25–6

calf vessels, ultrasound 269

calmodulin 15, 18

nitric oxide synthase isoform regulation 218–19

NO biosynthesis cofactor 217

cNOS regulation 193

calmodulin kinase 26, 219

calponin 16, 17, 25–6

cannabinoids 404

cap, Wbrous 303–4

cellular composition 307

destruction by inXammatory cells 308

extracellular matrix 308

rupture 307, 308

thickness 273

vascular smooth muscle cells 306

capillary basement membrane thickening 336

capillary diVusion capacity 336

capillary Wltration coeYcient 336

capillary growth, intussusceptive/nonsprouting 94,

95
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carbachol, endothelium-dependent vasodilatation

229–30

cardiac allograft vasculopathy 384

cardiac chambers 280

cardiac cycle

artery diameter change measurement 36

large artery compliance 34

MRI gating 277

cardiac function

magnetic resonance imaging 279–80

see also heart; heart disease, ischaemic

cardiac ischaemia in atherothrombotic disease 272

cardiac output 34, 280

pregnancy 400

reduction with nitric oxide synthase inhibition

240

cardiovascular disease

endothelin-1 194

risk factors 43–4

cardiovascular function in preeclampsia 407–16

cardiovascular homeostasis in pregnancy 399, 404

cardiovascular mortality predictors 33, 34, 44

carotid artery

Xow rate reduction 61

hypertrophy 61

internal 274

occlusion 265

MRI 273, 274

occlusion 265, 278

remodelling 61

shear 61

thrombotic occlusion 278

tonometry 36

carotid vein, thrombotic occlusion 278

Cas adaptor protein 56

case-control studies in hypertension 172

caspase(s) 119, 123

activation 120, 122

cascade 120–1

caspase 2 119

caspase 3 121, 122

caspase 8 119, 120, 121

prodomain 121

cataract 130

catecholamines 70

attenuation of eVects 74–5

vascular tone 73–5

cathepsin S 322

cation channels 11, 13

cationic amino acid transporter 1 (CAT1) 219

caveolae 56–7, 219

eNOS 237

caveolin 56

CD4+ T cells 382, 383

activation 388

response to endothelial cells 389, 390

T-cell proliferation 389

CD8+ T cells 383

CD11a/b/c 191

CD11b 412

CD31 see platelet endothelial cell adhesion

molecule 1 (PECAM-1)

CD34 antibodies 96–7

CD49d 191

CD64 412

CD95 119

cDNA library 101, 103

cell adhesion molecules 3, 6

activation 189

trophoblast invasion 408, 409

cell cycle, turbulent Xow 61

cell division reduction 149

cell–cell adhesions 60

cell–cell connection disruption 139

cell–cell interactions 123

cell–cell junctions 53

cell–matrix attachment sites 43

cell–matrix interactions 53, 123

cellular adhesion in endothelium 223

cerebral artery

axons 81

leptomeningeal plexus 278

middle 265, 279

occlusion 265, 278

cerebral infarction

aetiology 278

imaging 278–9

cerebral ischaemia 279

Chapel Hill Consensus Conference (CHCC)

nomenclature for vasculitides 344, 345

chemoattractants 132, 208

chemokines 100, 308

atherosclerosis 305

chemokinesis 132

chemotaxis 132

chicken chorioallantoic membrane (CAM) 96

Chlamydia pneumoniae 310, 312

chloride channels 11

shear stress 57

vascular endothelium mechanotransduction 220
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chloride channels (cont.)

volume-regulated 10

cholesterol 56

crystalline 303

lowering 298

preeclampsia 414

pregnancy 414

choline acetyltransferase 80

chromatin condensation 120

chromosome 2q 31–32 362, 366

chromosome 10, rat 175

chromosome 16 173

chromosome 17 175, 176

chronic heart failure 231–2

vascular tone 231

chronic obstructive pulmonary disease 364

lung function tests 369

treatment 373

Churg–Strauss syndrome 344, 347–8

autoantibodies 354

segmental necrotizing glomerulonephritis 348

chymase 75

circle of Willis 278

cirrhosis 129

CLCN3 chloride channel 10

co-trimoxazole 353

coagulation cascade

activation 118

Wbrous cap rupture 308

wound healing 131

cobalt 205

colchicine 148–9

collagen 38

ACE blockade 43

aortic media 321

contraction 134, 136

de novo synthesis 107

degradation 145

epithelial cell migration 144

Wbres 318

Wbrils 131

Wbroblast migration 132

hypertension 42

oestrogen eVects 41

synthesis inhibition 308

type I 144

extracellular degradation 43

gene expression 41–2

type III 41, 144

gene 324

vascular smooth muscle cells 306

collagenase 145

collagenase IV 205

collagenolysis 322

colorimetric assays 138

complement

endothelial cell activation 188, 196

Wbroblast migration 132

systemic lupus erythematosus 204

complement-mediated lysis of endothelial cells 393

compliance 277

biomechanical determinants 37–8

deWnition 33–4

see also arterial compliance; large artery

compliance

computed tomography (CT) 260–2

atherosclerosis 310–11

calciWcation quantiWcation 310

conduit artery, endothelial function 329

conjunctival scarring 153–4

connective tissue disorders 203

connexin(s) 8

connexin 43 60

connexons 8

contractile apparatus components 16, 17, 18

contraction

pressure 3, 4, 6

stimulus types 3–4, 5, 6

tension 3, 4, 6

copper ions 100

corneal epithelium

cell migration 142

platelet-derived growth factors 132–3

corneal ulcers 145

coronary arteries

calcium detection 261, 262

intimal proliferation in transplant disease 384–5

MHC class II expression 386

MRI 273

plaque rupture 277

VCAM-1 expression 386

vimentin expression 392

coronary artery disease

acetylcholine abnormal responses 229

diabetes mellitus 327

grape juice 53

premature 231

transplant-associated 384, 392

coronary heart disease 238

coronary veins, MRI 273
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corticosteroids, wound healing 148

Coulter counter 138

culture force monitor 136, 138

cutaneous artery, adrenergic nerve terminals 81

cyclin-dependent kinase (cdk) inhibitor 61

cyclooxygenase (COX) 289

inhibitor in pregnancy 402

cyclooxygenase-1 (COX-1) 289

pregnancy 404

cyclooxygenase-2 (COX-2) 62

induction 206

cyclophosphamide 354–5, 356

pulsed therapy 355

cystatins 322

cysteine proteases 322

cytochalasin b 148–9

cytochrome c 121

cytokine–receptor interaction interference 107

cytokines

angiogenesis 97, 100

death receptor expression 122

endothelial cell activation 188, 191–2

endothelin-1 194

endothelium 192

functions 191

infection 354

inXammatory 308, 313

neutrophils 350

proinXammatory 305, 308, 350

pregnancy 412

soluble receptors 100

survival 123

transplant grafts 384

trophoblast invasion 408

cytoplasmic dense bodies 18

cytoskeleton

components 16, 17, 18

mechanotransducer function 53–7

cytotoxic T cells 353, 383

cytotoxicity test, complement-dependent 392

Dale’s principle 84

death eVector domains (DEDs) 121

death receptor(s) 117

apoptosis 118–21

soluble ligand binding 122

death receptor-3 (DR-3) 119

deep vein thrombosis

clot volume 271

embolism to chest 271

magnetic resonance venogram 268

pelvis 267

visualization 269

deoxyhaemoglobin 267, 268

brain 281

depolarization 85–6

desferrioxamine 202

desmin 18, 392

diabetes mellitus 327–38

adhesion molecules 328–9

aldose reductase activity 232

arterial distensibility 44

atherosclerosis 327

capillary diVusion capacity 336

capillary Wltration coeYcient 336

conduit artery function 329, 331, 332–3, 334–5

endothelial dysfunction 230–1, 335

endothelial marker studies 328–9

endothelium-dependent vasodilatation 336

extracellular matrix 336

forearm blood Xow 331–2, 333, 335

free radicals 230–1

glucose intolerance 336–7

glycaemic control 335–6

hyperglycaemia 336–7

hypertension 176

impaired endothelium-dependent vasodilatation

329, 331–5, 336

insulin-dependent 172

late complications 327

macroalbuminuria 332

macroangiopathy 327–8

microalbuminuria 331, 332

microangiopathy 327–8

glycaemic control 337

nitric oxide 230, 334

prediabetic subjects 334–5

preeclampsia 406

skin microcirculation 332, 333–4, 335

type 1

normoalbuminuria 329, 331

vascular function 329, 330, 331–2

type 2

endothelium-dependent vasodilatation

impairment 336

vascular function 332–4

ultrasound wall-tracking 332–3

vascular permeability changes 335–6

vascular smooth muscle 336

vasodilator responses 332
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diabetes mellitus (cont.)

in vitro studies 332, 334

von Willebrand factor 328–9

diabetic angiopathy 328–9, 330, 331–5

molecular mechanisms 336–8

diabetic nephropathy 327

glomerular capillary extinction 328

diabetic retinopathy 327

proliferative 338

retinal capillary closure 328

diacylglycerol (DAG) 15, 22

G-protein association 57

hyperglycaemia 337

diacylglycerol kinase 22

diacylglycerol (DAG)–protein kinase C pathway

338

diet, high-fat and red wine consumption 53

�-diXuoromethyornithine 295

dihydropyridine

actions 7

calcium antagonist 12–13

diltiazem 371

NGNG dimethyl-l-arginine (asymmetric

dimethylarginine; ADMA) 233, 234, 287,

411

dimethylarginine, symmetric 233, 234

dimethylarginine dimethylaminohydrolase

(DDAH) 233

disease states, endothelial dysfunction 229–36

disseminated intravascular coagulation (DIC) 198,

199–200

distensibility, deWnition 33–4

diuretics see thiazide diuretics

DNA 101, 103

arterial gene transfer 105

fragmentation 120

nitric oxide target 217

DNA antibodies 204

donor-speciWc response 392

ductus arteriosus closure 115–16, 116

dyslipidaemia

abdominal aortic aneurysm 319

preeclampsia 413–16

E-selectin

endothelial cells

activation 188, 189–90, 191, 198

during transplant rejection 385–6

septicaemia 199

early growth response-1 (Egr-1) 58, 59

ecto-ADPase 192, 194

eXornithine 295

Ehlers–Danlos type IV syndrome 323

ejection fraction 280

elastase 322, 324–5

endothelial cell apoptosis 352

elastin 38, 39

aorta 318, 321

degradation 322, 325

extracellular matrix degradation 145

Wbroblast migration 132

gene variation 324

hypertension 42

oestrogen eVects 41

vascular smooth muscle cells 306

elastinolysis 322

embryogenesis, cell death 116

end-organ dysfunction 198

endoglin 366

endoplasmic reticulum 13, 187

endorgan eVects 277–81

endothelial barrier integrity 60

endothelial cell(s)

angiogenesis 139

antithrombotic eVect 192–3

aorta 55

apoptosis 352

artery structure 303

biosynthetic organelles 187

calcium ions 58

cardiac microvascular 387

CD4+ T-cell response 389, 390

class II antigen expression 383

complement-mediated lysis 393

damaged 392, 393

detachment 204

direct allostimulation of resting T cells 388–90

Xow-activated chloride-selective membrane

current 221

gene regulation 209

heterogeneity 61, 208–9

hyperpolarization 58

inXammation control/mediation 187

inXammatory reaction 305

junctions 335

lysis 204

mechanotransducer function 49, 53–60, 220

migration 94, 95, 97, 144

nitric oxide-mediated relaxation 58

nuclear factor 
B activation 393
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oestrogen receptors 41

progenitor 109

proliferation 393

properties and transplant rejection 385–93, 394

pulmonary hypertension 368

quiescent 95

shear stress 62

potassium channels 57

response 54

signal transduction 393

stimulation 188

transplant rejection 381, 382, 383–93, 394

chronic 391–3

tumour growth 107

wound healing 139

endothelial cell activation 186–8

antibodies 393

anticoagulant pathways 195–6

antiendothelial cell antibodies 203

antiplatelet eVects 192–4

changes 188–9

cytokine production 191–2

disease states 198–200

Wbrinolytic 197

gene upregulation 198

HLA molecule expression upregulation 197–8

immune complexes 203–4

intracellular mechanisms 198

ischaemia–reperfusion injury 200–3

leukocyte adhesion molecules 188, 189–91

lipopolysaccharide 199

procoagulant eVects 196

prothrombotic changes 192–7

systemic inXammatory response syndrome

198–200

type I 188, 196

type II 188

vascular integrity loss 189

vasodilator active eVects 192–4

endothelial dysfunction 52

diabetic angiopathy 328–9, 330, 331–5

disease states 229–36

preeclampsia 410–13

pulmonary hypertension 368–9

endothelial homeostasis 276

endothelial receptors 72

endothelin(s) 37, 73, 77–8

endothelial cell activation 192, 193–4

receptors

antagonists 289

gene expression 78

subtypes 194

vascular 77–8

vascular tone regulation by type A 71

vasoconstrictor activity 289

endothelin-1 (ET-1) 62, 77–8

antagonists 375, 376

cytokine actions 194

endothelial cell activation 192, 193–4

hypoxia 206

ischaemic injury 201–2

nitric oxide balance 194

oxygen tension change 205

preeclampsia 410

pulmonary hypertension 368

receptors 206

antagonists 368

role in disease 78

tissue remodelling 208

vascoconstriction 206, 289

vascular tone regulation 71

endothelium 186–209

atherosclerosis 229, 304–5

cellular adhesion 223

critical involvement in diseases 187

cytokines 192

diabetic angiopathy 328–9, 330, 331–5

dynamic assessment of function 263

gene upregulation by hypoxia 206, 207

hypoxic stress response 205–8

leukocyte tethering 189

marker studies 328–9

nitric oxide release 223–5

preeclampsia 410–11

pregnancy 400, 401–2, 412

reactive oxygen species 414

shear stress 49, 209

tissue factor upregulation 199–200

vasoconstrictor generation 289

endothelium-derived hyperpolarizing factor

(EDHF) 52, 227

pregnancy 402, 404

endothelium-derived relaxing factor see nitric

oxide

endotoxaemia 235–6

endotoxin see lipopolysaccharide

enzyme-linked immunosorbent assay (ELISA) 146

enzymes, angiogenesis regulation 100

epidermal growth factor 131, 140, 189

collagen contraction stimulation 134
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epidermal growth factor (cont.)

epithelial cell migration 142

extracellular matrix synthesis 144

Wbroblasts

migration 133

proliferation 138

TGF-� 100

wound healing 146

epithelial cells

migration 142

wound healing 139, 142–3

epoxyeicosatrienoic acids 404

Erg-1 62

ERK1 and ERK2 136

erythrocytes 413

17́�-estradiol 52, 404–5

ET-converting enzyme (ECE) 193

excitatory junction potential (e.j.p.) 85–6

exocytosis, vesicular 72, 87

extracellular matrix 3, 6, 107

arterial wall 37–8

artery structure 303

biophysical force measurement on cellular

behaviour 136

contraction 134, 135, 136, 137, 138

in vitro model 134, 135

controlled reorganization 38

degradation 117, 153

diabetes mellitus 336

Wbroblasts 144

Wbrous cap 308

production 143–6

remodelling 143–6, 144

pregnancy 40–1

synthesis 144, 153

tissue repair 129

extracellular signal-related kinases (ERKs) 56

shear-mediated activation 56–7

sodium channels 57

extreme discordant sib pair analysis 171

F-actin 53

adherens plaques 60

factor V Leiden gene mutation 410

factor VII/VIIa 196

factor VIII see von Willebrand factor

factor X 196

FADD adapter molecule 119, 121, 122

Fas 119, 121, 122

signalling 121

fatty acids

free 234

preeclampsia 414

	3 53

fatty streaks 303

Fc� receptors (Fc�R) 351

femoral artery

pressure pulse 35

shear 61

fetal growth retardation 291, 408

Wbrillin 321

Wbrillin-1 gene 324

Wbrin

clot 132

degradation 144

degradation products 406

deposition in lungs 208

epithelial cell migration 144

extravascular 95

wound healing 131

Wbrin–Wbronectin matrix 131

Wbrinogen 100

Wbroblast migration 132

pregnancy 405

Wbroblast growth factor (FGF) 38

angiogenesis 98–9

wound healing 141, 146

�-Wbroblast growth factor 104, 105, 106, 107

urinary 109

Wbroblast growth factor, basic (bFGF) 6, 38, 62

binding inhibition 123

collagen contraction inhibition 134

extracellular matrix synthesis 144

Wbroblasts

migration 133

proliferation 138

Wbroblasts

apoptosis 132

extracellular matrix 144

growth arrest recovery 151

migration 132–4, 138, 144

in vitro assay systems 133–4

proliferation 138

inhibition 149

wound healing 132–4, 135, 136, 138, 140–1

wound matrix contraction 134

Wbronectin 38, 100

ACE blockade 43

epithelial cell migration 144

extracellular matrix degradation 145
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Wbroblast migration 132

preeclampsia 410

wound healing 131, 143

Wlamin 18

Wnger pulp, infrared light transmission

measurement 36–7

Xare component of triple response 87

Xavin adenine dinucleotide 217

Xavin mononucleotide 217

FLICE 119

FLICE-inhibitory protein (FLIP) 121

Xow

atherosclerosis 60–3

laminar/laminar pulsatile 62

pregnancy

resistance 399

response 403

steady 61

turbulent 61, 62, 276

vessel bifurcations 276

vascular tone 49–51

vasodilatation 52–3

Xow-mediated responses 49–63

18-Xuoro-deoxyglucose ([18F]FDG)-PET 311

5-Xuorouracil 149

apoptosis induction 150

Wbroblast antiproliferation eVect 149, 150

Wbroblast proliferation inhibition 149

heparin combination 152–3

focal adhesion kinase (FAK) 56

focal adhesion sites 55, 56

folate supplementation 53

free radicals 6

apoptosis 122

diabetes mellitus 230–1

endothelial cell activation 200–1

hypertension 297

ischaemia–reperfusion injury 200–1, 202

G protein-coupled receptors 3, 4, 5

G protein-linked superfamily 287, 288

G proteins

activation 57

Gi subtype 57

heterotrimeric (R7G) 4, 22, 24

mechanosensor function 57

small 24

sodium exchange 179

variants 179

G receptor kinases (GRKs) 4

G0–G1 phase transition 61

G1–S phase transition 61

gap junctions 8, 82, 335

GDP/GTP exchange factor 4

gelatin 145

gelatinases 145, 322

gene therapy 93

angiogenesis application 101–2, 103, 104–5, 106,

107–8

genetic transfer process 101, 103

nitric oxide synthase isoform genes 239

therapeutic eVect restriction 109

transfer technology 108–9

virus vectors 105, 109

gene transcription initiation 101

glaucoma 130

Wltration surgery 149–50, 151

failed 151–2

surgery 154

glomerular capillary extinction 328

glomerular endotheliosis 410

glomeruli, vasculitis 343

glomerulonephritis

crescentic 348, 349

idiopathic necrotizing 344–5

rapidly progressive 345

segmental necrotizing 343, 346, 348–9

ANCA association 349

glucocorticoid receptor complex 204

glucocorticoid remediable aldosteronism 174

glucocorticosteroids 204

glucose

impaired tolerance 334–5

intolerance 336–7

glucose-regulating protein 392

glutathione peroxidase 413, 414

glyceryl trinitrate 235, 237, 276

conduit artery function studies 329

pregnancy 401

glycoproteins, microWbril-associated 321

glycosaminoglycans 195, 196

GNB3 subunit 179

Goodpasture’s disease 344

Gordon’s syndrome 174

graft failure, gene therapy 104

graft stenosis, neointimal hyperplasia 110

granulocyte colony-stimulating factor (G-CSF)

100

granulocytes 412

green Xuorescent proteins (GFPs) 54
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green Xuorescent protein–vimentin fusion protein

54

gro-� 100

growth factors 3, 6

expression quantitation 146

receptors

expression quantitation 146

wound healing 153–4

vascular smooth muscle cells 306

wound healing 146, 153–4

GTPase-activating proteins 24

guanine nucleotide dissociation inhibitors (GDI)

24

guanine nucleotide exchange factors (GE) 24

guanosine diphosphate (GTP) 22

cyclic guanosine monophosphate (cGMP) 14, 25,

179

intracellular 217

nitric oxide 193

pregnancy 400–1

second messenger 217

vascular smooth muscle relaxation 51

vasodilatation 78

guanosine triphosphatase (GTPase) 4, 5, 56

guanosine triphosphate (GTP) 22

guanosine triphosphate cyclohydrolase 236

guanylate cyclase 78

activation 217

guanylyl cyclase 51

3H purine cotransport with noradrenaline 84

Haber–Weiss reaction 200, 202

haem biosynthesis inhibitors 205

haem proteins 217

haemangioma

development 109

juvenile 108

haemocytometer 138

haemolytic–uraemia syndrome 203

haptotaxis 132

HCO3
−/Cl− exchange 10

healing response 129

heart

cardiac catheterization of right side 370

‘second’ 33

transplantation and chronic rejection 384–5

see also cardiac and cardiovascular entries;

chronic heart failure

heart disease, ischaemic 104, 272

angiogenic agent delivery 109

heart failure, right 361

heart–lung transplantation 361, 365, 374–5

heat shock protein(s) 202

heat shock protein 60 (hsp60) 59

heat shock protein 65 (hsp65) 393

heat shock protein 90 (hsp90) 58, 405

Helicobacter pylori 310, 312

heparan sulphate 38

endothelial cell activation 189, 195

inXammation 195

heparin, 5-Xuorouracil combination 152–3

hepatitis B

immune complex-mediated vasculitis 204

polyarteritis nodosa 344

hepatitis C 344

hepatocyte growth factor (HGF) 100, 141, 142

wound healing 146

hereditary haemorrhagic pulmonary telangiectasia

366

high-density lipoprotein (HDL) 234

histamine

nitric oxide 193

noradrenaline release 87

histocompatibility locus A (HLA) molecules 197–8

class II 186

histological sectioning/staining in angiogenesis

study 96

HLA-DR� peptide 393

HLA-G, trophoblast invasion 408

hormone replacement therapy

large artery compliance 39

withdrawal 44–5

hormones, vasculature control 71–9

human genome sequence 181

human leukocyte antigens (HLA) see HLA

human menopausal gonadotrophin coenzyme A

reductase inhibitors 298

human placental lactogen 408

hyaluronan 100

hyaluronic acid 143

hydraulic conductivity, shear stress 60

hydrogen ions 6

hydrogen peroxide 6, 202

hydroxyl radical 200–1

5-hydroxytryptamine (5-HT)

immunoXuorescent nerves 82

noradrenaline release 87

vasoconstriction mediation 79

hyperaldosteronism, primary 230

hypercholesterolaemia 234
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angiotensin II type 1 receptor 297–8

arginine paradox 237

l-arginine supplementation 239–40

arterial distensibility 44

endothelial dysfunction 229

nitric oxide 304

	3 fatty acids 53

hyperglycaemia 230, 232, 337

diabetes mellitus 336–7

hyperhomocysteinaemia

folate supplementation 53

preeclampsia 415

hyperlipidaemia 234

oxidative stress promotion 297

preeclampsia 409

hyperlipoproteinaemia 413

hypertension 285–98

abdominal aortic aneurysm 319

ACE inhibitors 290

� adducin gene polymorphism 176–7

ampliWer hypothesis 293–4

animal models 286

arterial compliance 42–3

arterial stiVness 42

�-blockers 291

calcium channel blockers 291

case-control studies 172, 175

childhood 234

comparative mapping 175–6

cortisol-induced 230

diabetic 176

endothelial dysfunction 229–30, 285–91

therapy 290–1

environmental factors 171

epithelial sodium channels 173, 174, 175

essential 230

inheritance patterns 169–71

family study designs 171–2

free radicals 297

genes 169–82

candidate in humans 177–82

candidate in rats 176–7

genetic susceptibility 170

genetics 180–2

genome-wide screens 180, 181

large artery mechanical properties 42–3

Liddle’s syndrome 173, 174, 175

microvascular changes 291

models 175

nitric oxide 285–6

degradation 288, 289

release reduction 229–30

synthesis reduction 287–8

nitric oxide-mediated dilatation decrease 230

oxidative stress promotion 297

pathogenesis 293–4

population association 172

pregnancy 39

pulmonary artery 208, 238, 240

rare phenotypes 173, 174, 175

rare single-gene disorders 177–8

renovascular 230

resistance vessels 291–6

small-vessel structure 292–3

superoxide production 289–90

susceptibility variants 179

sympathetic nervous system 180

total systemic peripheral resistance 291

vascular growth inhibition 294–5

vascular responsiveness 180

vascular structural change reversibility 295–6

vasoconstrictor generation 289

see also pulmonary artery hypertension;

pulmonary hypertension; pulmonary

venous hypertension

hypertensive loci

human 175–6

rat 175

hypertriglyceridaemia 234

hyperuricaemia 414

hypokalaemia 173

hypotension, systemic vasoconstrictor response

399–400

hypoxia 208

gene upregulation 206, 207

hypoxia-inducible transcription factor-1 (HIF-1)

205, 206

hypoxic stress, endothelium response 205–8

I
B inhibitory subunit 198, 204

imaging 259–65

see also computed tomography (CT); magnetic

resonance imaging (MRI); positron

emission tomography (PET); ultrasound

immune complexes, endothelial cell activation 188,

203–4

immune tolerance failure in preeclampsia 406–7

immunocytochemistry 146

immunoglobulin G (IgG) 393, 394

immunosuppression in wound healing 148
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indometacin 289

pregnancy 402, 404

infection

atherosclerosis 310, 312

cytokines 354

inferior cava, blood clot proximity 271

inXammation

aneurysms 322–3, 325

endothelial cells control/mediation 187

endothelin-1 194

heparan sulphate 195

immune complexes 203

macrophages 273–4

nitric oxide 235–6

respiratory tract 346

inXammatory bowel disease 203

inXammatory cells

atherosclerosis 304–5

chemotaxis impairment 148

plaque rupture 308

wound healing 131

inXammatory disease, atherothrombosis 266–7

inXammatory mediators, aneurysms 117

inXammatory response modulation 148

infraumbilical arteries 116

inheritance, Mendelian patterns 169, 170

inhibitors of apoptosis (IAPs) 121, 123

inositol-1,4,5-triphosphate (IP3) 15, 22

G-protein association 57

inositol 1,4,5–triphosphate (IP3)-sensitive channels

(IP3R) 14

insulin

gene locus 172

resistance 233

vasodilatation 230

insulin-like growth factor-binding protein

(IGFBP-3) 38

insulin-like growth factor I (IGF-I) 123

collagen contraction stimulation 134

extracellular matrix synthesis 144

Wbroblast migration 133

Wbroblast proliferation 138

wound healing 140, 146

integrins 3, 6, 18, 55, 100, 191

arterial wall in hypertension 43

cell adhesion molecules 408, 409

Xow-mediated activation 56

trophoblast invasion 408, 409

�-integrins 55

�1-integrins 386

interendothelial cell cleft 335

interferon-� 108

gene therapy 102

interferon-� 122

endothelial cytokine production 192

MHC class II upregulation 387

plaque rupture 308

rejection 383

transplant grafts 384

interferons 100

interleukin 1 (IL-1) 100

anticytokine strategies 200

endothelial cell activation 188

endothelial cytokine production 192

endothelium 186

monoclonal antibodies against 202

tissue factor expression 188

interleukin-1́� (IL-1́�) 122

iNOS activation 235

plaque rupture 308

interleukin-2 (IL-2) 383

interleukin-4 (IL-4) 383

interleukin-5 (IL-5) 383

interleukin-6 (IL-6) 100

endothelial cell activation 188

endothelial cell synthesis 192

iNOS activation 235

rejection 383

interleukin-7 (IL-7) 131

interleukin-8 (IL-8) 100

ANCA-induced secretion 351

chemoattractant 192

endothelial cell activation 188, 191

monocyte secretion 351

neutrophil priming 350

interleukin-12 (IL-12) 100

intestinal blockage, excessive healing 129

intraarterial balloon angioplasty, gene therapy

transfer 105

intracellular adhesion molecule(s) (ICAM)

endothelial cell during transplant rejection

385–6

integrin binding 191

preeclampsia 410

intracellular adhesion molecule-1 (ICAM-1)

circulating inXammatory cells 304

endothelial cell activation 188, 191

gene 59

shear stress 305

vascular inXammation marker 310
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intraplaque haemorrhage 275, 304

magnetic resonance imaging 273

intrauterine growth restriction (IUGR) 291, 408

intussusception 94, 95

ion channels 3, 6

cation 11, 13

mechanosensors 57–8

shear stress 57–8

vascular smooth muscle 8, 9, 10, 11, 12–13

see also calcium ion channels; potassium

channels; sodium channels

iontophoresis 332

IP3R-associated cGMP-dependent kinase substrate

(IRAG) 14

ischaemia

cardiac 272

cerebral 279

magnetic resonance imaging 277–8

placental 414

vasculitis 343

see also heart disease, ischaemic; limb ischaemia,

critical

ischaemia–reperfusion

injury 200–3

nitric oxide 201–2

ischaemic preconditioning 202

isoprostanes 413

junctional cleft 87

Kawasaki’s disease 203

KcsA channel tetramer 8, 9

keloid, excessive healing 129

keratinocyte growth factor 141

Klippel–Trenaunay–Weber syndrome 109

l-selectin, endothelial cell activation 189–90

laminin 100, 145

large arteries

impaired elasticity 43

mechanical properties in hypertension 42–3

stiVness 43–4

modiWcation 44–5

large artery compliance 34–5

ageing 38–9

hormone replacement therapy 39

hypertension 42–3

menopause 39

postmenopausal women 44

pregnancy 38–9

pressure waves 35

pulse wave velocity 37

systemic haemodynamics 34–5

latch state, actin–myosin cross-bridges 26

leak channels 11, 13

lectins 97, 189–90

left ventricular failure 376

leptomeningeal plexus 278

leukocyte adhesion molecules 188, 189–91

leukocyte elastase 322

leukocyte function antigen-3 (LFA-3) 391

leukocytes

inWltration 343

integrins 191

intraglomerular 349

l-selectin expression 190

migration 189, 223

peripheral blood 412, 414

pregnancy 412

tethering to endothelium 189

leukotrienes 22

Liddle’s syndrome 173, 174, 175

limb, pregangrenous 108

limb ischaemia, critical

angiogenic agent delivery 109

gene therapy 104, 105

lipid-derived signals 22–3

lipid-lowering agents 302

lipid peroxidation products 413

lipid peroxides 413

lipids

adipocyte 100

oxidation products 414–15

preeclampsia 414–15

release from macrophages 305

subendothelial 305

lipopolysaccharide

endothelial cell activation 188, 199

endothelial cytokine production 192

iNOS expression 235

systemic inXammatory response syndrome

198–9

lovastatin 312

low-density lipoprotein (LDL) 223

hyperlipidaemia 234

oxidized 297

preeclampsia 414–15

lungs

inXammation 346

perfusion scintigraphy 369
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lungs (cont.)

transplantation 361, 365, 374–5

see also pulmonary entries

lymphocyte migration, transplant rejection 385–6

lymphokine-activated killer cells (LAK) 383

lysophosphatidic acid 22

M235T 177–8

macrophages 117

alveolar 236

apoptosis 305, 307

atherosclerosis 305

foam cells 303, 305, 307

inXammatory response 273–4

labelling 274

matrix metalloproteinase secretion 308

plaque 304

vascular smooth muscle cell apoptosis 308

wound healing 131

macular degeneration, age-related 130

magnetic resonance angiography 264–6, 267

cerebral 279

thrombus constituents 271

magnetic resonance imaging (MRI) 259, 263–81

artefacts 264

atherosclerosis 311

brain 280–1

cardiac 277–8

cardiac function 279–80

cerebral infarction 278–9

contrast-enhanced 265, 267

diVusion-weighted 279

disease prediction/prevention 275–7

gating to cardiac cycle 277

image contrast manipulation 264

intraplaque haemorrhage 273

ischaemia 277–8

myocardial infarction 277–8

organ function 279–81

perfusion 277–8

pregnancy 270

sensitivity/speciWcity 269–70

signal characteristics of haemoglobin stages

267–8

techniques 264–81

thrombus 269–70

tissue contrast generation 273

vascular wall 264–6

vasodilatory response 277

vessel wall 264–6

magnetic resonance venography 268, 269–70

major histocompatibility complex (MHC)

class I

endothelial expression 386–7

transplant rejection 383–4

upregulation 197–8, 383–4

class II

antigen presenting cells 383

endothelial expression 386–7

graft-derived 388

indirect recognition of endothelial 388

T-cell activation 393

transplant rejection 382, 383–4

upregulation 188, 197–8, 384, 387

endothelial expression 386–7

malondialdehyde 413

manganese superoxide dismutase 62

mannose-6–phosphate 154

Marfan syndrome 323

mast cells 304

matrix metalloproteinase (MMP) 38

aortic aneurysm 324–5

atherosclerosis therapy target 313

collagen lattice contraction 136

elastin degradation 322

epithelial cell migration 142

expression study methods 146

extracellular matrix degradation 153

extracellular matrix remodelling 144, 145

pregnancy 41

inhibitors 148

macrophage secretion 308

trophoblast invasion 408

tumour angiogenesis 107

wound healing 139

matrix metalloproteinase-2 (MMP-2) 107

matrix proteins 43

matrix–matrix attachment sites 43

matrix–matrix interactions 38, 41

mdm2 oncogene 123

mechanosensors 57

ion channels 57–8

potassium channels 57

mechanotransduction, endothelial cells 49, 53–60,

220

medial cell apoptosis 116

membrane potential (Em ) 7, 8, 10

membrane skeleton components 16, 17, 18

membrane-type metalloproteinases (MT-MMPs)

145–6
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Mendelian patterns of inheritance 169, 170

meningococcal septicaemia 199

menopause, large artery compliance 39

metalloelastase 145, 322

metalloprotease inhibition 323

metalloproteinases 122

membrane-type (MT-MMP) 145–6

tissue 117

methaemoglobin 267, 268

arterial clot 271

methotrexate 355

methylprednisolone 355

microangiopathy, thrombotic 234

microscopic polyangiitis 344, 347

autoantibodies 354

segmental necrotizing glomerulonephritis 348

Staphylococcus aureus 353

mineralocorticoids, apparent excess 174

minoxidil 10

mitochondrial ampliWcation, apoptosis 121

mitochondrial electron chain leakage 289

mitochondrial respiration, tissue 217–18

mitogen-activated protein (MAP) kinase 56

activation in response to Xow 57

cascade 41

collagen contraction 136

hyperglycaemia 337

pregnancy 405

Rac1-mediated phosphorylation 56

shear stress 58

mitogens 208, 308

smooth muscle 205

mitomycin-C 149

apoptosis induction 150

Wbroblast antiproliferation eVect 149, 150

VSMC migration/proliferation inhibition 152

molsidomine 237

monocyte chemotactic protein-1 (MCP-1) 59, 62

endothelial cell activation 188, 192, 305

monocyte secretion 351

monocyte inducible protein-1� (MIP-1�) 191

monocytes 131

ANCA antigen surface expression 351

chemotaxis stimulation 131

peripheral blood leukocyte activation markers

412

preeclampsia 412

tissue factor upregulation 200

NG-monomethyl-l-arginine see l-NMMA

mononeuritis multiplex 346

mRNA 101

multiple sclerosis 203

muscarinic receptors 227

activation by ACh 86–7

mycophenolate mofetil 355

myeloperoxidase 346, 349, 350

ANCA 354

autoantibodies 354

neutrophil degranulation 351

myocardial infarction

atheromothrombotic disease 272

C-reactive protein correlation with risk 309

magnetic resonance imaging 277–8

risk 309, 310

myocardial mass, global 280

myocardium, ischaemic 104, 108

myoWbroblasts 134

myography

microvascular 296

Mulvany wire 332

pregnancy 401

myosin 19, 20

Wlaments 16, 17

myosin light chain kinase (MLCK) 18, 19

modulation 23

myosin light chain phosphatase (MLCP) 23–4

cGMP-dependent activation 25

protein kinase C 25

regulation 23–4

myristoylation 219

15N nitrate excretion 228

Na-K-ATPase 15

Na/Ca exchanger 7

Na-K-2Cl cotransporter 10

Na-K-ATPase pump 7

natural killer (NK) cells 383

preeclampsia 406

necrosis 114–15

necrotizing vasculitis 203

neointimal hyperplasia, graft stenosis 110

nerve plexus blood vessels 80

nerves

vasoconstrictor 85–6

vasodilator 86–7

neuronal membrane, prejunctional receptors 87

neurons

classes 79–80

parasympathetic vasodilator 80

sensory small-diameter 80
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neurons (cont.)

sympathetic 86

vasoconstrictor 79–80

vasodilator 80

neuropeptide Y (NPY) 86

coexistence with noradrenaline 84

localization in blood vessels 79

neurotransmitters 79–84

cotransmission 84

feedback inhibition of release 87–8

inhibitory vascular 82

localization 80, 82

nonequilibrium nature 85

peptides 88

purines 88

release 82, 83, 84

vascular modulation 84–8

neutrophil collagenase 145

neutrophils

ANCA 351

activation by 350

degranulation 350, 351

immune complex removal 203–4

intraglomerular 349

priming 350

reperfusion 201

nexus see gap junctions

nickel 205

nicorandil 10

nicotinamide-adenine dinucleotide phosphate

(NADPH) 217, 232–4

hyperglycaemia 337

nicotinamide-adenine dinucleotide phosphate

(NADPH)-dependent oxidases 290

nicotinic receptors 74

nitrate 401

hypertension 288

nitric oxide 6, 37, 97, 216–40

acetylcholine 193

agonist-stimulated release 224–5

antiatherogenic properties 222–3, 228–9

apoptosis 122

atherosclerosis 304

bioavailability 287

decreased 234

biochemical detection in vivo 228

biological eVects on vasculature 222–3

biosynthesis cofactors 217

bradykinin 193

cofactor deWciency 232–4

cross-talk with prostacyclin 51

diabetes mellitus 230, 334

donors 235, 237–8

endothelial cells 188

activation 192, 193

relaxation 58

endothelin-1 balance 194

endothelium-dependent vasodilatation in

hypertension 287

endothelium-derived 216–18, 222, 226

pregnancy 400–2

release 223–5

forearm blood Xow 331–2

cyclic guanosine monophosphate 193

histamine 193

hypercholesterolaemia 304

hypertension 285–6

degradation in 288, 289

release reduction 229–30

synthesis reduction 287–8

hypoxia 206–7, 208

inXammation 235–6

selective inhibition 235

inhalation 238, 370

lung disease 373

inhibition 199

ischaemia–reperfusion 201–2

JNK activation 56

loss 228–9

l-NAME blockade 229

neurotransmission 82

noradrenaline 193

eNOS-derived 226

oestrogen stimulation of synthesis 41

p21Sdi1/Cip1/Waf1 expression 62

precursor 276

preeclampsia 411

pregnancy 400–1, 402, 404, 405

production

decreased in disease states 232–4

increase 97

pulmonary hypertension 368

purinoceptors 79

relaxation to Xow 51–2

septic shock 199, 235–6

shear stress 193, 220–1, 276

substance P 193

superoxide anion interaction 218

superoxide-induced inactivation 234

vascular disease 304
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vascular response 227–8

vascular tone regulation 71

vasodilatation 276

mediation 76

vasopressin 193

vessel wall structure regulation 44

nitric oxide synthase

calcium-independent activation 405

cofactors 233

endogenous inhibitors 233–4

endothelial (eNOS) 97, 193

acylation 219

agonist activation 221–2

l-arginine 216–17

atherosclerosis therapy target 313

caveolae 237

endothelium-dependent vasodilatation in

hypertension 286

expression 218–20

gene polymorphism 222

gene transcription 221

hypoxia 206–7

knockout mice 225–6

phosphorylation 219–20

regulation 218–20

sepsis 236

shear stress 220, 221, 305

substrate 287

superoxide generation 290

inducible (iNOS) 193, 199

activation 235

expression 218–20

induction 235

inhibitors 199

knockout mice 226

regulation 218–20

induction with laminar Xow 62

inhibitors 51, 239–40, 287

isoform gene transfer 239

neuronal (nNOS) 193

expression 218–20

knockout mice 226

regulation 218–20

phenotypes of knockout mice 225–7

preeclampsia 411, 414, 415

pregnancy 400–1, 405

pulmonary hypertension 368

synthesis 58

nitric oxide synthase-containing nerve Wbres 80, 82

nitric oxide synthase III 51

activation 58

gene 59, 405

nitric oxide synthetase 193

nitric superoxide 56

nitrite 401

hypertension 288

nitro-l-arginine methylester (l-NAME) 51, 229,

402, 405

nitrosoglutathione 237–8

nitrovasodilators 235, 237–8

l-NMMA 223, 224–5, 232

forearm blood Xow 332

nitric oxide synthase inhibition 239–40, 287

pregnancy 401, 402

nociceptive C Wbres 87

nonadrenergic, noncholinergic (NANC)

components of autonomic nervous system

71

noradrenaline 70, 71, 77

�2-adrenoceptor gene 180

coexistence with neuropeptide Y 84

cotransmission with adenosine triphosphate 84

depolarization of vasoconstrictor sympathetic

nerve terminal 85

Xuorescence histochemical technique 80
3H purine cotransport 84

inhibition 227

nitric oxide 193

plasma levels 74

preeclampsia 407

removal from synaptic cleft 87

secretion initiation 74

storage vesicles 82, 87

vascular response in diabetes mellitus 334

noradrenergic nerves 80

normotension 172

nuclear factor 
B (NF-
B) 58, 62

activation 122

endothelial cells 393

inhibition 204–5

binding sites 198

endothelial cell activation 198, 204

IgG eVect on activation 393, 394

oxygen tension 205

second messenger systems 206

cyclic nucleotide-dependent kinases 10

nucleotides, cyclic 25

obesity 409

occludin, retinal 335
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oestrogen

large artery structure modulation 39

pregnancy 41–2, 404–5

receptors 41

replacement in postmenopausal women 53

oestrogen response element (ERE) 405

old age 231

omega-3 fatty acids 53

omental resistance artery remodelling,

preeclampsia 413

organ perfusion 34

ornithine decarboxylase 295

osteopontin 100, 305

oxidative stress

angiotensin II 297

hyperglycaemia 337

preeclampsia 239, 413–16

promoters 297

oxygen

long-term therapy (LTOT) 364, 373

NO biosynthesis cofactor 217

sensor 205

tension 205

see also reactive oxygen species

oxyhaemoglobin 267, 268

brain 281

P-selectin 188

circulating inXammatory cells 304

endothelial cell activation 189–90, 196

preeclampsia 410

P1-purinoceptor 88

vascular tone regulation 71

p21Sdi1/Cip1/Waf1 61, 62

p53 117

stabilization 122

palmitoylation 219

panel-reactive antibodies 392

paxillin 18, 56

pelvic vessel imaging 269

pelvis, deep vein thrombosis 267

peripheral arterial pulse, contour analysis 36

peripheral resistance 285

pregnancy 39, 398, 399

total systemic 291

total vascular 34

peripheral vascular disease, angiogenesis 104–5,

107

peripheral vasodilatation, resistance arteries in

pregnancy 39

peroxynitrite 56, 201, 218, 238

hyperglycaemia 337

nitric oxide degradation 288, 289, 304

preeclampsia 414

persistent pulmonary hypertension of the newborn

238

8-epi-PGF2� 413, 416

phenylalkylamines 13

phorbol esters 22

phosphatidic acid 22

phosphatidic acid phosphohydrolase 22

phosphatidylcholine 22

phosphatidylinositol 22

phosphatidylinositol-3,4,5-triphosphate 24

phosphatidylinositol 4,5-bisphosphate 15

phosphatidylserine 118

phosphoinositide 3-kinase (PI3 kinase) 24

phospholamban (PLB) 14

phospholipase C 15, 22–3

isoforms 15

phospholipase D 22

placenta

immunological response to paternal antigens

406

ischaemia 414

preeclampsia 407–8

spiral artery remodelling 408

tumour necrosis factor-� 412

placental antigens, male 406, 408

placental growth factor (PlGF) 100

placental insuYciency 291

placentation failure 408

plaque 100

cellular composition 302

composition 272, 303

enlargement 309

hypoechoic contents 272

lipid content 273

progression 312

rupture 117, 118, 277, 278

consequences 308–9

inXammatory cells 308

stability 306–8, 312

vascular smooth muscle cells 306–8

tissue contrast generation by MRI 273

vascular smooth muscle cells 122–3

apoptosis 118

see also cap, Wbrous

plasma exchange 355

plasma membrane, oestrogen receptors 405

448 Index



plasmid expression vector 101, 103

plasmin 144, 197

plasminogen 144, 324

plasminogen activator 100

extracellular matrix remodelling 144

plasminogen activator inhibitor (PAI) 100

endothelial cell activation 189, 197, 198

plasminogen activator inhibitor-1 (PAI-1)

expression variation 208

gene polymorphism 199–200

preeclampsia 410

pregnancy 405

platelet-activating factor (PAF)

endothelial cell activation 188, 189, 191, 192,

194

induction 194

platelet-derived endothelial cell growth

factor/thymidine phosphorylase

(PD-ECGF/TP) 100

platelet-derived growth factor (PDGF) 6, 59, 62,

100, 131

AB heterodimer receptors 209

atherosclerosis 305

collagen contraction stimulation 134

corneal epithelium 132–3

extracellular matrix synthesis 144

Wbroblast migration 132, 133

Wbroblast proliferation 138

Xow-mediated neointimal proliferation 62

thrombus 308

wound healing 140, 146

platelet-derived growth factor-� (PDGF-�)

hypoxia 206, 207

oxygen tension change 205

tissue remodelling 208

platelet endothelial cell adhesion molecule

(PECAM) 335

platelet endothelial cell adhesion molecule-1

(PECAM-1) 385–6

platelet factor IV 100

platelets

activated 194

aggregation 131, 188

suppression by nitric oxide 223

Wbrous cap rupture 308

lipid peroxidation products 413

plethysmography, venous occlusion 331

Poiseuille’s law 293

polyamine synthesis inhibition 295

polyarteritis nodosa 204, 343–4

hepatitis B 344

therapy 356

polymerase chain reaction quantitative competitive

reverse transcriptase (QCRT-PCR) 136,

137, 146

polyneuropathy 346

polyol pathway 231

positron emission tomography (PET) 311

postmenopausal women, large artery compliance

44

potassium channels 8, 9, 10, 11

endothelial cell

hyperpolarization 58

shear stress 57

mechanosensors 57

underexpression in pulmonary arteries 369

vascular endothelium mechanotransduction 220

vascular smooth muscle cells 73

PPH1 locus 366

PR3-ANCA 346, 348, 349, 354

pravastatin 309, 312

prazosin 73, 75

prednisolone 355

preeclampsia 39, 203, 234

antioxidant therapy 415–16

cardiovascular function 407–16

dyslipidaemia 413–16

endothelial dysfunction 410–13

Xow-induced dilatation 52

hyperhomocysteinaemia 415

hyperlipoproteinaemia 413

immune tolerance failure 406–7

immunological response to paternal antigens in

placenta 406

inheritance 406

lipids 414–15

maternal vascular function 406–7

microvascular function disorders 406

nitric oxide 411

nitric oxide synthase 411, 414, 415

activity 287

noradrenaline 407

omental resistance artery remodelling 413

oxidative stress 239, 413–16

peroxynitrite 414

placenta 407–8

placentation failure 408

polygenic disease 406

reactive oxygen species 413, 414, 415

superoxide dismutase 413, 414
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preeclampsia (cont.)

sympathetic nervous system 407

syncytiotrophoblast microvilli 412

trophoblast invasion 408

tumour necrosis factor-� 412

uteroplacental circulation 407–10

vascular endothelium 410–11

vascular function 398, 406–17

vascular smooth muscle 412–13

vitamins 413, 415–16

pregnancy

ANCA-associated systemic vasculitides 352

angiotensin II 400

aorta intimal cross-sectional area 40

l-arginine–nitric oxide pathway 400

arterial dilatation 50

autonomic nervous system 399–400

blood pressure response to noradrenaline 400

cardiac output 400

cardiovascular haemodynamics 398–9

cardiovascular homeostasis 399

cholesterol 414

endothelium 400, 401–2, 412

endothelium-derived hyperpolarizing factor 402,

404

endothelium-derived nitric oxide 400–2

extracellular matrix remodelling 40–1

cyclic guanosine monophosphate 400–1

haemodynamic changes 39

hypertension 39

intravascular coagulation 405

large artery compliance 38–9

leukocytes 412

magnetic resonance imaging 270

multiparous 40

nitric oxide 400–1, 402, 404, 405

nitric oxide synthase 400–1, 405

normotensive 398–406

oestrogens 41–2, 404–5

peripheral vascular resistance 39, 398, 399

peripheral vasodilatation 39

plasma renin 400

prostacyclin 403–4

proteoglycans in vascular matrix 41

reactive oxygen species 412

renin–angiotensin–aldosterone system 398

resistance to Xow 399

shear stress 402–3

stroke volume 399

syncytiotrophoblast microvilli 412

systemic vascular compliance 399

systemic vasoconstrictor response to

hypotension 399–400

triglycerides 414

ultrasound 270

vascular bed remodelling 61

vascular function 398–417

vascular structural change 39–41

vascular tone 399

vasoconstrictor stimuli 400

vasodilatation 400, 401

see also preeclampsia

procollagen molecule 144

programmed cell death 114

deWnition 115–16

proliferin 100

proliferin-related protein 100

promoter sequence 101, 103

prostacyclin

cyclic adenosine monophosphate (cAMP) 193

analogues 362

contraindication in pulmonary venous

hypertension 372–3, 376

cross-talk with nitric oxide 51

endothelial cells 188

activation 192–3

endothelial production reduction 368

infusion 371, 372

pregnancy 403–4

pulmonary artery hypertension 364

pulmonary hypertension 362, 368, 370, 375

relaxation to Xow 51–2

vascular disease 304

prostaglandins 22, 97, 100

blockade 331

vasorelaxation 227

prostanoids 289

protease blockers 100

proteases 100, 204, 322

protein C

anticoagulant system 195, 410

resistance in preeclampsia 410–11

protein kinase A 219

protein kinase B (Akt) 219, 221

serine/threonine 58

protein kinase C 10, 22–3, 231

activation in hyperglycaemia 337

activators 22

antagonists 23

calponin phosphorylation 26
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collagen contraction 134, 136

G-protein association 57

myosin light chain phosphatase 25

eNOS phosphorylation 219

translocation 23

protein phosphatases 23–5

protein S 195

preeclampsia 410

proteinase-3 (PR3) 346, 348, 349, 350

autoantibodies 354

endothelial cell apoptosis 352

neutrophil degranulation 351

proteins

adaptor 56

recombinant 108–9

proteoglycans 38

core protein 145

vascular matrix in pregnancy 41

proteolysis, aneurysms 325

prothrombinase vesicles 196

pruning 95

pulmonary artery

distal obstruction 364, 366, 374

intimal thickening 362, 363

potassium channel underexpression 369

proximal obstruction 364, 365, 374

pulmonary artery hypertension 208, 238,

362–4

associated with diseases 363, 370

endothelin-1 overexpression 368

treatment 370–1, 372

pulmonary capillary haemangiomatosis 364

pulmonary embolism 271

see also lungs

pulmonary Wbrosis

idiopathic 148

interstitial 369, 373

pulmonary haemangioma in infants 102

pulmonary hypertension 361–76

anorectic 370

atrial septostomy 374, 375

chromosome 2q 31–32 362, 366

chronic thromboembolic 364, 374

endothelin-1 overexpression 368

classiWcation 361, 362

diagnostic algorithm 369–70

echocardiography 369

endothelial cells 368

endothelial dysfunction 368–9

exercise test 369

familial 362

gene mutations 365–7

hypoxaemia 364

treatment 373–4

hypoxia 364, 376

endothelin-1 overexpression 368

treatment 373–4

nitric oxide 368

nitric oxide synthase 368

inhibition 240

pathobiology 365–9

peripheral obstruction 364, 366

portal 370

potassium channel underexpression in

pulmonary arteries 369

primary 361, 363, 370

endothelin-1 overexpression 368

familial 365–7

prostacyclin 362, 368, 370, 375

proximal obstruction 364, 365

right heart cardiac catheterization 370

screening tests 369–70

secondary 361

signs/symptoms 369

transplantation surgery 361, 365, 374–5

treatment 370–5

vascular cell phenotypic changes 369

vasodilator trials 370

pulmonary venoocclusive disease 364

pulmonary venous hypertension 364

prostacyclin contraindication 372–3,

376

transplant surgery 375

treatment 372–3

pulsatile arterial load 399

pulse pressure 34

pulse wave velocity (PWV) 35

aortic 44

large artery compliance 37

measurement 36

PUMP-1 (putative metalloproteinase-1) 145

pumps, electrogenic 7

purines 78–9, 88

cotransport with noradrenaline 84

placental ischaemia 414

purinoceptors 78–9

postjunctional 85

Rac1 56

radial artery, pressure recording 36
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�-radiation

antiproliferative eVect 152

Wbroblast antiproliferation eVect 149, 150

radiation brachytherapy 110

Ras family 56

Ras/MAP kinase pathway 56

ras protein inhibition 154

reactive oxygen species 6, 56

endothelium 414

neutrophils 350

preeclampsia 413, 414, 415

pregnancy 412

receptor-operated channels 11, 13

reepithelialization in wound healing 139, 142–3,

144

in vitro model 142–3

relaxation

Xow-mediated in pregnancy 403

pressure 3, 4, 6

stimulus types 3–4, 5, 6

tension 3, 4, 6

remodelling of vasculature 208

arterial wall structure 37, 39–40

atherosclerosis 60–3

carotid artery 61

endothelin-1 208

extracellular matrix 40–1, 143–6, 144

omental resistance artery in preeclampsia 413

placental spiral artery 408

platelet-derived growth factor-� 208

pregnancy

extracellular matrix 40–1

vascular bed 61

shear stress 60–1

small-vessel structure 292, 293

vascular wall 37, 39–40, 116

renal disease, endstage 356

renal failure

acute 198

chronic 233

diabetic nephropathy 327

vitamin E 53

renal transplantation 384

renal tubular sodium reabsorption 176–7

Rendu–Osler–Weber syndrome 366

renin, plasma in pregnancy 400

renin–angiotensin system

pregnancy 404

suppressed 173

renin–angiotensin–aldosterone system 398

renovascular hypertension 230

reperfusion, neutrophils 201

respiratory chain enzymes 217

respiratory tract inXammation 346

restenosis

gene therapy 104

postangioplasty 100

prevention after angioplasty 108

retinal capillary closure 328, 337–8

retinal vasculitis 203

retinopathy, proliferative 108

reverse transcription 101, 103

rho-dependent kinase (ROK) 24

Rho family 56

rhoA 24

rhoA–GTP complex 24

ribozymes 154

RIP adapter molecule 119

Ross hypothesis 385

ryanodine-sensitive channels (RyR) 14, 15

sarcoplasmic reticulum see endoplasmic reticulum

scar tissue 129

scarring

conjunctival 153–4

response 129–30

scleroderma 129

second messenger systems 179, 206

cGMP 217

selectins 131

endothelial cells

activation 188, 190–1

expression 305

leukocyte tethering 189–90

surface-bound 304

self-tolerance loss 344

sepsis 198

ARDS 236

NOS involvement 235–6

septic shock 198

nitric oxide 199, 235–6

septicaemia 199

serine proteases 324

inhibitors 376

serotonin 4

endothelium-dependent vasodilatation 224, 231

serpins 322

serum amyloid 309

serum sickness 203, 344

severe combined immunodeWciency (SCID)
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mice 96

Shc adaptor protein 56

shear

atherosclerotic lesions 61–2

relaxation 51–2

shear-responsive genes 58–9

shear stress

angiogenesis initiation 96

angiotensin-converting enzyme 59

atherosclerosis 305

blood Xow 276

calcium ion intracellular free concentration 221

endothelial cells 62

nongenomic response 405

potassium channels 57

endothelial response 276

endothelium 49, 209

gene expression alteration 58–9

hydraulic conductivity 60

intracellular adhesion molecule 1 305

ion channels 57–8

MAP kinase pathway 58

nitric oxide 193, 276

regulation 220–1

eNOS 305

NOS-III gene upregulation 59

phosphorylation 221

pregnancy 402–3

signal transduction mechanisms 54

tPA gene 58

tyrosine kinases 58

vascular permeability 60

vascular remodelling 60–1

vascular wall 49, 50

angiogenesis initiation 96

mapping 276

vasodilatation 276

vessel relaxation/dilatation 49

shear stress response element (SSRE) 58–9

sib pairs, extreme discordant 171

signal transduction mechanisms

shear stress 54

tyrosine kinases 55–6

signalling cascades, intracellular 153

signalling molecules 56

signalling systems 3, 6

simvastatin 312

Single Nucleotide Polymorphism (SNP)

Consortium 181–2

sleep apnoea, obstructive 364

small-vessel structure

ampliWer hypothesis 293–4

hyperplasia 292, 293

hypertension 292–3

hypertrophy 292, 293, 294

media-to-lumen ratio 292, 294

remodelling 292, 293

small-vessel vasculitis 343

smg p21/rap 24

smg p21/rho 24

smokers

abdominal aortic aneurysm 319

tetrahydrobiopterin (BH4) depletion 231

vitamin E 53

smooth muscle see vascular smooth muscle

sodium

homeostasis 399

renal tubular reabsorption 176–7

sodium channels

epithelial 173, 174, 175

extracellular signal-related kinases 57

inhibitors 57

shear stress 57

voltage-operated 10, 12

sodium hydrogen exchange 179

sodium nitroprusside 333

hyperresponsiveness in diabetes mellitus 332

soluble ligand binding 122

somatostatin 80

spiral arteries 408

spironolactone 232

Staphylococcus aureus 353

statins

actions 312

antiinXammatory plaque-stabilizing eVect

310

endothelial function 304

lipid-lowering 302

stem cell factor (SCF) 131

stiVness 277

aneurysmal wall 321

deWnition 34

storage vesicles 82, 83

exocytosis 72, 87

noradrenaline 87

stroke 262, 273

atheromothrombotic disease 272

C-reactive protein correlation with risk

309

diabetes mellitus 327

453 Index



stroke volume 279–80

pregnancy 399

stromelysin(s) 145

stromelysin-1 136, 137

gene promoter polymorphism 312

strontium-90 probe 150

substance P 80

endothelium-dependent vasodilatation 224

hypertension 287

Xow response 58

nitric oxide 193

nociceptive C Wbres 87

eNOS activation 218

superantigens 353

superoxide anion 6, 200–1

endothelial production in hypertension 290

inactivation 288

nitric oxide interaction 218

oxidized low-density lipoprotein 234

sources 289–90

superoxide dismutase 195, 202

preeclampsia 413, 414

Swan–Ganz Xotation catheter 370

sympathetic nerves

Wring activity measurement 86

neurotransmission modulation 87–8

noradrenaline release from terminals 87

storage vesicles in varicosities 82

vasodilator 86–7

sympathetic nervous system 180

hypertension 180

preeclampsia 407

syncytiotrophoblast microvilli 412

systemic inXammatory response syndrome (SIRS)

198–200

systemic lupus erythematosus (SLE) 203, 204

preeclampsia 406

systemic necrotizing vasculitis 203

systemic vasculitis 204

T-cell receptor occupancy 390–1

T cells 117

accessory molecule activation 390–1

activation

MHC class II expression 393

signals 390–1

transplant rejection 382, 383, 384

allostimulation 388–90

ANCA-associated vasculitides 353

atherosclerosis 303, 304

migration across endothelial cells 386

proliferation 192

recognition of allogeneic peptides 388

response to allogenic MHC molecules 387–8

vimentin fragment recognition 392–3

Wegener’s granulomatosis 353

taxol 148–9

telokin 25

telometry, remote 175

tensin 18

tetracycline derivatives 323

tetrahydrobiopterin (BH4) 217, 231, 290

deWciency 233

synthesis 236

tetrodotoxin 57

thalidomide 108

thiazide diuretics 10

� adducin gene polymorphism 177

vascular structural change in hypertension 296

thiols 217

thrombin 38, 188

generation 118

eNOS activation 218

pregnancy 406

protein C activation 195

thrombus 308

thromboembolic disease

cerebral infarction 278

risk in pregnancy 405

thromboendarterectomy surgery 374

thrombolysis promotion 108

thrombomodulin 62, 186, 188

endothelial cell activation 189, 195

preeclampsia 410

receptor 208

thrombophilia 409

thrombosis 188

hypervascularity of vessel wall 275

luminal occlusion 266, 277

neovascularity of vessel wall 275

venous occlusion 267

thrombospondin 100

oxygen tension change 205

thromboxanes 22

preeclampsia 412–13

pregnancy 404

thrombus

Wbrous cap rupture 308

imaging 271, 272

magnetic resonance imaging 269–70
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platelet-rich 308

visualization 269

[3H]-thymidine 96–7

assays 138

tight junctions 335

time-of-Xight eVect 264, 265

tissue factor (TF)

endothelial cell activation 188, 196, 198

expression 188

gene 59

upregulation 200

tissue factor pathway inhibitor (TFPI) 195, 196

tissue homeostasis 114

tissue inhibitors of metalloproteinase (TIMP) 100,

107

enzyme regulation 145

expression study methods 146

extracellular matrix degradation 153

matrix metalloproteinase inhibition 322

VSMC apoptosis induction 122

tissue metalloproteinases 117

tissue mitochondrial respiration 217–18

tissue plasminogen activator (t-PA)

aortic aneurysm 324

endothelial cell activation 197

expression variation 208

extracellular matrix remodelling 144

gene 58, 59

pregnancy 405

trachoma 130

TRAIL receptors 122

transcription factor NFE2 131

transforming growth factor-� (TGF-�) 140

transforming growth factor-� (TGF-�) 38

angiogenesis 99–100

antiscarring therapy 152, 153–4

antisense oligonucleotides 154

collagen contraction stimulation 134

conjunctival scarring 153–4

extracellular matrix synthesis 144

family 366

Wbroblasts

migration 132, 133

proliferation 138

matrix production 313

platelet release 131

receptor antagonists 154

receptor complex 362, 367

thrombus 308

trophoblast invasion 408

wound healing 140, 146, 153–4

transforming growth factor-�1(TGF-�1) 38

gene 59

transient ischaemic attacks (TIAs) 273

atheromothrombotic disease 272

transmission disequilibrium testing 171–2

transplant rejection

acute 388

adhesion molecules 385–6

antibodies 392, 393

producers 392

response 391–2

antigen presentation pathways 387–91

chronic 384–5

antiendothelial antibodies 392

endothelial cells

damaged 392

properties 385–93, 394

hyperacute 393

lymphocyte migration 385–6

mechanism 381, 382, 383–4

MHC class II 382, 383

prevention 390

vasculopathy of allografted organs 385

transporter associated with the proteosome (TAP)

deWciency 354

triglycerides in pregnancy/preeclampsia 414

triose phosphate isomerase 392

triple response, Xare component 87

trophoblasts

cell turnover 414

invasion 408, 409

preeclampsia 408

tumour necrosis factor-� secretion 412

tropocollagen 144

tumour cells, apoptosis 108

tumour necrosis factor-� (TNF-�) 99–100, 122

anticytokine strategies 200

coronary event risk 309

endothelial cell activation 188

endothelial cytokine production 192

endothelium 186

monoclonal antibodies against 202

neutrophil priming 350

iNOS activation 235

plaque rupture 308

preeclampsia 412

transplant grafts 384

tumour necrosis factor-� (TNF-�) 383

tumour necrosis receptor family (TNF-R) 119, 122
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tumours

angiogenesis inhibition 108

growth 107

inhibition 107–8

treatment 107–8

tunical media axons 80

type I cells 120

type II cells 121

tyrosine kinases 6, 10, 13, 55–6

endothelial cell receptor mutations 109

Ras/MAP kinase pathway 56

shear stress 58

Ulex europaeus lectins 97

ultrasmall particles of iron oxide (USPIO) 274–5

ultrasound 263

atherosclerosis 310

calf vessels 269

echotexture of clot 267

pregnancy 270

vasodilatory response 277

vessel wall disease 272–3

wall-tracking in diabetes mellitus 332–3

urokinase 144

urokinase plasminogen activator 208

aortic aneurysm 324

urotensin 78

uterine artery in preeclampsia 408

uterine vascular bed remodelling 61

uteroplacental circulation

preeclampsia 407–10

pregnancy 39–40

vanishing bile duct syndrome 384

vascular casts, angiogenesis study 96

vascular cell adhesion molecule-1 (VCAM-1)

circulating inXammatory cells 304

endothelial cells

activation 188, 191

during transplant rejection 385–6

endothelial expression 386

preeclampsia 410

vascular inXammation marker 310

vascular compliance 33–45

systemic in pregnancy 399

vascular conductance 96

vascular disease

genetic basis 109

nitric oxide 304

obliterative 384

prostacyclin 304

vasodilatation to Xow 52–3

vascular endothelial-cadherin 60

vascular endothelial growth factors (VEGF) 97

angiogenesis 98–9

cloned cDNA 103

hypoxia 206

microvascular permeability 338

oxygen tension change 205

platelet release 131

receptors 107, 108, 206

retinal capillary closure 337–8

tumour angiogenesis 106, 107

wound healing 141

vascular grafts, polyurethane 62

vascular growth inhibition in hypertension 294–5

vascular lumen

disease prediction/prevention 275–6

magnetic resonance imaging 264–6

occlusion 266, 277

stenosis 343

thrombosis 266, 277

vascular lumen–wall interface 276

vascular malformations, developmental 109

vascular nerves 79–84

localization 79–80

vascular permeability, shear stress 60

vascular receptors 72–3

vascular remodelling in atherosclerosis 60–3

vascular smooth muscle (VSM)

acetylcholine relaxation 72

activation 82, 83, 84

comparison with skeletal muscle 21

contractile apparatus ultrastructure 16, 17, 18

diabetes mellitus 336

force generation 19

hypertrophy 208

mitogens 205

preeclampsia 412–13

relaxation 51

tone 38, 40

vascular smooth muscle cells (VSMCs) 37

aneurysm formation 117

apoptosis 308

death receptor-induced 122–3

regulation 114–24

artery structure 303

atherosclerotic plaques 122–3

collagens 306

contractile phenotype 306
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decreased sensitivity 235

elastin 306

endothelium-derived NO 217

Wbrous cap 306

growth factors 306

matrix proteins 306

matrix synthesis stimulation 308

migration 305, 306, 308

mitomycin-C 152

nerve inXuences 82, 84

oestrogen receptors 41

plaque

rupture 308

stability 306–8

potassium channels 73

proliferation 308

repair

phenotype 306

stimulation 313

role 306

synthetic phenotype 306

vessel wall 116–18

wound-healing response 305

vascular structural change reversibility 295–6

vascular tone 3–26

catecholamines 73–5

chronic heart failure 231

Xow 49–51

hormones 71–2

neural control 80

neurohumoral regulation 70–88

eNOS-derived nitric oxide 226

pregnancy 399

sympathetic nerve Wring activity 86

vasoactive agents 71–2

vascular wall

cell proliferation/death 116–18

compliance 277

disease prediction/prevention 276–7

hypervascularity with thrombus 275

magnetic resonance imaging 266–75

neovascularity with thrombus 275

NO-dependent signalling 219

remodelling 116

stiVness 277

structure 37–8

remodelling 37, 39–40

tension and angiogenesis initiation 96

thickening calculation 280

ultrasound 272–3

see also shear stress

vasculitides/vasculitis 343–56

ANCA-associated systemic 344–9

classiWcation 344, 345

deWnition 343

essential cryoglobulinaemic 344

immune complex-mediated 204

intimal proliferation 343

renal limited 344–5, 347

autoantibodies 354

segmental necrotizing glomerulonephritis 348

small-vessel 343

systemic necrotizing 346

see also Churg–Strauss syndrome; microscopic

polyangiitis; Wegener’s granulomatosis

vasculogenesis 93

vasoactive agents 71–2

vasoactive intestinal peptide (VIP) 4, 80

cotransmitter with acetylcholine 84, 87

vasoconstrictor agents 206, 285, 286

agonists 74

vasoconstrictor nerves 85–6

vasoconstrictors

generation by endothelium 289

small vessel response 293, 294

vasodilatation

�2-adrenoceptors 180

l-arginine 237

endothelially driven 276

endothelium-dependent 224, 231

Xow-mediated in pregnancy 402–3

impaired 229, 286–7, 329, 331–5, 336, 410

Xow-mediated 52–3, 329

insulin 230

nitric oxide 276

endothelium-derived 222

parasympathetic 87

peripheral 401

pregnancy 400, 401

resistance arteries 39

shear stress 276

vasodilator agents 285, 286

vasodilator nerves 86–7

parasympathetic 87

vasodilator response, transient 86–7

vasodilators, endothelium-dependent 405

vasodilatory response 277

vasopressin 4, 73, 75–7

nitric oxide 193

secretion regulation 75–6
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vasorelaxation 227

phVEGF165 104, 105

vein graft disease 129

venography, conventional of Wlling defects 267

venous malformations, autosomal-dominant 109

venous thrombosis, asymptomatic 272

vesicles, prothrombinase activity 196

vesicular monoamine transporter (VMAT) 87

vessel bifurcations, turbulent Xow 276

vimentin Wlaments 392

displacement in response to Xow 54

vimentin recognition by T cells 392–3

vinculin 18

viral infections, endothelial cell activation 188, 203

visual disablement 130

vitamin C 238

preeclampsia 413, 415–16

vitamin E

coronary heart disease 239

preeclampsia 413, 415–16

renal failure 53

smokers 53

vitreoretinopathy, proliferative 130

vitronectin 100

volume homeostasis 399

von Willebrand factor 96–7, 100, 131

diabetes mellitus 328–9

endothelial cells

activation 188, 189, 196

during transplant rejection 385–6, 387

gene expression 209

preeclampsia 410

pregnancy 405

systemic vasculitides 204

Wegener’s granulomatosis 344, 346–7

autoantibodies 354

segmental necrotizing glomerulonephritis 348

Staphylococcus aureus 353

T cells 353

Weibel Palade bodies 190, 196

Western blotting 146

Windkessel eVect 34–5

mathematical model 37

World Health Organization (WHO) pulmonary

hypertension classiWcation 361, 362

wound

inXammatory cells 148

matrix 144

wound healing 129–54

agents aVecting growth factors/growth factor

receptors 153–4

angiogenesis inhibition 153

anticytoskeletal agents 148–9

antiinXammatory treatment 148

antimetabolic agents 149–53

antimigration agents 148–9

antiproliferative agents 149–53

antiscarring therapies 147–8

cell division reduction 149

central events 132–4, 135, 136, 137, 138–9,

140–1, 142–3

completion of process 146

early events 131

endothelial cells 139

epithelial cells 139, 142–3

extracellular matrix contraction 134, 135, 136,

137, 138

Wbroblasts 132–4, 135, 136, 138, 140–1

growth factors 146

immunosuppression 148

inXammatory cells 131

late events 143–6

matrix metalloproteinase 139

maturation phase 139

modulation 147–54

reepithelialization 139, 142–3, 144

remodelling phase 139

response 130

ribozymes 154

switching-oV 146

xanthine dehydrogenase 414

xanthine oxidase 201, 202, 414

superoxide generation 290

zymogens 322

zymography 146
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