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INTRODUCTION

I

1.1. THE CARDIOVASCULAR SYSTEM

heart's output is continuous (O'Rourke
M, 1990a).

As the multicellular organism evolved on
earth a cardiovascular system was needed
to shorten the distance of diffusion in order
to preserve a constant environment, i.e.,
homeostasis. The cardiovascular system
has the ability to induce motion of the fluid
in the internal environment by which the
distance of diffusion is shortened and the
diffusion gradient is enhanced. In most
circulatory systems the driving force is
provided by contractions of a pumping
organ or heart.
The hearts of vertebrates are
analogous
to
mechanical
positive
displacement pumps that are characterized
by a pulsatile activity during which blood
is pumped into one direction by
appropriately positioned valves. The heart
operates by converting the potential energy
of chemical compounds into kinetic energy
for fluid movement emerging as a pressure
gradient between the heart and the blood
vessels in the vascular system.
The large arterial system links the
left ventricle to the peripheral circulation.
In this respect the large arteries have two
functions: 1) to act as a conduit and 2) as a
system to store volume energy. As conduit,
the arteries deliver blood to the periphery
of the body with a small fall in mean
pressure. By the ability to store volume
energy, arteries dampen the oscillations of
pressure and flow that are a consequence of
the heart's pulsatile action, so that blood
flow into the arterioles and through the
capillaries is more or less continuous with
minimal
pulsations. Under normal
circumstances the arterial system is very
efficient. In pulsatile flow only 5-10%
extra energy is lost along the vascular tree
as compared to non-pulsatile flow, i.e., the

Arteries ramify into smaller
vessels, the smallest ones being the
arterioles, the wall of which contains a
substantial number of smooth muscles cells
to control lumen diameter. Arterioles
regulate blood flow by directing blood to
the organs and tissues that are active and
shunt blood away from resting or less
active tissues. Such a mechanism is
necessary, since the volume of blood
available is much less than the total
capacity of the animal's circulatory system.
Arterioles, as major resistance vessels, are
also involved in the regulation of blood
pressure, locally and systemically.
Arterioles branch into numerous
smaller vessels, the capillaries. Although
capillaries are the smallest of the closed
circulatory system, their enormous number
means that the total cross-sectional area of
all the capillary beds is immense and,
consequently, the blood flow velocity in
these vessels is very low. This, in
combination with their thin walls (only one
endothelial cell layer thick), makes them
especially suitable for the exchange of
materials between the blood and interstitial
space.
Capillaries fuse into collecting
vessels, the venules, which in turn fuse into
large vessels, the veins. The venous side of
the circulation returns blood to the heart
for recirculation. The relatively large size
of the veins reduces the forces needed to
propel blood through them. Veins are thin
walled and distensible and serve as blood
reservoirs in the organism. In humans,
about 75% of the blood is stored in the
venous system. Large veins regulate the
cardiac preload.

1.2.

MECHANICAL

ARTERIES

PROPERTIES

cardiac hypertrophy (Pannier BM er a/., 1990;
Merillon JP er a/.,1982b). Similar observations
have been made in hypertensive rats (Levy
BI er a/., 1988b; Pfeffer MA er a/., 1985; Merillon
JP er a/., 1981; Tatchum-Talom R er a/., 1995). It
might even be that aortic stiffness
contributes to the development of left
ventricular hypertrophy independent of
blood pressure (Roman MJ er a/., 1995; Saba PS
er a/., 1993). Cardiac hypertrophy is a risk
factor for ischemic heart diseases and
cardiac arrhythmias (Fananapazir L e/ a/.,
1989; Masaki H er a/., 1993) and may therefore
result in heart failure and/or sudden death.
Cardiac hypertrophy is better
correlated with systolic than with diastolic
and mean pressure and the level of systolic
pressure is largely influenced by
modifications in aortic elasticity (Tarazi R.
1982; Safar ME er a/.,1987a). Systolic blood
pressure and pulse pressure are determined
by the ejection velocity of the blood from
the heart, and the elasticity of and the pulse
wave velocity in the aorta (Pannier BM e/ a/.,
1990). Ejection velocity of the blood from
the heart is largely determined by the
performance of the heart. The pulse wave
velocity depends on the visco-elastic
properties of the aorta (O'Rourke MF, 1982).
Ventricular ejection and large artery
elasticity influence the level of systolic and
pulse pressure in the early phase of systole.
In the later phase, wave reflections may be
responsible for a further rise in arterial
pressure. Therefore, systolic blood pressure
may be considered as a superposition of an
incident wave (depending on ventricular
ejection) and a reflected wave (depending
on the velocity of the pulse wave and the
distance between the heart and points of
reflection). An increased pulse wave
velocity caused by an increased stiffness of
the aorta results in early reflected waves an
consequently in an increase in systolic
blood pressure.

OF
.-.-..f.,

1.2.1 The mechanical coupling between
heart and large arteries

Stroke work or external work output of the
heart is the amount of energy that the heart
converts to work during each heart beat
while pumping blood into the arteries
(Guyton AC,1991). The ratio of work output
to chemical energy expenditure is called
the efficiency of the heart. This efficiency
is determined by the intrinsic properties of
the cardiac muscle and the functional
vascular/ventricular interaction, i.e., the
hydraulic load the vascular system exerts
on the heart. The entire hydraulic load can
be expressed as input impedance of the
systemic circulation (O'Rourke MF er a/.,
1967).
The
input
impedance
is
approximately constant throughout ejection
and independent of the characteristics of
the left ventricle, and thus characterizes the
external factors opposing left ventriclar
ejection (Merillon JP er a/., I982a; Sunagawa K
er a/., 1983; Milnor WR, 1975; Gourgon R er
a/..1994). Aortic imput impedance provides
a quantitative description of the entire
relationship between pressure and flow
(O'Rourke MF er «/., I967). Aortic impedance
depends on peripheral resistance, total
arterial
compliance
and
aortic
characteristic impedance (N. Westerhof er a/.,
1987). Another way to explain impedance is
on basis of reflections of pressure and flow
waves. These reflections make the
impedance
oscillate
around
the
characteristic impedance of the aorta.
(Milnor WR. 1975).
The load on the heart during systole
is mainly determined by the mechanical
properties of the aorta and therefore an
increase in aortic stiffness may have
important consequences for the heart (Safar
ME er a/.. 1987a). In hypertensive patients,
for example, increased stiffness of the aorta
has been shown to be associated with

In summary, aortic
stiffness
increases the imposed load on the heart and
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could
therefore
induce
cardiac
hypertrophy which is a risk factor for
ischemic heart disease and cardiac
arrhythmias.

1.2.2 Mechanical parameters
Sfress, s/ra/n and /ncremenfa/
modu/us

e/asf/c

Mechanical parameters describe the
intrinsic characteristics of materials that
determine the relationship between
imposed load or stress (a force acting
across a given plane in a body) and the
resulting displacement or strain (ratio of
deformation to the initial form). In the case
of blood vessels, in vivo the imposed loads
consist primarily of transmural pressure.
The relationship between stress and strain
is called the elastic or Young's modulus
and describes the intrinsic properties of the
material (Reneman R.S er a/., 1996). In the
general case of a material, composed of a
number of components with different
mechanical properties like arteries, the
mechanics of such a composite material
depend on the mechanical properties of the
individual components in a complex way,
i.e., their relative content and the manner in
which the components are coupled (Cox
R.H., 1989). This results in a non-linear
stress-strain relationship and an elastic
modulus that depends on the level of stress
or strain. Therefore, Bergel (Bergel DL,
1961) introduced the incremental elastic
modulus, defined as the local slope of the
stress-strain relation. In addition, the
incremental elastic modulus of the arterial
wall is believed to be determined by the
relative contribution or recruitment of
different wall components. This relative
contribution or recruitment is considered to
depend on the magnitude of distention of
the artery wall and on activation of the
smooth muscle cells (Roach MR er a/., 1973;
Armentano RL er a/.. 1995; Barra JG er a/.,!993).
The contribution of the activity of the

smooth muscle cells to the elastic behavior
in large arteries, however, is still a
controversial topic. At physiological
pressures, the elastic modulus is
determined by smooth muscle cell tone and
the elasticity of the elastin fibers. At high
pressure values, the recruitment of collagen
fibers increases, which results in an
increase in elastic modulus and nonlinearity of the mechanical behavior of
arteries.
C/rcumferenf/a/
sfress

wa// sfress and shear

A blood volume pumped into the aorta
generates two main stress components on
the aortic wall, circumferential stress and
shear stress (Hoeks APG er a/.,l995). In vivo
arterial motion occurs predominantly in the
circumferential direction (Reneman RS er a/.,
1986; Reneman R.S er a/., 1996; Laurent S, 1993).
This circumferential motion generates a
circumferential stress. This circumferential
stress is comparable to the wall tension (T)
given by the Law of Laplace. This Law
states that tension in a thin cylindrical shell
is related to transmural pressure (Pt) and
radius (r):

T = Pt x r

in Pa.m

(1)

The circumferential stress on the wall
depends on this relation and wall
thickness:

a = (Pt x r ) / h

in Pa (2)

In which o is circumferential stress and h
is wall or media thickness.
Flowing blood exerts a tangential
stress on the endothelial cells of the arterial
wall, which is called shear stress (Hoeks
APG er a/., 1995).

T = (4r|Q) / TIT*

in Pa

(3)
Pu/se wave ve/oc/ty

Another parameter often used as an index
of arterial stiffness is pulse wave velocity
(PWV): the stiffer the artery is, the higher
this velocity will be (Bramwell JC er a/,/92?.Lehmann ED er a/.,1993). The use of PWV has
the advantage that no arterial pressure
recordings are necessary, but the
simultaneous recording of the two waves
requires some skill. PWV provides an
average value of the artery segment studied
and does not allow the assessment of local
changes in arterial distensibility and
compliance, which can be considered to be
a limitation. In relation to distensibility,
PWV can be written as

in which T represents shear stress, r| blood
viscocity, Q blood flow and r vessel radius.
D/sfe/7s/6/Wy and comp//'ance
Parameters commonly used to describe the
mechanical properties of elastic cylindrical
structures, like arteries, are distensibility
and compliance, defined as the relative
(AV/V) and absolute (AV) change in
arterial volume (V) for a change in
pressure (AP), respectively. The increase in
volume and pressure in the systolic phase
of the cardiac cycle is commonly used to
describe
arterial
distensibility
and
compliance. Since it is practically
impossible to accurately determine volume
and volume changes non-invasively in
vivo, distensibility and compliance are
generally expressed in terms of changes in
lumen cross-sectional area, A ((AA/A)/ AP
and AA/AP, respectively). The terms
compliance and distensibility coefficient
are often used for these relations. This
simplification is allowed because in
thethered arteries length is nearly constant
so that the change in volume during the
cardiac cycle is caused by a change in
lumenal cross-sectional area alone (Patel DJ
er a/., 1966; L'ltalien GJ er a/., 1994; Reneman RS
er a/., 1986; Reneman R.S er a/., 1996; Laurent S,
1993). The expression for the distensibility
coefficient (DC) in terms of lumen crosssectional area is

PWV = (p DC)'"

(6)

Where p is the density of blood.
According to the Moens-Korteweg
equation PWV can be calculated as
follows:

PWV = (E h / p d)'" in m.s'

(7)

where E is elastic modulus and h is wall
thickness. Using equation (5) and (6), the
elastic modulus can be calculated as
follows:

(p DC)'* = ( E h / p d)'"

DC = (AA/A)/AP in Pa' (4)

E = d / (DC . h)

Similarly, the compliance coefficient can
be expressed in terms of lumen crosssectional area, providing

CC = AA/AP innr.Pa'

in m.s'

(8)

in Pa (9)

If E is assessed based upon small
perturbations in diameter and pressure, it is
indicated as incremental elastic modulus.

(5)
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Table 1: the most important mechanical parameters as summarized
Parameter

Equation (unit)

Distensibility coefficient
DC = (AA/A) / AP = 2.(Ad/d)/AP (1/Pa)
Compliance coefficient
CC = AA/AP * (it d Ad) / 2AP (mVPa)
Incremental
elastic
E,« = d4./(h.DC) (Pa)
modulus
Circumferential stress
a = (Pt. r) / h (Pa)
Shear stress
T = (4tiO)/itr (Pa)
Pulse wave velocity
PWV = (E h / p d)'* (m/s)
E=incremental elastic modulus, d^diastolic diameter, h=media thickness,
DC=distensibility coefficient, A=lumen area, d=diameter, P=blood pressure,
a=circumferential media stress, Pt=transmural or diastolic blood pressure, T=shear
stress, r|=viscociry of blood, Q=blood flow, r=radius of arterie, PWV= pulse wave
velocity, E=Young of incremental elastic modulus, p=density of the blood.

The smooth muscle cells are embedded in
a network of connective tissue consisting
mainly of elastin and collagen (Greenwald
SE er a/.,1978). The
tunica
adventitia
contains the perivascular nerves. The nerve
endings, from which transmitters are
released, lie in the media-adventitia border
(Bumstock G er a/., 1984). Besides connective
tissue, the adventitia contains cells such as
fibroblasts and mast cells (Mulvany

1.3. THE VASCULAR WALL

In general, blood vessels consist of three
main layers: the tunica intima, the tunica
media and the tunica adventitia.
The tunica intima consists of a
monolayer of squamous endothelial cells
that are separated from the elastic lamina
by the subendothelial space. The
endothelium plays an important role in the
regulation of vascular tone through the
release of vasoactive substances (Furchgott

MJ.1989).

RF er a/.,1980; De Mey JGR e/ a/.,1982; Smiesko
V er a/.,1985; Pohl U er a/.,1986; Rubanyi GM er
a/.,1986; Vanhoutte PM.1988; Olensen SP er
a/.,1988; Bevan JA e/ a/.,1988; Koller A er
a/.,1990;
Bevan
JC er a/.,1990).
The

1.3.1. Structural components
Smooth muscle cells

Anatomical and physiological evidence
indicates that the smooth muscle cells in
the walls of large arteries are oriented
predominantly in a helical organization
(Dobrin PB.1980), in such a way that
individual smooth muscle cells appear to
bridge concentric elastic lamellae, the
presence of this pattern being confirmed by
electron-microscopy (Dobrin PB.1978). A
helical organization of the smooth muscle
cells endows blood vessels with the ability
to change the diameter in order to modify
resistance and, therefore, blood volume
flow.

endothelium plays a key role in the
adaptation of the arterial wall to changes in
flow and resulting alterations in shear
stress and, therefore, the endothelium acts
as a signaling interface for the
mechanically
stimulated
remodeling
process (Davies PF.1995).
The tunica media is mainly
composed of extracellular matrix proteins
and smooth muscle cells. In elastic arteries,
such as the thoracic aorta, the wall mainly
consists of elastic fibers. There are several
layers of elastic fibers, which appear as
thick, plate-like structures (lamellae) with a
few fine elastic fibers connecting them.
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Tunica media

Tunica intima

Tunica adventitia

Figure 2: Schematic presentation of the structural layers in an artery.
such that the relative population of crossbridges in force-producing state is
increased. This mechanism should result in
a greater increase in steady-state force than
in steady state stiffness. According to
Meiss ef a/., active dynamic stiffness in
smooth muscle cells is believed to be an
estimate of the number of cross-bridges
attached (Meiss ef a/., 1978; Singer « a/, 1986;
Singer <?r a/., 1987) whether or not they bear
force (Meiss <•/ a/., 1996). The study of
Brozovich er a/. (Brozovich FV <?r a/., 1993) on
single vascular smooth muscle cells
implies that agonist stimulation results in
an increase in cross-bridge attachment and
produces a shift in the population of crossbridges
to
force-producing
states,
increasing steady-state force more than
steady-state stiffness. Under unstimulated
control
conditions,
however,
the

The viscoelastic behavior of smooth
muscle cells is most probably determined
by the number and different kinds of
dynamic interaction of actine and myosine
that form cross-bridges (VanDijk A er
a/.. 1984). The study of Warshaw e/ a/.
(Warshaw « a/., 1988), performed on single
stomach smooth muscle cells, indicate that
cell elasticity resides within cross-bridges
serially connected with an elastic
component. In this respect the number and
the different states of force bearing of cross
bridges are important. As myosine
phosphorylation
increases,
additional
cross-bridges attach and result in an
increase in muscle stiffness. This
mechanism should result in comparable
increases in steady-state force and steadystate stiffness. Alternatively, agonist
activation could enhance steady-state force
by shifting the distribution of cross-bridges
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arterial segments were activated by
norepinephrine and relaxed by papaverine.
Dobrin and Rovick (Dobrin PB er a/.. 1969)
showed an increase in incremental elastic
modulus (Ej,J,
suggesting reduced
elasticity, in phenylephrine treated dog
carotid artery strips, when compared with
non-stimulated preparations and at the
same degree of strain. Under isobaric
conditions, however, the same aortic strips
showed
a
decreased
E<„.
after
phenylephrine
treatment.
Results,
comparable to the ones found by Dobrin ef
a/., were obtained in a study performed on
the
thoracic
aorta
in
conscious
instrumented dogs (Barra JG e/ a/.,1993).
Under normal physiological conditions a
small degree of aortic smooth muscle cell
activation did not affect the dynamic
incremental elastic modulus (Barra JG er
a/.,1993). Peterson e/ a/. (Peterson LH er

relationship between force and stiffness is
linear.
Arteries are under control of a
number of regulatory systems, like the
sympathetic nervous and the reninangiotensin system. These systems can
modulate the caliber of the artery by
changing the activity of the smooth muscle
cells. Changing the diameter can be a
mechanism by which arteries regulate their
elastic behavior and, therefore, the
afterload on the heart. The influence of
smooth muscle contraction and relaxation
on arterial elasticity, however, is
controversial. It is generally assumed that
there are two opposing effects, the net
outcome of which causes the observed
mechanical behavior. Smooth muscle
contraction can increase arterial stiffness
by direct addition of a tensile force to the
arterial wall, which opposes the distending
blood pressure and results therefore in a
stiffer artery. This effect may be offset by
the ability of the active smooth muscle
cells to reduce the size of the artery and
shift stress bearing from the relatively stiff
collagen fibers to the more distensible
elastin fibers (Roach MR er a/., 1957),
assuming that smooth muscle cells are in
series with collagen (Benetos era/., 1992a).

a/., 1960) found an increase in E^ with
topical and intravenous norepinephrine and
a decrease in E,^. with the vasodilator
acetylcholine. Similarly, Yano e/ a/. (Yano
er a/., 1989) demonstrated an increase in
canine aortic distensibility with diltiazem.
Studies on humans have predominantly
shown increased compliance in response to
vasodilator drugs (Safar ME er a/.,1986; Safar
ME er a/., 1987b; Fitchett er a/., 1984; Westling er
a/., 1984). Systemic administration of these
drugs, however, usually decreased blood
pressure in concert with conduit vessel
smooth muscle relaxation. In muscular
non-capacitance brachial artery, Bank e/ a/.
(Bank er a/.,1995) determined the effects of
nitroglycerine and norepinephrine on the
mechanical properties in humans without
the confounding effects of blood pressure
changes on the mechanical properties.
Nitroglycerine
and
norepinephrine
significantly shifted the stress-strain and
E,„. curves in opposite directions. Although
nitroglycerine
decreased
and

In the past the contribution of
smooth muscle to the mechanical behavior
of large arteries has been investigated in in
vitro and in vivo models of different
species, including humans. In these studies
smooth muscle cell activity was challenged
by different vasoactive compounds. Many
early studies utilized arterial strips (Banick
N er a/.,1970; Shibata S er a/.,1973; Hansen TR er
a/., 1974). These preparations were studied
under isometric conditions and were
ususally activated by a maximum dose of a
contractile agent. The outcome of such
studies is controversial. Bauer e/ a/. (Bauer
er a/., 1982) reported that, in contrast to the
static incremental modulus, the dynamic
elastic modulus was virtually uninfluenced
by smooth muscle tone, when various

norepinephrine increased E^ under
isometric conditions, there was no
significant change in E^ with alterations in

15

including the large glycoprotein flbrillin,
which seems to be essential for the
integrity of elastic fibers (Alberts B er

smooth muscle tone under isobaric
conditions.
In summary, in previous studies
opposite
conclusions
were drawn,
regarding the effect of smooth muscle
activity on the elastic properties of arteries
and therefore the buffering capacity of
large arteries. Two phenomenan direct the
outcome of studies on the involvement of
smooth muscle on arterial mechanical
behavior: 1). the direct opposing effect of
the force generated and 2). the
consequences of the alteration in diameter
that modulate the distribution of stress
bearing by the different extracellular
matrix components.

a/.,1994).

There is a relationship between the
scleroproteins, i.e., collagen and elastin,
and the elastic properties of the rat blood
vessel wall (Roach MR er a/., 1957; Wolinsky H
er a/., 1964; Fisher GM er a/., 1966; Berry CL er
a/., 1976; Cox RH er a/., 1974; Cox RH, 1977b;
Fernandez PG er a/., 1984). The exact way in
which collagen and elastin are involved in
determining the mechanical properties of
arteries,
however,
is
incompletely
understood. Factors to be considered are
(1) the absolute and relative amounts of
collagen and elastin; arteries tend to be
stiffen if more collagen and less elastin is
present in their wall, (2) the cross-linking
of collagen and elastin, (3) differences in
the absolute or relative amount of various
subtypes of collagen.

Extracellular matrix components

Co/Vagen and e/asf/n, /nfroductfon
Collagen molecules are a family of fibrous
proteins found in all multicellular animals.
The characteristic feature of a typical
collagen molecule is its long, stiff, triplestranded helical structure, in which three
collagen polypeptide chains, called the o>
chains, are wound around one another in a
ropelike superhelix (Alberts B <?r a/.,1994). In
the arterial wall, the soluble precursor
"procollagen" is synthesized in polysomes
of the smooth muscle cells or fibroblasts
and secreted into the extracellular space
where collagen molecules are cross-linked
and
become
fibers
(Ito H,1989).
Intramolecular and intermolecular crosslinks are formed in several steps. Certain
lysine and hydroxyproline residues are
covalently coupled by the enzyme lysyl
oxidase. In the blood vessels, collagen type
I (media and adventitia), III (media), IV
(basement membrane) and V (around
smooth muscle cells) are found (Ito H.1989).
The main component of elastic
fibers is the highly hydrophobic protein
elastin. Elastin is covered with a sheath of
microfibrils. Microfibrils are composed of
a number of distinct glycoproteins,

and re/a//Ve amounf of co//agen
and e/asf/n

The results obtained in studies on the
absolute and relative collagen and elastin
contents in relation to vessel wall
mechanics are inconsistent. Cox e/ a/,
found a very close correlation between the
ratio of collagen and elastin content and
the passive mechanical properties at a
given arterial site (Cox RH er a/., 1976a; Cox
RH,1977a; Cox RH.1978). In another study of
these investigators, however, no significant
difference in the collagen/elastin ratio was
found between the carotid artery of Wistar
Kyoto rats (WKY) and spontaneously
hypertensive rats (SHR), whereas the total
connective tissue content was lower in the
SHR (Cox RH,l979a). These conflicting
results were explained by a model in which
collagen and elastin fibers are assumed to
be arranged in parallel with the fraction of
collagen supporting wall stress variations
with transmural pressure or wall strain
(Dobrin er a/., 1969; Cox RH. 1979a; Barra er
a/., 1993). In this model the elastic modulus
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of a blood vessel (E) is determined by the
elastic moduli of elastin (EJ and collagen
(E,.), the relative amount of elastin and
collagen in the blood vessel (W, and WJ
and the fraction of collagen fibers
supporting wall stress at a given strain or
pressure (Q.

Cross-//nWng[

It has been proposed that the elasticity of
arteries is not so much determined by the
total content of collagen, but by the degree
of collagen cross-links. Non-cross-linked
collagen molecules do not have tight
interaction with the existing extracellular
matrix and therefore are a less important
determinant of arterial wall mechanical
properties (RK Vadlamudier a/.,1993).
Evidence exist that there is a
relationship between arterial stiffness and
collagen cross-linking. The collagen crosslinking inhibitor beta-aminoproprionitrile
decreased the passive stiffness of
cylindrical segments of the carotid artery
(Iwatsuki K er a/., 1977; Cox RH er a/., 1988). In
the aorta it has been demonstrated that the
enzyme lysyl oxidase, that catalyses the
formation of collagen cross-links, has a
diminished activity in response to dietary
copper deficiency (Rayton JK er a/.,1979;
Opsahl w <v a/., 1982). The catalytic activity
of lysyl oxidase demands a copper ion at
its active site (Stryer L.1988). Therefore, the
left cardiac ventricle of cupper deficient
pigs, in which there was no difference in
collagen content as compared with normal
fed animals, showed a reduction in
collagen cross-linking and concomitantly
an increase in compliance (Vadlamudi RK «
a/.,1993). In humans, evidence in support of
the role of cross-linking in determining
artery wall mechanical properties, is
derived from studies in patients with
inherited connective tissue diseases, like
osteogenesis imperfecta. In these patients
the observed increased stiffness of the
aorta is consistent with an increased crosslinking of collagen within the aortic wall
(KalathSera/,1987).

At physiological blood pressure
and under passive conditions arteries
reveal an incremental elastic modulus
which resembles that of elastin (Young's
modulus 3 * 10 ' N/m*) (Roach MR er
a/., 1957). At increasing strain, under passive
conditions, the incremental elastic modulus
increases, indicating that more tension is
developed by collagen (Young's modulus
1 * 10* N/m*). These findings were
supported by the results obtained by Levy
ef a/. (Levy BI er a/., 1988a), who showed in
renal hypertensive rats treated with the
ACE-inhibitor perindopril that, despite a
reduction in blood pressure and media
thickness and an increase in compliance,
the collagen content of the vessel was not
reduced as compared to untreated renal
hypertensive rats. This indicates that at
lower distending blood pressures less
collagen is recruited, resulting in a more
compliant blood vessel.
Insight into the relationship
between mechanical properties and elastin
and collagen can be obtained from studies
performed on humans with disorders in
elastin and collagen synthesis and
maturation. In patients with Marfan
syndrome, in whom the intrigity of the
elastin fiber is disturbed, compliance of the
aorta was found to be increased (Pyeriiz R er
a/., 1979). In patients with Ehlers-Danlos
Type IV disease, a genetic connective
tissue disorder in which processing and
maturation of collagen is deranged, aortic
compliance was significantly larger than in
control subjects (Neil-Dwyer G er a/., 1983).

Other evidence for the existence of
the relationship between collagen crosslinks and arterial mechanical properties
comes from the investigation of
nonenzymatic formation of collagen crosslinks. The accumulating chemically
irreversible
advanced
product
of
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In summary, the relationship
between collagen and elastin and
mechanical properties of large arteries was
investigated in several studies, but the
exact way in which these scleroproteins are
involved in the mechanical behavior of
arteries is not clear. The relative and
absolute amount of collagen and elastin
and their isoforms as well as the degree of
cross-linking
might
be
important
determinants
of
the
mechanical
characteristics of blood vessels.

nonenzymatic glycation participate in
glucose derived cross-link formation
(Monnier VM er a/., 1984). These products
accumulate on vascular wall collagen as a
function of age and glycemia (Brownlee M er
a/.,1988). A direct relationship between
mechanical properties of the carotid artery
and glucose derived cross-link formation
was investigated by Huijberts e/ a/.
(Huijberts MSP er a/., 1993). Treatment with
aminoguanidine, a nucleophilic hydrazine
compound which decreases the glucose
derived collagen cross-linking, enlarges the
static carotid compliance and decreases the
characteristic aortic input impedance in
diabetic rats (Huijberts MSP er a/.,1993).

1.3.2. Regulatory mechanism

Vascular
tone
is
influenced
by
neurohumoral
systems,
like
the
sympathetic nervous (Bolton TB.1979;
VanHoutte PM er a/., 1981) and the reninangiotensin system (Dzau VJ er a/., 1988a).
The endothelial cell layer plays an
important role in the regulation of the
vascular tone (Levy BI er a/.,1989; Rubanyi GM
er a/.,1990). For example, shear forces, i.e.,
forces exerted on the vessel wall by the
flowing blood, induce the release of the
vasodilator Nitric Oxide (Cooke JP er
a/.,1991; Buga GM er a/.,1991).
Alterations in arterial wall stress
are believed to be an important trigger for
arterial structural and functional changes
(Leung DYM er a/., 1976; Levy BI er a/.,1994).
Additionally, the activation of different
neurohumoral
systems
can
induce
functional and structural changes in large
arteries (Owens GK.,1978; Geisterfer AAT er
a/., 1986; Benetos A er a/., 1992b) and thereby
regulate the mechanical properties on a
long-term basis. Long-term regulatory
mechanisms affecting the mechanical
properties of arteries include alterations in
the composition of extracellular matrix
proteins, enlargment of the diastolic
diameter, enlargment of or an increase in
the number of smooth muscle cells and
changes in reponsiveness of smooth
muscle cells to vasoactive substances.

and re/a//Ve amounts of Type /
a/id Type /// co//agen.
It is generally believed that collagen type I
and III have different constituting achains, resulting in characteristic intra- and
inter-molecular interactions and, hence, a
particular three dimensional structure, both
of which could be responsible for a distinct
mechanical behavior. Stiffness and tensile
strength are usually associated with type I
collagen,
whereas compliance and
elasticity are associated with type III
collagen (Weber KT er a/., 1987; Weber K.T er
a/., 1991). Several lines of evidence
substantiate a relationship between tissue
mechanical behavior and differences in the
amounts of collagen type 1 or III.
Connective tissues with a high content of
type III collagen are more extensible than
tissues that are predomminantly composed
of type I collagen (Birk DE er a/., 1984).
The joint mobility syndrome, a
dominant inherited disorder of collagen
production, is characterized by structural
cardiovascular weakness associated with
an increased aortic wall compliance. This
increase in compliance is caused by an
apparent deficiency of collagen type I
production and an overproduction of
.collagen type III (CE Handler «a/., 1985).

18

Ren/n-ang/btens/n system
In general, the renin-angiotensin system is
a major system in the regulation of
structural and functional properties of
arteries (Kawasaki H er a/.,1984; Dzau VJ er
a/.,1988a). The local arterial
reninangiotensin system causes autocrine and
paracrine actions which activate vasoactive
systems and growth factors (Dzau VJ er
a/.,1987b; Levy BI er a/.,1990; Safar ME er
a/.,1997) and therefore angiotensin II has
multiple effects on aortic wall function and
structure. These include direct, short-term,
and chronic or long-term effects. Alteration
in vascular tone by angiotensin II (Bolton
TB.1979)
can
influence
mechanical
properties by its own activity or passively
by the increase in blood pressure.
Subsequently, angiotensin II enhances
sympathetic tone through central and
peripheral mechanisms (Zimmerman BG er
a/.,1984 Story DR er a/.,1987; Wong PC er
a/., 1992). Chronic or long-term effects
include vascular smooth muscle cell
growth in vitro (Campbell-Bosswell M er
a/..,1981; Geisterfer A.A er a/.,1988; Schiffers
PMH era/.,1993;) and in vivo (Daemen M.J.A.P
er a/.,1991; Griffin S.A er a/.,1991; Boonen H er
a/.,1993; Brouwers-Ceiler er a/.,1997), and
extracellular matrix
formation
(Dzau
VJ, 1987a; Kato H er a/., 1991; Keeley FW er
a/., 1992).

synthesis of collagen and an increase in
blood pressure.

f/c nervous system
The acute effect of sympathetic activation
on large arteries is expressed as a
constriction of vascular smooth muscle and
a reduction in arterial diameter (Dobrin PB er
a/., 1969; Cox RH, 1976b; Megerman J er a/., 1986).
Sympathetic outflow to blood
vessels also serves as an important trophic
signal regulating normal development and
maintenance of arterial wall structure and
function (Bevan RD,1975; Cox RH,1976b; Bevan
RD er a/.,1985; Cox RH e/ a/.,1988; Todd ME e/
a/.,1991; Daemen M er a/.,1995;). In vitro
(Bevan RD er a/.,1985) and in vivo (Rusterholz
DB er a/., 1972) studies on the long term
effect
of
sympathetic
denervation
described a reduction in distensibility
associated with a decreased smooth muscle
mass and an increase in extracellular
connective tissue (Bevan RD.1975; Bevan RD
e/ a/., 1985; Todd ME er a/., 1991). Denervation
is further associated with a decrease in
arterial wall thickness, medial crosssectional area, contractility and sensitivity,
and vascular reactivity (Bevan RD e/a/.,1985).
Lacolley ef a/, described a reduction in the
in situ static compliance and distensibility
and elastin content in the abdominal aorta
of male Wistar rats as the result of
chemical sympathetic denervation with
guanethidine after 3 months (Lacolley P er
a/.,1995). In arteries of adult rabbits and
rats, on the other hand,
surgical
denervation
and
6-hydroxydopamine
induce an increase in smooth muscle cell
size and ultrastructural changes compatible
with increased synthetic activity (Froneck K
er a/.,1978; Froneck K.,1983; Dimitriadou V er
a/.,1988; Albino-Teixeria A er a/., 1990).
According to Daemen and De Mey (Daemen
MJAP er a/., 1995) sympathetic nerves seem
to exert a trophic action on vascular
smooth muscle during development, but
show an opposite effect in adult animals.

The putative effects of angiotensin
II on the structural and functional
properties and thereby on mechanical
characteristics of the arterial wall are
confirmed by the improving acute and
chronic effects of ACE inhibition on the
elastic properties of the wall of elastic
arteries (Dzau VJ er a/., 1988a; Levy BI er
a/.,1988a; Safar ME,1989a;. Benetos A er
a/., 1992b).
In summary, it might be concluded
that angiotensin II, the active component of
the renin-angiotensin system,
affects
mechanical properties of arteries by
increasing vascular tone, stimulation of
smooth muscle growth, an increased
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The cause of this heterogenity in time is
not known, but sympathetic cotransmitters, like ATP and neuropeptide Y,
may be involved.
In summary, the sympathetic
nervous system may influence the acute
mechanical properties of large arteries by
increasing the vascular tone and long-term
mechanical properties by reducing smooth
muscle mass and elastin content.
Depending on the developmental stage,
arteries need a constant input of
catecholamines to maintain arterial
structure.

increase in diameter and of the brachial
artery from an increase in distension. The
common femoral artery shows a pattern of
compliance which is intermediate between
the other two arteries (Laurent S er a/., 1992).
The
relationship
between
endothelium and the alterations in structure
and function of large arteries has been
investigated by long-term inhibition of
NO-synthase. Long-term inhibition of
Nitric Oxide production induces an
elevation of blood pressure in WKY rats
but has no effect on the mechanical
properties of the carotid artery despite the
increase in wall thickness (Delacretaz E e/

77?e effect of enctofhe/Va/ ce//s on
mechan/ca/ properf/es
Blood flow induced shear stress activates
endothelial cells and thereby the
production of vasodilator mediators

a/., 1994).

The endothelium plays a key role in
the adaptation of the arterial wall to
changes in flow and the resulting
alterations in shear stress and, therefore,
the endothelium acts as a signaling
interface for the mechanically stimulated
remodeling process (Davies PF,1995).
Structural changes resulting from low flow
induced alteration in shear stress on
endothelium cells, encompass, intimal
thickening and the reduction of lumen
diameter (Langille BL er a/., 1986). An
increased flow results in a chronically
enlarged lumen diameter (Kamiya A er
a/., 1980). Both of these responses involve
fundamental changes in artery wall
thickness, matrix composition, and the
organization of the artery wall (Zarins CK er
a/., 1987; Zarins CK.,1989; Pourageaud F er
a/.,1997; Pourageaud F er a/.,1998). In both
situations, i.e., low and high flow and shear
stress, removal of the endothelium results
in a failure of the vascular wall to adapt
(Davies PF, 1995).
In summary, endothelium may
influence the mechanical behavior of large
arteries acutely by changing vascular tone
and diameter and, on a long-term basis by
changing the structure and geometry.
These effects are mediated by the flow
induced shear stress.

(Frangos JA er a/.,1985; Rubanyi GM er a/.,1986;
Olensen CP er a/., 1988). These vasoactive

mediator can alter the vascular tone and
diameter and thereby change the
mechanical behavior of large arteries
(Mourlon legrand MC er a/.,1993; Davies
PF.1995). The effect of endothelium on
mechanical properties of large arteries can
be investigated by the removal of the
endothelium cells. Removal of the
endothelium enlarges the compliance of
the carotid artery in WKY and SHR,
implying a inhibiting role of the
endothelial cells on the buffering capacity
of large arteries (Levy BI e/ a/.,1990; Mourlon
Legrand MC er a/.,i993; Glaser er a/.,1997).
Another way to investigate the role of
endothelium in the determination of
mechanical behavior of large arteries is to
administer agents that have the ability to
donate or produce NO. In humans,
administration of isosorbide nitrate, an NO
donor, decreases blood pressure and
improves compliance. The mechanism
underlying the enlargement of compliance
depends on the vascular territory
investigated. Improvement of compliance
of the carotid artery results from an
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described an increase in the volume density
of collagen, but a reduction of the total
amount per cross-sectional area. Collagen
becomes more insoluble with ageing,
because of increased intermolecular crosslinking (Vater CA er a/., 1979; Yamauchi M er
a/., 1988). Elastin synthesis is efficient in the
aorta of newborn and very young rats. In
old animals, however, the elastin synthesis
is significantly reduced as compared to
young animals concomitantly with a
dramatic reduction in elastin mRNA
expression (Quaglino D Jr. er a/.,1989; Forieri C
er a/.,1992). Studies in a large number of
species
indicate
increased
elastin
fragmentation with ageing which could be
the effect of fatigue, caused by the longterm oscillating stress exerted upon the
elastin fibers and/or by an increased
activity of proteolytic enzymes (Kohn
RRJ977; Osbome Pellegrin MJ er a/., 1990; Robert
L era/.. 1984).

1.4. ARTERIAL MECHANICAL PROPERTIES
WITH AGEING AND IN HYPERTENSION

1.4.1. Ageing
Early studies on arterial mechanics in
humans and rats show that ageing reduces
the buffering capacity, characterized by
compliance
and
distensibility,
and
increases the stiffness of large arteries,
characterized by Young's or incremental
elastic modulus (Busby DE rt a/., 1965; Bader
H.1967; O'Rourke MF er a/., 1968; Ting CT er
a/., 1986). It is becoming clear, however, that
the susceptibility
for alteration
in
functional mechanical properties with
ageing is dependent on the location of the
arteries in the vascular tree. For example,
common carotid artery compliance and
distensibility decrease linearly with age
(Reneman RS er a/., 1985). The distensibility of
the common femoral artery is also reduced
at older age (Van Merode T er a/., 1996), but
the compliance of the brachial artery
(Kawasaki T er a/.,1987) and the distensibility
of the deep and superficial femoral arteries
are not (Van Merode T er a/., 1996). The
Young's modulus of the carotid artery
(Riley WA er a/., 1992) and the pressure-strain
modulus (Mozersky DJ er a/., 1972) of the
femoral artery increase with age, indicating
loss of elastic properties of the artery wall.

The overal efficiency
of ßadrenergic stimulation declines with
ageing, probably due to a diminished
responsiveness to catecholamines (Fleg JL er
a/.,1986). An age related reduction of the
vasoconstrictor properties to noradrenaline
has been described at the level of the aorta
(Wanstall et al ,1988). However, a distiction
should be made between the different
adrenergic receptor isoforms. In the carotid
artery of rats, ageing did not affect a, adrenoceptor affinity and density, whereas
it decreased
ß-adrenoceptor
density
without changing the affinity (Benetos A e/
a/., 1993a). The responsiveness of aortic
smooth muscle cells to a-adrenergic
stimulation, by infusion of methoxamine,
increased with ageing in conscious sheep
(Pagani M era/., 1979).

Ageing
is
associated
with
characteristic
changes
in
arterial
morphology and structure. In different
species, ageing has been shown to be
associated with an increased diameter of
the aorta and other large arteries (Learoyd
BM er a/.,1966; Bader H.1967; Pagani M e/
a/.,1979; Reneman RS er a/.,1985; Sumilani M er
a/., 1986; Safar M.1990; Hansen F er a/., 1995) and
an increase in thickness of the media and
intima of the aorta (Learoyd BM er a/., 1966;
Bader H.I967; Wolinsky H er a/.,1972; Berry CL er
a/., 1975; Sumilani M er a/., 1986 Benetos A er
a/.,1993a;).
Increased collagen content is a
consistent finding in senescent vessels
(Kohn RR,1977; Benetos A er a/., 1993a). In aged
rats, Fornieri ef a/. (Forieri C er a/., 1992)

In summary, the structural and
morphological
organization
of large
arteries showed remarkable alterations with
ageing
because
of
continuous
rearrangements of cells and extracellular
matrix components. However, it remains to
be established whether these alterations are
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as the reduction of distensibility is
concerned, while these parts are subjected
to the same mean blood pressure (Van
Merode T er a/.,1993). Especially the latter
observation indicates that in hypertension
changes in artery wall properties may
occur independent of blood pressure. These
discrepancies raise the question as to
whether the decreased buffering capacity
observed
in hypertension
is the
consequence of the elevated blood pressure
as such (Hayoz D er a/., 1992; Laurent S et
al. 1994a; Laurent S er a/., 1994b) or that
alterations of the arterial wall associated
with hypertension contribute to the
changes in the viscoelastic properties of the
wall, altering the buffering capacity of the
artery (O'Rourke M,1990b; Safar M er a/.,1997).
Another topic of debate is the causal
relationship
between
the
observed
structural changes and blood pressure
elevation. The structural changes may
precede the blood pressure elevation or
may be an adaptation to the increased
blood pressure.

related to observed deterioration of the
buffering function and changes in elastic
properties encountered in certain large
arteries with ageing.
1.4.2. Hypertension
For many years there has been a general
agreement that the buffering capacity and
the elasticity of large arteries are reduced
in established hypertension in humans
(Gribbin B er a/.,1979; Simon A er a/.,1983) and
in different rat models of genetic or
experimental hypertension (Folkow B er
a/.,l973; Dobrin PD.1981; Cox RH,1979a; Levy BI
er a/.,1985; Levy Bl er a/.,1988a; Levy BI er
a/.,1994; Zanchi A er a/.,1997). In humans it
has been shown that the loss of arterial
distensibility and compliance is not a
generalized phenomenon along the arterial
tree. In the carotid artery, for example,
distensibility and compliance are reduced
in untreated hypertensive patients, as
compared to age matched controls (Safar
ME er a/., 1984; Riley WA er a/., 1992; Roman MJ
e/ a/., 1992;), while this is not the case in the
radial artery (Hayoz D e<a/., 1992).
It has been a matter of debate
whether the differences in arterial wall
properties between normotensive and
hypertensive patients results from an
increased blood pressure alone or that
additional factors are involved. For
example, it has been shown that isobaric
distensibility of carotid arteries of SHR
and renal hypertensive rats are not
decreased as compared to control rats
(Hayoz D er a/.,1993). On the other hand in
relatively young borderline hypertensive
patients
aortic
compliance
and
distensibility of the carotid artery were
found to be significantly reduced, as
compared to age-matched control subjects,
despite the fact that differences in blood
pressure between these patients and control
subjects are only small (Ventura H er a/., 1984;
Van Merode T er a/.,1988; Van Merode T er
a/..,1993;). In addition, in these patients
• different parts of the carotid artery
bifurcation are differently affected, as far

Structural alterations that may
influence elastic properties, and thereby the
buffering capacity of large arteries, are
hypertrophy of the smooth muscle cells
and changes in the amount and
composition of extracellular matrix
proteins.
Hypertension is associated with
increased arterial wall thickness most
probably caused by an increase in smooth
muscle mass (Wolinsky H,1970; Levy BI er
a/.,1988a). It has been shown that in SHR
increased blood pressure acts as a stimulus
for aortic medial smooth muscle cell
hypertrophy (Owens GK.1987). Smooth
muscle hypertrophy in hypertension is
widely considered to be an adaptation to
increased arterial wall stress to maintain it
at a certain level (Levy BI er a/., 1994).
The role of an elevation in blood
pressure or stress on the arterial structure
has been elegantly demonstrated in the
study by Leung e/ a/. (Leung DYM er
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H.1970; Wolinsky H.1972; Wolinsky H e/a/.,1975;
Cox RH,1979a; Cox RH,1979b; Cox RH.1981).

a/.,1977). Nearly identical in size, weight
and composition at birth, the ascending
aorta and the pulmonary trunk remained
similar in length and diameter, but
diverged markedly in wall thickness and
mass as differences in intraluminal
pressure became manifest. By 2 months, 3
times more elastin and almost twice as
much collagen had accumulated in the
ascending aorta as compared to the
pulmonary trunk. At this time total medial
tension, equal for the two vessels at birth,
was about 6 times higher in the ascending
aorta than in the pulmonary trunk (Leung
DYM er a/., 1977). The continuing, steady
increase of medial tension in the ascending
aorta did not appear to influence the
relative proportion of its fibrous proteins
once the concentrations of 48% elastin and
11% of collagen has been established at 2
weeks. Media circumferential stress was
defined as media tension normalized for
the media thickness.

A dissociation between arterial
pressure reduction and reversal of aortic
wall hypertrophy and reduction in collagen
content has been reported in hypertensive
rats treated with antihypertensive agents
(Freslon Jl er a/., 1983; Owens GK.,1985; Levy BI er
a/., 1988a). These studies suggest that
functional and structural changes in large
arteries could be the result of the activation
of different
neurohumoral
systems
independent of blood pressure levels
(Owens GK,1978; Geisterfer AAT er a/.,1986;
BenetosAera/.,1992b).

From morphological and chemical
studies on large arteries from hypertensive
humans and different rat models of
hypertension it is well known that elevated
blood pressure is associated with an
increase in the synthesis and deposition of

In summary, the putative reduction
in arterial buffering capacity observed in
hypertension depends on the localization of
the vessel in the vascular system. This
reduction may even vary from site to site in
an arterial bifurcation for the same blood
pressure. Structural alterations observed
may be the result of the elevated blood
pressure itself or by activation of the
neurohormonal system independent of
blood pressure. In hypertension, the
relationship between structural changes,
elastic properties and the buffering
capacity of arteries is as yet unknown.

collagen. (Folkow B er a/.,1973; Iwatsuki K er
a/., 1977; Ooshima A er a/., 1977; Berry CL er
a/.,1981; Levy BI ef a/.,1994). Collagen content

1.4.3. The relationship between ageing
and hypertension

It has been proposed that hypertension
aggrevates the changes in arterial wall
mechanical properties as observed with

appears to increase with the severity of
hypertension and with the duration of the
elevation in blood pressure (Wolinsky
H.1972; Fisher GM.,1976). Although elastin
synthesis seems to take place only in
newborn and young organisms (Forieri C er
n/.l992). in hypertension some smooth
muscle cells are able to produce large
amounts of elastin (Mechani RP e; a/., 1991).
The increase in collagen, however, can be
questioned because in these early studies
absolute amounts were considered. If the
amounts of collagen and elastin are related
to the enlargement of the wall, in
hypertension a decrease in the density of
collagen and elastin is observed (Wolinsky

ageing (Lakatta EG,l987; Michel JB er a/,1994).

Compliance and distensibility of the elastic
arteries are reduced in established
hypertension and with ageing (Reneman RS
er a/,1986; Cox RH.1989; Safar ME.1990; Michel
JB er a/.,1994; Sonesson B er a/.,1997), but in
adult SHR the changes in arterial wall
properties with age, as assessed in vivo,
were not significantly different from those
in age matched WKY (Waeber B er a/., 1992).
The increase in media thickness with age
was found to be more pronounced in adult
renal hypertensive rats than in age matched
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normotensive rats, but no differences in
the changes of mechanical properties of
the aorta with age could be detected
between the strains (Sumitani M er a/., 1997).
Similar observation were made by Zanchi
ef a/. (Zanchi A er a/., 1997). Ageing is
associated with a progressive increase in
systemic arterial pressure which could
influence the relationship between ageing
and hypertension and their effects on the
vascular wall (Safar ME, 1990).
In summary, whether hypertension
accelerates the reduction of arterial
elasticity and deteriorates arterial wall
structure, as observed in aged humans and
rats, is unknown. The conflicting results as
obtained in several studies do not allow to
draw straightforward conclusions.

a/.,1992b; Levy BI er a/.,1993), ß-blocking
agents with vasodilating properties and ß,adrenoceptor antagonists (Maarek BL er
a/., 1986; Levenson J er a/., 1987; Pithois-Merli I er
a/., 1989; Kelly RP er a/., 1989; Van Bortel LMAB
er a/., 1991; Asmar RG er a/., 1991) and nitrates
(Simon AC er a/., 1982; Bouthier JD er a/., 1986b;
Glaser er a/., 1997). In WKY, chronic

treatment
with
prazosin,
an
a,adrenoceptor
antagonist,
improves
compliance of the carotid artery (Benetos A
era/.,1993a).

Improvement of the buffering
capacity of large arteries induced by
antihypertensive agents can be the result of
the blood pressure reduction itself and/or
changes in structural and functional arterial
properties. Drug induced effects on
vascular smooth muscle cells, induction of
counterregulatory
mechanisms
(sympathetic
nervous
and
reninangiotensin system) or flow dependent
endothelial vasodilation may play a role
(Safar ME er a/., 1993) in the improvement of
vascular
function
induced
by
antihypertensive drugs. In SHR, acute and
chronic administration of ACE-inhibitors
in non-antihypertensive doses do not
improve compliance of the carotid artery,
corroborating the important role of
elevated blood pressure (Benetos A er

1.4.4. Pharmacotherapy

In hypertension, treatment was originally
aimed at lowering arterial blood pressure,
with the objective to reduce cardiac
afterload and lower the risk of
cardiovascular complications. Compliance
reflects the buffering capacity of the large
vessels and is therefore an important
determinant of the afterload on the heart.
An increased afterload is believed to
induce cardiac hypertrophy. In addition,
cardiac hypertrophy is better correlated
with systolic than with diastolic pressure
and the level of systolic pressure is largely
influenced by modifications in aortic
buffering capacity and elasticity (Tarazi
R.1987). Therefore, in addition to blood
pressure lowering effects, antihypertensive
treatment should also enlarge aortic
compliance.

a/., 1992a; Benetos A er a/.„1992b; Benetos A ef

a/., 1993b). Antihypertensive agents may
lower blood pressure by a reduction in
pheripheral resistance and early wave
reflection (Kelly RP er a/.,1989; Kelly RP er
a/., 1990; Laurent S er a/., 1992), and because of
the non-linearity of the stress-strain
relationship, this results in a improvement
of elasticity. Laurent e/ a/. (Laurent er
a/.,1993; Laurent er a/.,1994a), however,
described an improvement in compliance
of the carotid artery after
the
administeration of non-antihypertensive
doses of ACE-inhibitors without an effect
on blood pressure, illustrating the
importance of structural and functional
properties in determining mechanical

In hypertensive humans and rats,
large artery compliance can be increased
by antihypertensive drugs such as calciumantagonists (Levenson JA er a/.,1983; Levenson
J ^ a/.,1985; Bouthier JD er a/.,1986b; Safar ME er
a/., 1989; Van Merode T er a/., 1990; Levy BI er
a/.,1994), ACE-inhibitors (Ooshima A er
a/., 1977; Levenson J er a/., 1985; Bouthier JD er
a/., 1986b; Dzau VJ er a/., 1988a; Simon AC, Asmar
RG « a/.,1988; Levy BI er a/.,1988a; Benetos A er
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behavior of large arteries. Despite a
marked fall in blood pressure, the nonselective ß-blocker propranolol (Maarek BL
er a/.,1986), diuretics (Laurent S er a/.,1990),
vasodilators of the hydralazine group
(Bouthier JA er a/., 1986a), and the centrally
acting dj-agonist clonidine (Achimastos A er
a/., 1987) do not
increase
arterial
compliance. The latter findings indicate
that improvement of buffering capacity by
antihypertensive agents is not only the
result of a reduced blood pressure.
In several studies it has been shown
that structural changes observed in arteries
of hypertensive rats can be reversed by the
chronic administration
of
different
antihypertensive drugs (Dzau VJ <?/ a/., 1988b;
Perret F er a/.,1991). ACE-inhibitors were
found to decrease collagen content and
medial smooth muscle cell hypertrophy in
SHR and hypertrophy in renovascular
hypertensive rats (Ooshima A er a/., 1977; Levy
BI er a/.,1988a; Levy Bl er a/.,1993;). The
calcium entry blocker, isradipine induced a
significant increase in compliance and
reduction in collagen content and
hypertrophy in the aortic media in SHR, in
addition to the blood lowering effect (Levy
Bier a/., 1994).
In summary, in hypertension the
buffering capacity and elastic properties of
arteries can be improved by the
administration of drugs through a blood
pressure lowering effect and/or structural
alterations.
However,
not
all
antihypertensive compounds have the same
effect on the buffering capacity, elastic
properties and arterial structure, despite a
blood
pressure
lowering
effect.
Investigating
the
effects
of
antihypertensive agents on the buffering
and elastic properties of large arteries is
not only interesting from a therapeutic
point of view, but can also give insight into
the regulatory mechanisms responsible for
the modulation and adaptation of the
buffering capacity, and the role played by
the different wall components.

1.5.
SPONTANEOUSLY
RATS

HYPERTENSIVE

Genetically hypertensive rat strains have
been regarded as models for primary
hypertension in humans. Most notably this
has been the case for spontaneously
hypertensive rats (SHR) developed by
Okamoto and co-workers (Okamoto K. er
a/.,.1963) by selection of Wistar Kyoto rats
(WKY) with increased blood pressure.
Objections can be raised against the
consideration of SHR being suitable
models for human essential hypertension.
The polygenetic nature of hypertension due
to inbreeding and the different time scale
of hypertension development in rat strains
create limitations regarding the extent to
which this animal model can be compared
to humans. Nevertheless, the manifold
similarities in hemodynamics during the
different
phases
of
hypertension
development between SHR and both
borderline and essential hypertension in
humans have been recognized (Trippodo NC
er a/.,1981).
The exact time point at which a
state of elevated blood pressure is
established is a subject of controversy.
Some authors describe that SHR have
already an increased blood pressure at birth
(Bruno L er a/., 1979; Lee er a/., 1986), but Others
noticed blood pressure elevation few
weeks after birth (Lais LT er a/.,1977; Gray
SD.1984). The discrepancies could be
explained by different SHR substrains or
by differences
in blood pressure
measurement techniques (McGiff JW er
a/.,1981).
The arterial blood pressure is
determined by the stroke volume output of
the heart and by the total peripheral
resistance (Guyton AC, 1991). In the first
weeks after birth, cardiac output enlarges
by an increase in heart rate (Smith TL er
a/., 1979; Lundin SA er a/., 1980; Rickstein SE er
a/.,1981; Evenwel e/ a/.,1983;). With the
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concomitantly with the rise in blood
pressure (Olivetti G er a/.,1982).
The mechanism responsible for the
increase in media mass in SHR is as yet
unknown. A possible cause of the increase
in media thickness could be the enhanced
activity of the sympathetic nervous system,
which is known to be present before the
onset of blood pressure elevation (Judy w v
er a/.,1976). Moreover, in SHR sympathetic
innervation density of the vasculature is
increased (Head RJ,1986), while the response
to norepinephrine is enhanced already
during the prehypertensive phase (Mulvany
MJ er a/., 1980a; Mulvany MJ er a/., 1980b; Smeda
JS er a/., 1988; Kong JQ er a/., 1991; Rizzoni D er
a/., 1994). This overall increase in activation
of and sensitivity to the sympathetic
nervous system could induce hypertrophy
of smooth muscle cells by its growth
promoting effect (Simpson P er a/., 1982; Bevan
D er a/.,1984). A possible role for the reninangiotensin system can not be excluded
because several studies on neonatal SHR
have reported increased renin-angiotensinaldosterone activity (Sen s er a/., 1972; Sinaiko
A er a/., 1974; Mullins MM er a/., 1982). It has
been described that angiotensin converting
enzyme (Saavedra JM er a/., 1992) and the
mRNA of angiotensinogen (Lodwick D er
a/., 1995) are increased in the aorta's of
prehypertensive SHR as compared to
WKY. Angiotensin II has a growth
inducing activity on vascular smooth
muscle cells in cell cultures (CampbellBosswell M er a/., 1981; Geisterfer AA er a/., 1988)
and on large and small arteries even at
subpressor doses (Daemen MJAP e/ a/., 1991;
Griffin SA er a/., 1991). Inhibition of this
system, by means of ACE-inhibitors, is
associated with a reduction in medial
thickness (Wang DH er a/., 1990; Schelling P er
a/.,1991).

progression of spontaneous hypertension
the increased cardiac output is gradually
normalized and by the age of 12-16 weeks
it is not different from control WKY
(Evenwel RT er a/.,1983; Iriuchijima J.1983). At
the same time, in most vascular beds
vascular resistance increases to levels
above those in WKY (Nishiyama K er a/.,1976;
Evenwel RT er a/., 1983; Iriuchijima J, 1983).
The development and maintenance
of high blood pressure in SHR is
associated with an increase in the activity
of the sympathetic nervous system. In
SHR, an increased arterial nerve density is
described (Lee R er a/., 1986; Lee RMKW er
a/., 1991).
Under
resting
conditions,
noradrenaline levels were normal in SHR
(McCarty R er a/., 1978), but increased under
stressful conditions as compared to WKY
(McCarty R er a/., 1978). Arterioles show a
hyperresponsiveness to adrenergic stimuli
in adult SHR (Bohlen HG, 1979; Mulvany MJ er
a/., 1980a). Chemical or immunological
destruction of the sympathetic nervous
system abolishes or reduces spontaneuous
hypertension in rats, especially when
started at an early age (Gutilleta AF er
a/.. 1980). Direct nerve recordings provide
evidence in favor of an increased
sympathetic nerve activity in SHR
(Schramm LP er a/., 1979).
In SHR, left ventricular mass is
already
significantly
increased
as
compared to WKY in the first 40-50 days
of life without an increase in blood
pressure (Pfeffer MA er a/., 1972; Pfeffer MA er
a/.,1973; Gray SD.1984). At this age
hypertrophy is present along the whole
vascular tree, on both the arterial and the
venous side including the thoracic aorta
(Gray SD.1984). These data suggest that in
SHR the early changes in arterial wall
properties are not necessarily related to an
increase in blood pressure. In other studies,
however, left ventricular hypertrophy was
found to follow the increase in blood
pressure (Harrap SB er a/.,1993) or arterial
wall hypertrophy was found to occur

In summary, SHR are characterized
by
hemodynamic
properties
which
resemble those encountered in humans
with essential hypertension. Several early
studies imply that the activity of
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sympathetic
nervous
and
reninangiotensin system is increased and that
hypertrophy of the vascular system is
present before an elevation in blood
pressure can be detected. The sympathetic
nervous and renin-angiotensin system can
induce aortic wall hypertrophy and
influence aortic wall structural and
mechanical properties as discussed in
section 1.3.2.. Prehypertensive SHR allow
to investigate the putative role of the
sympathetic nervous and renin-angiotensin
system, and the dependency on blood
pressure elevation, in the determination of
aortic wall structural and mechanical
properties.
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extracellular matrix components. It
remains to be established, however,
whether these alterations are related to the
deterioration of the buffering capacity due
to changes in elastic properties observed in
certain large arteries with ageing and in
hypertension. In addition, it is as yet
unclear whether structural alterations
observed in hypertension are a direct
consequence of elevated blood pressure or
result
from
the
(neurohormonal)
mechanisms that are responsible for the
development of the chronic state of high
blood pressure. It has been proposed that
hypertension accelerates the ageing of the
arterial mechanical properties. The
accelerating role of hypertension, however,
can be questioned because conflicting
results have been reported.

1.6. AIMS OF THE STUDY

Cardiac hypertrophy is better correlated
with systolic than with diastolic pressure
(Tarazi R e/a/,1982; Safar ME er a/.,l987a). The
load on the heart during systole is mainly
determined by the buffering capacity or
compliance of the aorta and therefore an
increase in aortic stiffness may have
important consequences for the heart (Safar
ME e» a/.,1987a).

The buffering capacity is defined
by the diastolic diameter and the elastic
properties of the aortic wall. The diameter
is determined by the activity of the smooth
muscle cells and the operating blood
pressure. Controversy exists on the exact
way in which pulsatile elastic behavior of
the arterial wall is determined. Factors that
are believed to influence the elastic
properties are the arterial wall components,
diameter, wall thickness, and the operating
blood pressure. In previous studies
opposite conclusions were drawn regarding
the effect of vascular tonus or smooth
muscle activity on the elastic properties of
large arteries. The relationship between
collagen and elastin and elastic properties
of large arteries has been approached in
several descriptive studies, but the exact
role of these scleroproteins in arterial
elastic behavior of arteries is not clear. The
relative and absolute amounts of collagen
and elastin and their isoforms as well as the
degree of cross-linking can be important
determinants of the elastic characteristics
of blood vessels. Conflicting results were
obtained concerning the influence of an
increased wall thickness on elastic
properties (Brouwers-Ceiler BL e/ a/.,l997). It
has been proposed that an increase in wall
thickness decreases, increases or does not
affect mechanical properties.

Buffering capacity and elastic
properties of arteries can be impoved by
the administration of drugs either by a
blood pressure lowering effect and/or a
direct effect on the vessel wall. It is of
interest to note that not all antihypertensive
compounds have the same effect on
buffering capacity, elastic properties and
structure of arteries, despite a blood
pressure lowering effect. Investigating the
effects of antihypertensive agents on the
buffering and elastic properties of large
arteries is not only interesting from a
therapeutic point of view, but may give
insight into the regulatory mechanisms
responsible for the modulation and
adaptation of the buffering capacity, and
the role played by the different wall
components.
SHR
are
characterized
by
hemodynamic properties which resemble
those encountered in human essential
hypertension. Several early studies imply
that the activities of the sympathetic
nervous and renin-angiotensin system are
increased and that hypertrophy of the
vascular system is present before an
elevation in blood pressure can be
detected, but in other studies the opposite

Another problem encountered is
that the structural organization of large
arteries displays remarkable alterations
with ageing and in hypertension, because
of continuous rearrangements of cells and
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system and the dependency on blood
pressure elevation of structure and
mechanical properties of the aortic wall. In
this light, the aims of the present study
were to:

was found. The sympathetic nervous and
renin-angiotensin system can induce
aortic wall hypertrophy and influence
structure and mechanical properties of the
aortic wall. Young, prehypertensive SHR
allow to investigate the putative role of the
sympathetic nervous and renin-angiotensin

/: to investigate effects of smooth muscle tone on the mechanical properties of the
thoracic aorta in conscious normotensive and hypertensive rats. Smooth muscle activity was
altered by modulation of a,-adrenergic and angiotensin II receptor activity.
2: to study the relationship between aortic media structure and mechanical properties in
hypertension and ageing. The structural part of the study focused on media thickness and
cross-sectional area, and on collagen and elastin content and density. The functional part
focused on compliance and distensibility of the thoracic aorta, and its incremental elastic or
Young's modulus.
3: to investigate the aggravating effect of hypertension, if any, on the changes in
mechanical properties observed with ageing.
¥: to study the effects of long term antihypertensive therapy on the aortic mechanical
properties in hypertensive rats during the development of high blood pressure. This approach
allows the investigation of the influence of aortic blood pressure and the activity of
neurohormonal systems on mechanical and structural properties.
/4/iw 5: to examine the influence of the enhanced expression of renin on the structural and
mechanical properties of the thoracic aorta.

In the past, many investigations of
mechanical properties of large arteries have
been performed on isolated arterial strips
or rings. These approaches, however, do
not respect the in vivo anatomy, the
vascularization and innervation of the
arteries and, therefore, may not reflect
mechanical arterial properties in vivo.
Different groups used an in situ method to
determine static compliance (Benetos A e/
a/.,1992a; Levy er a/.,1988a). Because of the
oscillating blood pressure changes and the
visco-elastic properties of the arterial wall

material a difference between static and
dynamic mechanical properties has to be
considered (Burton et al ; Glaser er a/., 1997).
The present study was performed on the
thoracic aorta of WKY and SHR and the
mechanical properties of this vessel were
determined by means of a noninvasive
ultrasound system, as developed in our
own institute, and invasively assessing
aortic blood pressure. Therefore this thesis
consists of the following chapters:

A description and evaluation of the reliability and reproducibility of the method used to
assess dynamic aortic mechanical properties in rats in vivo are discussed in C/iap/er 2.
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The influence of vascular tone on mechanical properties is described in CAap/er 5.
The effects of ageing and hypertension on mechanical properties is described in the

The aggrevating effects of hypertension on the effects of ageing on aortic wall structure
and functional properties is described in c/iap/er <J.
The effect of anthypertensive agents are presented in C/iapter 7.

•

The influence of an enhanced expression of renin-2 on mechanical properties is described
in
The thesis starts with a survey of the literature (cAa/rter 1) and ends with a general
discussion of the experimental findings (c/iap/er 9).
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ABSTRACT
A non-invasive ultrasonic technique, based upon tracking arterial wall
displacements with a vessel wall tracking device attached to a conventional Bmode imager, to assess end-diastolic aortic diameter (d) and aortic diameter
changes during the cardiac cycle (Ad) in anesthetized and awake rats is presented.
From these parameters and invasively measured aortic pulse pressure (AP), aortic
distensibility and compliance, the relative and absolute increase in lumen crosssectional area for a given increase in P, respectively, can be calculated, d, Ad and
AP could be determined with good intra-session (variations per day) and intersession (variations between days) coefficients of variation (CV). The CV's for Ad
were smaller in awake (4.6-6.0%) than in anesthetized rats (7.9-11.0%), probably
due to variations AP during anesthesia (CV's: 9.0-12.3%). The CV's for d in awake
(3.3-6.5%) and anesthetized rats (2.6-5.0%) were comparable. In awake rats the CV
for Ad, but not for d, increased after implantation of the aortic catheter. It is
concluded that d, Ad and AP of the aorta can be reliably measured non-invasively
in anesthetized and awake rats, allowing the in vivo assessment of aortic
distensibility and compliance. The technique is sensitive enough to detect effects
of agents on aortic wall properties.

invasive as-sessment of artery wall
dynamics in intact animals is preferred
over the determination of artery wall
properties in vitro, because arteries show
a stiffer behavior in vitro than in vivo

INTRODUCTION
Arteries
lose their elasticity
with
increasing age (Reneman RS er a/., 1986) and
in diseases such as atherosclerosis (Van
Merode T er a/ ,1989) and hypertension (Safar
ME «a/.,1981; Simon AC «a/.,1983; Van Merode
T et a/.,1988; Van Merode T ef a/.,1993; Laurent S
et a/.,1994). In hypertension the stiffening
of the wall occurs mainly in elastic
arteries; muscular arteries, like the radial
artery, are not necessarily affected (Laurent
S et <*/ ,1994). In most of these studies,
performed in humans, the dynamic
properties of the artery wall were
determined by assessing non-invasively
distensibility and compliance by means of
ultrasound techniques (Hoeks APG et
a/.,1990; Hayoz D « a/.,1992: Hoeks APG et

(Dobrin PB et <J/.,1978; Gow BS et a/.,1979).

Besides, the assessment of artery wall
properties in vivo is required to study the
interplay between changes in these
properties and cardiac function.
In the present study we describe a
technique to assess aortic distensibility
and compliance in anesthetized and awake
rats, which is basically a modification of
the technique previously described by our
group to assess these mechanical entities
in humans (Hoeks APG et a/.,1990). One of
the modifications concerns the signal
processing. In the present system radio
frequency (RF) signal processing is
employed, while the original version
made use of Doppler-signal processing.
The reliability of this newly developed
technique in rats was determined by
assessing
intraand
inter-session
variability, intra-session variations being
the differences between measurements on
one day and inter-session variations being
the differences between measurements on

a/.,1993).

Although valuable information has
been obtained in. these human studies,
there is a need for methods to determine
arterial distensibility and compliance in
intact animals to study under pathological
conditions the relationship between
geometrical, cellular and molecular
changes in the artery wall on the one
hand and changes in functional properties
of the artery wall on the other. The non-
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consecutive days. Since arterial blood
pressure is measured intra-arterially in
these experiments, we also investigated
whether implantation of the catheter
affected the reliability of the technique.
Rats were chosen as experimental model
because inbred strains of this species
provide good models of cardiovascular
disease (for example, spontaneously
hypertensive rats) and transgenic rats are
becoming available.

during the systolic phase of the cardiac
cycle, respectively. Since it is practically
impossible to accurately determine
volume and volume changes noninvasively in vivo, distensibility and
compliance are generally determined by
assessing changes in lumen cross-sectional
area (AA/A and AA, respectively). This
simplification is allowed because in
unimpeded arteries the increase in volume
during the cardiac cycle is caused by an
increase in lumen cross-sectional area
rather than by lengthening of the artery
(Reneman RS et <J/.,1986). A and AA can be

MATERIALS AND METHODS

derived from the end-diastolic diameter
(d) and the changes in diameter of the
artery during the cardiac cycle (Ad), as
assessed by means of ultrasound assuming
the vessel lumen to be circular in crosssection.

o/ aor//c (/
Distensibility and compliance of an artery
can be defined as the relative (AV/V) and

absolute (AV) increases in arterial volume
for a given increase in pressure (AP)

Fig. 2.1 B-mode images of the thoracic aona in an anesthetized (A) and an awake rat (B). The
dotted line perpendicular to the vessel represents the direction of the M-line.
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being applied between probe and skin.
The thoracic aorta is then visualized in Bmode
(B: brightness;
Fig.
2.1)
approximately 10 mm proximal to the
diaphragm and the probe is positioned so
that the M-line is perpendicular to the
vessel wall. Then the ultrasound system is
switched to M-mode (M: motion), and
ultrasound is emitted and received along
the selected line of sight at a
programmable
emission
trigger
frequency.

assess a" ana* At/ o/ /Ae ?Aorac/c aorta iw
rafs
The ultrasound device described to assess
d and Ad of the aorta consists of a vessel
wall tracking system (WTS, see below)
combined with a conventional B-mode
ultrasound system (Pie480, 7.5 MHz
linear array, Pie Medical, Maastricht, the
Netherlands). The rats are shaved at the
site of measurement and the ultrasound
probe is placed on the thorax slightly to
the left of the sternum, ultrasonic gel

pos

Fig. 2.2: The RF signal of the first acquired M-line as displayed on the PC monitor. The markers
(open rectangles), representing the position of the sample windows, are positioned at the
RF signals from the anterior (ant) and posterior (pos) wall.
The WTS is based on a data acquisition
system, capable of capturing the received
and amplified radio frequency (RF)
signals synchronously with the emission
trigger at a programmable sample
frequency of up to 30 MHz and with a
dynamic range of 48 dB (8 bits). The
position and width of the range of interest
are programmable (on the average 20 and
10 mm, respectively, in the present
study). The size of the internal data
memory is 1 Mbyte, allowing for the
temporary storage of, for example, 512
RF lines of 2000 data points each. At an
emission trigger frequency of 250 Hz the
memory will then hold 2.5 sec of data
corresponding to at least 10 cardiac cycles
and 3 respiration cycles. Because of the
higher heart rates, in the awake rats the

sampling
frequency
was
doubled,
resulting in a data collection for 1.2 sec.
The WTS is also equipped with an
acquisition system for reference signals,
such as blood pressure, which are sampled
synchronously with the emission trigger
activating the capture of an RF line.
After completion of the data
acquisition the data are transferred to a
PC (486Dx2/66). The first line acquired is
graphically presented on a display,
allowing manual identification of the
anterior and posterior wall boundaries by
placing two markers, representing the
sample windows for data processing (Fig.
2.2). Once the walls are identified the
remaining data are transferred and
processed on the fly (in about 5 sec). To
extract the change in position of either
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below) this variability was also
determined for the aortic blood pressure
measurements. Group I consisted of 10
and Group II of 6 Wistar Kyoto rats
(WKY's). The animals were housed in
individual cages, maintained on a 12-hour
light, 12-hour dark cycle, fed ad libitum
(Hope Farms, Woerden, the Netherlands)
and had free access to tap water. The
experimental protocols were approved by
the Institutional Animal Care and Use
Committee of the University of Limburg.
In the WKY's of Group I (mean
weight at 10 weeks of age: 242 g; range
223-259 g) a polyethylene catheter (PE 10;
ID: 0.28 mm; OD: 0.61 mm), filled with
heparinized saline, was implanted in the
aorta under Na- pentobarbital anesthesia
(100 ul/100g body wt; 60 mg/ml) for the
recording of blood pressure. The catheter
was advanced through a femoral artery to
just below the bifurcation of the left renal
artery. The catheter advanced through
was guided underneath the skin and
exteriorized at the base of the skull.
Aortic pressure was measured with an
external pressure transducer (CP-01,
Century Technology, Inglewood, CA,
USA). The delay in the pressure
measuring system was 12 msec, indicating
a frequency response beyond 50 Hz. Two
days later the reliability studies were
started. Measurements of d, Ad, the R-R
interval, diastolic aortic pressure (P^J,
and AP were performed on 3 consecutive
experimental days (sessions). During the
measurements the rats were anesthetized
with ketamin/xylazine (10: 50 g/ml; 100
l/100g
body
weight)
and
body
temperature was controlled by a rectal
temperature probe and maintained at
38°C with an infrared heating lamp. On
each day these parameters were measured
four times at short intervals during at
least 5 heart beats. Measurements were
started after aortic blood pressure had
stabilized following the induction of
anesthesia (after about 20 min). The

the anterior or posterior wall, averaged
over a few RF lines, the approach based
on the cross-correlation model (CCM) for
corresponding segments of subsequent RF
lines is applied (Hoeks APG «<»/.,l993). This
method has a low noise sensitivity and is
insensitive to the actual RF carrier
frequency. The estimates for the crosscorrelation coefficients are based on a
running average over a programmable
number of RF lines (data window in
time) to enhance stability of the estimate
for the mean displacement. To ensure that
always the signals returned by the same
structure are considered, the position of
the sample windows is adjusted according
to the observed displacements (tracking
window). The difference between the
displacement signals of the anterior and
posterior walls yields the change in
diameter as a function of time, that is the
distension waveform. From the initial
distance between the sample windows and
the observed distension waveform, the
end-diastolic diameter, the peak-to-peak
change in diameter, and the length of the
cardiac cycle (R-R interval) can be
extracted for each cardiac cycle. The
displacements of the anterior and
posterior walls and the changes in arterial
diameter (distension) during consecutive
cardiac cycles, as recorded in an
anesthetized and an awake rat, are
presented in Fig. 2.3. Aortic pressure (see
below) and distension waveforms as a
function of time are shown in Fig. 2.4.

Because previous in vitro experiments
have shown that this type of ultrasound
system can resolve displacements of a few
micrometers (Hoeks APG ef a/.,1990), in the
present reliability study we have limited
ourselves to the determination of intraand inter-session variability in the
assessment of Ad, d and the R-R interval
in both anesthetized (Group I) and awake
(Group II) rats. Where applicable (see

SO

ultrasound probe was removed from the
body in between the measurements. On
each day the coefficient of variation (CV)
between the 4 measurements was
determined per rat and was defined as the
intra-session variability. The intra-session
CV's presented per day are the mean
values (±SD) of the 10 rats. To determine
the inter-session variability (variations
between days) the average value of the 4
measurements was assessed per rat per day
and the CV between these values on

consecutive experimental days was
calculated. The inter-session
CV's
presented are the mean values of the 10
rats. This approach in determining intersession variability was taken, because in
intervention studies animals are generally
used as their own controls. We have
limited ourselves to the assessment of
intra- and inter-session variability because
in pilot experiments no differences in
variability could be observed between
investigators.

mm
0.50

pos
0.50:

0.50

0.0

Fig. 2.3: Recordings of the displacement of the anterior (ant) and posterior (pos) walls of the aona
as a function of time during consecutive cardiac cycles, and the difference between both,
reflecting the changes in aortic diameter during the heart cycle as a function of time
(distension; dist) in an anesthetized (A) and an awake rat (B). b refers to heart beat. The
signs on the distension tracings refer to detected end-diastole and peak systole,
respectively.

SI

mmHg

Pressure
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0.3 mm
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Fig. 2.4: Aortic pressure and distension wave forms as a function of time recorded in an awake rat.

inter-session
variations
in
the
measurements
before
and
after
implantation of the catheter were tested
for significance with the use of the F-test.
Differences between the absolute values of
the variables determined before and after
implantation of the catheter were
evaluated for statistical significance using
the paired Student-t test. To this end the
values averaged over 3 days per rat before
catheter implantation were compared
with those after implantation.
In an additional group of 12 week old
male WKY's (n-6), we evaluated
whether drug effects on aortic wall
properties could be detected with the
ultrasound technique. These rats were
equipped with an intra-aortic catheter for
pressure registration as described above
and with a catheter in the vena cava for
intravenous drug infusion with a motor
driven syringe. Two days later the rats
were
anesthetized
with
ketamine/xylazine
under
the
experimental conditions as described
above. After 30 min of equilibration,
during which blood pressure and heart
rate stabilized, intravenous infusion of the
a,-adrenoceptor agonist methoxamine
(Sigma Chemical, Saint Louis Mo USA;
dissolved in 0.9% saline) was started.

The rats in Group II (mean weight at
12 weeks of age: 299 g; range 275-344 g)
were trained for 5 weeks (from 7 weeks of
age) to get adapted to the cages in which
they were restrained during the
measurements. They were placed in the
restrainers for 2 hours during 5 days a
week. The last 2 weeks they were also
trained to get used to the application of
gel and probe. The restrainers were built
in our institute and are especially suited
for ultrasound measurements. The
restrainers have an opening on the ventral
side for the positioning of the probe and
are equipped with a stand for their hind
feet to rest on (Fig. 2.5). After the
training period measurements were
performed on 3 consecutive experimental
days (sessions) and intra- and inter-session
variability for d, Ad and the R-R interval
were determined as described above,
albeit that the data presented refer to 6
rats. To obtain insight into the effect of
implantation of the intra-aortic catheter
(see above) on the measurements, if any,
the same procedure was repeated, starting
2 days after implantation of the catheter.
After implantation of the catheter P ^ and
AP were measured as well. The intra- and
inter-session variability for the variables
measured were determined again. The
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ultrasound recordings of the thoracic
aorta were performed during 2.3 sec each.
Observations made during each cardiac
cycle comprised in these two recordings
were averaged.

Infusion
volume was maintained
constant at 100 1/min, but the dose of
the agonist was increased every 10 min,
from 0 via 0.2, 1.0 and 5 to 25 ug/min.
Near the end of each infusion period, two

Fig. 2.5: Illustration of the restrainer for the measurements on awake rats.

Table 2.1: Intra-session and inter-session coefficients of variation for diameter and distension in
anesthetized rats.

d
mean, (im

Ad
CV, %

mean, (am

CV,%
Intra-session
1,918 ±69
Day 1
3.3 + 1.4
7.9 ± 3.8
254.8 ± 23.5
Day 2
3.9 ±1.4
2,003 + 81
240.0 ±29.1
11.0 ±5.3
Day 3
1,936 ±131
6.5 ± 2.7
282.8 ± 26.5
8.7 ±5.4
Inter-session
1,952 + 97
4.6 ± 0.9
259.3 ± 26.9
9.2 ± 3.0
Values are means ± SD; n = 10 rats. Intra-session (variations/day; 4 measurements per rat per day)
coefficients of vaiation (CV) on 3 consecutive days and inter-session (variations among days) CVs
for diameter (d) in anesthetized rats. Mean values of d and Ad per day and values of these variables
averaged over 3 days (inter-session) are presented as well.

d than for Ad. The intra- and inter-session
coefficients of variation were smaller for
the R-R interval and P^, than for AP
(Table 2.2). The absolute values of these
variables are also presented in this table.
The intra- and inter-session coefficients
of variation in the trained, awake rats
(Group II) for d, Ad and the R-R interval

RESULTS

The intra- and inter-session coefficients of
variation in the anesthetized rats (Group
I) for d and Ad as well as the absolute
values of these variables are presented in
Table 2.1. The intra- and inter-session
coefficients of variation were smaller for
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were larger in anesthetized than in awake
rats (cf Tables 2.2 and 2.4). The absolute
values of the variables measured in awake
rats are presented in the tables 2.3 and 2.4
as well. The inter-session variations in d,
Ad and R-R interval before catheter
implantation were not significant (p >
0.05; F-test). After implantation of the
catheter the variations in d, Ad and AP
were not significant, but the variations in
R-R interval (p-0.02) and P ^ (p = 0.03)
were. The absolute values of Ad were
slightly but significantly lower (p < 0.05)
after than before catheter implantation.
The absolute values of the other variables
were not significantly different before and
after implantation of the catheter.

before and after catheter implantation
are presented in Table 2.3. Before
implantation the intra- and inter-session
coefficients of variation for d and the R-R
interval were similar in the awake and
anesthetized rats (see Tables 2.1, 2.2 and
2.3). The intra- and inter-session
coefficients of variation for Ad before
catheter implantation, however, were
smaller in the awake than in the
anesthetized animals (cf Tables 2.1 and
2.3). Implantation of the catheter did not
affect the intra- and inter-session
coefficients of variation for d and the R-R
interval, but influenced the intra- and
inter-session coefficients of variation for
Ad, which were larger after implantation
(Table 2.3). The intra- and inter-session
coefficients of variation for P^, and AP

Table 2.2: Intra-session and inter-session CVs for R-R interval, diastolic aortic pressure, and pulse pressure
in anesthetized rats.
R-R interval
AP
PAO
CV, %
CV, %
Mean, mmHg
Mean, ms
CV, %
Mean, mmHg
Intra-session
5.2 ±4.1
12.3 ±8.9
97.9 ± 5.4
38.6 ±5.3
252.1 ± 14.0
3.8 ± 3.9
Day 1
46.2 ±5.5
9.0 ± 8.6
103.3 ± 7.8
6.8 ±4.6
Day 2
258.5 ± 9.0
3.4 ± 1.3
6.3 ±2.7
245.0 ±7.1
2.9 ± 1.2
94.8 ± 5.9
35.6 ±5.5
11.0 ±7.9
Day 3
98.7 ± 6.7
251.8 ±10.7
3.3 ± 1.3
6.1 ±1.5
40.1 ±5.5
11.0 ±4.1
Inter-session
Values are means ± SD; n - 1 0 rats. Intra-session (4 measurements per rat per day) CVs on 3 consecutive days
and inter-session Cvs for R-R interval, diastolic aortic pressure (PAO)> *nd pulse pressure (AP) in anesthetized
rats. Mean values of R-R interval, P^o. and AP per day and the values of these variables averaged over 3 days
(inter-session) are presented as well.

Fig. 2.6 summarizes the observations
during administration of the a,adrenoceptor agonist methoxamine in
anesthetized 12 week old WKY's.
Intravenous infusion of the agonist (0.2 to
25 g/min) caused a dose-dependent
increase of diastolic blood pressure.
During infusion of the lowest dose of
methoxamine (0.2 ug/min) a small, but
significant (P<0.05; two way analysis of

variance), reduction of the end-diastolic
diameter of the thoracic aortic was
observed, despite elevation of intra-aortic
diastolic pressure. This apparent aortic
vasoconstriction was not accompanied by
a significant alteration of absolute
distension of the vessel. With higher doses
of methoxamine, the local vasoconstrictor
action of the agonist was progressively
overruled by the pressor action of the
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compound. Especially at the highest
dose, the end-diastolic diameter of the
thoracic aorta was markedly increased

and the absolute distension was drastically
reduced.
.

150

E

0.0 0.2 1.0 5.0 25.0

E
E

0.0 0.2 1.0 5.0 25.0

150
0.0 0.2 1.0 5.0 25.0
Methoxamine (ug/min)
Fig. 2.6: Dose-response curves of methoxamine for diastolic blood pressure (PJIJ, end-diastolic
diameter (d^J and absolute distension (Ad) as obtained in 6 anesthetized rats. Mean
values and SEM are presented. Asterisks indicate significantly different from control.
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Table 2.3: Intra-session and inter-session CVs for d, Ad, and R-R intervalin trained, awake rats before and after implantation of intraaortic pressure catheter.
R-R interval
PAO
AP
Mean, ms

CV, %

Mean, mmHg

CV, %

Mean, mmHg

CV, %

4.6 ± 2.2
4.6 ± 3.9
5.2 ± 3.9
5.3 ±2.7

143.8 ±6.3
148.0 ±9.1
145.4 ± 9.5
145.7 ±8.4

4.112.3
5.5 ±2.6
5.3 ±3.8
5.0 ±2.1

Before implantation
Intra-session
Dayl
Day 2
Day 3
Inter-session

1,830
1,840
1,860
1,843

±49
± 73
±97
± 76

2.6 ±
3.5 ±
5.0 ±
3.7 ±

1.1
1.9
1.6
1.7

291.5 ±16.0
285.8 ± 16.0
290.3 ± 19.5
288.0 ±19.1

After implantation
Intra-session
147.9 ± 9.9
5.2 ±5.1
9.0 ± 7.5
264.7 ± 28.3
1,870 ± 57
3.0 ±1.3
Dayl
4.9 ±2.8
6.4 ± 4.5
139.6 ±7.4
4.1 ±1.3
256.2 ± 17.7
Day 2
1,910 ±85
3.7 ± 2.5
144.0 ±6.1
9.9 ±4.0
286.3 ± 30.7
Day 3
1,870 ±81
3.8 ±3.1
143.8 + 8.0
4.6 ± 3.3
8.4 ±4.5
3.6 ±2.2
269.0 ± 26.2*
Inter-session
1,883 ± 77
Values are means ± SD; n = 6. Intra-session (4 measurements per rat per day) CVs on 3 consecutive days and inter-session CVs for d,
Ad, and R-R interval in awake rats before and after implantation of intra-aortic pressure catheter. Mean values of d, Ad, and R-R
interval per day and averaged over 3 days (inter-session) are presented as well. Two-day interval between catheter implantation and
restart of measurements. * P < 0.05, significantly smaller than comparable value before catheter implantation.

Table 2.4: Intra-session and inter-session CVs for
pressure catheter in trained, awake rats.

and AP after implantation of intra-aortic

AP
CV, %
Mean, mmHg
Mean, mmHg
Intra-session
Day 1
121.5 ±5.2
3.9 ±1.9
39.7 ±2.4
Day 2
126.1 ±3.6
2.6 ±1.2
47.3 ±2.6
Day 3
116.6 ±2.8
2.1 + 1.0
46.2 ±2.2
2.9 ± 1.6
Inter-session
121.4 + 4.0
44.4 + 2.4
Values are means ± SD; n = 6. Intra-session (4 measurements per rat per day) CVs on
days and inter-session CVs for P^o and AP in trained, awake rats after implanation of
pressure catheter. Measurements began 2 days after implantation. Mean values of P*o
day and averaged over 3 days (inter-session)are presented as well.

CV,%
4.8 ± 3.0
"
5.3 ±2.1
4.5 ± 4.2
4.9 ±3.3
3 consecutive
intra-aortic
and AP per

signals in A-mode (Arndt JO er a/.,1968). In
this approach both the internal artery
diameter and the change in artery
diameter during the cardiac cycle are
overestimated, mainly because the
echogenicity depends on the distance
between transducer and artery wall,
which varies with the phase of this cycle.
An alternative approach uses zerocrossing
tracking
combined
with
detection of the phase of the RF signal
(Hokanson DE er a/., 1972; Mozersky DJ er
d/.,l972). Later developments along this
line aimed at improvements in the
detection and processing methods (Groves
DH er a/.,1982; Imura TK er a/.,1986). The zerocrossing method is far more accurate than
amplitude tracking, but is sensitive to
changes in the position of the artery
relative to the probe due to local RF
phase interference. In the method
presented here a 2D-echo system in
combination
with
displacement
estimation, using cross-correlation of RF
signals, is employed for the simultaneous
detection of artery diameter and artery
wall
displacement.
In
an
early
development (Hoeks APG er a/.,1985) both
sample volumes coinciding with the walls
were fixed in depth and size, preventing
adequate tracking of the walls. In later
systems these sample volumes were
allowed to track the moving position of
the wall. Initially Doppler tracking was

DISCUSSION

The findings in the present study show
that the basic parameters, like aortic
diameter, the change in aortic diameter
during the cardiac cycle and aortic pulse
pressure, required to calculate aortic
distensibility and compliance, can be
determined reliably in both anesthetized
and awake rats by means of an ultrasonic
vessel wall tracking system attached to a
conventional B-mode imager and an
implanted pressure catheter. To the best
of our knowledge this is the first time
that these parameters have been measured
in conscious rats. This offers the
possibility to study non-invasively aortic
wall properties in small animal models of,
for example, hypertension and diabetes,
and to investigate in these models the
relationship between changes in these
properties on the one hand and cellular
and molecular changes in the aortic wall
on the other, if any. Besides, the
technique is enough sensitive to obtain
information regarding the effects of
pharmacological agents on aortic wall
properties.
In the past decades several techniques
have been developed to measure artery
wall displacement. One of the first
techniques made use of amplitude
tracking, i.e. tracking of the crossing of
the leading edge of the received wall
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11.0%), AP being an
important
determinant of Ad. The variations in
pulse pressure are likely to be caused by
the anesthesia. Although we aimed at
performing the measurements of aortic
diameters and the aortic diameter changes
during the cardiac cycle when blood
pressure had stabilized after induction of
anesthesia, differences in pulse pressure
between measurements had to be
appreciated.
It cannot be excluded that the intraaortic catheter affects the reliability of the
determination of the aortic diameter
changes during the cardiac cycle, because
in the awake rats the coefficients of
variation for this parameter increased
after implantation of the catheter (Table
2.3), despite the fact that the variations in
pulse pressure were small. After
implantation, like before implantation,
the variations in the changes in aortic
diameter during the cardiac cycle,
however, were not significant. One could
argue that implantation of the catheter,
which is large in outer diameter relative
to the aortic lumen, induces reflections
overestimating the change in aortic
diameter during the cardiac cycle. This
change in diameter, however, appeared to
be slightly but significantly smaller after
than before implantation of the catheter
so that the influence of reflections can
likely be ignored.
Diastolic aortic blood pressure is an
important determinant of diastolic aortic
diameter. Therefore, the small coefficients
of variation for the latter parameter can
be explained by the small variations in the
former one, at least in the experiments
where aortic blood pressure was measured
(Group I and Group II after implantation
of the catheter).
Although the technique presented
allows the assessment of the basic
parameters for the determination of
distensibility and compliance in conscious
rats, one should realize that the animals

used (Hoeks APG « a/.,l990), but in the
present study we employ RF correlation
tracking. This type of tracking is
insensitive to phase interference by RF
signals returned from closely spaced
reflectors. An additional advantage is that
the output of the RF correlator is
presented in a fraction of sample points
rather than a fraction of an RF period, as
with the Doppler method, so that the
sample frequency can be chosen freely
provided that it is higher than twice the
maximum frequency of the RF signal.
Moreover, the result is independent of the
actual carrier frequency allowing the
emission of short bursts (wide bandwith)
to obatin a high axial resolution.
Good
intraand
inter-session
coefficients of variation were obtained in
an- esthetized and awake rats. It is
interesting
to
note
that
before
implantation of the catheter to measure
intra-aortic blood pressure, the intra- and
inter-session coefficients of variation for
the diameter changes of the aorta during
the cardiac cycle (Ad) are better in the
awake (intra: 4.6-6.0%; inter: 5.3%) than
in the anesthetized animals with an
implanted catheter (intra: 7.9-11.0%;
inter: 9.2%). For the assessment of the
aortic diameter the intra- and inter-session
coefficients of variation are comparable
under these circumstances (awake, intra:
2.6-5.0%; inter: 3.7%; anesthetized, intra:
3.3-6.5%, inter: 4.6%). No clear-cut
explanation can be given for the
difference in the coefficients of variation
for the assessment of the changes in aortic
diameter during the cardiac cycle between
the awake and anesthetized rats because
no aortic blood pressure data are availabe
in the awake animals before implantation
of the catheter. Nevertheless it is
tempting to speculate that the larger
coefficient of variation in the anesthetized
rats results from the relatively large
variability in aortic pulse pressure (AP) in
these animals (intra: 9.0-12.3%; inter:
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pulse pressure through an implanted
catheter, and aortic diameter and the
aortic diameter changes during the cardiac
cycle by means of an ultrasonic vessel
wall tracking system combined with a
conventional B-mode imager. The
measurements may also be considered to
be accurate, because in vitro this system
has been shown to be able to resolve
displacements of a few micrometers
(HoeksAPGeta/.,1993).

are likely to be stressed in their
restrainers as indicated by the relatively
high diastolic aortic pressures (cf Tables
2.2 and 2.4) and heart rates (cf Tables 2.2
and 2.3) under these circumstances. The
pulse pressures of the awake and
anesthetized
rats,
however,
were
comparable (cf Tables 2.2 and 2.4).
It may be concluded that aortic
distensibility and compliance can be
calculated reliably in awake and
anesthetized rats by measuring aortic
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ABSTRACT
We evaluated whether smooth muscle modulates elastic properties of the aorta in
conscious rats. We therefore applied ultrasound wall tracking at the level of the
thoracic aorta in conscious restrained noimotensive Wistar Kyoto (WKY) and
spontaneously hypertensive rats (SHR) during intravenous administration of
vasoactive agents. In WKY, the a,-adrenoceptor antagonist prazosin (0.2 to 5.0
(xg/kg.min) significantly increased the diastolic lumen area of the aorta (Aj,, + 20% at
the highest dose), but did not modify the compliance (CC) or distensibility (DC) of
the vessel. Similarly, the AT,-receptor antagonist losartan (30 ug/kg.min) increased
Ad,a (+19%) but did not modify CC or DC. Low doses of the a,-adrenoceptor agonist
phenylephrine (0.08 to 2.0 ug/kg.min) did not modify blood pressure (P) nor the A^,,
CC or DC of the aorta. At higher doses of phenylephrine (10 ug/kg.min), both P and
Aj,, (+36%) were increased and CC and DC were reduced. Similar effects were
observed with angiotensin II (4 to 100 ng/kg.min). In SHR the vasopressor agonists
induced qualitatively similar effects: low doses were without effect on the aorta while
high doses caused increases in P and ADIA and decreases in CC and DC. Losartan (30
ug/kg.min) did not elicit significant responses in SHR while prazosin (5.0 ug/kg.min)
induced a marked reduction of P that was accompanied by a fall of A ^ and a
significant increase in CC. Prazosin abolished the difference in blood pressure
between WKY and SHR, while phenylephrine and angiotensin II raised P in WKY to
the level seen in SHR. In each of these isobaric conditions, A,,,, and CC were
significantly smaller in SHR than in WKY, while the elastic modulus was comparable
in both strains. These results suggest that in conscious restrained rats, the thoracic
aorta is in a state of active vasoconstriction and that this activity of the aortic smooth
muscle does not influence the pulsatile mechanics of the vessel. The results
furthermore confirm that the compliance of the rat aorta is primarily dependent upon
blood pressure and that pressure-independent differences between WKY and SHR are
largely due to the smaller aortic lumen in the hypertensive rats.

pulsatile mechanical properties of the
vessel. It remains to be established whether
in conditions of activated neurohumoral
mechanisms, as in hypertension and
congestive heart failure, these subtle local
influences on the aorta are not overruled by
pressure changes resulting from the
stimulation of the distal muscular arteries.
Moreover, the situation is not clear in rats,
a species in which several experimental
models for various cardiovascular diseases
have
been
developed.
Previous
experiments in rats involved vessel
isolation, extensive surgery or anesthesia,
which are known to influence smooth
muscle cell reactivity and vessel wall
mechanics (Dobrin PB er a/., 1969; Gow BS e/
a/.,1979; Pagani M <?/ a/.,1979). In hypertensive
rats, influences of smooth muscle tone on
aorta compliance may be pronounced as a
result of (a) smooth muscle hypertrophy,

INTRODUCTION

Systemic
arterial
compliance
and
resistance influence the afterload on the
left ventricle. The former is located
primarily in the aorta. The latter is offered
predominantly by the small muscular
arteries and arterioles (Westerhof N e<
a/.,1969; Folkow B.1982). In the distal parts Of
the arterial tree, the arterial smooth muscle
clearly mediates the influences of
autonomic
nerves,
hormones
and
endothelium-derived factors on resistance.
Influences of aortic smooth muscle on
arterial complianc.e are less well
established. In recent experiments using
intravascular ultrasound in man (Bank AJ er
a/.,1995) and locally applied recording
devices in dogs (Barra JG « a/., 1993), it could
be
demonstrated
that
intra-aortic
application of vasoactive agents altered the
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4 recordings during 1.3 s (approximately 7
cardiac cycles and 2 to 3 respiration
cycles). During the first 6 sessions, the
reproducibility of the ultrasound aortic
wall tracking technique was evaluated.
This is described in detail elsewhere (Van
Gorp A. er a/., 1996). Then the rats were
anesthetized with Na-pentobarbital and
equipped with an intra-aortic and an
intravena-cava
catheter
filled
with
heparinized saline. These catheters were
advanced from the femoral artery and vein,
guided under the dorsal skin and
exteriorized at the back of the head. The
arterial catheter was used for intra-aortic
pressure measurements with an external
low volume displacement
pressure
transducer (CP-01, Century Technology,
Inglewood, CA, USA). Its tip was
positioned just below the renal arteries.
From the 7th recording session
onwards, antagonists and agonists were
infused through the intravenous cannula to
evaluate influences of neurohumoral
mechanisms.
The order of drug testing was as
follows: session 7, prazosin (0.2 to 5.0
ug/kg.min); session 8, phenylephrine (0.08
to 10.0 ug/kg.min); session 9, losartan
(DUP753, 30 ug/kg.min during 60 min)
with addition of prazosin (5.0 ug/kg.min)
during the last 15 min; session 10,
angiotensin II (0.004 to 0.1 ug/kg.min)
followed by the administration of prazosin
(5.0 ug/kg.min) during continuous infusion
of the highest dose of the vasopressor
peptide. Between drug administrations,
separated by 2-3 days, all variables
returned to their basal values. The drugs
were obtained from Sigma Chemicals
(Saint Louis, MO, USA).
At the initiation of the 7th recording
session, a 1-ml arterial blood sample was
obtained
to
determine
plasma
catecholamine levels by HPLC and
fluorescent detection (Van der Hoom « a/,
1989). Between session 8 and 9, basal
values of blood pressure (P) and pulse

(b) increased supply and sensitivity to
vasoconstrictor stimuli, and (c) impaired
endothelium-dependent vasodilatation.
In the present study we used a
recently developed ultrasound/arterial wall
tracking system to record changes in aortic
lumen caliber in relation to changes in
aortic pressure in conscious rats (Van Gorp
er a/., 1996). Recordings were made in the
same
animals
during
systemic
administration of stimuli and antagonists of
a,-adrenoceptors and angiotensin II
receptors, which have been proposed to be
activated in essential hypertension and
heart failure (Head RJ <?r a/., 1989; Dzau VJ «
a/., 1994). Furthermore, measurements were
performed
during
ketamine/xylazine
anesthesia, which is accompanied by
marked inhibition of vasomotor centers in
the central nervous system (Van Zwieten P.A
er a/., 1983). Both noimotensive WKY rats
and spontaneously hypertensive rats (SHR)
were used.

MATERIALS AND METHODS

The experimental
procedures were
performed according to institutional
guidelines and approved by the Ethical
Committee for the Use of Experimental
Animals of the Universiteit Maastricht
(The Netherlands). Experiments were
performed in male Wistar Kyoto (WKY)
and spontaneously hypertensive rats (SHR)
(local
inbred
strains,
Universiteit
Maastricht). To familiarize them with the
experimental conditions, they were placed
in a restrainer for 2 hours during 5 days a
week from 6 to 10 weeks of age. Then
sham aortic wall tracking (see below) was
added to the training program for another
week. From this stage on, a total of 11
recording sessions were performed in each
individual at 2 to 4 days interval. All
recordings were performed by the same
observer. Each session consisted of at least
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interval (PI) and plasma norepinephrine
(NE) and epinephrine (E) levels were
determined while the animals were
undisturbed and freely moving in their
individual cages.
During the last recording session, the
animals
were
anesthetized
with
ketamine/xylazine (10:50 ug/ml; 100
(il/100 g body weight). After recording of
blood pressure and aorta mechanics, a
blood sample was obtained and the animals
were exsanguinated through the arterial
cannula. The thoracic aorta was isolated,
fixed, cross-sectioned and stained with
Lawson's solution after which the crosssectional area of the tunica media (CSA)
was determined (Boonen H.C.M. <?/ a/., 1993).
The CSA was corrected for the recoil that
occurred during vessel isolation (Van Gorp
AW e/ a/.,1995). It was assumed that media
CSA did not change significantly during
the experimental period.

;;•
The WTS is based on a data
acquisition system, capable of capturing
the received and amplified radio frequency
signals synchronously with the emission
trigger at a programmable sample
frequency of up to 30 Mhz. The position
and width of the range of interest are
programmable (on the average 20 and 10
mm, respectively, in the present study).
Reference signals, such as blood pressure,
are likewise synchronously sampled with
the emission trigger. At an emission
frequency of 1653 Hz., the 1 MB. Internal
memory will hold 2.5 s. of data,
corresponding to approximately 16 cardiac
and 4 respiration cycles under the current
experimental conditions. Because of the
higher heart rate in the awake rats,
sampling frequency was doubled, resulting
in data collection for 1.2 s.
After completion of the data
acquisition, the data were transferred to a
PC (486 DX2/66). The first line acquired
was graphically presented on a display,
allowing manual identification of the
anterior and posterior wall bounderies by
placing two markers, representing the
sample windows for data processing. Once
the walls are identified, the remaining data
are transferred and processed on the fly.

»/ aorta
and" aistens/a/t
The ultrasound device described to assess
diameter (d) and diameter changes (Ad) of
the aorta consists of a vessel wall-tracking
system (WTS) combined with a
conventional B-mode (B, brightness)
ultrasound system (Pie 480, 7.5 Mhz.
Linear array, Pie Medical, Maastricht, The
Netherlands). The rats were shaved at the
site of measurement, and the ultrasound
probe was placed on the thorax slightly to
the left of the sternum; ultrasonic gel is
applied between probe and skin. The
thoracic aorta was then visualized in Bmode 10 mm proximal to the diaphragm,
and the probe was positioned so that the
M-line (M, motion) was perpendicular to
the vessel wall. Then the ultrasound system
was switched to M-mode, and ultrasound
was emitted and received along the
selected line of sight at a programmable
emission trigger frequency.

/
aortic aYam^te/- a/ia"
pressure
Diastolic diameter (d^J and diameter
changes during the cardiac cycle (Ad) were
converted to lumen area (A^,,) and changes
thereof (AA), assuming a circular crosssection of the vessel (A^, = TI . (d^^/2)^).
With the additional assumption that the
length of the vessel remains constant, a
reasonable assumption (Reneman R.S. e»
a/ .1996), the absolute and relative change in
lumen area per unit of pressure represent
the compliance and distensibility of the
vessel,
respectively.
Pressure
measurements and recordings of aorta
diameter were performed at different
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cross-sectional area (CSA) and
according to the following formula:

locations (below the renal arteries and
above the diaphragm, respectively).
Furthermore, both transducer systems are
likely to differ in terms of their timeresponse relationship. We therefore limited
the data analysis to the situation at enddiastole and to the maximal changes
occurring during the cardiac cycle. AA/AP
and (AA/AjJ/ AP will be referred to as the
compliance coefficient (CC) and the
distensibility
coefficient
(DC),
respectively. D ^ and DC were further used
for the calculation of the incremental
elastic modulus or Young's modulus (E,,J
according to the formula:

1/2

Observations obtained during the 1.3 s
recordings were averaged. Two recordings
were obtained in each animal under each
condition of drug and dose and these were
averaged. Observations during drug
administration were compared to those
under basal conditions during the same
session, using ANOVA followed by
Bonferroni's t-test. Representative basal
values were obtained by averaging all
findings prior to drug administration in all
5 experimental sessions. The data are
shown as mean ± SEM.

in which h represents the media thickness,
which was calculated from the media

Table 3.1: Effects of restraining and anesthesia on blood pressure, heart rate and plasma catecholanimes in
rats'.
Wistar Kyoto rats
Spontaneously Hypertensive rats
Conscious
free

restrained

P„„ (mmHg)

91 ±3

124 ± 4 *

93 ± 4 *

AP(mmHg)

46 ±3

41 ±5

HR (b/min)

352 ±19

[NE] (pg/ml)

143 ± 39

[E] (pg/ml)

103 ±32

condition

anesthetized

Conscious

restrained

anesthetized

145 ±5

156 ± 5 *

98 ± 5 *

3O±3*

57 ± 4

62 ± 4

469 ± 12*

271 ±15*

412 ± 20

495 ± 25 *

265 ± 1 7 *

283 ± 43 *

20 ± 4 *

397 ± 84

797 ±169 *

25 ± 6 *

<3*

393 + 83

349 ± 73

10 ± 6 *

free

95 ±28

49 ± 5

* Diastolic blood pressure (P<i»), pulse pressure (AP), heart rate (HR), are shown along with arterial plasma
levels of norepinephrine ([NE]) and epinephrine ([E]) as means ± SEM (n=10)
• The difference from conscious/free is statistically significant (p<0.05)
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Figure 3.1

Effects of increasing doses of phenylephrine (0.08 to 10.0 ng/kg.min) on pressure
(P), aortic lumen area (A,.), compliance (CC) and distensibility (DC) in conscious
rats. AL and P are shown for both end-diastole (circles) and peak systole (squares).
Means ± SEM (n=7).
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RESULTS

«-;

Normotensive WKY rats

same animals under anesthesia, the lumen
area of the aorta at end-diastole (AjJ and
the distension of the vessel during the
cardiac cycle (AA) were significantly
smaller despite the elevated diastolic
pressure and pulse pressure (table 3.2).
Consequently, the compliance (CC) and
distensibility (DC) of the aorta were
smaller and the elastic modulus (E^) was
larger in conscious than in anesthetized
WKY (table 3.2).

,

'

Sasa/ concW/ons

Blood pressure, heart rate and plasma
catecholamine levels were (a) significantly
elevated under the restraining conditions
required for ultrasound aortic wall tracking
and (b) significantly
reduced by
ketamine/xylazine anesthesia (table 3.1). In
conscious restrained rats, compared to the

Table 3.2: Mechanical properties of the thoracic aorta in consious restrained and in anesthetized rats
under basal conditions*.
Spontaneoulsy hypertenisve rats

Wistar Kyoto rats
Conscious/
restrained

Anesthetized

Conscious/
restrained

Anesthetized

Pj,. (mmHg)

12414

93 + 4*

15314*

9815'

AP (mmHg)

41 ±5

30 ±3 '

5314

4915*

Aji,(mm^)

2.61 ±0.21

2.8210.16'

2.721. 0.15

2.6010.10'*

AA(mm')

0.84 ± 0.08

1.17 + 0.11'

0.5810.04'

0.83+0.10'

CC (mm'/kPa)

0.16510.020

0.31310.038'

0.087 10.009 *

0.13510.013'*

DC(l/kPa)

0.06410.007

0.11310.011'

0.032 10.003 *

0.05310.091'*

322144

208132'

665 183 *

396161'*

E«(kPa)

* Diastolic blood pressure (PjJ, pulse pressure (AP), aortic lumen aera at end-diastole (A,,;,), aortic
distension during the cardia cycle (AA), compliance (CC), distensibility (DC) and incremental
elastic modulus ( E J are shown as mean 1 SEM (n=10).
* the diffemce from conscious is statistically significant (p<0.05).
* the difference from WKY is statistically significant (p<0.05).

DC. As a consequence, E^, was increased
under this condition (Fig. 3.1, table 3.3).
At 1.0 and 5.0 (ig/kg.min, prazosin
lowered P^, simultaneously with a
significant dilatation of the thoracic aorta
(Fig. 3.2). Mechanical properties of the
vessel, such as CC, DC, and E^, were not
significantly modified during prazosininduced blood pressure lowering and
dilatation (Fig. 3.2, table 3.3).

Effecte ofa,-ac/renoceptor sf/mu/aton and
Wodcacfe

Intravenous infusion of increasing doses of
phenylephrine in restrained conscious
WKY ultimately increased arterial blood
pressure (Fig. 3.1). Low subpressor doses
of the agonist (0.08 and 0.4 ng/kg.min) did
not significantly alter the lumen area,
distension or mechanical properties of the
aorta (Fig. 3.1). At a high vasopressor dose
(10 (ig/kg.min), both P ^ and AP were
elevated. This was accompanied by an
increase in A^, and a reduction of CC and
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Figure 3.2

Effects of increasing doses of prazosin (0.2 to 5.0 Fg/kg.min) on pressure (P), aortic
lumen area (AL ) compliance (CC) and distensibility (EXT) in conscious rats. A, and P
are shown for both end-diastole (circles) and peak systole (squares). Means ± SEM
(n=7).
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Figure 3.3

Effects of increasing doses of angiotensin II (4 to 100 ng/kg.min) on pressure (P),
aortic lumen area (AL), compliance (CC) and distensibility (DC) in conscious rats.
AL and P are shown for both end-diastole (circles) and peak systole (squares). During
administration of the highest dose of the peptide, prazosin (PRAZ, 5 |ig/kg.min) was
included in the infusate. Means ± SEM (n=7).

Effects of ang/otens/n // and /osartan
Intravenous infusion of increasing doses of
angiotensin II ultimately increased blood

pressure in conscious WKY. A low
subpressor dose of the peptide (4
ng/kg.min) did not significantly modify the
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3.1). In SHR, anesthesia lowered P ^ to the
level seen in WKY. Under this isobaric
condition, pulse pressure remained
significantly larger and both aorta lumen
caliber and compliance were significantly
smaller in SHR than in WKY (table 3.2).
Although
of
lesser
maximal
amplitude, the effects of the vasopressor
agonists phenylephrine and angiotensin II
were qualitative similar in SHR and WKY
(table 3.3). Also in SHR aorta, the agonistinduced
pressure
elevation
was
accompanied by (a) an increase in lumen
caliber, (b) a decrease in CC and DC, and
(c) an increase in E,^ of the aorta.
Effects of ct|-blockade were more
pronounced in SHR than in WKY (table
3.3). Prazosin led to a marked fall in
pressure that entailed a reduction of A,^
and an elevation of CC.
Finally, it may be worth considering
observations in SHR and WKY under
"near" isobaric conditions: (a) prazosintreated SHR versus prazosin-treated WKY,
(b) phenylephrine-treated WKY versus
SHR and (c) angiotensin Il-treated WKY
versus SHR. As was the case during
ketamine/xylazine anesthesia (table 3.2),
both lumen caliber and compliance were
significantly smaller in SHR than in WKY
under each of these isobaric conditions
(table 3.3). E,„, did, however, not differ
between the strains when differences in
blood pressure were abolished by acute
pharmacological intervention. Media CSA
was not yet significantly elevated in the 3month old SHR that we investigated
(O.585±O.O13 mm' versus 0.565±0.011
mm'), but in view of their smaller lumen
diameter, wall thickness was increased.

lumen area and mechanical properties of
the aorta (Fig. 3.3). At a high pressor dose
(100 ng/kg.min), P ^ and A^, were
increased, while CC and DC were reduced
(Fig. 3.3). This was accompanied by a
marked increase of E,„< (table 3.3).
Administration of prazosin (5.0
(ig/kg.min) partly reversed the pressor
effect of angiotensin II (100 ng/kg.min) but
induced an additional dilatation of the aorta
(Fig. 3.3). This was accompanied by partial
normalization of CC (Fig. 3.3). Yet, DC
remained significantly reduced and E^
remained significantly enhanced, possibly
due to the dependence of these parameters
on the aortic lumen area.
During 45 minutes of administration
of losartan (30 ug/kg.min), P ^ and AP
were not significantly modified. At 30
minutes after exposure to the AT,-receptor
antagonist, A^, was significantly elevated
(3.03±0.26 versus 2.60±0.22 mm'), but
CC, DC, or E^ were not modified (Fig.
3.4, table 3.3).
The effects of prazosin, losartan,
phenylephrine, and angiotensin II on
pressure (P), lumen caliber (A) and
compliance (the slope of the relation
between A and P) are summarized in Fig.
3.5. An increase in lumen caliber was
accompanied by reduced compliance only
when blood pressure was increased.
Spontaneously hypertensive rats
ßasa/ concW/ons

In SHR, as in WKY, restraining increased
and
ketamine/xylazine
anesthesia
decreased (a) blood pressure, (b) heart rate,
and (c) plasma norepinephrine levels (table
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Figure 3.4

Effects of intravenous administration of losartan (30 ng/kg.min) on pressure (P),
aortic lumen area (Ai), compliance (CC) and distensibility (DC) in conscious rats. A,
and P are shown for both end-diastole (circles) and peak systole (squares). During the
last 15 min period, prazosin (PRAZ, 5 ng/kg.min) was included in the infusate.
Means ± SEM (n=7).
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Drug effects on the relationship between pressure (P) and aortic lumen area (A,.) at
end-diastole and peak systole in conscious rats. Besides observations under basal
conditions (filled circles), findings during administration of the following drugs are
shown (squares): prazosin, top left (5 ug/kg.min), losartan, top right (30 (ig/kg.min),
phenylephrine, bottom left (10 ng/kg.min), angiotensin II, bottom right (100
ng/kg.min) before and after (triangle) additional administration of prazosin. Means ±
SEM.
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Table 3.3: Effects of blockade and stimulation of a-adrenoceptara on the mechanical properties of the thoracic aorta in conscious rats'

cc

(mmHg)

AP
(mmHg)

(mm')

AA
(mm')

(iW/kPa)

DC
(1/kPa)

E*c
(kPa)

WKY

124+4

4115

2.5710.21

0.062+0.013

0.16510.020

0.064+0.007

322144

WKY+PRAZ

103+5

3714

3.1110.30

0.05310.006

0.18910.028

0.062 10.009

416167

WKY+PHE

14718

54+3

3.4710.31

0.05310.007

0.13010.015

0.04210.011

7781132

WKY+LOS

121+7

44+5

2.9910.27

0.0661.0.003

0.17210.023

0.06210.015

441183

WKY+ANG II

157+5

4812

3.3710.19

0.03110.006

0.10610.008

0.03210.004

8501124

SHR

153+4

5314

2.7210.06

0.02810.003

0.08710.009

0.0321.0.003

665183

SHR+PRAZ

108+4

4613

2.5710.12

0.04210.011

0.117±0.011

0.04510.003

424133

SHR+PHE

16714

6617

2.9310.09

0.05710.006

0.06510.007

0.02210.003

10691163

SHR+LOS

150+6

6517

2.8110.12

0.026+0.011

0.06710.005

0.02410.001

853166

SHR+ANG II

17617

69+5

3.1410.10

0.038+0.008

0.05610.004

0.01810.002

13831147

Pd»

Ad«

* Diastolic blood pressure (PjJ, pulse pressue (AP), aortic lumen area at end-diastole (A,,,,), aortic distension during the cardiac cycle (AA),
compliance (CC), distensibility (DC), and incremental elastic modulus (E^)are shown in WKY and SHR under basal conditions and
during administration of proazosin (PRAZ, 5 ng/kg.min), phenylephrine (PHE, 10 ng/kg.min), losartan (LOS, 30 ng/kg.min) or
angiotensin II (ANG II, 100 ng/kg.min). Means 1 SEM (n=10).

for this purpose but the systemic approach
allows to assess aortic responses in relation
to cardiac and resistance artery function.
The choice of the drugs was based on
anatomical
and
pharmacological
considerations. Unlike major parts of the
resistance vasculature, the rat thoracic
aorta is not equipped with sympathetic
nerves (Stassen FRM er a/., 1998) and is thus
not exposed to neurogenic norepinephrine.
Exogenously supplied adrenergic agonists
and antagonists may thus be anticipated to
more readily gain access to their binding
sites in the aorta. Angiotensin II was
included because the peptide is not only
known to directly cause vasoconstriction,
but also to potentiate vascular effects of
low levels of a,-adrenergic stimulation
(Duckies SP.1981; Story DF e/ a/.,1987; Henegar

DISCUSSION

The results of this study indicate that in
conscious rats local aortic smooth muscle
tone: (a) may affect lumen diameter, (b)
does not significantly influence compliance
and (c) does not contribute to the
difference in aorta mechanics between
SHR and WKY rats. Rather, aortic
compliance seems to be governed by blood
pressure, vessel geometry and vessel wall
composition.

Previously we showed that a B-mode
ultrasound and wall tracking system can be
used to accurately and reproducibly
measure the diameter of the thoracic aorta
and its distension during the cardiac cycle
in intact anesthetized and awake rats (Van
Gorp A er a/., 1996). This approach was
combined
with
invasive
pressure
measurements
to
describe
aortic
mechanical properties in terms of
compliance and distensibility of the wall
and of the elasticity of the wall material.
Despite extensive training prior to
data acquisition, blood pressure, heart rate
and the circulating levels of norepinephrine
were elevated during the recording
sessions in the conscious rats. Most likely,
the restraining conditions and the
placement of the ultrasound probe on the
thorax remained stressful. We therefore
included measurements during anesthesia
with ketamine/xylazine, which, among
others, is characterized by a marked
inhibition of sympathetic vasomotor
activity (Vanhoutte P.M « a/.,1981; Van Zwieten
e/a/., 1983; and this study).

JR<?/a/.,1995).

We previously reported that in
anesthetized rats, low doses of the a,agonist methoxamine caused a constriction
of the aorta that was not accompanied by
an alteration of the compliance of the
vessel (Van Gorp A « a/., 1996). In the present
investigation in conscious rats, subpressor
doses of the a,-agonist phenylephrine did
not modify diameter or mechanical
properties of the aorta. On the other hand,
the
a,-antagonist
prazosin
caused
significant dilatation despite lowering of
blood pressure. In view of this, we suggest
that the elevated circulating levels of
catecholamines in conscious restrained rats
maintain the aorta in a constricted state.
Because also the AT,-antagonist losartan
caused a significant isobaric vasodilatation,
the aortic constriction may be due to
synergism between catecholamines and
angiotensin II. This interaction is also
suggested by the observation that prazosin,
administered in the presence of a high dose
of angiotensin II, caused additional
widening of the aorta despite reducing the
pressor effect of the peptide.

We used intravenous administration of
drugs to evaluate whether activity of the
aortic smooth muscle influences the
mechanical properties of the vessel in situ.
Local drug application may be preferred

Drug-induced dilatation of the aorta
was not accompanied by a modification of
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reduction of compliance. An alternative
overall explanation may be that the
capacity of the rat aorta to constrict and
dilate is too small to result in detectable
mechanical consequences. Recently also
Chang (Chang KC.1998) concluded that
aortic smooth muscle tone does not modify
the pulsatile mechanics of the aorta in rats.
In his study, effects of a single dose of
methoxamine on aortic characteristic
impedance were evaluated with an
exponentially tapered T-tube model. The
added value of our study is that we used
intact conscious animals and a range of
doses of various vasoconstrictor agonists
and antagonists.

the compliance of the vessel. On the other
hand, widening of he aorta in response to
elevated blood pressure, as seen in the
presence of a high dose of phenylephrine
or angiotensin II resulted in a reduction of
compliance. This is in line with a model
suggested by Benetos et al (Benetos A e/
a/.,1993). In this view, the contractile
filaments are arranged in series with the
elastic elements (Fig. 3.6). Stimulation of
contractility by endogenous mediators
shortens the contractile elements and
reduces the internal circumference of the
vessel. This would not affect the length of
the elastic elements and their behavior
during the rapid cardiac cycle. Elevation of
pressure, on the other hand, stretches the
elastic components resulting in a
recruitment of collagen fibers and a

tP

a,

At,

NE ATII

Figure 3.6

Schematic representation of the series organization of elastic components (top)
and contractile elements (bottom) in rat thoracic aorta as suggested by
observations in intact conscious animals. Basal levels of endogenous
norepinephrine (NE) and angiotensin II (ATII) interact to cause a local
isobaric shortening of the contractile elements without modification of the
stiffness of the vessel. The constriction can be reversed by blockade of a,adrenergic receptors or AT,-receptors. Elevation of pressure (^P), on the
other hand, stretches primarily the elastic elements and thereby increases the
stiffness of the tissue.
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compliance was markedly lower in SHR
than WKY. Because aortic smooth muscle
tone does not seem to be a major
determinant of compliance, this inter-strain
difference cannot be attributed to
contractile reactivity. It cannot solely be
attributed to differences in operating
pressure either. We noted before (van Gorp
AW er a/., 1995) that sympathetic nerve
inhibition
with
ketamine/xylazine
normalized pressure but not aortic
compliance. We confirmed and expanded
this observation. Also prazosin normalized
pressure, but not compliance. Furthermore,
in normotensive rats, rendered acutely
hypertensive by infusion of phenylephrine
or angiotensin II, aortic compliance
remained significantly higher than in SHR.
Structural changes are likely candidates for
mechanical alterations that cannot be
attributed to pressure or tone. Media
hypertrophy is not significant in young
SHR (van Gorp AW er a/.,1995; and this Study)
and has been found not to reduce aortic
compliance in another setting (BrouwersCeiler DL e/ a/., 1997). The material properties
of the aortic wall as assessed by the
incremental elastic or Young's modulus,
did not differ significantly between SHR
and WKY when assessed under isobaric
conditions. For several reasons, including
the series design suggested above, this
parameter must, however, be treated with
caution (van Gorp AW er a/., 1995).

Our findings contrast with those in
muscular and small resistance arteries of
man and rats where conditions that
increase
or
decrease
sympathetic
stimulation were observed to reduce or
enhance
distensibility,
respectively
(Baumbach GL er a/., 1994; Boutouyrie P er
a/., 1994). This discrepancy may find its
origin in regional differences in density,
differentiation and organization of the
arterial smooth muscle cells along the
vascular tree. At first site, our suggestion
also contrasts with the recent observation
that chemical sympathectomy increases the
distensibility of the elastic rat common
carotid artery (Mangoni er a/., 1997). This
vessel however, is not equipped with
sympathetic nerves in intact rats (Stassen er
a/.,1998). Therefore, effects of chronic
systemic sympathectomy on the mechanics
of large arteries most likely result from
adaptations to altered local pressure and
blood flow rather than from removal of
vasomotor tone.

niper/ens/'ve ra/s
SHR are characterized by a hyperactive
sympathetic nervous system and by
enhanced
vascular
sensitivity
to
angiotensin II (Head RJ.er a/.,1989; Lee RM er
a/.,1991a; Lee RM er a/.,1991b; Dzau VJ er
a/,1994). In line with this, we observed a
marked pressure lowering effect of
prazosin and ketamine/xylazine anesthesia.
Losartan, however, did not lower pressure,
which could be due to the marked
sympathetic stimulation during restraining.
Unlike in WKY, we could not detect
significant aortic vasodilatation in SHR.
Yet, the presence of aortic vasomotor tone
is suggested by the lack of changes in
diameter during the marked blood pressure
lowering elicited by a,-blockade. If at all,
the influence of this tone on the pulsatile
mechanics of SHR aorta was limited as
was the case for the normotensive rats.
Under basal conditions the aortic

The most prominent structural
difference between the aorta in both strains
is lumen diameter. Under all isobaric
conditions encountered, the aortic lumen
was narrower in SHR than WKY. We have
not addressed whether this represents an
adaptive response to high blood pressure or
a developmental defect that may or may
not be causally related to hypertension.
The results of our study, however, force us
to suggest that the structural diameter of a
blood vessel is a prominent determinant of
its pulsatile mechanical characteristics.
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organization of contractile and elastic
components.
Dynamic
mechanical
properties of the rat aorta seem to be
governed by blood pressure and especially
by as yet unidentified determinants of the
structural caliber of the vessel,

CO«C/MS/O/I

Although the thoracic aorta can dilate
significantly in conscious rats, the effects
of aortic smooth muscle on the in situ
pulsatile mechanics of the vessel are
limited. This may be due to a series
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ABSTRACT
In hypertension arterial wall properties do not necessarily depend on increased
blood pressure alone. The present study investigates the relationship between the
development of hypertension and thoracic aortic wall properties in 1.5, 3 and 6
month old spontaneously hypertensive (SHR) and Wistar Kyoto rats (WKY).
During ketamine/xylazine anesthesia, compliance and distensibility were assessed
by means of a noninvasive ultrasound technique combined with invasive blood
pressure measurements. Morphometric measurements provided in vivo media
cross-sectional area and thickness, allowing the calculation of the incremental
elastic modulus. Extracellular matrix protein contents were determined as well. At
the age of 1.5 month blood pressure was not significantly different in SHR and
WKY, but compliance and distensibility were significantly lower in SHR.
Incremental elastic modulus was not significantly different between SHR and
WKY at this age. Media thickness was significantly larger in SHR than in WKY,
but there was no significant difference in collagen density and content. The
findings in this study show that in SHR alterations in mechanical aortic wall
properties precede the development of hypertension. The decrease in compliance
and distensibility at young age most likely results from an increase in media
thickness rather than a change in intrinsic elastic properties.

Merode T er a/., 1993). Especially the latter
observation indicates that in hypertension
changes in artery wall properties may
occur independent of blood pressure.
In the present
study
we
investigated whether there is a relationship
between the development of hypertension
and aortic wall properties in spontaneously
hypertensive rats (SHR). To this end,
arterial blood pressure, arterial wall
distensibility
and
compliance,
the
incremental elastic modulus and the media
cross-sectional area were determined in
1.5, 3 and 6 months old SHR. Agematched Wistar Kyoto rats (WKY) served
as controls. This study was performed in
SHR, because this genetically hypertensive
rat strain has been regarded as model for
primary hypertension in humans (Struijker
Boudier HAJ.,1997) and in this strain
hypertension develops gradually during the
first weeks of life (Okamoto K er a/., 1963). In
addition, a number of extracellular matrix
(ECM) components were determined,
which have previously been shown to play
a key role in the elastic properties of the
vessel wall (Berry CL er a/., 1976; Cox RH.1981;
Cox RH,1979;.Dobrin PB.1978; Greenwald SE er

INTRODUCTION

Compliance and distensibility of the elastic
arteries are reduced in established (Cox
R.H.,1981; SafarM.E. era/., 1984) as well as in
borderline (Van Merode T.er a/.,1988; Ventura
H.er a/., 1984) hypertension. These changes
in arterial wall properties do not
necessarily result from increased blood
pressure alone, because in hypertension
structural changes of the arterial walls
have been observed (Cox R.H.,1979; Levy
B.I.er a/.; 1988; Levy B.I.er a/.,1990; Mulvany
J.M.J.er a/., 1990). Moreover, in relatively
young borderline hypertensive patients
distensibility and compliance of the carotid
artery are significantly reduced, as
compared to age-matched control subjects,
while the difference in blood pressure
between these patients and control subjects
is only small (Van Merode T er a/.,1993; Van
Merode T er a/., 1988). In addition, in these
patients different parts of the carotid artery
bifurcation are differently affected, as far
as the reduction of distensibility is
concerned, while these parts are subjected
to the same mean blood pressure (Van
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(10:50 mg/ml; 100 ml/100 g body weight)
which lowered the diastolic blood pressure
in SHR to the level in WKY, the blood
pressure of which was only marginally
affected by the anesthetic cocktail (see
results). Blood pressure was measured
simultaneously with the diameter of the
thoracic aorta and the displacement of its
walls during the cardiac cycle, using an
ultrasonic wall tracking device (see
below). Experiments were terminated by
exsanguination of the anesthetized
animals, after which the thoracic aorta was
isolated for subsequent histological

a/., 1978). We hypothesized that part of the
pressure-independent changes in vessel
wall properties may be due to alterations in
ECM components.
METHODS

The experiments were performed in 1.5, 3
and 6 month old male WKY and SHR of
the Okamoto-Aoki strain (local inbred
strains;
Central
Animal
Facilities,
Maastricht University, Maastricht, the
Netherlands). Each group consisted of 12
animals. The rats were housed in
individual cages, maintained on a 12-hour
light, 12-hour dark cycle, fed at libitum
(Hope Farms, Woerden, the Netherlands)
and they had free access to tap water. The
experimental protocols were approved by
the local Institutional Animal Care and
Use Committee.
For the measurement of arterial
blood pressure an intra-aortic catheter
filled with heparinized saline was
implanted under ether anesthesia. The
outer diameter of the intra-aortic catheter
was 0.5 mm. The catheter was advanced
from a femoral artery to just below the
bifurcation of the left renal artery. The
catheter was guided under the skin and
exteriorized at the base of the skull. Two
days later, blood pressure was measured in
the freely moving conscious animal by
means of an external low volume
displacement pressure transducer (CP-01,
Century Technology Co, Inglewood Ca,
USA). The delay in time between the tip of
the catheter and the pressure transducer
was 12 ms and, hence, garanteed a
pressure signal frequency up to 50 Hz.

examination.
/^sew/wen/ o/^4orta D/a/we/er
The aortic diameter and the diameter
changes during the cardiac cycle were
measured by means of a conventional Bmode ultrasound system (B = brightness)
(Pie 480, 7.5 MHz linear array) attached to
a vessel wall tracking system (WTS, Pie
Medical, Maastricht, the Netherlands) as
described in detail before (Van Gorp A er
a/., 1996). The probe was positioned on the
left side of the sternum, 10 mm above the
diaphragm. The B-mode was used to
visualize the thoracic aorta whereafter an
M-line (M = motion) was selected. The
ultrasound system was switched to Mmode and ultrasound was emitted and
received along the selected line.
The recieved Radio Frequency
(RF) signals were amplified and captured
and temporarily stored by a data
acquisition system. The internal memory
capacity of the WTS limited the available
measuring time. The emission trigger
frequency was set at 1653 Hz, and each
analog RF-signal was converted digitally
in 256 points. This in combination with an
internal memory of 1 megabyte provides a
measuring time of 2.5 s, allowing the

Elastic properties of arteries are,
among others, dependent on the operating
blood pressure. To obtain comparable
blood presssure conditions the animals
were anesthetized with ketamine/xylazine
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recording of approximately 10 cardiac
and 3 respiratory cycles.
The RF signals were transferred to a PC.
The first RF-signal captured was
visualized on the monitor screen to
identify manually the anterior and
posterior walls by means of two markers.
Subsequently, the position of these
markers was used by the tracking system
to follow the position of the anterior and
posterior walls and to calculate with a
response time of 10 ms the displacements
of these walls over time. The difference in
the displacements between these walls
reflects
the
change
in
diameter
(distension). The minimal distance
between the markers provides the enddiastolic diameter (d„J. The WTS allows
assessment of artery wall displacements
with a resolution of a few micrometers
(Hoeks APG er a/., 1990). For the thoracic
aorta of rats the intra-session variability for
d^j varies between 3.3 and 6.5 % and the
inter-session variability for this parameter
is 4.6 %. For the distension, Ad, intrasession variability varies between 7.9 and
11 % and the inter-session variability is 9.2
%. There is no difference between
observers (Van Gorp A er a/.,1996).
The WTS was also equipped with an
acquisition system to sample blood
pressure signals synchronously with the
emission trigger. Under anesthesia,
measurements were started after blood
pressure and heart rate had stabilized
(average 20 min). In each animal two
observers performed three recordings of
2.5 s. The data obtained during these
sessions were averaged.

diastole (Ddia and Pdia) and to the
maximal changes in pressure (AP) and
diameter (Ad) during the cardiac cycle.
The values attained for d^, and Ad were
converted to lumen area's and changes
thereof (A^ and AA), assuming a circular
cross-section of the vessel. With the
additional reasonable assumption that
vessel segment length remains constant
during the cardiac cycle (Reneman RS er
a/., 1996), the absolute and the relative
change in aortic lumen area during the
cardiac cycle were calculated and
expressed per unit of pressure, providing
information about the cross-sectional
compliance and distensibility of the vessel,
respectively (Hoeks APG er a/., 1990;.Hoeks
APG er a/.,1993; Hoeks APG, 1993; Reneman RS
er a/., 1986). Below AA/AP and (AA/A)/AP
will be referred to as the compliance
coefficient (CC) and the distensibility
coefficient (DC), respectively.
/4or//c Wa/7 Sfrwc/ure.
A segment of 10 mm (Lj), halfway the
heart and diaphragm, was marked on the
aorta and subsequently removed from the
animal and cleaned of adhering fat and
connective tissue after which the ex vivo
length of the segment (Le) was measured
under a stereo-microscope with a precision
of ± 5 (im. The segment was fixed in 4%
neutral buffered
formaldehyde and
embedded in paraffin after which 4 mm
thick cross-sections were obtained. These
sections were stained with Lawson's
solution, which highlights elastic laminae,
and the cross-sectional area of the media
was determined using an axioplan
microscope (Zeiss) equipped with a
standard
CCD
camera
(Stemmer,
Germany) (Boonen HCM er a/.,1993).
Digitized images were analyzed with
commercial software (JAVA, Jandell
Scientific, Corte Madera Ca, USA). The
area enclosed by the external and internal
elastic lamina was considered to represent

p
eew Lumen D/'amefer anrf
Pressure.
Since the WTS and the intra-aortic catheter
exhibit different frequency characteristics,
we limited the analysis of the relationship
between aorta lumen caliber and intraaortic pressure to the situation at end-
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Biochemical determination of
collagen content of the adventitia and
media was performed as described by
Chiariellio ef a/. (Chiariellio M e/ a/., 1986). To
facilitate separation of adventitia and
media, aorta's were incubated for 24 h in
phosphate buffered saline (PBS) at 4 °C.
The media
and
adventitia
were
mechanically separated from each other
under a dissection microscope. The media
was dried under vacuum and the dry
weight was measured. Afterwards, the
media was incubated in a 1% Sodium
Dodecyl Sulfate (SDS) solution in PBS for
24 h at 4 °C. Incubation in 1% SDS
extracts the non-cross-linked collagen
from the aorta. The supernatant was
collected and stored at -70 °C and the
pellet was incubated in a Cyanogen
Bromide Solution in 70% formic acid for
24 h at room temperature. Cyanogen
Bromide cleaves proteins at methionine
sites. Since elastin does not and collagen
does contain methionine, cross-linked
collagen can be extracted from the aortic
media by Cyanogen Bromide. The pellet,
containing elastin, and both supematants,
containing non-cross-linked and crosslinked collagen, respectively, were dried
under vacuum and hydrolyzed in 6 N HCL
at 120 °C. The collagen content was
determined
by
the
amount
of
hydroxyproline
residues.
The

the ex vivo cross-sectional area of the
media (CSAe). This was converted to in
vivo media cross-sectional area (CSAj) by
the following formula:
CSAj = (Le/Lj). CSAe
in which it was assumed that aortic wall
volume remains constant after isolation
and fixation and in which Lj and Le refer
to the length of the thoracic aorta before
and after isolation, respectively.
Media thickness (Mt) in diastole
was calculated from diastolic diameter
from CSAj, using the formula:
CSAi = n(

+ Ml)' - 7i

which can be rewritten as:
Mt = - (<W2) + {(<W2?
In these calculations it is assumed that the
cross-section of the aorta is circular in situ.
Measurements of mechanical properties
and dimensions were combined to
calculate the incremental elastic modulus
or Young's modulus
Einc = d*./(Mt.DC)

hydroxyproline residues were oxidized
with choramine T, which reacts with pdimethylamino-benzaldehyde.
In
the
different fractions the colored compound
produced
was
measured
photospectometrically
at
558
nm.
Hydroxyproline represents between 10.5
and 11.5 % of the aminoacid residues in
collagen (Chiariellio M ef a/., 1986). The data
are presented as mg hydroxyproline per g
dry weight normalized for the crosssectional area of the media.

Co//agen
Paraffin embedded, 4 urn thick crosssections, were also used to determine
collagen area. The sections were stained
with Sirius Red solution, which highlights
collagen (James J er a/.,1990). The collagen
occupied area, enclosed by the external
and internal elastic laminae, representing
the media collagen area, was determined as
described above. The data are presented as
media collagen density, i.e., the collagen
volume as percentage of the total tissue
volume in the section.
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and eventually a group mean was obtained
for each strain-age group.
The data are presented as means ±
SD. Comparisons between age groups
were performed with a two way ANOVA
extented with a Tukey test for multiple
comparison. Comparison between strains
was performed with the unpaired Student's
t-test. P < 0.05 was considered to denote
statistically significant differences.

In each animal 6 consecutive 2.5 s
simultaneous recordings of pressure,
internal lumen diameter and distension
were obtained and characteristics were
calculated for each individual cardiac
cycle. Mean values were calculated for
each recording session, then these values
were averaged for each individual animal
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Fig. 4.1. Diastolic (a) and systolic (b) blood pressure (mmHg) in conscious Wistar Kyoto rats (WKY;
open bars) and conscious spontaneously hypertensive rats (SHR; closed bars). Mean ± SD
(n=12).
* significantly different between WKY and SHR.
* significantly different from 1.5 month old WKY or SHR.
* significantly different between 3 and 6 month old WKY or SHR.
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Fig. 4.2. Diastolic blood pressure (a) (mmHg) and diastolic aortic diameter (b) (mm) after anesthesia
with ketamine/xylazine in Wistar Kyoto rats (WKY; open bars) and spontaneously
hypertensive rats (SHR; closed bars). Mean ± SD (n=12).
• significantly different between WKY and SHR.
* significantly different from 1.5 month old WKY or SHR.
# significantly different between 3 and 6 month old WKY or SHR.

pressure were not significantly different
between WKY and SHR, whereas in both
other age groups body weights were
significantly lower and blood pressure
significantly higher (Fig. 4.1) in SHR than
in WKY.
Anesthesia with ketamine/xylazine
significantly lowered diastolic blood

RESULTS

Between 1.5, 3 and 6 months of age, body
weight increased in both strains (data not
shown), while blood pressure, determined
under conscious freely moving conditions,
increased only in SHR (Fig. 4.1). At 1.5
months of age, body weight and blood
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6 months of age were abolished (Fig. 4.2),
as was the difference in pulse pressure at 3
months of age (data not shown). Heart rate
decreased between 1.5 and 3 months of
age and was not significantly different
between 3 and 6 months of age in both
strains. At 1.5, 3 and 6 months of age,
there was no significant difference in heart
rate between SHR and WKY (data not
shown).
>i,;s;,^.,v
wUui

significantly higher (Fig. 4.1) in SHR
than in WKY.
Anesthesia with ketamine/xylazine
significantly lowered diastolic blood
pressure in 1.5 month old WKY as well as
in 1.5, 3 and 6 month old SHR (Fig. 4.2).
In 3 and 6 month old WKY, diastolic
blood pressure was not affected by this
type of anesthesia. During anesthesia the
original differences in diastolic blood
pressure between SHR and WKY at 3 and
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Fig. 4.3. Compliance coefficient (a) (mmVkPa) and distensibility coefficient (b) (1/kPa) after
anesthesia with ketamine/xylazine in Wistar Kyoto rats (WKY; open bars) and
spontaneously hypertensive rats (SHR; closed bars). Mean ± SD (n=12).
• significantly different between WKY and SHR.
* significantly different from 1.5 month old WKY or SHR.
# significantly different between 3 and 6 month old WKY or SHR.
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significant differences in distensibility
between SHR and WKY at 3 and 6 months
of age (Fig. 4.3b).
Between 1.5 and 6 months of age,
in vivo media cross-sectional area (CSAj)
increased in both strains. There were no
significant differences in CSAj between
SHR and WKY at 1.5, 3 and 6 months of
age (Fig. 4.4). Media thickness (Mt) did
not significantly change between 1.5 and 6
months of age in both strains. At 1.5 and 3
months of age Mt was significantly larger
in SHR as compared to WKY, but not at 6
months of age (Fig. 4.5). Incremental
elastic
modulus
(Ejnc)
increased
significantly between 1.5 and 6 months of
age in both strains. Only at 3 months of
age, Ejnc was significantly smaller in SHR
than in WKY (Fig. 4.5).

In both SHR and WKY, Ddia increased
between 1.5 and 6 months of age. At 1.5
months of age there was no significant
difference in ddia between SHR and
WKY. At 3 and 6 months of age, however,
,uia measured at comparable Pdja was
significantly smaller in SHR than in WKY
(Fig. 4.2).
Aortic wall properties determined
under
comparable
blood
pressure
conditions in 1.5, 3 and 6 month old WKY
and SHR are presented in figure 3 through
5. Compliance did not change between 1.5
and 6 months of age in both strains. In all
3 age groups, compliance was significantly
lower in SHR than in WKY (Fig. 4.3a).
Between 1.5 and 3 months of age, aortic
distensibility decreased significantly in
both strains. At 1.5 months of age
distensibility was significantly lower in
SHR than in WKY. There were no
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Fig. 4.4. In vivo media cross-sectional area (mm*) in Wistar Kyoto rats (WKY; open bars) and
spontaneously hypertensive rats (SHR; closed bars). Mean ± SD (n=l2).
* significantly different from 1.5 month old WKY or SHR.
# significantly different between 3 and 6 month old WKY or SHR.
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Fig. 4.5. Media thickness (a) (urn) and incremental elastic modulus (b) (kPa) in Wistar Kyoto rats
(WKY; open bars) and spontaneously hypertensive rats (SHR; closed bars). Mean ± SD
(n=12).
* significantly different between WKY and SHR.
* significantly different from 1.5 month old WKY or SHR.
* significantly different between 3 and 6 month old WKY or SHR.
There were no significant changes in
media collagen density as determined with
morphometry on Sinus Red stained
sections between 1.5 and 6 month of age in
both strains (Fig. 4.6). The collagen
densities did not differ significantly
between SHR and WKY at 1.5, 3 or 6
months of age (Fig. 4.6). In the media
there were no significant changes in
hydroxyproline fraction in the non-cross-

linked collagen residue between 1.5 and 6
month old SHR (Fig. 4.7a). At 1.5 months
of age hydroxyproline fraction of the noncross-linked
collagen
residue
was
significantly larger as compared to 3 and 6
month old WKY (Fig. 4.7a). At 1.5
months of age hydroxyproline fraction of
the non-cross-linked collagen residue was
significantly higher in WKY as compared
to SHR (Fig. 4.7a). At 3 and 6 months of
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age in the media no significant difference
in hydroxyproline fraction in the noncross-linked collagen residues was found
between SHR and WKY (Fig. 4.7a).
Ageing had no significant effect on the
hydroxyproline fraction in the cross-linked
collagen residue in both strains (Fig. 4.7b).
In the media there was no significant
difference in hydroxyproline fraction in the
cross-linked collagen residues between
SHR and WKY (Fig. 4.7b). Between 1.5
and 3 months of age the hydroxyproline
fraction in the elastin residue increased in
WKY (Fig. 4.7c). Between 3 and 6 months

of age there was no significant change in
hydroxyproline fraction in the elastin
residue in WKY (Fig. 4.7c). Ageing had
no effect on the hydroxyproline fraction of
the elastin residue in SHR (Fig. 4.7c). At
1.5 months of age the hydroxyproline
fraction in the elastin residue was
significantly increased in SHR as
compared to WKY (fig 7c). At 3 and 6
months of age there were no significant
differences between SHR and WKY (fig
7c).
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Fig. 4.6. Media collagen density , i.e., the collagen volume as percentage (%) of the total tissue
volume in the section measured by morphometry in Wistar Kyoto rats (WKY; open bars)
and spontaneously hypertensive rats (SHR; closed bars). Mean ± SD (n=12)

strains. The reduced distensibility and
compliance most likely results from an
increase in media thickness rather than a
change in intrinsic elastic properties. This
conclusion is based upon the findings that
at the age of 1.5 month the incremental
elastic modulus, a measure of elasticity
that
characterizes
intrinsic
elastic
properties (Reneman RS ef a/., 1996), is not
significantly different between SHR and

DISCUSSION

The findings in the present study show that
in SHR alterations in aortic wall properties
precede the development of hypertension.
At the age of 1.5 months distensibility and
compliance of the thoracic aorta are lower
in SHR than in WKY, while systolic and
diastolic blood pressures are not
significantly different between these
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of artery wall elasticity (Cox RH.1989), is
not significantly different between SHR
and WKY.

WKY, while the media is significantly
thicker in SHR. This assumption is
supported by the finding that cross-linked
collagen content, an important determinant
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Fig. 4.7. Non-cross-linked (a) and cross-linked (b) collagen and elastin fraction (c) in the media as
assessed by the amount öf hydroxyproline residues (mg/(g/mm')). Wistar Kyoto Rats
(WKY; open bars) and spontaneously hypertensive rats (SHR; closed bars). Mean ± SD
(n=12).
• significantly different between WKY and SHR.
* significantly different from 1.5 month old WKY or SHR.
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a/.. 1973). Also observed at this stage of life
is hypertrophy throughout the whole
vascular tree, on both the arterial and the
venous side, including the thoracic aorta
(Gray S.D,1984). These data and the data in
the present study suggest that in SHR the
early changes in arterial wall properties are
not necessarily related to an increase in
blood pressure. In other studies, however,
left ventricular hypertrophy was found to
follow an increase in blood pressure
(Harrap SB er a/., 1993) and arterial wall
hypertrophy
was
found
to
occur
concomitantly with the rise in blood
pressure (Olivetti G er a/., 1982).

We
deliberately
performed
the
experiments during ketamine/xylazine
anesthesia to be able to assess dynamic
arterial wall properties under conditions.
Xylazine is well known for its cijadrenergic agonistic properties. The
compound thereby (i) inhibits the activity
of the vasomotor center in the central
nervous system (Van Zwieten PA er a/.,1983),
(ii)
reduces
peripheral
adrenergic
neurotransmission by a prejunctional
inhibitory action (Vanhoutte PM et al,
T.J.1981) and (iii) dilates the aorta through
a local endothelium-dependent mechanism
(Vanhoutte PM er a/., 1989). Following
administration
of
ketamine/xylazine
circulating catecholamine levels were
reduced by 80 to 90 % and, unlike in
conscious restrained WKY, prazosin and
Na-nitroprusside failed to dilate the aorta
in vivo (unpublished results). That the
blood pressure lowering effect
of
ketamine/xylazine was far more marked in
SHR than WKY is compatible with the
hyperactivity of the sympathetic nervous
system in SHR (Daemen MJAP er a/., 1995;
Grobecker H er a/., 1975; Lee RMKW er a/., 1986;
Smith TL er a/.,l979).The finding in the
present study that in SHR hypertension
does not develop in the first 6 weeks of
life is in agreement with the study of KL
Christensen e/ a/. (Christensen KL er a/., 1989),
but at variance with the studies of others
(Gray S.D.,1982; Lais LT er a/.,1977; Smith PG er
a/., 1983). These differences in the onset of
hypertension development
could be
explained by intra-strain differences in
SHR used by the various investigators and
by different methods of blood pressure
measurement. In their early work
Okamoto and Aoki (Okamoto K e/ a/.,1963)
referred to 3 general stages in spontaneous
hypertension in the rat. The first stage was
referred to as "prehypertensive" period,
encompassing the first 40-50 days of life.
At this stage blood pressure is not or only
slightly increased, as compared to WKY,
but left ventricular mass is already
significantly increased (Folkow B.1972; Gray
S.D.1984; Pfeffer MA ef a/.,1972; Pfeffer MA «

The mechanism responsible for the
increase in media mass in SHR is as yet
unknown. A possible cause of the increase
in media thickness could be the enhanced
activity of the sympathetic nervous
system, which is known to be present
before the onset of blood pressure
elevation (Judy wv er u/,1976). Moreover, in
SHR sympathetic innervation density of
the vasculature is increased (Head RJ er
a/1986),
while
the
response
to
norepinephrine is enhanced already during
the prehypertensive phase (Kong JQ er
a/., 1991; Mulvany MJ er a/., 1980; Mulvany MJ er
a/., 1980; Rizzoni D er a/.,1994; Smeda JS er
a/.,1988). This overall increase in activation
of and sensitivity to the sympathetic
nervous system could induce hypertrophy
of smooth muscle cells by its growth
promoting effect (Bevan D.1984; Daemen
MJAP er a/.,1995; Simpson P er a/..,1982). A
possible role for the renin-angiotensin
system can not be excluded because
Saavedra er a/. (Saavedra JM er a/., 1992)
described an increase in angiotensin
converting enzyme in the aorta of
prehypertensive SHR as compared to
WKY. Angiotensin II has a growth
inducing activity on vascular smooth
muscle cells in cell cultures (CampbellBosswell M er a/.. 1981; Geisterfer AA e/ a/., 1988)

and on large and small arteries even at
subpressor doses (Boonen HCM er a/.,1993;
Brouwers-Ceiler DL er a/ ,1997; Daemen MJAP er
a/.,1991; Griffin SA er a/.,1991). Inhibition of
this system is associated with a reduction
96

tight interactions with the existing
extracellular matrix and, hence, are not
able to possess tensile strength. Therefore,
the non-cross-linked collagen fraction will
have very little or no influence on the
mechanical properties of the aortic wall
(Vadlamudi RK e» a/., 1993). The finding also
suggests that the total elastin content,
which at the age of 1.5 month was found
to be higher in SHR than in WKY, does
not significantly affect artery wall
properties.
The loss of distensibility and
elastic properties of the thoracic aorta, as
indicated by the increase in elastic
modules, with age also has to be ascribed
to an increase in muscle mass, because the
increase in media cross-sectional area with
age, due to a combined increase in wall
thickness and diameter, is not associated
with a change in total and cross-linked
collagen content of the aortic wall. The
higher total elastin content of the thoracic
aortic wall in WKY at the age of 3 months
than at the age of 1.5 months again
indicates that this content does not
influence aortic wall properties.

in medial thickness (Schelling P « a/.,1991;
Wang DH « a/., 1990). There is increasing
evidence that the vascular hypertrophic
effects of the sympathetic system and of
the renine angiotensin system may be
intimately related (Daemen MJAP « a/., 1991;
StassenFRMe/a/.,1997).
During the state of elevated blood
pressure (3 and 6 months of age) the
compliance of the thoracic aorta at
comparable
blood
pressure
was
significantly lower in SHR than in WKY,
but no significant difference in media
cross-sectional area and distensibility of
the thoracic aorta could be observed
between the two strains at 3 and 6 months
of age. Therefore, differences in
compliance are most likely caused by the
significantly smaller diastolic diameters at
comparable blood pressure in SHR than in
WKY. The observation that crosssectional compliance does not change
significantly with age in both SHR and
WKY, despite a significant decrease in
distensibility and loss of elasticity as
indicated by the increase in incremental
elastic modulus, indicates that crosssectional compliance is the regulated
parameter. It has been proposed that
compliance is kept constant as possible
with age by an increase in diameter
(Laurent S.1995; Reneman RS er a/.,1986).

The finding in the present study
that the total collagen content of the
thoracic aortic wall is not increased in
SHR is at variance with the observations
of other investigators (Levy BI e» a/.,1994).
This discrepancy could be explained by
the significantly higher blood pressure
levels in their than in our study (Ito
H.1989). It can not be excluded that the
tremendous variation in the individual
collagen values (Fig. 4.6) contributes to
this discrepancy.
In conclusion, the findings in the
present study show that in SHR alterations
in properties of the thoracic aortic wall
precede the development of hypertension.
The reduction of distensibility and
compliance before
blood
pressure
increases most likely results from an
increase in media thickness rather than a
change in intrinsic elastic properties and
the composition of the wall.

At the age of 1.5 months, the
reduced distensibility and compliance of
the thoracic aorta in SHR, as compared to
WKY, has to be attributed to an increase
in wall thickness due to an increase in
muscle mass rather than a difference in
wall structure and composition. The latter
is indicated by the absence of a difference
in total and cross-linked collagen content
of the thoracic aorta. Cross-linked
collagen is an important determinant of
artery wall properties (Cox RH.1989). The
finding at the age of 1.5 months that the
non-cross-linked collagen content of the
thoracic aortic wall is lower in SHR than
in WKY indicates that the rate of collagen
turnover is lower in SHR. The non-crosslinked collagen molecules do not have
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ABSTRACT
The distensibility of the arterial system, which is partly determined by arterial
wall structure, smooth muscle tone, and actual pressure level, decreases with
ageing and hypertension. Our aim was to compare aortic wall properties in 3-and
6- moth old normotensive Wistar Kyoto rats (WKY) and spontaneously
hypertensive rats (SHR) at comparable blood pressures in vivo. During
ketamine/xylazine anesthesia in rats we performed ultrasound arterial wall
tracking and invasive pressure measurements to determine, at the level of the
thoracic aorta, diastolic pressure, diastolic lumen area, changes in pressure and
lumen area during the cardiac cycle, and indexes of compliance and distensibility.
These observations were combined with histological measurements for
determination of media cross-sectional area and thickness and the imcremental
elastic modulus under conditions as expected in situ. Anesthesia abolished the
difference in diastolic pressure between SHR and WKY. Between 3 and 6 months
of age in WKY, diastolic area and incremental elastic modulus increased
significantly, distensibility decreased, and all other recorded variables were not
modified. Between 3 and 6 months of age in SHR, diastolic area and incremental
elastic modulus increased, distensibility of the aortic wall decreased, and all other
mechanical and structural properties did not change significantly. At both ages,
diastolic area and compliance were significantly smaller in SHR than WKY. The
other mechanical and structural properties measured or calculated at comparable
pressure did not differ between strains. Differences between the aorta of 3 and 6
month old rats and between strains observed in vivo at comparable pressures can
largely be attributed to differences in lumen caliber. These may represent the first
findings concerning remodeling of the aorta in intact rats.

vivo. Distensibility and compliance were
determined by ultrasound arterial wall
tracking
and
invasive
pressure
measurements in 3 and 6 month old Wistar
Kyoto rats (WKY) and spontaneously
hypertensive rats (SHR) anesthetized with
ketamine/xylazine. The structure was
assessed by morphometry of cross
sections.

INTRODUCTION

Arterial distensibility decreases with
ageing and hypertension (Carlson RG er
a/.,1970; Merillon JP er a/., 1982; Reneman RS er
a/.,1986: Van Merode T er a/., 1993). This
increases aortic input impedance and
decreases systemic arterial compliance and
thus may adversely affect cardiac function
in the long run by elevating cardiac
afterload and reducing the energetic
efficiency of the myocardium (Merillon JP er
a/.,1982; Nichols WW er a/..1990; Nichols WW er
a/..1985; Kelly RP er a/..1992). Arterial
distensibility is determined by the
composition and organization of the
arterial wall, the contractile tone of arterial
smooth muscle cells, and the actual
pressure level (Dobrin PB.1978). The precise
mechanism responsible for the alterations
in distensibility with ageing and
hypertension is still largely unknown.
The aim of the present study was
to determine the distensibility, compliance
and structure of the thoracic aorta in two
age groups of normotensive and
hypertensive rats at identical pressures in

METHODS

Experiments were performed in 3 and 6
month old male WKY and SHR of the
Okamoto Aoki strain (Okamoto er a/., 1963)
(local inbred strains; Central Animal
Facilities,
University
of
Limburg,
Maastricht, Netherlands); each group
contained 12 rats. The rats were housed in
individual cages, maintained on a 12 hour
light/dark cycle, fed ad libitum (Hope
Farms), and had free access to tap water.
Experimental protocols were approved by
the local Institutional Animal Care and
Use Committee.
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The concept of the wall tracking
system has been described in detail before
(Hoeks APG ef a/., 1990). It is based on a
data-acquisition system capable of
capturing the received and amplified radio
frequency (RF) signals synchronously
with the emission trigger at a
programmable sample frequency of up to
30 MHz. And with a dynamic range of 48
dB (8 bits). The position and width of the
range of interest are programmable (on
average, 20 and 1- mm, respectively, in
the present study). The size of the internal
data memory is 1 megabyte, allowing for
the temporary storage of, for example, 512
RF lines of 2000 data points each. At an
emission frequency of 250 Hz. The
memory will then hold 2.5 seconds of
data, corresponding to approximately 10
cardiac cycles (and three respiration
cycles) under the present experimental
conditions (Fig. 5.1). The wall tracking
system is also equipped with an
acquisition system for reference signals
such as blood pressure, which are sampled
synchronously with the emission trigger,
activating the capture of an RF line (Fig.
5.2).

For measurement of arterial blood
pressure the rats were equipped under
ether anesthesia with an intra-aortic
catheter filled with heparinized saline. The
catheter was advanced from a femoral
artery to just below the bifurcation of the
left renal artery. The catheter was guided
under the skin and exteriorized at the base
of the skull. Two days later blood pressure
was measured in the freely moving
conscious rats through an external low
volume displacement pressure transducer
(CP-01, Century Technology Co.). The
time delay of the catheter and pressure
transducer was 12 milliseconds and hence
guaranteed a sample frequency grater than
50 Hz. The rats were subsequently
anesthetized
with
ketamine/xylazine
(10:50 ng/ml;100 |iL.100 g body wt), and
blood pressure measurements were
performed along with ultrasound wall
tracking of the thoracic aorta. Experiments
were terminated by exsanguination of the
rats, after which the thoracic aorta was
isolated for subsequent histological
examination.
o/^orrtc D/a/neter
Wa// A/oveme«/
The diameter and change in diameter
during the cardiac cycle were assessed as a
continuous function of time with the use
of a vessel wall tracking system (see
below) attached to a conventional B-mode
ultrasound system (Pie480, 7.5 MHz.
Linear array. Pie Medical). With this
ultrasonic technique we measured the
internal diameter of the aorta (Hoeks APG e/
a/., 1990). The ultrasound probe was placed
on the thorax slightly to the left of the
sternum. The thoracic aorta was then
visualized in B-mode (B, brightness), and
an M-line was positioned perpendicular to
the vessel walls approximately 10 mm
cranially from the diaphragm. Thereafter
the ultrasound system was switched to Mmode (M, motion), and ultrasound was
emitted and received along the selected
line of sight at a programmable emission
trigger frequency.

After data acquisition is complete
the data are transferred to a personal
computer. The first line acquired is
graphically presented and displayed,
allowing manual identification of the
anterior and posterior wall boundaries by
placement of two markers representing the
sample windows for data processing. Once
the walls are identified the remaining data
are transferred and processed on the fly
(<10 seconds). To extract the change in
position of either the anterior or posterior
wall, averaged over a few RF lines, the
approach based on the cross-correlation
model for corresponding segments of
subsequent RF lines was applied (Hoeks
APG er a/., 1993). This method has a low
noise sensitivity and is insensitive to the
RF carrier frequency. The estimates for the
cross-correlation coefficients are based on
a running average over a programmable
number of RF lines (data window in time)
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in pressure and diameter that occurred
during the cardiac cycle. Diameters and
diameter changes were converted to lumen
areas and changes (A and AA), assuming a
perfect circular cross section of the vessel.
With the additional assumption that the
vessel segment length remains constant,
the absolute and relative changes in aortic
lumen area noted during the cardiac cycle
and expressed per unit of pressure provide
information about the compliance and
distensibility of the vessel, respectively
(Hoeks APG er a/., 1990; Hoeks APG e/ a/., 1993;
KoolMJFe/a/,1994).

to enhance the stability of the estimate for
the mean displacement. To ensure that the
signals were always returned by the same
structure, we adjusted the position of the
sample windows according to the observed
displacements (tracking window). The
difference between the displacement
signal of the posterior and anterior walls
yields the change in diameter as a function
of time. From the observed distension
waveform, in combination with the initial
distance between the sample windows, the
internal end-diastolic diameter, the peak to
peak change in internal diameter, and the
length of the cardiac cycle can be
extracted for each cardiac cycle.
Measurements were started after
blood pressure and heart rate had
stabilized with rats under anesthesia (20
minutes). In each rat two observers
performed three 2.5 second recordings.
The data obtained during these sessions
were averaged. The ultrasound system
used is very accurate and can resolve
displacements of only a few micrometers
(Hoeks APG w a/., 1990). The reliability in
anesthetized rats is also good. The
variabilities between four consecutive
measurements as performed on 1 day by
one investigator expressed as coefficients
of variation varied between 3.2 % and 6.5
% for the aortic diameter (d^) and
between 7.9 % and 11.0 % for the change
in aortic diameter during the cardiac cycle
(Ad). The variabilities between successive
experimental days, also expressed as
coefficients of variance, were 4.6% for d^,
and 9.2 % for Ad. These values are
comparable to the ones recently reported
for human carotid and femoral arteries

/lort/'c Wa/V S/ruc/ure
A 10 mm supradiaphragmatic segment of
the thoracic aorta was isolated, fixed in
4% neutral buffered formaldehyde, and
embedded in paraffin, after which 4 urn
thick sections were obtained. These were
stained with Lawson's solution, which
highlights elastic laminae, and the crosssectional area of the media was
determined with an axioplan microscope
(zeiss) equipped with a standard CCD
camera (Stemmer) (Boonen HCM e/ a/., 1991;
Boonen HCM e/ a/.,1993). digitized images
were analyzed with commercial software
(JAVA, Jandel Scientific). The area
enclosed by the external and crosssectional area of the media (CSA,). This
was converted to in vivo media crosssectional (CSA,) by the formula
CSA,=(L^L,) . CSA, , in which it was
assumed that aortic wall volume remains
constatn after isolation and fixation and in
which L| and L,refer to the lenght of the
thoracic aorta before and after isolation,
respectiviely. To this end, a segment of 10
mm (L,) was again measured under a
stereomicroscope with a precision of ± 5
Um. IVL; averaged 0.75 ± 0.02 and 0.75 ±
0.01 in 3 and 6 month old WKY and 0.72
± 0.01 and 0.79 ± 0.01 in 3 and 6 month
old SHR, respectively. Media thickness
(M,) in diastole was calculated from the
ultrasound measurement of diameter (d^)
and from CSA, using the formula

(KoolMJFtVa/,1994).

Äefween Lumen D/ame/cr
Since the wall tracking system and the
intra-aortic catheter display different time
responses, we limited the analysis of the
relationship between aorta lumen caliber
and intra-aortic pressure to the situation at
end diastole and to the maximal changes
105

CSAi = (Le/Li). CSAe

Each age group of WKY and SHR
consisted of 12 rats. In each rat six
consecutive 2.5 second recordings of
pressure, internal lumen diameter, and
distension were obtained and derivatives
calculated for each individual cardiac
cycle. Mean values were calculated for
each recording session, and these values
than were averaged for each individual rat;
ultimately, a group mean was obtained for
each strain-age group.
Data are shown as mean ± SEM.
Comparisons between age groups were
performed with the Wilcoxon-Mann
Whitney rank sum test (Wallenstein S e/
a/.,1980). Comparison between strains was
performed with the unpaired Student's ttest (Wallenstein S e/ a/., 1980). A value of
P<0.05 was considered to denote statistical
significance of differences.

;:

in which it was assumed that aortic wall
volume remains constant after isolation
and fixation and in which Lj and Le refer
to the length of the thoracic aorta before
and after isolation, respectively.
Media thickness (Mt) in diastole
was calculated from diastolic diameter
(ddia) and from CSAj, using the formula:
CSAi = 7i(ddia/2 + Mt)' - Jt(ddia/2)'
which can be rewritten as:
Mt = - (ddia/2) + {(ddia/2)' + CSAJ/TI} '"
In these calculations it is assumed that the
cross section of the aorta was circular in
situ.
\4eaouromonto

of

mechanical

properties and dimensions were combined
to calculate the incremental elastic
modulus or Young's modulus (E^):

RESULTS

Between 3 and 6 months of age, body
weight and blood pressure increased in
both WKY and SHR (Table 5.1). At both
ages, body weight was significantly lower
and blood pressure, determined in
conscious, freely moving conditions, was
significantly higher in SHR than in WKY
(Table 5.1).

Eine = ddia/(Mt. DC)
where DC is the distensibility coefficient.

Table 5.1: General characteristics in conscious 3 and 6 month old WKY and SHR.
WKY
SHR
Parameter
WKY
Age (months)
6
3
3
Body weight (g)
435 ± 5 *
276 ± 7 *
314 ±9
124±4*
109 ± 2 *
Pa,, (mmHg)
98 ±2
14.5
±0.03*
16.4
±0.6*
12.9
±0.2
Pd,. (kPa)
indicates diastolic blood pressure . Values are mean ± SEM; n=12
* significantly different from 3 months of age
* significantly different from WKY
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SHR
6
385 ± 6 •*
141 ± 3 * *
18.7 ±0.5**

Fig. 5.1 Typical tracings show displacement of the anterior (ANT) and posterior (POS) thoracic
aortic wall recorded as a function of time in an anesthetized 6 month old spontaneously
hypertensive rat. The difference between these displacements, representing the change in
aortic diameter, is represented in the bottom trace (DIST).

Pressure

170i

1101
mm

[secj
Distension

0.0

[sec]

Fig. 5.2 Tracings show relation between pressure (top) and the change in aortic diameter (bottom) as
a function of time. Data were obtained in the same recording session as that shown in Fig.
5.1.
Anesthesia with ketamine/xylazine hardly
affected diastolic pressure in 3 or 6 month
old WKY (Table 5.2). In SHR on the other
hand anesthesia hardly lowered blood
pressure. During anesthesia the original
difference in diastolic pressure between
SHR and WKY was abolished, as was the
difference in pulse pressure at 3 months of
age (Table 5.2). Pulse pressure remained
significantly elevated in 6 month old
anesthetized SHR.
Table 5.2 summarizes findings
with respect to aortic wall properties in

anesthetized 3 and 6 month old WKY and
SHR. In WKY between 3 and 6 months of
age diastolic pressure, pulse pressure, and
heart rate as well as media cross-sectional
area, media thickness, and aortic
compliance were not modified. However,
aortic lumen area at diastole was
increased, and distensibility of the aortic
wall was reduced (Table 5.2). The increase
in lumen area and decrease in
distensibility resulted in a significant
elevation of the elastic modulus. In SHR,
comparable changes were observed
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between intra-aortic pressure and aortic
lumen area shown in Fig. 5.3. The slope of
the line connecting observations during
diastole and peak systole corresponds to
the compliance coefficient. At 3 month of
age media area did not differ between
SHR and WKY. However, in view of the
smaller lumen at comparable pressure,
media thickness was significantly larger in
SHR than WKY (Table 5.2). At 6 months
of age differences between SHR and WKY
with respect to aortic lumen area and
aortic compliance persisted (table 2, Fig.
5.3). Differences in terms of media
thickness and elastic modulus, however,
were no longer significant at 6 months of
age (Table 5.2).

between 3 and 6 months of age, except
for the pulse pressure, which rose
significantly. Also in this strain aortic
lumen area increased and distensibility
decreased, and media mass and aortic
compliance were not modified (Table 5.2).
Table
5.2
also
illustrates
differences between the aortic wall
properties observed during anesthesia in
WKY and SHR at both ages. At 3 months
of age under conditions of comparable
diastolic and pulse pressures, diastolic
lumen area and compliance were
significantly lower and the elastic modulus
significantly smaller in the aorta of SHR
than in that of WKY. These differences
can be appreciated from the relationships

Table 5.2: Aortic wall properties in ketamine/xylazine anesthetized 3 and 6 month old WKY and SHR
WKY
SHR
SHR
Strain
WKY
6
3
6
Age (months)
3
P^(kPa)
12.7 ±0.3
14.0 ±0.3
11.7 ±0.3
13.6 ±0.7
5.6 ±0.4
5.5+0.2
4.6 ±0.2
8.0 ±0.3**
PP (kPa)
245 ±7
256 ± 7
250 ± 9
PI (ms)
252 ± 5
1.87 ±0.04**
1.97 ±0.02
2.27 ± 0.04 •
da, (mm)
1.53 ±0.02*
Aa.(mm*)
3.00 ±0.11
4.08 ±0.13
1.80 ±0.05*
2.79 ±0.13**
0.193 ±0.017
0.113 ±0.004*
0.114 ±0.007*
0.200 ± 0.008
CC (nW/kPa)
0.049 + 0.005 •
0.062 ± 0.002
0.044 ± 0.004 •
DC(l/kPa)
0.070 ± 0.003
0.57 ± 0.04
0.46 ± 0.06
0.58 ± 0.02
CSA (mm')
0.50 + 0.04
85 ± 5
92 ± 11 *
M, (mm)
78 + 5
94 ± 3
607 ± 82 *
250 ± 22 *
368 ± 36
540 ± 73 *
E„c (kPa)
Definitions are as in Table 5.1 and PP, pulse pressure; PI, pulse interval; dj„, diastolic lumen diameter;
A^,, diastolic lumen area; CC, compliance; DC, distensibility coefficient; CSA, cross sectional area of the
aortic media at in situ vessel lenght; M,, aortic media thickness at d,,„; and E„^, incremental elastic (or
Young's) modulus. Values are mean + SEM; n=12
•significantly different from 3 month old animals, p<0.05
* significantly different from WKY, p<0.05
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Fig. 5.3. Line graphs show relationships between intra-aortic pressure (P) and aortic lumen area (AJ
at diastole and systole in 3 month old (top) and 6 month old (bottom) anesthetized Wistar
Kyoto rats (O) and spontaneously hypertensive rats (•). The slope of lines connecting
minimal and maximal values refers to the compliance coefficient discussed in the text and
shown table 5.2. Mean ± SEM; n=12.
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properties. In general, these studies have
resulted in the conclusion that an increase
in stiffness or elastic modulus of arteries
exists in hypertension (for review see Cox
RH,1989 and Mulvany MJ ef a/., 1990). Using an
ultrasound system connected to a wall
tracking system, Hayoz et al. (Hayoz D «
a/., 1992) measured in vivo the crosssectional compliance and distensibility of
the carotid artery of SHR and found an
increase in both. These results are
contradictory to our findings. No clear cut
explanation can be given for this
discrepancy. It is possible that the carotid
artery behaves differently from the aorta
(our study) under these circumstances.
In the present investigation we
attempted to study aortic wall properties in
vivo in two age groups of normotensive
and hypertensive rats. We used ultrasound
techniques to record internal minimal
(diastolic) lumen diameter and diameter
changes during the cardiac cycle.
Combined with invasive blood pressure
measurements this allowed us to estimate
wall distensibility and compliance. The
analysis was restricted to maximal changes
in diameter and pressure because aortic
wall displacement and pressure were not
determined
at
identical
locations.
Consequently, we could not dissociate
between the contributions of elastic and
viscous wall properties to the observed
aortic wall displacement. For obvious
reasons the measurements could not be
obtained in freely moving, conscious rats.
We
deliberately
performed
the
experiments during ketamine/xylazine
anesthesia in an attempt to compare
findings under comparable hemodynamic
conditions. Xylazine is well known for its
oii-derenergic agonistic properties. The
compound thereby (1) inhibits the activity
of the vasomotor center in the central
nervous system (Van Zwieten <v a/..1983), (2)
reduces
peripheral
adrenergic

DISCUSSION

We determined in vivo aortic wall
properties by ultrasound techniques at
comparable pressures in 3 and 6 month old
SHR and WKY. The main change with
aging and hypertension consisted of an
alteration of the lumen caliber of the
vessel. Cross-sectional compliance was
reduced in SHR compared with WKY.
Mechanical
and
structural
properties of arteries and their interactions
have been studied extensively with respect
to the development and treatment of
hypertension. In recent years primarily
small resistance sized arteries were
addressed in this respect, in view of the
elevated
total
peripheral
vascular
resistance that characterizes essential
hypertension (Folkow B e» a/., 1982; Mulvany
M rt «/.. 1990). At this level both wall
hypertrophy and a reduction of lumen
diameter (remodelling) may be involved
(Mulvany MJ « a/., 1990; Heagerty AM e/
a/.,1993). The situation is less clear in more
proximal parts of the circulation such as
the aorta. Reduction of the distensibility of
this vessel can adversely affect cardiac
function in the long run and thus promote
the development of various cardiac
diorders (Carlson RG, <?/ a/., 1970; Merillon JP er
a/.,1982; Nichols WW er a/.,1985; Reneman RS «
a/., 1986; Nichols WW ef a/., 1990; Kelly RP e/
a/.,1992; Van Merode T rt a/.,1993). In this

respect hypertension may accelerate the
changes that occur during normal aging
(Van Merode T er a/., 1993). However, the
exact nature of the changes in the aortic
distensibility and compliance with aging
and
hypertension
remains
largely
unknown. In general, the mechanical
properties of a vessel such as the aorta are
determined by its structure, the activity of
its smooth muscle, and the actual pressure
level (Dobrin PD.1978). Studies of arterial
wall mechanics in hypertension have been
performed in both humans and animals
with the use of in vivo and in vitro
methods. Many of these studies addressed
static rather than dynamic mechanical

neurotransmission by a prejunctional
inhibitory action (Vanhoutte PM <?/ a/., 1981),
and (3) dilates the aorta through a local
endothelium
dependent
mechanism
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increases in systolic pressure, an
independent risk factor (Menotti A er
a/.,1989; Saige A er a/., 1993), are limited. The
mechanism by which aortic caliber
increased between 3 and 6 months of age
cannot be deduced from our findings.
However, it may be of interest that the rats
gained more than 30% body weight and
are known to exhibit a significant increase
in cardiac output during this time interval
(Smith TL e/ a/.,1979). it has been reported
that chronic increases in flow increase
arterial lumen diameter (Langille BL er
a/.,1986; Langille BL era/., 1990).

(VanHoutte PM er a/., 1989). The low heart
rates and unpublished observations are in
line
with
this
scenario.
After
administration
of
ketamin/xylazine,
circulating catecholamine levels were
reduced by 80% to 90%, and unlike in
conscious, restrained WKY, prazosin and
nitroprusside failed to dilate the aorta in
vivo (unpublished results). That the blood
pressure
lowering
effect
of
ketamin/xylazine was far more marked in
SHR than WKY is compatible with other
evidence that indicates hyperactivity of the
sympathetic nervous system in SHR
(Grobecker H er a/.,1975; Smith TL er a/., 1979;
Lee RMKW er a/.. 1986; Daemen MJAP er
a/.,1995). The anesthesia used abolished the
difference in diastolic pressure between
both strains and reduced interstrain
differences in pulse pressure.
To analyze the contribution of
structural wall properties to the
mechanical properties observed by
ultrasound wall tracking, we corrected
histological findings with respect to media
cross-sectional area for the changes that
occurred during vessel isolation, and we
tok into account the in vivo measurements
of diastolic lumen diameter to calculate
media thickness. Thus, the experimental
approaches used allowed us to compare
aortic wall properties in two age groups of
WKY and SHR under dynamic in vivo
conditions at comparable levels of
(diastolic) blood pressure and possibly
during relaxation of the aortic smooth
muscle.

At both 3 and 6 months of age
aortic lumen diameter at diastole was
considerably smaller in SHR than WKY.
This together with the unaltered
distensibility may account for the
significantly lower compliance of the aorta
of SHR than that of WKY. At 3 months of
age the smaller lumen caliber and
increased wall thickness culminate in a
significantly lower elastic modulus in
SHR. Surprisingly, the encroachment of
the aortic wall on the lumen in SHR was
not due to increased media mass. This lack
of aortic wall hypertrophy in SHR
contrasts with several earlier reports (for
review see Owens GK. er a/., 1989 and Daemen
MJAP er a/.,1995). This may be due to our
attempts to estimate aortic wall structure at
the pressure, lumen diameter, and vessel
segment length corresponding to the
conditions during the recording of wall
elasticity in vivo. The structural narrowing
of the SHR aorta at comparable pressure is
analogous to ovwervations in resistance
sized arteris from SHR, renin-angiotensin
transgenic rats, and essential hypertensive
patients (Heagerty AM er a/., 1988; Baumbach
GL er a/.,1989; Heagerty AM er a/.,1993; Thybo
NK er a/.,1992; Korsgaard N er a/.,1993). This
suggests that what is now generally
referred to as vascular remodeling in
hypertension (Heagerty AM er a/., 1993) is not
restricted to distal small arteries.

Between 3 and 6 months of age,
aortic lumen caliber at diastole increased
in both WKY and SHR. This change may
account for the significant reduction of the
distensibility and for the significant
increase of the elastic modulus with aging.
Other variables, such as the area and
thickness of the media, tended to increase,
but these changes did not reach statistical
significance. Compliance did not change
either with increasing age in both SHR
and WKY. The loss of distensibility is
apparently compensated for so that

It is of interest to note that in SHR
aorta, compared with WKY aorta, the
incremental elastic modulus or Young's
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modulus was reduced (suggesting
increased distensibility) despite the lower
compliance and comparable distensibility
measured. This was statistically significant
at 3 months of age and showed an
insignificant trend at 6 months of age. It
has previously been reported that in
human radial artery the incremental elastic
modulus
is
not
increased
with
hypertension (Laurent S er a/., 1994).
however, the validity of Young's modulus
to estimate elastic properties under these
circumstances may be questioned. It treats
the arterial wall as a homogeneous and
mere elastic structure. We based its
calculation on media thickness rather than
wall thickness because of the poor
delineation of the outer vessel wall
boundary.
However,
the
relative
contributions of media and adventitia to
vessel wall mechanics in situ are poorly
understood. Furthermore, both layers are
composed
of
diverse
components
including cells, collagen, elastin, and other
extracellular matrix components. The
relative importance of each of these and
their
interactions
require
further
investigation.
In conclusion, in the present study
we were able to evaluate mechanical and
structural properties of the thoracic aorta
in two age groups of normotensive and
hypertensive rats under dynamic in vivo
conditions and at comparable diastolic
pressures. We observed an increase in
lumen diameter between 3 and 6 moths of
age in both strains. Differences between
SHR and WK.Y included at both ages a
reduction of aortic lumen diameter. This is
compatible with earlier findings in
resistance sized arteries that have been
attributed to remodeling of the arterial
wall. Future analysis of underlying
mechanisms will require detailed analysis
of arterial wall components.
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ABSTRACT
Compliance and distensibility of the elastic arteries decrease with age in humans.
It has been proposed that hypertension has an accelerating effect on the decline of
elasticity of arteries and on the structural changes as seen with ageing. The present
study investigates the effect of hypertension on artery wall properties in ageing
spontaneously hypertensive rats (SHR) and age matched Wistar Kyoto rats (WKY)
as controls (9 through 18 months of age). During ketamine/xylazine anesthesia,
compliance and distensibility were assessed by means of a noninvasive ultrasound
technique combined with invasive blood pressure measurements. Morphometric
measurements provided in vivo media cross-sectional area and thickness, allowing
the calculation of the incremental elastic modulus. Extracellular matrix protein
contents were determined as well. The findings in this study show that the
compliance of the thoracic aorta is lower in aged than in the adult WKY, due to a
decrease in distensibility, but that in SHR the compliance does not change with
age, despite a decrease in distensibility of the thoracic aorta. In SHR the decrease
in compliance seems to be compensated for by an increase in diameter. A similar
progressive increase in media mass, as indicated by the larger media crosssectional area and thickness, is found in both strains, but is more pronounced in
SHR than in WKY. The elastic properties of the thoracic aorta do not change with
increasing age in both strains, as indicated by the absence of significant
differences in the incremental elastic modulus between age categories. Altogether
these observations indicate that hypertension does not aggravate the changes in
artery wall properties and structure as occurring with increasing age. The collagen
content and density do not change with increasing age in both strains. Therefore,
collagen can not be held responsible for the changes in wall properties and
structure as observed with age. A change in elastin content can probably not be
held responsible for the changes in wall properties either, because in both strains
its content increases with age.
diameter of the aorta and other large
arteries (Learoyd BM er a/., 1966; Bader H.,1967;
Pagani M er a/.,1979; Reneman RS e/ a/., 1985;
Sumitani M er a/.,1986; Safar M.,1990; Hansen F
er a/., 1995) and an increase in thickness of
the media and intima of the aorta (Learoyd
BM er a/., 1966; Bader H.,1967; Wolinsky H.,1972;
Berry CL er a/.,1975; Sumitani M e/ a/.,1986;
Benetos A er a/., 1993). Increased collagen
content is a consistent finding in senescent
vessels (Kohn RR.,1977; Benetos A er a/.,1993).
In aged rats, Fomieri e/ a/.. (Forieri C er
a/., 1992) observed an increase in the
volume density of collagen, but a
reduction of the total amount per crosssectional area.

INTRODUCTION

Compliance and distensibility of the
elastic arteries are reduced in borderline
(Ventura H er a/.,1984; Van Merode T er a/., 1988;
Van Merode er a/., 1993) as well as in
established hypertension (Safar M.1990) as
compared to age-matched control subjects.
These changes in arterial wall properties
do not necessarily result from increased
blood
pressure
alone, because
in
hypertension structural changes of the
arterial walls have been observed (Mulvany
MJ. era/., 1980; Levy BI. er a/.,1988; Cox R.1989;
Levy BI. er a/., 1990).

Compliance and distensibility of
the elastic arteries also decrease with age

It has
been
proposed
that
hypertension has an accelerating effect on
the decline of elasticity of arteries and on
the structural changes as seen with ageing
(Lakatta EG, 1987; Michel JB er a/, 1994), but the
results obtained in previous studies are
conflicting (Benetos A er a/., 1992; Sumitani M

(Reneman RS er a/., 1986; Cox RH.1989; Michel
JB er a/., 1994; Sonesson B er a/., 1997). Ageing
is associated with characteristic changes in
arterial morphology and structure. In
different species, ageing has been shown
to be associated with an increased
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exteriorized at the base of the skull. Two
days later, blood pressure was measured in
the freely moving conscious animal by
means of an external low volume
displacement pressure transducer (CP-01,
Century Technology Co, Inglewood Ca,
USA). The delay in time between the tip
of the catheter and the pressure transducer
was 12 ms and, hence, guaranteed a
pressure signal frequency up to 50 Hz.
Elastic properties of arteries are,
among other factors, dependent on the
operating blood pressure. To be able to
compare the elastic properties of
hypertensive and normotensive rats,
arterial diameter and artery wall
displacements have to be measured at near
equal diastolic blood pressures. To this
end the animals were anesthetized with
ketamine/xylazine (10:50 mg/ml; 100
ml/100 g body weight) which lowered the
diastolic blood pressure in SHR to the
level in WKY (see results). Blood pressure
was measured simultaneously with the
diameter of the thoracic aorta and the
displacement of its walls during the
cardiac cycle, using an ultrasonic wall
tracking device (see below). Experiments
were terminated by exsanguination of the
anesthetized animals, after which the
thoracic aorta was isolated for subsequent
histological examination.

er a/., 1997; Zanchi A ef a/., 1997) and do not

allow
straightforeward
conclusions
regarding the accelerating effect of
hypertension on the reduction of arterial
compliance and elasticity and the
deterioration of arterial wall structure in
aged rats. In a previous study on young
adult WKY and SHR ( 1.5 to 6 month old)
we have shown that hypertension does not
affect the elastic and structural properties
of the thoracic aorta with advancing age
(Van Gorp AW e/ a/.,1995). Therefore, in the
present study we assessed the dynamic
mechanical properties, including the
incremental elastic modulus, of the
thoracic aorta in vivo in 9 to 18 month old
WKY and SHR. In addition, the collagen
and elastin contents of the aortic wall were
determined.

METHODS

Fourty-eight WKY and 48 SHR were
randomly divided into four groups. The
experiments were performed on 9, 12, 15
and 18 month old male WKY and SHR of
the Okamoto-Aoki strain (local inbred
strains; Central
Animal
Facilities,
Maastricht University, Maastricht, the
Netherlands). Each group consisted of 12
animals. The rats were housed in
individual cages, maintained on a 12-hour
light, 12-hour dark cycle, fed at libitum
(Hope Farms, Woerden, the Netherlands)
and they had free access to tap water. The
experimental protocols were approved by
the local Institutional Animal Care and
Use Committee.
For the measurement of arterial
blood pressure an intra-aortic catheter
filled with heparinized saline was
implanted under ether anesthesia. The
outer diameter of the intra-aortic catheter
was 0.5 mm. The catheter was advanced
from a femoral artery to just below the
bifurcation of the left renal artery. The
catheter was guided under the skin and

o//4orta D/a/we/er
The aortic diameter and the diameter
changes during the cardiac cycle were
measured by means of a conventional Bmode
ultrasound
system
(B
=
brightness)(Pie480, 7.5 MHz linear array)
attached to a vessel wall tracking system
(WTS, Pie Medical, Maastricht, the
Netherlands) as described in detail before
(Van Gorp A <?/ a/., 1996). The probe was
positioned on the left side of the sternum,
10 mm above the diaphragm. The B-mode
was used to visualize the thoracic aorta
whereafter an M-line (M = motion) was
selected. The ultrasound system was
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started after blood pressure and heart rate
had stabilized (average 20 min). In each
animal two observers performed three
recordings of 2.5 s. The data obtained
during these sessions were averaged.

switched to M-mode and ultrasound was
emitted and received along the selected
line.
The received Radio Frequency
(RF) signals were amplified and captured
and temporarily stored by a data
acquisition system. The internal capacity
of the WTS limited the available
measuring time. The emission trigger
frequency was set at 1653 Hz and each
analog RF-signal was converted digitally
in 256 points at a rate of 21 MHz. The
emission trigger frequency of 1653 Hz in
combination with an internal memory of 1
megabyte provides a measuring time of
2.5 s, allowing the recording of 10 cardiac
and 3 respiratory cycles.
The RF signals were transferred to
a PC. The first RF-signal captured was
visualized on the monitor screen to
identify manually the anterior and
posterior walls by means of two markers.
Subsequently, the position of these
markers was used by the tracking system
to follow the position of the anterior and
posterior walls and to assess the
displacement of these walls during the
cardiac cycle. The difference in the
displacements between these walls reflects
the change in diameter (distension) during
this cycle. The minimal distance between
the markers provides the end-diastolic
diameter (d„J. The WTS allows
assessment of artery wall displacements
with a resolution of a few micrometers
(Hoeks A er a/., 1990). For the thoracic aorta
of rats the intra-session variability for d^,,
varied between 3.3 and 6.5 % and the
inter-session variability for this parameter
was 4.6 %. For the distension, Ad, intrasession variability varied between 7.9 and
11 % and the inter-session variability was
9.2 %. There was no difference between
observers (Van Gorp A ef a/., 1996).

iwmen £)/ameter
anrf Pressure.
Since the WTS and the intra-aortic
catheter exhibit different time-responses,
and the selected M-line did not always
coincide with the tip of the pressure
catheter, we limited the analysis to (1) the
relationship between aorta lumen caliber
and intra-aortic pressure at end-diastole
(d^ and P^) and (2) the maximal changes
in pressure (AP) and diameter (Ad) during
the cardiac cycle, d
and Ad were
converted to lumen area's and changes
thereof (Adia and AA), assuming a circular
cross-section of the vessel. With the
additional assumption that vessel segment
length remains constant during the cardiac
cycle (Reneman R « a/., 1996), the absolute
and the relative change in aortic lumen
area during the cardiac cycle provides
information about the cross-sectional
compliance and distensibility of the vessel,
respectively (Reneman R <?/ a/, 1990; Hoeks A e<
a/, 1993a; Hoeks A,1993b). AA/AP and
(AA7A)/AP will be referred to as the
compliance coefficient (CC) and the
distensibility
coefficient
(DC),
respectively.
,4or/;'<: Wa// S/rucfure
A segment of 10 mm (Lj), halfway
between the heart and diaphragm, was
marked on the aorta and subsequently
removed from the animal and cleaned of
adhering fat and connective tissue after
which the ex vivo length of the segment
(Le) was measured under a stereomicroscope with a precision of ± 5 (im.
The segment of the thoracic aorta was
isolated, fixed in 4% neutral buffered
formaldehyde and embedded in paraffin
after which 4 |im thick sections were
obtained. These sections were stained with

The WTS was also equipped with
an acquisition system for reference data to
sample
blood
pressure
signals
synchronously with the emission trigger.
Under anesthesia, measurements were
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<>/ a/., 1990). The collagen occupied area,
enclosed by the external and internal
elastic lamina, was determined as
described above. The data are presented as
media collagen density, i.e., the collagen
area as percentage of the total media area
in the section.
Biochemical determination of
collagen content of the media of the
remaining part of the thoracic aorta was
performed essentially as described by
Chiariellio ef a/.. (Chiariellio M er a/., 1986).
To facilitate the separation of the
adventitia and media, aortas were
incubated for 24 hours (h) in phosphate
buffered saline (PBS, pH=7.0) at 4 °C.
The media and adventitia were separated
from each other mechanically under a
dissection microscope. The media was
dried under vacuum and the dry weight
was measured. Afterwards, the media was
incubated in a 1% Sodium Dodecyl
Sulphate (SDS) solution in PBS for 24 h at
4 °C. Incubation in 1% SDS extracts the
non-cross-linked collagen from the aorta.
The supernatant was collected and stored
at -70 °C and the pellet was incubated in a
Cyanate Bromide Solution in 70% formic
acid for 24 h at room temperature. Cyanate
Bromide cleaves proteins at methionine
sites. Since elastin does not and collagen
does contain methionine, cross-linked
collagen can be extracted from the aortic
media by Cyanogen Bromide. The pellet,
containing elastin, and both supematants,
containing non-cross-linked and crosslinked collagen, respectively, were dried
under vacuum and hydrolyzed in 6 N HC1
at 120 °C. The collagen content was
determined
by
the
amount
of
hydroxyproline
residues.
The

Lawson's solution, which highlights elastic
laminae, and the cross-sectional area of the
media was determined using an axioplan
microscope (Zeiss) equipped with a
standard
CCD
camera
(Stemmer,
Germany) (Boonen H <?/ a/.., 1993). Digitized
images were analyzed with commercial
software (JAVA, Jandell Scientific, Corte
Madera Ca, USA). The area enclosed by
the external and internal elastic lamina
was considered to represent the ex vivo
cross-sectional area of the media (CSAe).
This was converted to in vivo media crosssectional area (CSA;) using the following
formula:
CSA. = (L / L ) . CSA
in which it was assumed that aortic wall
volume remains constant after isolation
and fixation and in which L. and L^ refers
to the length of the thoracic aorta before
and after isolation, respectively.
Media thickness (Mt) in diastole
was calculated from diastolic diameter
(d ) and from CSA., using the formula:
CSA. = Jt(d^/2 + Mt)^ - t(d^/2)^
which can be rewritten as:
1/2
In these calculations it is assumed that the
cross-section of the aorta is circular in situ.
Measurements
of
mechanical
properties and dimensions were combined
to calculate the incremental elastic
modulus or Young's modulus (Ejnc):

hydroxyproline residues were oxidized
with chloramine T, which reacts with pdemethylamino-benzaldehyde.
In the
different fractions the colored compound
produced
was
measured
photospectometrically
at
558 nm.
Hydroxyproline represents between 10.5
and 11.5 % of the aminoacid residues in

E = d„ / (Mt. DC)
ine

du

^

'

conte«/.
Four |im thick Paraffin sections were also
used to determine collagen area. The
sections were stained with Sirius red
solution, which highlights collagen (James J
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between age groups and strains were
performed with the two way ANOVA
extended with a post-hoc test (Tukey) for
multiple comparison. P < 0.05 was
considered
to
denote
statistically
significant differences.
All animals in the 18 month old
WKY group survived, but before the onset
of the measurements, only 7 out of 12
SHR had survived the advancing age to 18
months. Therefore, 18 month old SHR
have to be considered as a selected group
and from a statistical point of view it is not
allowed to compare these animals with the
18 month old WKY and with SHR from
the other age groups in a trend analysis.

collagen (Chiariellio M ef a/, 1986). The data

are presented as mg hydroxyproline per g
dry weight normalized for the crosssectional area of the media.

In each animal 6 consecutive 2.5 s
simultaneous recordings of pressure,
internal lumen diameter and distension
were obtained and the various parameters
were calculated for each individual cardiac
cycle. Mean values were determined for
each recording session, then these values
were averaged for each individual animal
and eventually a group mean was obtained
for each different age group. The data are
presented as means ± SD. Comparisons

Table 6.1: Body weight and anesthetized heart rate of aged WKY and SHR
(mean±SD)n=12
Months of age
parameter
9
12
15

18

body weight (g)

WKY
SHR

467±35
397±30*

514±34
443±19**

495±19
439±40**

512±26
427±19

217±28
221±18

266±22 *
265±18*

265±34 *
267±29*

263±19*
270±15"

heart rate (min"')

WKY
SHR

' significantly different compared to 9 months of age, p < 0.05
* significantly different compared to 12 months of age, p < 0.05
* significantly different compared to 15 months of age, p < 0.05
* significantly different between WKY and SHR, p < 0.05

in all age groups and did not change
significantly with age in both strains (Fig.
6.1a). In SHR, conscious pulse pressure
was higher at 12 and 15 months as
compared with 9 months of age (Fig.
6.1b). In WKY, conscious pulse pressure
did not change significantly with age (Fig.
6.1b), except for an increase at 15 months
of age (Fig. 6.1b). At the age of 12 and 15
months, pulse pressure was higher in SHR
than in WKY (Fig. 6.1b).

RESULTS

Body weight was significantly higher in
WKY as compared to SHR in all age
groups and did not change with increasing
age in WKY. In SHR of 9 months body
weight was lower than in the other age
groups (Table 6.1). Diastolic blood
pressure, determined under conscious
freely
moving
conditions,
was
significantly higher in SHR than in WKY
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Fig. 6.1 Diastolic blood pressure (a) (mmHg) and pulse pressure (b) (mmHg) in conscious Wistar
Kyoto rats (WKY; open bars) and conscious spontaneously hypertensive rats (SHR; closed
bars) of varying ages. Mean ± SD (n=12).
* significantly different between WKY and SHR.
* significantly different from 9 month old WKY or SHR.
* significantly different from 12 month old WKY or SHR.
* significantly different from 15 month old WKY or SHR.
Anesthesia
with
ketamine/xylazine
significantly lowered diastolic blood
pressure in SHR and WKY (Fig. 6.1a and
6.2a). During anesthesia the original
differences in diastolic blood pressure
between SHR and WKY disappeared in all
age categories, but was higher at 12 and 15
months than at 9 months of age in both
strains (Fig. 6.1a and 6.2a). Under
anesthesia
no consistent
significant

difference in pulse pressure (Fig. 6.2) and
heart rate (Table 6.1) could be detected
between both strains in all age categories.
During
anesthesia
heart
rate
was
significantly higher at 12 and 15 months
than at 9 months of age in both strains, but
no consistent significant differences in
pulse pressure could be detected between
the age categories in both strains (Fig.
6.2).
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Fig. 6.2. Diastolic blood pressure (a) (mmHg) and pulse pressure (b) (mm) during anesthesia with
ketamine/xylazine in Wistar Kyoto rats (WKY; open bars) and spontaneously hypertensive
rats (SHR; closed bars) of varying ages. Mean ± SD (n=12).
* significantly different between WKY and SHR.
* significantly different from 9 month old WKY or SHR.
* significantly different from 12 month old WKY or SHR.
* significantly different from 15 month old WKY or SHR.

Diastolic diameter of the thoracic aorta
determined under anesthesia, did not
change significantly with age in WKY
(Fig. 6.3), but increased with age in SHR.
At 9 and 12 months of age, diastolic
diameter was significantly smaller in SHR
as compared with WKY (Fig. 6.3), this
difference disappeared at older age (Fig.
6.3).

In both strains, aortic distensibility
was lower at 12 and 15 months than at 9
months of age (Fig. 6.4a). In WKY,
distensibility was higher in 18 months as
compared with 15 months of age and was
not significantly different from the 9 and
12 month old groups (Fig. 6.4a).
Distensibility was lower in SHR than in
WKY at 9 and 12 months of age (Fig.
6.4a). Compliance was significantly lower

123

significantly different from the 9 month
age category (Fig. 6.4b). Compliance was
significantly lower in SHR than in WKY
at 9 and 12 months of age (Fig. 6.4b).

at 15 months than at 9 months of age in
WKY (Fig. 6.4b), but was not
significantly different between the age
categories in SHR (Fig. 6.4b). In WKY, at
18 months of age, compliance was not

E

9

12

15

18

18

Age in months
Fig. 6.3. Diastolic aortic diameter (mm) during anesthesia with ketamine/xylazine in Wistar Kyoto
rats (WKY; open bars) and spontaneously hypertensive rats (SHR; closed bars) of
varying ages. Mean ± SD (n=12).
* significantly different between WKY and SHR.
* significantly different from 9 month old WKY or SHR.
* significantly different from 12 month old WKY or SHR.
* significantly different from 15 month old WKY or SHR.

Media cross-sectional
area (CSA,)
increased significantly with age in SHR
and WKY (Fig. 6.5a). In all age groups
CSA, was larger in SHR than in WKY
(Fig. 6.5a). Similar changes and
differences were observed in media
thickness (Mt) (Fig. 6.5b). The Mt to
diastolic diameter ratio was slightly, but
significantly larger in the older age groups
in WKY (15 and 18 months), but was not

significantly different between the age
groups in SHR (Fig. 6.6a). This ratio was
significantly larger in SHR than in WKY
in all age categories (Fig. 6.6a).
In both strains the incremental
elastic modulus (E;„J was not significantly
different between age groups (Fig. 6.6b).
At 9 months of age E,„ was significantly
smaller in SHR than in WKY (Fig. 6.6b).
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anesthesia with ketamine/xylazine in Wistar Kyoto rats (WKY; open bars) and
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Fig. 6.5. In vivo media cross-sectional area (a) ( W ) and media thickness (b) (urn) in Wistar Kyoto
rats (WKY; open bars) and spontaneously hypertensive rats (SHR; closed bars) of varying
ages. Mean ±SD(n= 12).
• significantly different between WKY and SHR.
# significantly different from 9 month old WKY or SHR.
* significantly different from 12 month old WKY or SHR.
* significantly different from 15 month old WKY or SHR.

In both strains no significant differences in
media collagen density, as determined
with morphometry on sirius red stained
sections, could be detected between the
different age groups and between SHR and
WKY (Table 6.2). Collagen density
obtained with morphometry showed a
large variability. In both SHR and WKY,
the non-cross-linked collagen content was
lower in 9 month old animals than in the

older ones (Table 6.2). At 9 and 12 months
of age this content was lower in SHR than
in WKY (Table 6.2). The cross-linked
collagen content was higher in the 9
months old group than in the older groups,
in both WKY and SHR and was
significantly lower in SHR than in WKY
at the age of 9 months (Table 6.2). In both
strains the elastin content was lower in the
animals of 9 months old than in the older
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any age (Table 6.2).

ones (Table 6.2). This content was not
significantly different between strains at

Table 6.2: Collagen density and mg/g dryweight of collagen and elastin content normalized
to in vivo media cross-sectional area of aged WKY and SHR
(x ± SD)n=12
Months of age
parameter
9
12
15
18
collagen density (%)
WKY
SHR

18.0±5.0
17.0±4.0

Non-cross-linked collagen (mg/g/nW)
WKY
5.2±1.3
SHR
2.2±0.2*
Cross-linked collagen (rng/g/mm*)
28.3±3.3
WKY
22.3±2.6*
SHR

17.5±5.2
13.7±6.6

7.9±0.8*
5.8±0.4*'

13.0±4.5'
12.6±3.2'

20.8±5.0
15.7±5.8

14.8±4.2
16.8±5.0

6.3±0.5*
6.2±1.5*

6.4±0.5*
6.0±1.7"

18.5±5.7
16.8±6.1

Elastin (mg/g/mm^)
49.7±7.2*
44.9±3.0'
WKY
17.9±1.1
45.8±1.4*
40.7±6.7'
18.7±2.1
SHR
* significantly different compared to 9 months of age, p < 0.05
* significantly different compared to 12 months of age, p < 0.05
* significantly different compared to 15 months of age, p < 0.05
•significantly different between WKY and SHR, p < 0.05

23.7±7.1
15.7±6.7

47.5±2.6'
46.2±5.5"

distensibility in 12 and 15 month old SHR
(Fig. 6.3a).There were no significant
differences in compliance between 18
month old SHR and the younger animals
(Fig. 6.3b). CSA, was significantly larger
in 18 month old SHR than in the younger
SHR (Fig. 6.4a). Mt was only significantly
different between 18 month and 9 month
old SHR (Fig. 6.4b). The Mt to diastolic
diameter ratio was not significantly
different between 18 month old and the
younger SHR (Fig. 6.5a). E,„. was
significantly larger in 18 month old than in
9 month old SHR (Fig. 6.5b).
Collagen
density
was
not
significantly different between 18 month
old SHR and the younger ones (Table 6.2).
Non-cross-linked collagen content (Table
6.2) and elastin content (Table 6.2) were
significantly larger, and cross-linked

Body weight (Table 6.1) and conscious
diastolic blood pressure (Fig. 6.1a) were
not significantly different between 18
month old and younger SHR. Conscious
pulse pressure was significantly lower at
18 month as compared to 12 and 15 month
old SHR (Fig. 6.1b). Anesthesia reduced
the diastolic blood pressure, but had no
effect on pulse pressure in 18 month old
SHR (Fig. 6.1a and 6.2a). In 18 months
old SHR, the anesthetized heart rate was
not significantly different from the 12 and
15 month old rats, but significantly higher
as compared with the 9 month animals
(Fig. 6.1a and 6.2a). Diastolic diameter
was significantly larger in 18 month old
SHR than in the other age groups (Fig.
6.2). Distensibility was significantly lower
in 18 month than in 9 month old SHR, but
was not significantly different from the
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compared to 9 month old SHR (Table 6.2).

collagen content significantly smaller
(Table 6.2) in 18 month old SHR as
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Fig. 6.6. Media thickness to diastolic diameter ratio (a) and incremental elastic modulus (b) (kPa) in
Wistar Kyoto rats (WKY; open bars) and spontaneously hypertensive rats (SHR; closed
bars) of varying ages. Mean ± SD (n=12).
* significantly different between WKY and SHR.
# significantly different from 9 month old WKY or SHR.
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DISCUSSION

The findings in this study show that the
compliance of the thoracic aorta is lower in
aged than in the adult WKY, due to a
decrease in distensibility, but that in SHR
the compliance does not change with age,
despite a decrease in distensibility of the
thoracic aorta. In SHR the decrease in
compliance seems to be compensated for
by an increase in diameter. A similar
progressive increase in media mass, as
indicated by the larger media crosssectional area and thickness, is found in
both strains, but is more pronounced in
SHR than in WKY. The small differences
in diameter between WKY and SHR
combined with the more pronounced media
hypertrophy in SHR results in a larger
media thickness to diameter ratio in SHR
than in WKY. This ratio is not affected by
age in both strains. The elastic properties
of the thoracic aorta do not change with
increasing age in both strains, as indicated
by the absence of significant differences in
the incremental elastic modulus between
age
categories.
Altogether
these
observations indicate that hypertension
does not aggravate the changes in artery
wall properties and structure as occurring
with increasing age. Although the content
of non-cross-linked collagen was lower in
SHR than in WKY at 9 and 12 month of
age and the cross-linked collagen content
was lower in SHR than WKY, the changes
in the content of these collagen subtypes
with age are similar in both strains.
Because the total collagen content is not
different between age categories either, it is
unlikely that changes in these matrix
proteins can be held responsible for the
changes in wall properties and structure as
observed with age. A change in elastin
content can probably not be held
responsible for the changes in wall
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properties either, because in both strains its
content increases with age. This increase
may contribute to the increase in wall mass
with age as observed in both strains.
One of the main functions of the
thoracic aorta is to buffer the pulsatile
output from the heart and to provide a
continuous flow to the distal vascular beds.
This buffering capacity is determined by
the diastolic diameter and elastic properties
of the artery wall (Reneman RS er a/., 1996). It
has been proposed that hypertension
induces structural changes and has an
accelerating effect on the decline of the
buffering capacity and the elasticity of
arteries as seen with ageing (Lakatta
EG. 1987; Michel JB <?/ a/., 1994). In the present
study the compliance and the elastic
properties of the thoracic aorta were found
to be preserved with increasing age in SHR
as a result of the enlargement of the
diameter and the absence of an alteration in
incremental elastic modulus. The increase
in diameter of the aorta with advancing age
is in agreement with previous findings
(Sumitani M « a/., 1997), in this Study the
increase in diameter with advancing age
was believed to be a consequence of the
growth of the animals. The findings in the
present study, however, do not support this
notice, because in SHR body weight only
increases between 9 and 12 months of age,
while the diastolic thoracic aorta diameter
further increases at older age (Fig. 6.3).
Besides, at 15 months of age the diastolic
diameter is comparable in SHR and WKY,
despite a lower body weight in the former
species. Blood pressure can not be held
responsible for the increase in diastolic
diameter either, because in SHR blood
pressure does not change significantly with
advancing age. Whether the increase in
diastolic diameter in SHR may be
considered as a compensation mechanism

the entire wall. In the calculation of the
incremental elastic modulus, however, only
the thickness of the media is taken into
account because of the poor delineation of
the outer vessel wall boundary. Therefore,
changes in the elastic properties of the
adventitita and intima, if any, can not be
ruled out.
We deliberately performed the
experiments during
ketamine/xylazine
anesthesia to be able to assess dynamic
artery wall properties at comparable levels
of blood pressure. Xylazine is well known
for its a-2 adrenergic agonistic properties.
The compound thereby (i) inhibits the
activity of the vasomotor center in the
central nervous system (Van Zwieten PA er
a/, 1983), (ii) reduces peripheral adrenergic
neurotransmission by a prejunctional
inhibitory action (Vanhoutte PM er a/., 1981)
and (iii) dilates the aorta through a local
endothelium-dependent
mechanism

to normalize an enhanced shear stress
remains to be investigated.
The absence of a change in
incremental elastic modulus can be
explained by the fact that diastolic
diameter and media thickness increase and
distensibility decrease with age resulting in
a comparable incremental elastic modulus
in the different age categories. Similar
observations were made in studies on the
carotid artery of ageing SHR (Waeber B <>r
a/., 1992), on the aorta of renal hypertensive
rats (Sumitani M e/ a/., 1997; Zanchi A e/
a/., 1997), and on the thoracic aorta of young
and adult rats (Van Gorp A er a/., 1995). In
other studies in SHR, however, the
compliance and the elastic properties of the
carotid artery were found to be reduced
with increasing age (Benetos A e/ a/.,1992).
An explanation for this discrepancy could
be the level of arterial blood pressure in the
SHR strains used. The blood pressure level
in the SHR strain employed in the present
study was not as high as that in the study
by Benetos and colleagues (Benetos A er
a/.,1992; Levy Bl er a/., 1994). The severity of
the blood pressure elevation may be
important in the induction of structural
alteration in the aortic wall (Wolinsky
H, 1972; Fisher GM. 1976).

(Vanhoutte PM er a/., 1989). Following
administration
of
ketamine/xylazine
circulating catecholamine levels were
reduced by 80 to 90 % and, unlike in
conscious restrained WKY, prazosin and
Na-nitroprusside failed to dilate the aorta
in vivo (unpublished results). The blood
pressure
lowering
effect
of
ketamine/xylazine was far more marked in
SHR than WKY which is compatible with
the hyperactivity of the sympathetic
nervous system in SHR (Grobecker H er
a/, 1975; Smith TL er a/.., 1979; Lee RM e/ a/.,1986;
Daemen MP er a/.. 1995).
The increase in wall mass with age
has been ascribed to growth of the animal
(Wolinski H.1972; Berry CL er a/.,1975; Sumitani
ML er a/., 1986), but this explanation is less
likely for the increase in wall mass
observed with increasing age in both
strains in the present study. In SHR, body
weight
only
increased
significantly
between 9 and 12 months of age and was

In the SHR strain used spontaneous
mortality strongly increases after 17
months of age (Schoemaker R.1989), which
was confirmed in the present study.
Therefore, the survivors in the 18 month
old SHR group may represent a selection
and it was decided to exclude these
survivors from the trend analysis. In
general, however, the findings in this group
of survivors were not significantly
different from 12 and 15 month old SHR.
It should be noted that in the
present study the functional properties of
the thoracic aorta, as compliance and
distensibility, are determined considering
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changes in cross-linked and non-crosslinked collagen and the increase in elastin
content with age indicate that there is no
relation between these matrix proteins and
the functional and elastic properties of the
thoracic aorta wall. Previous studies in
different rat models of hypertension,
however, described an association between
elevated blood pressure and an increase in
the synthesis and deposition of collagen in
large arteries (Folkow B er a/.,1973; Iwatsuki K

not significantly different between age
categories in WKY. An increase in blood
pressure cannot be held responsible for the
increase in wall mass either, because blood
pressure did not change with age in both
WKY and SHR. The increase in media
mass may be induced by an increased
activity of the sympathetic nervous and
renin angiotensin systems, which have
profound effects on smooth muscle cell
growth and extracellular matrix protein
synthesis, and, therefore, on arterial wall

er a/.,1977; Ooshima A er a/., 1977; Berry CL e/
a/.,1981; Levy BI er a/., 1994). Collagen content

mass (Campbell-Bosswell M. er a/., 1981; Dzau
VJ,1987; Geisterfer AA er a/.,1988; Daemen MJ er
a/., 1991; Griffin SA er a/., 1991; Boonen H er
a/., 1993; Schiffers PM er a/., 1993; Daemen M e/
a/., 1995).

appears to increase with the severity of
hypertension and with the duration of
blood pressure elevation (Wolinsky H.1972;
Fisher GM.1976). The putative increase in
collagen as described in these studies,
however, can be questioned because in
these early studies absolute amounts were
considered. If in hypertension the amounts
of collagen and elastin are related to the
increase of wall mass, a decrease in the
density of collagen and elastin is observed

Collagen and elastin contents are
believed to be important determinants of
the arterial elastic behavior and collagen
content is believed to increase with ageing
and in hypertension (Cox RH.1989). In the
present study, however, collagen content
was not different between SHR and WKY
and did not change with age in both strains.
Between 9 and 12 months of age, noncross-linked collagen content increased in
SHR and WKY, which may indicate that
the turn-over of collagen is increased or
that collagen cross-linking is reduced. The
non-cross-linked collagen molecules do not
have tight interactions with the existing
extracellular matrix and, hence, are not
able to carry tensile strength and will have
very little or no contribution to the
mechanical properties of the aortic wall
(Vadlamudi RK er a/.,1993). Between 9 and 12
months of age, cross-linked collagen
content decreased and elastin content
increased in both SHR and WKY, events
believed to increase the elasticity of
arteries (Cox RH.1989), which contrasts with
the unaltered elasticity of the thoracic aorta
in SHR and WKY as observed in the
present study. The absence of a change in
collagen content with age as well as the

(Wolinsky H,1970; Wolinsky H.1972; Wolinsky H
er a/., 1975; Cox RH,1979a; Cox RH,1979b; Cox

RH,l98l). In aged rats, Fornieri <?/ a/.. (Forieri
C er a/., 1992) described an increase in the
volume density of collagen, but a reduction
of the total amount per cross-sectional
area. Altogether, these findings are in
accordance with the findings in the present
study that the relative amount of collagen
are not altered with ageing and in
hypertension. Collagen and elastin both
have a very long half life and, therefore, it
is questionable whether the effects of
ageing and hypertension on these
scleroproteins may be comparable between
humans and rats.
In conclusion, the results presented
in this study indicate that hypertension
does not aggravate the reduction of the in
vivo dynamic mechanical and structural
properties of the thoracic aorta as occurring
with increasing age.
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THE INFLUENCE OF ANTIHYPERTENSIVE MEDICATION ON THE
CONSCIOUS IN-VIVO DYNAMIC MECHANICAL PROPERTIES OF THE
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ABSTRACT
The dynamic mechanical properties of large arteries change in hypertensive
disease. These changes are related to the pressure increase as such, but could also
be caused by pressure-independent factors. One way to test the role of pressureindependent mechanisms is to compare the effects of different regimens of druginduced blood pressure lowering. In this study we investigated the effects of a 6
weeks treatment of young 6 week old spontaneously hypertensive rats (SHR) with
the ACE-inhibitor captopril, the calcium entry blocker nifedipine and the arterial
vasodilator hydralazine. At the end of the treatment period we measured the
diameter of the thoracic aorta and its change during the cardiac cycle using a
previously described non-invasive ultrasound technique in conscious animals.
Blood pressure was measured via an intra-aortic catheter. These measurements
allowed the calculation of aorta compliance and distensibility. After these
measurements animals were sacrificed to determine the media cross sectional area
of the thoracic aorta. This allowed the calculation of the incremental elastic
modulus of the aorta. The results of our measurements show that (i) diastolic
diameter of the aorta was not influenced by significantly by any treatment, except
for a small reduction following hydralazine; (ii) aortic compliance and
distensibility were increased by all antihypertensives; (iii) the antihypertensives
did not influence the aorta incremental elastic modulus and (iv) the media crosssectional area of the aorta was reduced to a comparable degree by the various
antihypertensives. From these data we conclude that the effects of antihypertensive
drugs on dynamic mechanical properties of the aorta of SHR are due to their
pressure lowering effect rather than to direct effects on aorta diameter or vascular
stiffness.

the large arteries. Experimental, clinical
and epidemiological studies have shown
that these vascular abnormalities contribute
to hypertension-induced cardiovascular
complications (Safar M.1988; Struijker Boudier
H era/., 1995).
Although the elevation of blood
pressure as such is an important trigger for
large artery structural and functional
changes, it has been proposed that these
changes due to the activation of different
neurohumoral systems occur independently
of blood pressure levels (Bcnetos A «
a/., 1992). These findings are in agreement
with the fact that changes in buffer
function precede the increase in blood
pressure in spontaneously hypertensive rats
(Van Gorp A er a/., abstract). A particular role
has been suggested for the reninangiotensin system (Benetos A e/ a/., 1992).

INTRODUCTION

Large arteries have a conduit and buffering
function (O'Rourlce M,1982). Because of their
distensibility, they are able to buffer the
pulsatile output of the ventricle. Indeed,
after left ventricular ejection has distended
the aorta and its large branches and closure
of the aortic valves has been achieved, the
elastic aorta and its branches recoil,
thereby sustaining the pressure head
rendering blood flow to the periphery
steadier than it would otherwise. In
established hypertension, a number of
structural changes occur in large arteries
(Safar M.1988; Struijker Boudier H <?/ a/.,1995),

which
comprise
smooth
muscle
hypertrophy and changes in extracellular
matrix composition. These structural
changes reduce the buffering capacity of
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Angiotensin II has multiple effects on
aortic wall structure and function
independent of any effects mediated
through blood pressure elevation. These
include effects on vascular smooth muscle
cell growth (Campbell-Bosswell M ef a/., 1981;
Geisterfer A rt a/.,1988; Daemen M e/ a/.,1991;
Giffin S e/ a/.,1991) and extracellular matrix
formation (Dzau V,1987). In other studies, it
has been described that angiotensin
converting enzyme (Saavedra J er a/.,1992)
and the mRNA of angiotensinogen
(Lodwick D e/ a/., 1995) are increased in the
aorta's of prehypertensive SHR as
compared to WKY.
A potential way to test the role of
pressure-independent
mechanisms
of
influencing large artery properties is to
compare the effects of different regimens
of pharmacological methods of blood
pressure reduction. The recently developed
technique of aorta diameter and wall
movement
measurement
in
intact
conscious rats (Van Gorp A e/ a/., 1996) allows
such an approach. In this study, we
hypothesize that the pressure-independent
differences in mechanical properties
between spontaneously hypertensive rats
and Wistar Kyoto rats are the result of an
increased activity of the renin-angiotensin
system and these differences can be
reversed by early treatment with ACEinhibitors. Therefore, we investigated the
effect of treatment with the ACE-inhibitor
captopril on the reversion of mechanical
and structural alterations of the aortic wall
observed already in early stages of
spontaneous hypertension. The calciumentry-blocker nifedipine and the arterial
vasodilator hydralazine are used as
antihypertensive agents that exert their
blood
pressure
lowering
effect
independently of the renin-angiotensin
system.

METHODS

SHR were obtained from the Central
Animal Facilities of the Maastricht
University (Maastricht, The Netherlands)
or from Iffa Credo (France). Rats were
housed individually and maintained on a
12-hour light, 12-hour dark cycle. They
were fed ad libitum (Hope Farms,
Woerden, The Netherlands) and had free
access to tap water. All experimental
protocols were approved by the local
Institutional Animal Care and Use
Committee. Starting at an age of 6 weeks,
the animals were trained for a period of 6
weeks in a restrainer which was developed
in our institute (Van Gorp A « a/., 1996). Their
systolic blood pressures were measured
(see below) and they were randomized into
groups of 10 animals each for the various
treatments. Randomization was such that
starting systolic blood pressures did not
differ significantly for the various
treatment groups. Treatments consisted of
different
antihypertensives:
0.01
mg/kg/day nifedipine, 4 mg/kg/day
hydralazine, 2.5 or 12.5 mg/kg/day
captopril. The doses of nifedipine and
hydralazine were chosen on the basis of
pilot experiments (Eerdmans P ef a/., 1993) to
reach equal degrees of blood pressure
reduction as with 12.5 mg/kg/day
captopril. The antihypertensives were
administered by the use of osmotic
minipumps (Alzet) implanted underneath
the skin. Nifedipine was dissolved in a
solution of 50% (v/v) ethanol and 50%
(v/v) polyethylene glycol. Hydralazine and
captopril were dissolved in water. Shamoperated SHR served as controls.
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wall. Then the ultrasound system was
switched to M-mode and ultrasound was
emitted and received along the selected
line of sight at a programmable emission
trigger frequency. At an emission
frequency of 1653 Hz, the 1 MB memory
will hold 2.5 s of data, corresponding to
approximately 12 cardiac and 4 respiration
cycles under the current experimental
conditions. Because of the higher heart rate
in the awake rats, sampling frequency was
doubled resulting in data collection for 1.2
s(VanGorpAe/o/.,1996).

At the age of 6 weeks, systolic blood
pressure was measured with the use of a
tail cuff plethysmography. At the end of
the treatment period of 6 weeks, a
polyethylene catheter (PE-10; ID 0.28 mm,
OD 0.61 mm), filled with heparinized
saline, was implanted in the aorta under
pentobarbital sodium anesthesia (100
ul/100 g body weight; 60 mg/ml) for the
recording of blood pressure. The catheter
was advanced through a femoral artery to
just below the bifurcation of the renal
artery. The catheter was guided underneath
the skin and exteriorized at the base of the
skull. Aortic pressure was measured with
an external pressure transducer (CP-01,
Century Technology, Inglewood, CA,
USA). The delay in the pressure measuring
system was 12 ms, indicating a frequency
response beyond 50 Hz. After two days,
the studies on the mechanical and
structural properties of the thoracic aorta
were started.

/Votoco/
During the 6-week treatment period, the
rats were accustomed to the restrainer for
hemodynamic measurements in the
conscious state, 5 days per week during
approximately 30 minutes per day. Two
days following the intra-aortic catheter
implantation, rats were placed in the
restrainer. After 15 minutes in the
restrainer, blood pressure and aortic wall
movement measurements were performed.

o/ aorta <#a
ranrf wa// move/wen?
The ultrasound device to assess diameter
(d) and diameter changes (Ad) of the aorta
during the cardiac cycle consists of a
vessel wall tracking system (WTS)
combined with a conventional B-mode (B,
brightness) ultrasound system (Pie 480, 7.5
Mhz linear array, Pie Medical, Maastricht,
The Netherlands)(Hoeks A <* a/., 1990, 1993).
The rats were shaved at the site of
measurement and the ultrasound probe was
placed on the thorax slightly to the left of
the sternum; ultrasonic gel was applied
between probe and skin. The thoracic aorta
was then visualized in B-mode, 10 mm
proximal to the diaphragm, and the probe
was positioned so that the M-line (M,
motion) was perpendicular to the vessel

o/

co/n/>//'awce

Arterial compliance is defined as the
absolute increase in volume (AV) for a
given increase in arterial blood pressure
(pulse pressure = AP). Distensibility, on
the other hand, is the relative increase in
volume (AV/V) for a given AP. Assuming
that a volumetric increase is due to radial
distension
rather
than
longitudinal
elongation (Reneman R <?/ a/., 1986, 1996) and
that vascular lumen cross-section is
perfectly circular, compliance (CC) and
distensibility (DC) can be approached as
follows:
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Germany) (Boonen H e/ a/.,1993). This value
was converted to the expected in-vivo CSA
(CSAj), assuming that vascular mass is
constant, by accounting for vascular
retraction upon isolation, i.e.

CC = AV/ AP a AA/ AP

DC = (AV/V))/ AP * (AA/A,J/ AP
* (2Ad/d„J/AP

i = CSA,

-?; ?••, H ' . - W ;r! •;>*

CSA; and d,,,,, were used to calculate media
thickness (Mt) according to:

where d,,,, and A,,,, stand for the enddiastolic diameter and area, respectively;
Ad and AA represent the changes in
diameter and lumen area during the cardiac
cycle, respectively.

Furthermore, the incremental
modulus (E|„J, was calculated as:
At the end of each experiment, the rats
were euthanized and a 10-mm segment of
the middle part of the thoracic aorta was
excised. The extent of longitudinal
retraction upon isolation was assessed by
pre (Lj) and post (LJ excision
measurement of the segment length. The
excised vessel was fixed by immersion in
4% phosphate buffered formalin before
being embedded in paraffin.
Media cross-sectional area (CSAJ,
defined as the area between the internal
and external elastic laminae, was
determined
by
semi-automated
morphometry
(JAVA
1,21
Jandel
Scientific, Corte Madera, CA, USA) on 4
Urn cross-sections stained with Lawson's
solution (a classic elastin stain), using an
axioplan microscope (Zeiss) equipped with
a standard CCD camera (Stemmer,

elastic

Each group of SHR consisted of 10
animals. In each animal, 6 consecutive 1.2
s recordings were made. The recordings of
pressure, internal lumen diameter and
distension were obtained and mechanical
vessel characteristics were calculated for
each individual cardiac cycle. Mean values
were calculated for each recording session;
then these values were averaged for each
individual animal and eventually a group
mean was obtained for each strain.
The data are presented as means ±
SD. Comparison between different groups
was performed with ANOVA followed by
a Tukey test for multiple comparison
(Wallenstein Sera/., 1980).
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Fig. 7.1. Bar graphs showing diastolic blood pressure (a) and pulse pressure (b) in untreated
spontaneously hypertensive rats (SHR, n=12), and SHR treated with 0.01 mg/kg/day
nifedipine (NIF. n=12), 4 mg/kg/day hydralazine (HYD, n=12), 2.5 mg/kg/day (CP2.5,
n=12)and 12.5 captopril mg/kg/day (CP 12.5, n= 12). Mean ± SD.
* significantly different from untreated control SHR p< 0.05.

implanted aortic catheter. Figure 7.1
summarizes the values for diastolic
pressure and pulse pressure. Diastolic
pressure was reduced significantly in all
treated SHR groups. The strongest
reduction was observed in hydralazine
treated SHR, although the diastolic blood
pressures observed in that group did not
differ significantly from that in the other
SHR groups. Pulse pressures were reduced

RESULTS

At the time of the start of the treatment
(age: 6 weeks), systolic blood pressures,
determined with tail plethysmography) did
not differ significantly for the various SHR
treatment groups (range: 125±11 to
143±14 mm Hg). Following 6 weeks of
treatment, blood pressures were measured
in restrained conscious animals with an
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in the other groups.

significantly in the nifedipine and 12.5
mg/kg/day captopril treated SHR, but not
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Fig. 7.2. Bar graphs showing diastolic diameter (a) and distension (b) in untreated spontaneously
hypertensive rats (SHR, n=12), and SHR treated with 0.01 mg/kg/day nifedipine (NIF,
n=12), 4 mg/kg/day hydralazine (HYD, n=12), 2.5 mg/kg/day (CP2.5, n=12) and 12.5
captopril mg/kg/day (CP 12.5, n=12). Mean ± SD.
* significantly different from untreated control SHR p< 0.05.
Conscious diastolic aorta diameter was
significantly smaller in the hydralazine
treated SHR when compared to control
SHR. In the other groups diastolic diameter
of the aorta did not differ significantly

(Fig. 7.2a). Distension was significantly
higher in hydralazine treated SHR when
compared to control SHR (Fig. 7.2b). No
significant differences were observed for
the other treatment groups.
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Fig. 7.3. Bar graphs showing compliance coefficient (a) and distensibility coefficient (b) in untreated
spontaneously hypertensive rats (SHR, n=l2), and SHR treated with 0.01 mg/kg/day
nifedipine (NIF. n=l2), 4 mg/kg/day hydralazine (HYD, n=12), 2.5 mg/kg/day (CP2.5,
n=l2) and 12.5 captopril mg/kg/day (CP 12.5, n=12). Mean ± SD.
* significantly different from untreated control SHR p< 0.05.
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Fig. 7.4. Bar graphs showing media cross-sectional area (a) and incremental elastic modulus (b) in
untreated spontaneously hypertensive rats (SHR, n=l2), and SHR treated with 0.01
mg/kg/day nifedipine (NIF, n=12), 4 mg/kg/day hydralazine (HYD, n=12), 2.5 mg/kg/day
(CP2.5, n=12) and 12.5 captopril mg/kg/day (CP 12.5, n=12). Mean ± SD.
* significantly different from untreated control SHR p< 0.05.
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In SHR treated with
nifedipine,
hydralazine and captopril 12.5 mg/kg/day,
aorta compliance and distensibility were
increased (Fig. 7.3). The increase was
significant with the exception of the
change in
distensibility
following
nifedipine. A 6-week treatment with 2.5
mg/kg/day captopril failed to augment
aorta compliance and distensibility (Fig.
7.3).
The media cross-sectional area of
the aorta was reduced significantly by all
antihypertensive treatment regimens (Fig.
7.4a). The incremental elastic modulus of
the aorta was not different for the various
experimental groups (Fig. 7.4b).

(Hoeks A <?f <J/.,199O; Reneman R et a/.,1996; Van

Gorp A <>f a/., 1996). Furthermore, sine« the
cross-sectional area of the aorta was
determined we could obtain an index for
the material stiffness of the aorta wall, i.e.,
its incremental elastic modulus. The
importance of in vivo determinations of
arterial mechanical properties was stressed
in a recent paper by Zanchi ef a/. (Zanchi A
e* a/. 1998). These authors found major
differences in the elastic properties of the
rat carotid artery during in vivo, in situ
and in vitro conditions. Cross-sectional
distensibility was dramatically decreased
in vitro and even in situ (Zanchi A «
a/., 1998). This was not related to an
increased stiffness of the arterial wall, but
rather to a change in geometry of the
artery in situ and in vitro. These
observations imply that in vitro or in situ
measurements cannot automatically be
extrapolated to in vivo conditions. On the
other hand, a disadvantage of our approach
is that we had to restrain rats in order to
perform distension measurements in the
conscious state. In previous studies we
circumvented this potential disadvantage
by the use of anesthesia (Van Gorp A er
a/., 1995,1996).
However,
anesthesia
interferes with blood pressure control.
Since the primary goal of the present study
was to investigate the effects of various
antihypertensive
drugs
on
aorta
mechanics, we regarded this form of
interference
by
anesthetics
as
inappropriate. In stead, we paid particular
attention to adequate habituation of the
rats to the restraining conditions. We
cannot exclude, however, that our rats
were exposed to increased sympathetic
activity due to the restraining conditions.
The impact of a possible raised
sympathetic activity on aorta mechanics
remains uncertain since conflicting effects
have been reported on the influence of
sympathetic tone on large artery
mechanics (Lacolley P e/ a/., 1995; Mangoni A

DISCUSSION

In the present study in-vivo dynamic
mechanical properties of the thoracic aorta
were determined in conscious 3-month old
SHR. These rats had been treated with
different antihypertensive drugs for 6
weeks during the period in which pressure
rises in SHR. Sham-treated SHR served as
controls. The antihypertensive treatment
regimens were aimed at obtaining
comparable diastolic blood pressures. The
results show that (i) diastolic diameter of
the aorta was not influenced significantly
by any treatment, except for a small
reduction following hydralazine, (ii) aortic
compliance and distensibility were
increased by all antihypertensives, except
for the low dose of captopril, (iii) the
antihypertensives did not influence the
aorta incremental elastic modulus and (iv)
the media cross-sectional area of the aorta
was reduced to a comparable degree by the
various antihypertensives.
We used an in vivo non-invasive
ultrasound technique to assess local
mechanics of the aorta. The simultaneous
measurement of distension and pressure at
nearly the same site allows the
determination
of
cross-sectional
compliance and distensibility of the aorta

e/a/., 1997).
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The data obtained in this study give
rise to a few unexpected results. The first
is the lack of effect of the various
antihypertensives on aorta diameter. All
agents used are regarded as vasodilators
although with different mechanisms to
induce vasodilatation. It is generally
accepted that in acute experiments these
drugs dilate precontracted vessels, both in
vivo and in vitro. In a previous study we
showed that the thoracic aorta in intact
SHR of an age comparable to that in the
present study is in a state of active
vasoconstriction (Van Gorp A ef a/.,
chapter 3). In spite of this, we do not
observe dilatation following long-term
treatment with the various vasodilators in
this study. One reason for this apparent
discrepancy could be that the drugs used
primarily dilate arteries and arterioles
located more distally in the vascular
system. Our previous hemodynamic and
microcirculation studies indeed suggest
that hydralazine and dihydropyridine
calcium antagonists, such as nifedipine,
primarily affect small arteries and
arterioles (Struijker Boudier H er a/.,1984;
Nievelstein H er a/., 1986; Messing M er a/., 1990).
This agrees with the resistance and blood
pressure lowering actions of these drugs
and suggests a lack of in vivo effects on
large arteries, such as the aorta. The
situation is more complex for ACEinhibitors. It has been difficult to prove in
vivo vasodilatation following ACEinhibitors (Smits J er a/.. 1984; Messing M er
a/., 1991) Only few vascular beds are under
chronic tonic influence of angiotensin II.
The renal circulation is an example of such
a vascular bed and indeed ACE-inhibitors
preferentially dilate intrarenal small
vessels (Smits J er a/.,1984; Bergström G er
a/., 1998).
An alternative explanation for the
lack of increase in aorta diameter is that
the lowering of blood pressure in treated
SHR may have passively caused a
decrease of diameter which is counteracted
by a drug induced dilatation. The net sum
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of these two actions could be a lack of
diameter change. Hydralazine is the only
exception since it actually decreased aorta
diameter slightly. It is of interest to note
that chronic hydralazine caused a larger
degree of blood pressure reduction than
the other antihypertensives. This larger
blood pressure reduction may have tipped
the balance into the direction of a smaller
diameter.
A second unexpected finding of our
study
was
that
none
of
the
antihypertensives used influenced aorta
stiffness, as assessed by the determination
of the incremental elastic modulus. Until
recently, it was generally accepted that
hypertension produces an increase in large
artery stiffness (Cox R.,1981; Levy B er
a/., 1993; Safar and Fröhlich E.1995). However,
various groups have recently questioned
whether arterial stiffness is increased in
essential hypertensive patients or in SHR
(Laurent S er a/.,1993, 1994, 1995; Hayoz D er
a/., 1992). These authors suggested that the
decreased large artery compliance in
essential hypertension and SHR is simply
due to the elevated blood pressure and
consequent
shift
towards
lower
compliances on the bell shaped pressure
compliance curves (Laurent s er a/., 1995).
This shift would be part of an adaptive
process whereby sustained hypertension is
associated with a remodeling of he arterial
wall to maintain normal stress distribution
in the wall. In a recent study in SHR,
Bezie er a/. (Bezie Y er a/ ,1998) showed no
abnormal collagen density in SHR aorta,
whereas the number of cell surface
contacts with the elastic lamellae in SHR
aortas was increased compared to that in
normotensive rats. The situation in SHR
may be different from that in renovascular
hypertension (Sosa-Melgerejo J er a/., 1996;
Zanchi A e/ a/., 1997) or in renin transgenic
hypertension in rats (Van Gorp er a/.,
chapter 8). In these two models - both
characterized by an elevated vascular
renin-angiotensin II activity - vascular
stiffness
is increased dramatically.

In conclusion, the present study
shows that early onset treatment of SHR
with different antihypertensive drugs
inhibits the development of hypertension,
and normalizes aorta wall mechanics and
media hypertrophy. The drugs achieve this
effect by their pressure lowering effect and
not by a direct effect on aorta diameter or
vascular stiffness.

Angiotensin II thus seems to have a direct,
hypertension-independent effect on the
vessel wall to increase its stiffness.
Our results are in line with the
concept that the pressure level primarily
determines aorta dynamic mechanical
properties in SHR. All antihypertensives
we studied increased compliance and
distensibility to a degree comparable to
that in normotensive controls (Van Gorp A <?/
a/., 1996). The ACE-inhibitor captopril did
not have any additional effects. Previous
evidence of blood pressure-independent
effects of ACE-inhibitors on large artery
compliance was primarily obtained in
high-renin models of hypertension (Levy B
<?( a/., 1989). Clinical evidence summarized
by Benetos e/ a/. (Benetos A <?r a/., 1997)
shows that ACE-inhibitors, calcium entry
blockers and nitrates increase large artery
compliance in hypertensive patients to an
equal degree. However, more inconsistent
data were obtained with drugs blocking
the sympathetic nervous system (Benetos A
c( a/., 1997) or diuretics (Kool M er a/., 1994).
The reasons for the discrepant results with
the latter groups of antihypertensives
remain to be established.
The data in this study show that not
only the mechanical properties but also the
media cross-sectional area are affected to a
comparable degree by the different
antihypertensive treatments. The chronic
reduction in blood pressure apparently
triggers a number of adaptations in the
aorta wall that lead to a wall structure and
function comparable to that in normotensive
animals.
The
mechanical
adaptation of the aorta wall does not rule
out that other cellular or subcellular
components of the vessel wall are affected
more irreversibly. Furthermore, we started
our drug treatment regimeris in a period in
which blood pressure was not or only
slightly elevated in SHR. It remains to be
investigated whether similar results are
obtained if treatment is started in a period
of more established hypertension.
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ABSTRACT
The purpose of this study was to investigate the effect of enhanced vascular reninangiotensin activity on the elastic behavior of the aorta. Three months old
transgenic (mREN-2) 27 rats (renin TGR), spontaneously hypertensive rats (SHR)
as well as their respective normotensive controls were studied. Dynamic
mechanical properties of the aorta were determined with a non-invasive ultrasound
technique. Animals were studied at in vivo conscious operating blood pressure as
well as during anesthesia-induced isobaric blood pressures. The mechanical
behavior was related to structural characteristics of the aorta. In both hypertensive
strains, aorta compliance and distensibility were significantly reduced. The
reduction of aorta compliance and distensibility was significantly more
pronounced in TGR than in SHR. In both hypertensive strains, aorta media cross
sectional area was increased, with significantly stronger degree of hypertrophy in
TGR. The incremental elastic modulus was significantly higher in TGR than in
SHR or the normotensive strains, both at operating pressure and under isobaric
conditions. The collagen density of TGR aorta was reduced in comparison to that
of SHR or the normotensive strains. These results show a strong impairment of the
buffering capacity of the aorta in TGR. The aorta stiffening in this model of
chronic exposure to high vascular levels of Ang II is at least partly pressure
independent. We propose that the reduced buffering capacity of the aorta is due to
a change in intrinsic elastic properties of wall components other than collagen.

The recent introduction of renin
transgenic rats (TGR) has provided a
powerful tool to study the potential role of
the renin-angiotensin system in the control
of vascular function (Mullins JJ er a/., 1990;
Paul M er a/., 1994). In renin TGR, an
additional mouse Ren-2 gene has been
integrated into the genome, resulting in a
marked increase in blood pressure (Mullins
JJ er a/.,1990). In this transgenic strain,
plasma renin activity is low, but its local
expression and activity in various tissues,
including the vasculature, is high (Paul M er
a/., 1994;.Hilgers K.F er a/., 1992; Bachmann S er
a/., 1992; Zhao Y er a/., 1993). This high
expression is associated with a strong
degree of smooth muscle hypertrophy at
the level of mesenteric arteries (Struijker
Boudier HAJ er a/., 1996;.Dunn WR er a/., 1997)
However, the functional consequences of
these vascular changes in the intact animal
have not yet been studied.

INTRODUCTION
The renin-angiotensin system is an
important mediator of changes in vascular
structure and function in hypertension.
Angiotensin II (Ang II) has multiple
actions on arterial structure and function,
including an increase in smooth muscle
tone, enhanced vascular smooth muscle
cell growth and increased extracellular
matrix deposition (Campbell-Bosswell M er a/.,
1981; Geisterfer AAT er a/., 1988;Daemen MJAP

er a/.,1991). These actions are partly
independent of the blood
pressure
elevating effect of Ang II and have been
attributed to an autocrine/paracrine action
of Ang II on the vessel wall (Griffin SA er
a/., 1991). Studies in which arteries were
isolated from the systemic circulation
confirm a potential autocrine/paracrine
role of Ang II in vascular pathobiology
(Stefas L er a/., 1991; Levy BI er a/., 1990). Invivo gene transfer of ACE into intact rat
carotid
arteries
causes
vascular
hypertrophy independent of systemic
factors or hemodynamic effects (Morishita R
«a/., 1994).

In the present investigation, we
determined
the
in-vivo
dynamic
mechanical properties of the thoracic aorta
in renin TGR. The elastic properties of the
aorta are a primary determinant of cardiac
afterload (Westerhof N er a/., 1969). These
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hemodynamic measurements during 5
days a week for a period of 6 weeks 18.

properties result from the relative amounts
and the elastic behavior of the different
constituents of the vessel wall (Dobrin PB <?/
a/., 1969; Armentano RL er a/., 1991) and the
actual pressure level in the aorta. We have
recently developed a technique to
determine the dynamic mechanical
behavior of the aorta on a non-invasive
basis in intact rats (Van Gorp A ef a/.,1996).
This technique was applied in renin TGR
with age-matched Sprague Dawley rats
from the appropriate Hannover strain
(SDH) as controls.
Spontaneously
hypertensive rats (SHR) and Wistar Kyoto
rats (WKY) were used as additional
controls. The mechanical aorta wall
properties were compared at in-vivo
conscious operating blood pressure and
during acute anesthesia-induced isobaric
blood pressure (Van Gorp AW er a/., 1995).
The mechanical behavior was related to
structural characteristics of the thoracic
aorta.

5/ood pressure measurement
A polyethylene catheter (PE-10;ID 0.28
mm, OD 0.61 mm), filled with heparinized
saline, was implanted in the aorta under
pentobarbital sodium anesthesia (100
ml/100 g body wt; 60 mg/ml) for the
recording of blood pressure. The catheter
was advanced through a femoral artery to
just below the bifurcation of the renal
artery. The catheter was guided underneath
the skin and exteriorized at the base of the
skull. Aortic pressure was measured with
an external pressure transducer (CP-01,
Century Technology, Inglewood, CA).
The delay in the pressure-measuring
system was 12 msec, indicating a
frequency response beyond 50 Hz. After
two days the studies on the mechanical
and structural properties of the thoracic
aorta were started.
assessment o/aorta aVamefer
a/ia" wa/7 movemew/
The ultrasound device to assess diastolic
aortic diameter (d) and diameter changes
of the aorta during the cardiac cycle (Ad)
consists of a vessel wall-tracking system
(WTS) combined with a conventional Bmode (B, brightness) ultrasound system
(Pie 480, 7.5 MHz Linear array, Pie
Medical, Maastricht, The Netherlands) and
has been described in detail before (Van
Gorp A « a/..1996). In short, the rats were
shaved at the site of measurement, and the
ultrasound probe was placed on the thorax
slightly to the left of the sternum;
ultrasonic gel was applied between probe
and skin. The thoracic aorta was then
visualized in B-mode 10 mm proximal to
the diaphragm and the probe was
positioned so that the M-line (M, motion)
was perpendicular to the vessel wall. Then
the ultrasound system was switched to Mmode and ultrasound was emitted and
received along the selected line of sight at

MATERIAL AND METHODS

The study was performed on 8 TGR and 8
SDH rats which were obtained from the
Center for Genomic Research (Edinburgh,
Scotland; Dr. J. Mullins: TGR) and from
the Zentralinstitut fr Versuchstierkunde
(Hannover, Germany: SDH) at the age of
6 weeks. 8 SHR and 6 WKY rats were
obtained from the animal facilities of the
Maastricht University at the age of 6
weeks. The rats were maintained in
separate cages and were housed under
standard conditions (20°C, 12 h light/dark
cycle) with free access to standard chow
(Hope Farms) and tap water. The
experimental procedures were performed
according to institutional guide-lines and
approved by the Ethical Committee for the
Use of Experimental Animals of
Maastricht University (The Netherlands).
From the age of 6 weeks the animals were
accustomed
to
a
restrainer
for
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a programmable
emission
trigger
frequency.
The WTS is based on a data
acquisition system, capable of capturing
the received and amplified radio frequency
signals synchronously with the emission
trigger at a programmable sample
frequency of up to 30 Mhz. The position
and width of the range of interest are
programmable (on the average 20 and 10
mm, respectively, in the present study).
Blood pressure is synchronously sampled
with the emission trigger. At an emission
repetition frequency of 1653 Hz, the 1 Mb
memory will hold 2.5 s of data,
corresponding to approximately 16 cardiac
and 4 respiration cycles under the current
experimental conditions. Because of the
higher heart rate, in the awake rats the
sampling frequency was doubled, resulting
in data collection for 1.2 s.

heart rate had stabilized, 6 consecutive
measurements of blood pressure and aortic
d and Ad were made.

Arterial compliance is defined as the
absolute increase in volume (AV) for a
given increase in arterial blood pressure
(pulse pressure = AP). Distensibility, on
the other hand, is the relative increase in
volume (AV/V) for a given AP. Assuming
that a volumetric increase is due to radial
distension rather than
longitudinal
elongation (Reneman RS er a/., 1986; Reneraans
RS er a/., 1996) and that the vascular crosssection is perfectly circular, compliance
(CC) and distensibility coefficients (DC)
can be approached as follows:
CC =AV/AP« AA/AP « (7id^Ad)/(2AP) (1)

After completion of the data
acquisition the data were transferred to a
PC (486 DX2/66). The first line acquired
was graphically presented on a display,
allowing manual identification of the
anterior and posterior wall boundaries by
placing two markers, representing the
sample windows for data processing. Once
the walls were identified, the remaining
data were transferred and processed on the
fly.

DC = (AV/V)/AP * (AA/A„ J/AP
* (2Ad/d,J/AP(2)
Where d„j, and A^ stand for the enddiastolic diameter and area, respectively;
Ad and AA represent the change in
diameter and lumen area from end diastole
to peak systole, respectively.

At the end of each experiment the rats
were killed and a 10-mm segment of the
middle part of the thoracic aorta was
excised. The extent of longitudinal
retraction upon isolation was assessed by
pre (L,) and post (LJ excision
measurement of the segment length. The
excised vessel was fixed by immersion in
4% phosphate buffered formalin before
being embedded in paraffin.
Post-excision
media
crosssectional area (CSA,), defined as the area
between the internal and external elastic
lamina, was determined by semiautomated morphometry (JAVA 1.21
Jandel Scientific, Corte Madera, CA,

The animals were connected to the
pressure transducer for blood pressure
measurements under conscious freely
moving conditions. Three pressure
measurements in a 15-minute period were
taken and the average of these
measurements was taken as the animal's
reading. Then, the rats were placed in
restrainers and 15 minutes later, aortic d
and Ad and blood pressure were measured.
In the last part of the experiments, the
animals
were
anesthetized
with
ketamine/xylazine (10:50 mg/ml; 100
ml/100 g body weight). After 30 min of
equilibration, when blood pressure and
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The data are presented as means ±
SD. Comparison between different strains
under
conscious
and
anesthetized
conditions were performed with ANOVA
followed by a Tukey test for multiple
comparison (Zarr JH,1984). Differences
between the conscious and anesthetized
state were compared with the unpaired ttest.

USA) on 4 um cross-sections stained with
Lawson's solution (a classic elastin stain),
using an axioplan microscope (Zeiss)
equipped with a standard CCD camera
(Stemmer, Germany) (Boonen HCM p< a/.,
1993). This value was converted to the
expected in vivo CSA (CSA,), assuming
that vascular mass is constant, by
accounting for vascular retraction upon
isolation, i.e.:
n
CSA, = CSA,. L^Li (3)

-

RESULTS

CSAj and ddia were used to calculate
media thickness (Mt) according to:
Mt = - d,,./2 +

Table 8.1 summarizes body weights of the
various strains at an age of 3 months and
baseline hemodynamics in conscious
freely moving conditions. SDH rats had
significantly higher body weights as
compared to TGR, WKY or SHR rats.
There was no significant difference in
body weight between TGR, SHR and
WKY. Conscious unrestrained diastolic
blood pressure was significantly increased
in both hypertensive strains, as compared
to SDH and WKY rats. Conscious
unrestrained
pulse
pressure
was
significantly larger in TGR rats as
compared to SDH. Pulse pressure was
significantly smaller in SDH when
compared to WKY. There was no
significant difference in pulse pressure
between WKY and SHR.

+ CSAi/K]'" (4)

Furthermore, the incremental
modulus (E„J, was calculated as:

elastic

(5)

Paraffin embedded, 4 (am thick sections,
were also used to determine collagen area.
The sections were stained with Sirius red
solution, which highlights collagen. The
collagen occupied area, enclosed by the
external and internal elastic lamina, was
determined as described previously
(Brouwers-Ceiler DL <?/ a/., 1997). The data are
presented as media collagen density, i.e.
the collagen volume as percentage of the
total tissue volume in the section. Total
media collagen density was obtained by
multiplying the relative density with CSA.

A/ecAam'ca/ a«</ i?nvc/«ra/ properties o/
/Ae aorta /n conscious res/ra/nea" aw/mafe
Conscious restrained diastolic blood
pressure was significantly increased in
both hypertensive strains, TGR and SHR,
as compared to SDH and WKY rats (Fig.
8.1, a). Conscious restrained pulse
pressure was significantly larger in TGR
as compared to both SDH and SHR (Fig.
8.1, b). There was no significant difference
in pulse pressure between WKY and SHR.
The pulse pressure was significantly
smaller in SDH rats as compared to the
other strains.

The recordings of pressure, d and Dd were
obtained
and
characteristics
were
calculated for each individual cardiac
cycle. Mean values were calculated for
each recording, these values were
averaged for each individual animal and
eventually a group mean was obtained for
each strain.
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Fig. 8.1. Bar graphs showing conscious (open bars) and anesthetized (closed bars) diastolic blood
pressure (a) and pulse pressure (b) in renin transgenic rats (TGR, n=8), Sprague Dawley
Hannover rats (SDH, n=8), spontaneously hypertensive rats (SHR, n=8) and Wistar Kyoto
rats (WKY, n=6). Mean ± SD.
* significantly different from SDH p< 0.05.
+ significantly different from TGR, p < 0.05
* significantly different from WKY, p< 0.05.
* significantly different between conscious and anesthetized animals, p< 0.05
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'
The conscious restrained diastolic
aorta diameter was not significantly
different between TGR and SDH, and
between SHR and WKY (Fig. 8.2, a).
Conscious
diastolic
diameter
was
significantly smaller in SHR as compared
to TGR and SDH. The differences in
distension (difference between systolic
and diastolic diameter) between TGR,
SHR and SDH and WKY were all
significant with TGR < SHR < SDH <
WKY (fig 2, b).
The parameters describing aortic
wall mechanics in conscious TGR, SDH,
SHR and WKY are presented in figs 8.3 to
8.5. Compliance and distensibility were
significantly lower in the TGR and SHR
as compared to SDH and WKY,

respectively (Fig. 8.3). TGR showed a
signififcantly lower compliance and
distensibility as compared to SHR (Fig.
8.3). WKY showed a significantly lower
compliance and distensibility as compared
to SDH (Fig. 8.3).
In-vivo media cross-sectional area
was significantly larger in TGR as
compared to SDH, SHR and WKY (Fig.
8.4). There was a slight, but significant
difference in in-vivo cross-sectional area
between SHR and WKY (Fig. 8.4).
Incremental
elastic
modulus
was
significantly larger in TGR and SHR as
compared to SDH and WKY (Fig. 8.5).
Incremental
elastic
modulus
was
significantly larger in TGR as compared to
SHR (Fig. 8.5).

Table 8.1: Body weight and resting hemodynamics of the rat strains used
variable
TGR (n=8)
SDH (n=8)
SHR (n=8)
n
8
8
8
Body weight (g)
306±32
447±39*
277±28
P„„ (mmHg)
151±22*
95±10
153±14*
PP (mmHg)
69±13*
21±3*
50±14
Values are mean ± SD.
• Significantly different from TGR, SHR and WKY; p<0.05
+ Significantly different from SDH; p<0.05
# Significantly different from WKY; p<0.05

160

WKY (n=6)
6
299±27
98±5
40±6

to
X)
. • ; . • • ' . (

TGR
U.D

1

~

SDH

SHR

; \ > : n

WKY

b
#

0.4-

o
en
c

1

0.2 -

#

Q

0.0 TGR

SDH

X JSHR

WKY

Fig. 8.2. Bar graphs showing conscious (open bars) and anesthetized (closed bars) aorta diastolic
diameter (a) and distension (b) in renin transgenic rats (TGR, n=8), Sprague Dawley
Hannover rats (SDH, n=8), spontaneously hypertensive rats (SHR, n=8) and Wistar Kyoto
rats (WKY, n=6). Mean ± SD.
* significantly different from SDH p< 0.05.
+ significantly different from TGR, p <0.05
* significantly different from WKY, p< 0.05.
* significantly different between conscious and anesthetized animals, p< 0.05
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The administration of ketamine/
xylazine increased compliance and
distensibility in TGR, SHR and in WKY
(Fig. 8.3). Compliance was significantly
lower in anesthetized TGR when
compared to SDH, SHR and WKY (Fig.
8.3, a). SHR showed a significantly lower
compliance as compared to WKY. There
was no significant
difference in
compliance between SDH and WKY.
Distensibility was significantly lower in
TGR as compared to SDH, SHR and
WKY (Fig. 8.3, b). SDH and SHR showed
a lower distensibility than WKY. The
anesthetized aortic incremental elastic
modulus was significantly larger in TGR
as compared to SDH, SHR and WKY
(Fig. 8.5). There was no significant
difference in anesthetized incremental
elastic modulus between SHR and WKY.

/voperf/es o/ /Ae aor/a a?
co/wpara£/e pressure
After the transition from conscious to
anesthetized state caused by the
administration
of
ketamine/xylazine
diastolic blood pressure was significantly
reduced in TGR, SHR and WKY but not
in SDH (Fig. 8.1, a). Diastolic blood
pressure was no longer significantly
different between the various strains
during anesthesia.
After
the administration of
ketamine/xylazine aortic diastolic diameter
was significantly increased in SDH and
decreased in SHR. (Fig. 8.2, a). Isobaric
diastolic diameter was not significantly
different in TGR when compared to SDH.
TGR had a significantly larger isobaric
diastolic diameter when compared to SHR.
Isobaric
diastolic
diameter
was
significantly smaller in SHR than in
WKY. (Fig. 8.2a). There was no
significant difference in aortic distension
between anesthetized TGR and SDH (Fig.
8.2, b). Distension was significantly
smaller in TGR than in SHR and WKY.
SDH showed a significantly smaller
distension as compared to WKY. SHR
showed a significantly smaller distension
than WKY.

Co//age/j /eve/5
The relative and absolute levels of
collagen in the aortic media in the various
strains studied are given in table 2. Both
relative and absolute collagen density were
significantly lower in TGR than in SDH.
In SHR, when compared to WKY,
collagen density was raised, but not to a
statistically significant degree.

Table 8.2: Relative and absolute collagen density of the thoracic aorta media in the rat strains
investigated
SDH
SHR
TGR
WKY
n

8

relative value (%)
7.7+ 3.7*
0.048+0.019*
absolute value (mm*)
Values are mean + SD
* significantly different from SDH p< 0.05

8

8

I7.0±6.5
0.095± 0.042

16.1+5.2
0.099± 0.034
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6
9.9± 3.3
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Fig. 8.3 Bar graphs showing (open bars) and anesthetized (closed bars)aorta compliance (a ) and
distensibility (b) in renin transgenic rats (TGR, n=8), Sprague Dawley Hannover rats
(SDH, n=8), spontaneously hypertensive rats (SHR, n=8) and Wistar Kyoto rats (WKY,
n=6). Mean ± SD.
* significantly different from SDH, p< 0.05.
+ significantly different from TGR, p <0.05
* significantly different from WKY, p< 0.05.
* significantly different between conscious and anesthetized animals, p< 0.05
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Fig. 8.4. Bar graphs showing in vivo aorta media cross-sectional area (CSA,) in renin transgenic rats
(TGR, n=8), Sprague Dawley Hannover rats (SDH, n=8), spontaneously hypertensive rats
(SHR, n=8) and Wistar Kyoto rats (WKY, n=6). Mean ± SD.
• significantly different from SDH p< 0.05.
+ significantly different from TGR, p < 0.05
* significantly different from WKY, p< 0.05.
* : • • • •
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Fig. 8.5. Bar graphs showing (open bars) and anesthetized (closed bars) aorta incremental elastic
modulus (E,„) in renin transgenic rats (TGR, n=8), Sprague Dawley Hannover rats (SDH
, n=8), spontaneously hypertensive rats (SHR, n=8) and Wistar Kyoto rats (WKY, n=6).
Mean ± SD.
* significantly different from SDH p< 0.05.
+ significantly different from TGR, p < 0.05
* significantly different from WKY, p< 0.05.
* significantly different between conscious and anesthetized animals, p< 0.05
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DISCUSSION

This study shows that enhanced
expression of renin in a transgenic rat
model impairs the buffering capacity of
the thoracic aorta. This reduced buffering
capacity occurs at least partly independent
of the pressure elevation in TGR since it is
observed both at in-vivo operating and
isobaric blood pressures. Furthermore,
aortic compliance and distensibility are
reduced more in TGR than in SHR,
whereas the degree of hypertension is
comparable in both hypertensive strains.
Our results suggest that the reduced
buffering capacity is due to a change in
intrinsic elastic properties of wall
components. An increased smooth muscle
tone or increased aortic collagen density
are not responsible for the reduced
buffering capacity of the aorta of TGR.
The experiments in this study were
performed using a novel non-invasive
ultrasound approach to assess dynamic
mechanical properties of the aorta in intact
animals (Van Gorp A er a/., 1996).
Ultrasonography has been used in the
study of large artery mechanics of
hypertensive humans (Laurent S er a/., 1994;
Hayoz D er a/.,1992). A major issue in these
studies has been the comparison of
mechanical properties at operating versus
isobaric pressure levels. In our study we
performed experiments in conscious
animals, allowing the assessment of
mechanical properties at operating
pressure levels. We had to restrain the
animals for this purpose, which can still be
a stressful experience, in spite of a 6weeks training period. Therefore, in the
second part of our study, we performed
experiments using ketamine/xylazine
anesthesia to reach isobaric conditions
(Van Gorp AW er a/., 1995). This anesthetic
cocktail inhibits vasomotor tone by an
action in the central nervous system, a
prejunctional effect on sympathetic
neurotransmission and an endothelium-

dependent mechanism (Van Zwieten PA er
a/.,1983; Vanhoutte PM e al .1989). These
effects reduced blood pressure in both
hypertensive strains to normotensive
levels. The combination of approaches
used allows us to separate pressuredependent and -independent influences on
aorta dynamic mechanical properties.
The
consequences
of
the
introduction of the mouse Ren-2 gene into
the rat genome have been studied in the
past decade (Mullins JJ er a/., 1990; Paul M er
a/., 1994). It has been established that TGR
(mREN2)27 rats exhibit hypertension soon
after birth with parallel development of
left ventricular and vascular wall media
hypertrophy (Paul M er a/.,1994; Hilgers KF ef
a/.,1992; Bachmann S er a/., 1992; Zhao Y er a/.,
1993; Struijker Boudier HAJ, 1996; Dunn WR e/
a/., 1997). These rats do not have an
enhanced circulating or renal renin
activity. However, vascular expression of
renin is high and inhibition of vascular
actions of angiotensin II prevents the
development of hypertension (Paul M er
a/.,1994; Hilgers KF er a/.,1992; Bachmann S er
a/.,1992; Zhao Y er a/., 1993; Struijker Boudier
HAJ,1996; Dunn WR er a/.,1997; Montgomery HE

er a/., 1998). A recent study suggests that the
vascular injury, e.g. intimal fibrosis and
fibroid necrosis, in the malignant phase of
this form of hypertension depends on local
actions of angiotensin II rather than high
blood pressure as such (Montgomery HE er
a/..1998). We have previously shown that
TGR (mREN2)27 rats display a degree of
arterial media hypertrophy in excess of
that
which
normally
occurs
in
hypertension
to
maintain
normal
circumferential wall stress distribution
(Struijker Boudier HAJ, 1996). The present
observations confirm that at least part of
the vascular changes occur through a
pressure-independent local action of the
renin-angiotensin system.
Other recent approaches to
distinguish local from systemic, or indirect
pressure-mediated actions of Ang II
include the use of in-vivo gene transfer to
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transgenic model results from a reduction
of the elastic properties of the wall.
Previous work on local effects of
Ang II on large artery mechanics
concentrated on static parameters obtained
by
studying
pressure-diameter
relationships in arterial segments (Stefas L
ef a/,1991; Levy BI e( a/.,1990). Although such
studies cover a pressure range from 0 200 mmHg, they are particularly suited to
describe compliance and distensibility in
the lower pressure range. This is due to the
nature of the static pressure-diameter
curve, which is steepest in the lower
pressure range. The studies by Levy and
CO-workers (Stefas L e/ a/,1991; Levy BI e;
a/., 1990) have established a static
compliance reducing action of Ang II.
Levy and co-workers have suggested the
involvement of both endotheliumdependent influences of Ang II on
vascular smooth muscle tone and effects
of Ang II on collagen deposition (Levy BI er

increase local vascular expression of
angiotensin converting enzyme7 and
chronic perivascular infusions of Ang II in
doses that are not systemically active
(Scheidegger KJ er a/., 1997). Altogether the
results of those studies as well as our data
indicate that Ang II causes arterial injury
due to a local action. The nature of this
injury depends on the type of vessel
studied, the local concentration of Ang II,
the duration to its exposure and the
presence of concomitant hemodynamic
changes. The most prominent feature of
Ang II induced large artery injury is the
increase in wall mass, in particular due to
adventitial thickening (Montgomery HE er
a/., 1998 ;Scheidegger KJ e/ a/., 1997). Our data
show that the wall hypertrophy in TGR is
not accompanied by a decrease in aorta
diameter. Both at in-vivo operating
pressures and under isobaric conditions,
aorta diameter was not significantly
different between TGR and SDH. This is
in contrast to SHR, which have a
significantly smaller aorta diastolic
diameter than WKY under isobaric
conditions. The lower aorta diameters of
SHR and WKY when compared to TGR
and SDH is most likely due to a strain
difference (Wistar versus Sprague Dawley
rats).

al., 1988; Levy BI «a/., 1990; Stefas L el a/, 1991).

Our data indicate that other factors play a
more decisive role in the reduction of
dynamic compliance at the operating
pressure level. In particular, the strong
degree of aorta wall hypertrophy may play
a crucial role. In a previous study we
showed that TGR have a degree of wall
hypertrophy in the mesenteric artery that is
disproportionate to the degree necessary to
maintain normal circumferential wall
Stress distribution (Struijker Boudier HAJ er
a/,1996). The present study extends this
observation to the level of the aorta,
although we have not made actual
measurements of wall stress. Our data
show a degree of increase in aortic media
cross-sectional area in TGR which is in
excess of that in SHR, although both
strains are exposed to a comparable degree
of arterial pressure increase. A recent
series of studies in both hypertensive
humans
and
animal
models
of
hypertension has suggested that adaptive
responses of the aorta and more peripheral
arteries are directed to maintain

The major purpose of our study
was to investigate the functional
consequences of enhanced vascular reninangiotensin II activity. Since the aorta's
major function is its buffering capacity, we
focussed on distension-related properties.
Our data show a strong decrease of aorta
compliance and distensibility of TGR
when compared to normotensive rats both
under in vivo operating and isobaric
pressures. The incremental modulus which characterizes material properties of
the vessel wall (Renemans RS <?r a/,1996;
Mulvany MJ.e; a/., 1992) - was higher in TGR
than in either of the normotensive strains.
It was also considerably higher in TGR
than in SHR, suggesting that an important
degree of the aorta stiffening in this
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compliance and stress-strain relationships
of the vessel wall (Laurent S e/ a/.. 1994;
Hayoz D W a/.. 1992; Sumilani M « a/., 1997;
Safar ME e/ a/.. 1996) TGR, with their
enhanced vascular Ang II activity and
excessive wall hypertrophy are an
exception to this adaptive behavior.
In addition to increased wall mass
other factors related to the material
properties may have contributed to aortic
stiffening in TGR. In contrast to the
observations by Levy and co-workers
(Levy Bl ef a/., 1988) in renal hypertensive
rats we did not observe a rise in vascular
collagen levels in TGR. This does not
exclude that other matrix components, not
measured in this study, play an essential
role in the compliance reduction. In fact, a
recent study from our group showed that
two weeks infusion of Ang II into normal
rats did not affect isobaric mechanical
behavior of the thoracic aorta, despite
significant media hypertrophy (BrouwersCeiler DL w a/. 1997). These data imply that
an increased wall mass as such may not be
sufficient to alter mechanical behavior.
TGR are exposed to a longer period of
local high concentrations of Ang II with
subsequent additional injury to the vessel
wall.

In conclusion, a decisive factor in
the vascular effects caused by Ang II
seems the duration of its local exposure.
We can now distinguish at least three
"waves" of action of this local mediator.
The first is the classical acute
vasoconstrictor action, either directly
through Ang II receptors in the vessel wall
or more indirectly through the enhanced
action of the sympathetic nervous system.
The second wave is associated with an
exposure in the order of days to weeks. It
is characterized by enhanced DNA and
protein synthesis in the vessel wall,
leading to a growth response of vascular
smooth muscle cells and subsequent vessel
wall hypertrophy and neovascularization.
Finally, the third wave occurs during
chronic (weeks to months) exposure to
Ang II and is associated with severe
vascular injury and large artery stiffening.
In humans this phase is often observed in
malignant hypertension, usually associated
with decreased renal function and raised
levels of renin and Ang II. TGR (mREN2) 27 rats provide a useful model to study
the vascular injury caused by long-term
exposure to high local levels of Ang II.
Our data show that this condition leads to
aortic stiffening, which is partly
independent of the rise in blood pressure.
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incremental elastic modulus with ageing
(Riley WA e/ a/.,1992) and decreases
distensibility of the carotid artery in
hypertensive patients (Roman MJ e? a/.,1992).
In another study on the carotid artery in
SHR, an increase in media thickness was
not accompanied by alterations in
buffering capacity and incremental elastic
modulus (Hayoz D « a/., 1992). In a study of
Brouwers et al. (Brouwers-Ceiler DL ef
a/., 1997), a two weeks infusion of
angiotensin II induced an increase in the
media mass of the thoracic aorta, but did
not affect its buffering capacity and elastic
properties.

In concert with the peripheral
vascular resistance, the buffering capacity
of the aorta determines diastolic and
systolic blood pressure and, therefore, in
large part the afterload on the heart. A
reduction in buffering capacity elevates
systolic blood pressure that induces left
ventricular hypertrophy and may result in
heart failure and arrhythmias. In
hypertension and with ageing, hypertrophy
of the heart has been observed (Lakatta
EG.,1987), and hypertrophy may be the
result of a reduction in buffering capacity
of the aorta (Safar ME er a/.,1987), in which
most of the systemic compliance resides
(WesterhofNera/,1969).

The structural organization of large
arteries displays remarkable alterations

The buffering capacity of the
thoracic aorta is defined by the diastolic
diameter and the elastic properties of the
aortic wall. The diameter is determined by
the structural properties, the activity of the
smooth muscle cells and the operating
blood pressure. Factors that are believed to
influence the elastic properties are the
arterial wall components, wall thickness,
and the operating blood pressure.
Controversy exists on the exact way in
which pulsatile elastic behavior of the
arterial wall is determined. In previous
studies opposite conclusions were drawn
regarding the effects of vascular tone on
the elastic properties of large arteries. The
relationship between collagen and elastin
and elastic properties of large arteries has
been approached in several descriptive
studies, but the exact role of these
scleroproteins in arterial elastic behavior of
arteries is not clear. The relative and
absolute amounts of collagen and elastin
and their isoforms as well as the degree of
cross-linking
can
be
important
determinants of the elastic characteristics
of blood vessels. Conflicting results were
obtained concerning the influence of an
increased wall thickness on buffering
capacity and elastic properties. It has been
proposed that in the human carotid artery
an increase in wall thickness increases

with ageing (Learoyd BM ef a/., 1966; Bader
H.,1967; Wolinsky H.,1972; Berry CL ef a/.,1975;
Kohn RR.,1977; Pagani M «r a/.,1979; Reneraan
RS « a/.,1985; Sumitani M « a/.,1986; Safar
M.1990; Forieri C e/ a/.,1992; Benetos A e?
a/.,1993; Hansen F <?f a/.,1995) and in
hypertension (Cox RH., 1979a; Levy BI <?/
a/., 1988a; Levy BI <?/ a/., 1990; Mulvany JMJ. er

a/., 1990),
because
of
continuous
rearrangements of cells and extracellular
matrix components. It remains to be
established, however, whether these
alterations are related to the deterioration
of the buffering capacity due to changes in
elastic properties observed in certain large
arteries with ageing and in hypertension. In
addition, it is yet unclear whether structural
alterations observed in hypertension are a
direct consequence of elevated blood
pressure
or
result
from
the
(neurohormonal) mechanisms that are
responsible for the development of the
chronic state of high blood pressure. It has
been
proposed
that
hypertension
accelerates the ageing of the arterial
mechanical properties. The accelerating
role of hypertension, however, can be
questioned because conflicting results have
been reported.
Buffering capacity and elastic
properties of arteries can be improved by
the administration of drugs by a blood
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pressure lowering effect and/or by a direct
effect on the vessel wall. It is of interest to
note that not all antihypertensive
compounds have the same effect on
buffering capacity, elastic properties and
structure of arteries, despite a comparable
blood pressure lowering effect (Achimastos
A e/ a/.,1987; Bouthier JA er a/.,1986; Maarek BL
er a/.,1986; Laurent S er a/.,1990; Van Bortel LM

er a/.,1995). Investigating the effects of
antihypertensive agents on the buffering
and elastic properties of large arteries is
not only of interest from a therapeutic
point of view, but may give insight into the
regulatory mechanisms responsible for the
modulation and adaptation of the buffering
capacity, and the role played by the
different wall components.
Spontaneously hypertensive rats
(SHR) are characterized by hemodynamic
properties that resemble those encountered
in human essential hypertension (Trippodo
NC er a/., 1981). Therefore, SHR are
considered a valid model to investigate the
effect of hypertension on mechanical and
structural properties of the thoracic aorta.
The SHR were developed by Okamoto and
CO-workers (Okamoto K er a/.,. 1963) by
selection of WKY with increased blood
pressure and, therefore, normotensive
WKY should serve as controls for the
SHR. Several early studies imply that the
activities of the sympathetic nervous and
renin-angiotensin system are increased and
that hypertrophy of the vascular system is
present before an elevation in blood
pressure can be detected (Judy WV er

Bevan RD er a/.,1985; Geisterfer A.A er a/.,1988;
Daemen M.J.A.P er a/.,1991; Griffin S.A er
a/., 1991; Todd ME er a/., 1991; Schiffers PMH er
a/.,1993; Daemen MJAP er a/.,1995; Boonen H er
a/., 1993; Lacolley P er a/., 1995; Brouwers-Ceiler er

a/.,1997). Young, prehypertensive SHR
allow to investigate the putative role of the
sympathetic nervous and renin-angiotensin
system and the dependency on blood
pressure elevation of structure and
mechanical properties of the aortic wall.
Additionally, the enhanced expression of
renin in transgenic rats (TGR) (Mullins JJ er
a/.,1990; Paul M er a/.,1994) has provided a
powerful tool to study the potential role of
the renin-angiotensin system in the control
of vascular function and serves as a good
model to investigate the effect of the renin
angiotensin system on the buffering
capacity of the thoracic aorta. In renin
TGR, an additional mouse Ren-2 gene has
been integrated into the genome, resulting
in a marked increase in blood pressure
(Mullins JJ er a/., 1990). In this transgenic
strain, plasma renin activity is low, but its
local expression and activity in various
tissues, including the vasculature, is high
(Bachmann S er a/.,1992; Hilgers KF er a/.,1992;
Zhao Y er a/., 1993; Paul M er a/.,1994).
In view of the above, the aims of the
present study were as follows:
/I«« 7: to investigate effects of smooth
muscle tone on the mechanical properties
of the thoracic aorta in conscious
normotensive and hypertensive rats.
Smooth muscle activity was altered by
modulation
of
a,-adrenergic
and
angiotensin II receptor activity.

a/.,1976; Mulvany MJ er a/., 1980; Simpson P er
a/.!.1982; Bevan D.1984; Head RJ er a/1986;
Smeda JS er a/., 1988; Kong JQ er a/., 1991;
Saavedra JM e/ a/., 1992; Rizzoni D er a/., 1994;
Daemen MJAP er a/., 1995), but in Other studies
the opposite was found (Daemen MJAP er

/I im 2: to study the relationship between
aortic media structure and mechanical
properties in hypertension and ageing. The
structural part of the study focused on
media thickness and cross-sectional area,
and on collagen and elastin content and
density. The functional part focused on
compliance and distensibility of the

a/.,1995). The sympathetic nervous and
renin-angiotensin system can induce aortic
wall hypertrophy and influence structure
and mechanical properties of the aortic
wall (Bevan RD.1975; Campbell-Bosswell M er
a/..,1981; Simpson P er a/..,1982; Bevan D.1984;
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conventional B-mode imager combined
with an implanted pressure catheter.
Buffering capacity is partially
determined by the elastic properties of the
arterial wall. Elastic properties describe the
intrinsic characteristics of materials that
determine the relationship between
imposed load or stress (a force acting
across a given plane in a body) and the
resulting displacement or strain (ratio of
deformation to the initial form). In the case
of blood vessels in vivo, the imposed loads
consist primarily of transmural pressure.
The relationship between stress and strain
is called the elastic or Young's modulus
and describes the intrinsic properties of the
material (Reneman R.S er a/., 1996). In the
general case of a material composed of a
number of components with different
mechanical properties like arteries, the
mechanics of such a composite material
depends on the mechanical properties of
the individual components in a complex
way, i.e., their relative content and the
manner in which the components are
coupled (Cox R.H.,1989). This results in a
nonlinear stress-strain relationship and an
elastic modulus that depends on the level
of stress or strain. Therefore, Bergel (Bergel
DL.1961) introduced the incremental elastic
modulus, defined as the local slope of the
stress-strain relation.
The nonlinear elastic behavior of
the arterial wall makes it desirable to
determine incremental elastic modulus
under a condition of comparable stress or
blood pressure. Excluding one parameter
that determines the nonlinear incremental
elastic modulus provides the opportunity to
get an impression on the intrinsic elastic
properties that may result from structural
alterations. In this thesis, this condition
was achieved by the administration of
ketamine/xylazine.

thoracic aorta, and its incremental elastic
or Young's modulus.
y4w« 5: to investigate the aggravating effect
of hypertension, if any, on the changes in
mechanical properties observed with
a g e i n g .

^;-.-•-.';.,;••••.;
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/lün 4: to study the effects of long term
antihypertensive therapy on the aortic
mechanical properties in hypertensive rats
during the development of high blood
pressure. This approach allows the
investigation of the influence of aortic
blood pressure and the activity of
neurohormonal systems on mechanical and
structural properties.
/dim 5: to examine the influence of the
enhanced expression of renin on the
structural and mechanical properties of the
thoracic aorta.
The wall material of arteries shows
viscoelastic behavior and, therefore,
exhibits phenomena as hysteresis, stress
relaxation and creep (Westerhof N e< a/., 1970;
Nichols ww <?r a/., 1990). This time
dependence and the oscillating behavior of
the cardiovascular system make it
necessary to measure arterial wall
mechanics under dynamic conditions. In
order to preserve the arterial wall integrity,
which is important when determining
mechanical properties of conduit arteries
(Zanchi A « a/., 1998), a non-invasive method
is preferred. Therefore, a technique to
assess dynamic aortic distensibility and
compliance in intact anesthetized and
awake rats was developed. The findings in
cAa/?ter 2 show that basic parameters, like
aortic diameter, the change in aortic
diameter during the cardiac cycle, and
aortic pulse pressure, required to calculate
aortic distensibility and compliance, can be
determined reliably in both anesthetized
and awake rats by means of an ultrasonic
vessel wall-tracking system attached to a
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THE EFFECT OF AGEING ON
BUFFERING CAPACITY OF THE
THORACIC AORTA

between 6 and 9 months of age in both
normotensive and hypertensive rats
concomitantly with an increase in
distensibility and a reduction of the
incremental elastic modulus (Fig. 9.1b, 9.2
and cAa/tfer 4-6). In the normotensive rats,
compliance is reduced between 9 and 15
months of age, but remains higher than the
compliance
found
in the young
normotensive animals (1.5 through 6
months of age) (Fig. 9.1a and c/ia/?ter 4-6).

J« «

During the first 6 months of life,
compliance of the thoracic aorta is not
altered in both normotensive and
hypertensive rats (Fig. 9.1 a and cAap/er 4);
distensibility is reduced and incremental
elastic modulus increased in both WKY
and SHR (Fig. 9.1b, 9.2 and c/iap/er 4).
Surprisingly,
compliance
increases
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Fig. 9.1. Compliance coefficient (a) (mm'/kPa) and distensibility coefficient (b) (1 /kPa) during
anesthesia with ketamine/xylazine in Wistar Kyoto rats (WKY; open bars) and
spontaneously hypertensive rats (SHR; closed bars) as a function of age. Mean ± SD
(n=12).
* significantly different from WKY of the same age.
At 18 months of age, compliance increases
as compared to 15 months of age (Fig. 9.1a
and c/w/Jter 6). Compliance does not

change in SHR with advancing age (9
through 15 months of age) (Fig. 9.1a and
6), despite a decrease in
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distensibility of the thoracic aorta (Fig.
9.1b and c/jap/er 6). Compliance is higher
in the aged SHR than in the young
hypertensive animals (1.5 through 6
months of age) (Fig. 9a and cAapfer 6>.
Intrinsic elastic properties do not change
with advancing age in both normotensive
and hypertensive rats (Fig. 9.2 and c/iap/er
6). Ageing, therefore, does not reduce the
buffering capacity and elastic properties in
normotensive and hypertensive rats. It may
be concluded that hypertension does not
accelerate or aggravate an ageing related
reduction in thoracic aortic wall elasticity
and buffering capacity.
The finding that ageing does not
reduce thoracic aortic wall elasticity and
buffering capacity and that hypertension in
combination with ageing does not
accelerate or aggravate an ageing related
reduction in thoracic aortic wall elasticity

and buffering capacity is in agreement with
other studies in ageing SHR (Waeber B «
a/., 1992) and renal hypertensive rats
(Sumitani M ef u/.,1997; Zanchi A ef a/., 1997) and

their control rats. In a recent study of renal
hypertensive rats, however, advancing age
resulted in a decrease in distensibility
concomitantly with hypertrophy of the
carotid artery (Zanchi A ef a/., 1997). A
progressive increase in blood pressure was
noted and could explain the differences
found as compared with the results in the
present study in which blood pressure is
elevated in SHR as compared to WKY but
does not change further with increasing
age. The severity of the blood pressure
elevation and the rate with which it
develops may be important in the induction
of structural alteration in the aortic wall
(Wolinsky H.,1972; Fisher GM.,1976)
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Fig. 9.2. Incremental elastic modulus (kPa) in Wistar Kyoto rats (WKY; open bars) and
spontaneously hypertensive rats (SHR; closed bars) as a function of age. Mean ±
SD(n=12).
* significantly different from WKY of the same age.
capacity and elastic behavior of the
thoracic aorta in conscious normotensive
and hypertensive rats (C7ia/?ter i). Our
findings are in agreement with the study of
Barra et al. (Bam <?r a/., 1993), in which it

SMOOTH MUSCLE ACTIVITY

The findings in this part of the study
indicate that acute interference with
smooth muscle activity in the thoracic
aorta does not influence the buffering
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the possibility that the enlargement in
media mass reduces the buffering capacity
of the thoracic aorta.
The result on media mass and
buffering capacity described in this thesis
are in agreement with studies on the
carotid artery of SHR (Hayoz D er a/., 1992;
Delacretaz E e/ a/ ,1994) and the thoracic aorta
of conscious renal hypertensive rats
(Sumitani w « a/., 1997). In these studies,
distensibility
was
not
reduced
concomitantly with the increase in media
mass as compared to their normotensive
controls. In a study by Brouwers et al.
(Brouwers D e/ a/., 1997), a two weeks
infusion of angiotensin II resulted in an
increase in media cross-sectional area and
media thickness but did not have an effect
on collagen and elastin density and
dynamic mechanical properties of the
thoracic aorta monitored at the original
normotensive blood pressure.
The mechanism responsible for the
increase in media thickness in SHR is as
yet unknown. The increase in media mass
could be a response to the elevated blood
pressure. In prehypertensive
SHR,
however, a larger media mass is
accompanied by a lower distensibility and
compliance of the thoracic aorta at
comparable blood pressure as compared to
WKY and occurs without a difference in
conscious diastolic and systolic blood
pressure (c/iaprer 4). At 3 and 6 months of
age, blood pressure is increased in SHR
without an enlargement in media crosssectional area (cAap/er 5). Advancing age
(c/iapfer 6) is accompanied by a
progressive increase in media mass in both
normotensive and hypertensive rats,
despite the fact that blood pressure is not
increased in normotensive rats and does
not further increase in the hypertensive
rats. The increase in media mass, however,
is more pronounced in SHR than in WKY.
From the results described in c/iopter 5, it
can be concluded that blood pressure
elevation is not the sole determinant of

was concluded that under normal
physiological conditions smooth muscle
cells of the thoracic aorta of conscious dog
develop a small degree of activity, which
does not affect the dynamic incremental
elastic modulus. Bauer et al. (Bauer «
a/.,1982) reported that, in contrast to the
static incremental elastic modulus, the
dynamic elastic modulus of various arterial
segments was virtually uninfluenced under
conditions of activation and relaxation.
Bank et al. (Bank AJ ef a/., 1995; Bank AJ e/
a/., 1998) on the other hand determined the
effects
of
nitroglycerine
and
norepinephrine
on
the
mechanical
properties of the brachial artery in humans
without the confounding effects of blood
pressure on the mechanical properties.
Nitroglycerine
decreased
and
norepinephrine
increased
incremental
elastic modulus under isometric conditions.
This discrepancy may be explained by the
different location and properties of the
artery under investigation, i.e. elastic
versus muscular arteries.

THORACIC AORTA STRUCTURE
MEDIA MASS

A clear relationship between the
mechanical properties of large conduit
arteries and the enlargement of media mass
has not been established yet. With
advancing age (9 through 15 months of
age) media mass increased but compliance
was not modified in SHR (Fig. 9.3 and
cAap/er 6). In adult and aged SHR media
mass is enlarged as compared to age
matched WKY (Fig. 9.3 and chapter 6). In
15 month old SHR, however, an increase
in media mass is not accompanied by a
difference in compliance as compared to
WKY (Fig. 9.3 and cAaprer 6). 9 and 18
months old WKY show comparable
compliances but media mass is enlarged in
18 month old normotensive rats (Fig. 9.1 a,
9.3 and c/iaprer 6). These findings exclude
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media hypertrophy, because SHR and TGR
have comparable blood pressures but

media mass is significantly larger in the
renin transgenic rats.
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Fig. 9.3. Media cross-sectional area (mm') (a) and media thickness ((am) (b) in Wistar Kyoto
rats (WKY; open bars) and spontaneously hypertensive rats (SHR; closed bars) as a
function of age. Mean ± SD (n=12).
* significantly different from WKY of the same age.
findings are in accordance with the absence
of alterations in incremental elastic
modulus with advancing age (9 through 15
months of age) in both normotensive and
hypertensive rats and between WKY and
SHR.
In a recent study in SHR, Bezie et
al (Bezie Y er a/.,1998) showed no abnormal
collagen density in SHR aorta, whereas the
number of cell surface contacts with the
elastic lamellae in SHR aortas was
increased
compared
to
that
in
normotensive rats. The situation in SHR

COLLAGEN AND ELASTIN

Collagen density, measured with a sirius
red staining method (James J er al.,1990) does
not show differences with advancing age in
the thoracic aorta of both normotensive and
hypertensive rats and between WKY and
SHR. The amount of noncross-linked and
cross-linked collagen, and the amount of
elastin, determined biochemically by
measuring the hydroxyproline content, do
not change with advancing age in both
normotensive and hypertensive rats and do
not differ between WKY and SHR. These
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altered concomitantly with an increase in
diastolic diameter.
These findings indicate that
compliance is held constant by an increase
in diastolic diameter. This hypothesis of a
regulated compliance by an increase in
diameter was previously proposed in other
Studies (Reneman RS er a/., 1986; Laurent
S.,1995). In a study by Benetos et al. on the
carotid artery of 18 month old WKY rats
(Benetos A er a/.,1993; Michel JB er a/., 1994), a
larger compliance was found as a result of
an increase in diameter as compared to 3
month old WKY.
It may be of interest that the rats,
during the first 6 months of life, gained
more body weight and are known to
exhibit a significant increase in cardiac
output during this time interval (Smith TL er
a/.,1979). It has been reported that chronic
increases in flow increase arterial lumen
diameter (Langille BL er a/., 1986; Langille BL er
a/., 1990) probably as a mechanism to
normalize wall shear stress (Mulvany M er
a/., 1996). An increase in diameter,
however, results in an enlargement of the
circumferential wall stress. According to
the law of Laplace, this enlargement of
wall stress can be normalized by an
increase in media thickness. In this respect,
the geometry of the vessel wall is
determined by two conflicting stresses,
shear and circumferential wall stress
resulting in an increase in diameter and
media thickness, respectively. The increase
in media thickness and cross-sectional area
with advancing age in SHR and to a lesser
extent in WKY (Fig. 9.3 and cAa/?ter 4-6)
goes together with an increase in diastolic
diameter (Fig. 9.4 and cAap/er 4-6). The
increase in media mass compensates the
enlargement in circumferential wall stress
induced by the increasing diastolic
diameter. This is confirmed by the results
described in cAap/er 5, SHR and TGR have
comparable conscious blood pressures but
media mass and diastolic diameter are

may be different from that in renovascular
hypertension (Sosa-Melgerejo JA er a/.,1996;
Zanchi A et al,l997) or in renin transgenic
hypertension in rats (cAapter S). In these
two models, both characterized by an
elevated vascular renin-angiotensin II
activity, vascular stiffness is increased
dramatically. Angiotensin II thus seems to
have a direct, hypertension-independent
effect on the vessel wall to increase its
stiffness. In other studies in which the
static
mechanical
properties
were
determined (Levy BI er a/.,1993; Levy BI er
a/.,1994), an increase in collagen content
was described. An explanation for this
discrepancy could be the level of blood
pressure rise in the SHR strain used. The
SHR strains investigated in the present
study showed a level of hypertension,
which is lower than described in other
SHR Studies (Greenwald SE e/a/.,1978; Levy BI
« a/., 1994). The severity of the blood
pressure elevation may be important in the
induction of structural alteration in the
aortic wall (Wolinsky H.,1972; Fisher
GM.,1976).
LUMEN DIAMETER

In the previous sections we concluded that
the buffering capacity of the thoracic aorta
is not reduced with advancing age in both
normotensive and hypertensive rats.
Despite the decrease of the thoracic aorta
elasticity during the first 6 months of life,
compliance is not altered in both
normotensive and hypertensive rats due to
an increase in diastolic diameter (Fig. 9.4
and cAapter 4). Between 6 and 9 months of
age compliance increases in both
normotensive and hypertensive rats as a
result of an increased elasticity of the
thoracic aorta (Fig. 9.2 and cAa/rter 4-6).
Advancing age decreases compliance in
WKY, but at 18 months of age compliance
increases in WKY as compared to 15
month old animals. In these age groups no
further increase in diastolic diameter is
measured. In SHR, compliance is not
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THE EFFECT OF ELEVATED BLOOD
PRESSURE ON AORTIC FUNCTIONAL
AND STRUCTURAL PROPERTIES

significantly larger in the renin transgenic
rats.
However, between 1.5 and 6
months of age, media thickness does not
increase in both normotensive and
hypertensive rats (Fig. 9.3b and e/ja/tfer 4).
The increased wall stress is not
compensated for by an increase in media
thickness and the nonlinear stress-strain
relationship for blood vessels explains the
reduced elasticity, i.e. the increase in
incremental elastic modulus.
Between 6 and 9 months of age the
elasticity of the thoracic aorta decreases,
while compliance and distensibility
increases in both normotensive and
hypertensive rats (Fig. 9.1, 9.2 and c/ia/tfer
4-5). The reduced stiffness may be the
result of a lower stress caused by alteration
in the organization of the media
components. From previous sections it is
concluded that this is not the result of
changes in absolute amounts of collagen or
elastin. Alterations in the number of cell
surface contacts (Bezie Y « a/., 1998), that are
the major site of anchorage between the
smooth muscle cells and extracellular
matrix, may be responsible for the
increased elasticity between 6 and 9
months of age in both WKY and SHR. We
should, however, take into consideration
that structural properties in this thesis are
obtained from the media of the thoracic
aorta, but that the in vivo dynamic
properties are determined of the entire
aortic wall, including the scarcely
investigated adventitia.
In conclusion, compliance does not
decrease in both normotensive and
hypertensive rats with advancing age and
this is due to an increase in diastolic
diameter. The enlargement of the media
mass is most probably a mechanism to
compensate
for
the
increased
circumferential wall stress resulting from
the increase in diastolic diameter.

WKY

VERSUS SHR

In conscious animals, no difference in
diastolic diameter could be detected
between 3 month old SHR and WKY. The
lower compliance and distensibility in the
conscious young SHR, as compared to
WKY, are the result of a lower elasticity as
indicated by a larger incremental elastic
modulus. After the administration of
ketamine/xylazie,
which
creates
a
condition of comparable blood pressure,
elasticity is enlarged in both SHR and
WKY. This illustrates the nonlinear elastic
behavior of the aortic wall at different
blood pressure levels. The incremental
elastic modulus obtained under anesthesia
was not significantly different between
SHR and WKY in most of the studies
described in this thesis. Differences in
elastic properties are thus most probably
the result of the nonlinear elastic behavior
of the aortic wall and the higher blood
pressure in SHR and suggests that the
composition of the aortic media is not
different between SHR and WKY. This
assumption is supported by the finding that
collagen and elastin contents and densities
normalized for media cross-sectional area,
which are important determinants of artery
wall elasticity (Cox R.H.,1989), are not
significantly different between SHR and
WKY.
The persisting lower compliance in
anesthetized SHR as compared to age
matched anesthetized WKY, described in
cAapter 4, 5 and 6, is the result of a smaller
diastolic diameter (Fig. 9.1a and 9.4). At
1.5 months of age, the lower compliance is
not accompanied by a difference in
diameter and may be explained by a larger
media mass in SHR. The reduced
compliance was not accompanied by
alterations in elastic properties and
differences in collagen and elastin content
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rats (Sumitani W er a/., 1997). In the latter
studies, showing no difference in
compliance between normotensive and
hypertensive
rats,
generally
larger
diameters were found in the hypertensive
rats.

at the different age groups. The observed
lower compliance in SHR is in accordance
with studies on the carotid artery of SHR
(Cox RH., 1979a; Benetos A er a/., 1992), but are
in disagreement with studies of Hayoz et al
(Hayoz D er a/., 1992) on the carotid artery of
SHR and the aorta of renal hypertensive
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Fig. 9.4.

Diastolic diameter (mm) after anesthesia with ketamine/xylazine in Wistar Kyoto rats
(WKY; open bare) and spontaneously hypertensive rats (SHR; closed bare) as a function of
age. Mean±SD(n=12).
* significantly different from WKY of the same age.

the buffering capacity and reduced the
media mass of the thoracic aorta.
The improvement of the thoracic
aortic buffering capacity by the different
antihypertensive drugs used in this thesis,
is the result of the blood pressure lowering
effect and most probably not the result of
the reduction of the media mass. This
conclusion is based on the fact that a low
dose of captopril reduced media mass but
did not improve the buffering capacity of
the thoracic aorta.
Inhibition
of
angiotensin
II
production, by the administration of ACEinhibitors restored aortic mechanical and
structural properties in this thesis as in

PHARMACOLOGICAL INTERVENTION

Treatment of moderately hypertensive
SHR with the calcium entry blocker
nifedipine or with the vasodilator
hydralazine reduced the blood pressure and
enhanced
the
buffering
capacity
concomitantly with a reduction in media
mass but without an effect on incremental
elastic modulus (chapter 7). In SHR, the
inhibition of the angiotensin converting
enzyme with a low concentration of
captopril caused a reduction in blood
pressure concomitantly with a decrease in
media mass, but had no effect on the
buffering capacity or elastic properties of
the thoracic aorta. Treatment with a high,
antihypertensive
dose
of
captopril
improved the buffering capacity of the
thoracic aorta in SHR. In these animals
reduction of the blood pressure enhanced

several earlier studies (Levy BI er a/., 1988b;
Levy BI er a/., 1989; Benetos A er a/.,1994).
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the local and systemic renin-angiotensin
system in the different models used or the
different arteries investigated.

RENIN TRANSGENIC RATS

In the study described in cAap/er S, the
relationship between the thoracic aortic
buffering capacity and the activity of the
renin-angiotensin system was further
investigated. This study shows that in
transgenic rats with overexpression of
renin the buffering capacity of the thoracic
aorta is deranged at in vivo operating and
comparable blood pressures accomplished
by the anesthesia with ketamine/xylazine.
The reduction of the buffering capacity is
the result of a loss of intrinsic elastic
properties as indicated by the increase in
incremental elastic modulus of the aortic
wall compared with normotensive control
rats at comparable blood pressure.
Surprisingly, renin transgenic rats have a
lower collagen density as compared to their
controls. This illustrates that the structural
organization may be a more important
determinant of aortic elastic behavior than
the amount of collagen per se. The media
mass of the thoracic aorta was significantly
larger in the transgenic rats than in the
control animals. The enlargement of the
media mass may be the result of an
enhanced activity of the renin-angiotensin
system
and not exclusively
the
consequence of the elevated blood
pressure. This conclusion is confirmed by
the observation that at comparable blood
pressures the buffering capacity is higher
in SHR, but that media mass is smaller as
compared to the transgenic rats. In
previous studies the augmented activity of
the renin-angiotensin system and the
relationship with large artery mechanical
behavior was investigated in renal
hypertensive rats in which plasma
angiotensin II levels are elevated (Cox
RH., 1979b; Levy BI e( a/., 1989). In accordance
with the present thesis these studies
reported a reduced elasticity of the carotid
artery and hypertrophy of the media. These
investigators, however, found an increased
quantity of collagen, which may be
explained by the difference in activity of

OVERALL CONCLUSIONS

The aim of this thesis was to investigate
the relationship between structural and in
vivo dynamic mechanical properties of the
thoracic aorta in ageing and hypertensive
rats. The reduced buffering capacity in the
conscious hypertensive rats is most
probably the result of the nonlinear elastic
behavior of the aortic wall and is not
caused by alterations in the amount or
organization of the different wall
components. This conclusion is supported
by the fact that smooth muscle activity
does not influence the mechanical
properties of the thoracic aorta (c/iapter 2),
and that collagen and elastin content and
the intrinsic elastic properties at
comparable blood pressure are not different
between SHR and WKY (c/iapter 3-S).
The difference in buffering capacity of the
thoracic aorta obtained under comparable
blood pressure conditions is the result of a
smaller diameter in the hypertensive rats
(c/ia/rter 3-7).
Ageing does not reduce the
buffering capacity or elastic properties of
the thoracic aorta in normotensive and
hypertensive rats (c/iapter 4-5). Ageing in
normotensive and hypertensive rats is
accompanied by an increase in aortic
lumen diameter and by an enlargement in
media mass. Only at 1.5 months of age an
enlargement of the media mass may affect
the buffering capacity of the thoracic aorta
(cAap/er <), in all other age categories the
enlargement of the media mass does most
probably not affect the buffering capacity
of the thoracic aorta (cAap/er 4-6). The
enhanced activity of the local reninangiotensin system, that is known to be
present already before the onset of blood
pressure elevation in SHR (Saavedra J.M.

183

to answer this question the diastolic
diameter should be investigated under
conditions of chronically manipulated
cardiac output. Cardiac output, blood
pressure and the diastolic diameter of the
thoracic aorta should be measured and the
buffering capacity, elastic properties,
media mass and shear stress should be
determined. In such a study it would be
interesting to investigate the structural
properties of the tunica adventitia as well.
The progressive increase in media
mass in both
normotensive and
hypertensive rats is not related to the blood
pressure level but could be a mechanism to
reduce the circumferential wall stress
induced by the increasing diastolic
diameter.
Neurohormonal
and/or
vasoactive systems may play a role in the
induction and progression of the
enlargement of the media mass in response
to the increased diastolic diameter. It
would be interesting to investigate the
relationship between the enlargement of
the diastolic diameter and media mass, and
the activity of the sympathetic and
angiotensin-renin system, and other
vasoactive systems like the NO-system, in
ageing WKY and SHR.
In this thesis the effects of smooth
muscle tone on the buffering capacity and
elastic properties of the thoracic aorta were
only determined at 3 months of age in both
SHR and WKY. The acute intervention
with vasoactive compounds to investigate
the role of smooth muscle activity on the
buffering capacity and elastic properties of
the thoracic aorta should, also, be
performed in aged SHR and WKY.
In this thesis, the SHR strain used
shows a moderate increase in blood
pressure. Alteration in structure and elastic
properties may appear in SHR strains with
a more severe increase in blood pressure.
The dynamic mechanical and structural
properties of the thoracic aorta should be
measured in these animals starting at 1.5

er a/., 1992), enlarges media mass
7 and £) and reduces the elasticity of the
thoracic aorta by the enhanced expression
of renin (cAap/er #). Therefore, the
enhanced activity of the renin-angiotensin
system could be responsible for the
increase in media mass in 1.5 months old
SHR as compared to WKY.
The detected enlargement in media
mass of the thoracic aorta in SHR is not the
result of the elevated blood pressure
(cAap/er 3-7), because the initial elevation
in blood pressure in 3 months old SHR is
not accompanied by an enlargement in
media mass and a progressive increase in
media mass with advancing age is not
accompanied by a progressive increase in
blood pressure. From the results described
in c/iapter 5, it can be concluded that an
elevated blood pressure has little effect on
media mass, because SHR and TGR have
comparable blood pressures but media
mass is significantly larger in the renin
transgenic rats. The enlargement of the
media mass is most probably a mechanism
to compensate for the increased
circumferential wall stress resulting from
the increase in diastolic diameter.
Early onset treatment of SHR with
different antihypertensive drugs inhibits
the development of hypertension, and
normalizes aorta wall mechanics and
media mass. The drugs achieve this effect
by their blood pressure lowering effect and
not by a direct effect on aortic diameter or
vascular elasticity (c/iap/er 7).

FUTURE PERSPECTIVES

A putative loss of compliance seems to be
compensated for by an increase in diastolic
diameter. In this thesis the question of
what triggers the increase in diastolic
diameter remains unanswered. The
mechanism responsible for the increase in
diastolic diameter could be outward
remodeling as a response to control the
shear stress of the thoracic aorta. In order
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months of age and further on at 6 and 15
months of age.
The reduced compliance observed
in the SHR as compared to WKY is the
result of the increased blood pressure and
the nonlinear elastic properties of the
thoracic aortic wall. Antihypertensive
treatment can, therefore, enhance the
buffering capacity of the thoracic aorta by
their blood pressure lowering effect, and
may reduce the load on the heart resulting
in a lower incidence of hypertrophy and
arrhythmias.
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thoracic aorta, and its incremental elastic
or Young's modulus.
/4/m 3: to investigate the aggravating effect
of hypertension, if any, on the changes in
mechanical properties observed with
ageing.
/4im 4: to study the effects of long term
antihypertensive therapy on the aortic
mechanical properties in hypertensive rats
during the development of high blood
pressure. This approach allows the
investigation of the influence of aortic
blood pressure and the activity of
neurohormonal systems on mechanical and
structural properties.
/4/iw 5: to examine the influence of the
enhanced expression of renin on the
structural and mechanical properties of the
thoracic aorta.
The wall material of arteries
shows viscoelastic behavior which makes it
necessary to measure arterial wall
mechanics under dynamic conditions.
Therefore, a technique to assess dynamic
aortic distensibility and compliance in
intact anesthetized and awake rats is
developed. In C/wpter 2 a non-invasive
ultrasonic technique is presented, which is
based upon tracking of the arterial wall
displacements with a vessel wall tracking
device attached to a conventional B-mode
imager, to assess end-diastolic aortic
diameter (d) and on aortic diameter
changes during the cardiac cycle (Ad) in
anesthetized and awake rats. From these
parameters
and
the
simultaneous
invasively measured aortic pulse pressure
(AP), aortic distensibility and compliance,
the relative and absolute increase in lumen
cross-sectional area for a given increase in
blood pressure (P), can be calculated, d, Ad
and AP could be determined with good
intra-session (variations per day) and intersession
(variations
between
days)
coefficients of variation (CV). The CV's
for Ad were smaller in awake (4.6-6.0%)
than in anesthetized rats (7.9-11.0%),
probably due to variations in AP during

SUMMARY

A reduction in the buffering capacity of the
thoracic aorta with ageing and in
hypertension may induce left ventricular
hypertrophy and may result in heart failure
and cardiac arrhythmias. The buffering
capacity of the thoracic aorta is defined by
the diastolic diameter and the elastic
properties of the aortic wall. Factors that
are believed to influence the elastic
properties and diameter of the thoracic
aorta are the arterial wall components, wall
thickness, and the operating blood
pressure. The structural organization of
large
arteries
displays
remarkable
alterations
with
ageing
and
in
hypertension, but it remains to be
established whether these alterations are
directly related to the deterioration of the
buffering capacity.
Spontaneously hypertensive rats
(SHR) are characterized by hemodynamic
properties that resemble those encountered
in
human
essential
hypertension.
Therefore, SHR are considered a valid
model to investigate the effect of
hypertension on mechanical and structural
properties of the thoracic aorta.
In view of the above, the aims of the
present study were as follows:
/4/m / : to investigate effects of smooth
muscle tone on the mechanical properties
of the thoracic aorta in conscious
normotensive and hypertensive rats.
Smooth muscle activity was altered by
modulation
of
a,-adrenergic
and
angiotensin II receptor activity.
i4im 2: to study the relationship between
aortic media structure and mechanical
properties in hypertension and ageing. The
structural part of the study focusses on
media thickness and cross-sectional area,
and on collagen and elastin content and
density. The functional part focusses on
compliance and distensibility of the
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a significant increase in CC. Prazosin
abolished the difference in blood pressure
between
WKY
and
SHR,
while
phenylephrine and angiotensin II raised P
in WKY to the level seen in SHR. In each
of these isobaric conditions, A ^ and CC
were significantly smaller in SHR than in
WKY, while the elastic modulus was
comparable in both strains. These results
suggest that in conscious restrained rats, the
thoracic aorta is in a state of active
vasoconstriction (most likely due to
endogenous catecholamines) and that this
activity of the aortic smooth muscle does
not influence the dynamic in vivo
mechanics of the vessel. The results
furthermore confirm that the compliance of
the rat aorta is primarily dependent upon
blood pressure and that pressureindependent differences between WKY and
SHR are largely due to the smaller aortic
lumen in the hypertensive rats.
In hypertension, arterial wall
properties may not solely depend on
increased blood pressure. In cAap/er 4 we
investigated the relationship between the
development of hypertension and thoracic
aortic wall properties in 1.5, 3 and 6 month
old
SHR
and
WKY.
During
ketamine/xylazine anesthesia, compliance
and distensibility were assessed by means
of the noninvasive ultrasound technique
combined with invasive blood pressure
measurements. The type of anesthesia used
acutely abolished the difference in blood
pressure
between
both
strains.
Morphometric measurements provided in
vivo media cross-sectional area and
thickness, allowing the calculation of the
incremental elastic modulus. Extracellular
matrix protein contents were determined as
well. At the age of 1.5 month, conscious
blood pressure was not significantly
different in SHR and WKY, but compliance
and distensibility were significantly lower
in SHR. Incremental elastic modulus was
not significantly different between SHR
and WKY at this age. Media thickness was

anesthesia (CV: 9.0-12.3%). The CVs for
d in awake (3.3-6.5%) and anesthetized
rats (2.6-5.0%) were comparable. In awake
rats the CV for Ad, but not for d,
increased after implantation of the aortic
catheter. It is concluded that d, Ad and AP
of the aorta can be reliably measured noninvasively in anesthetized and awake rats,
allowing the in vivo assessment of aortic
distensibility
and
compliance.
Furthermore the technique was found to
be sensitive enough to detect acute effects
of pharmacological agents on aortic wall
properties.
In c/iap/er i we evaluate whether
smooth muscle tone modulates elastic
properties of the aorta in conscious rats.
We, therefore, applied ultrasound wall
tracking at the level of the thoracic aorta in
conscious restrained normotensive WKY
and SHR during intravenous administration
of vasoactive agents. In WKY, the a,adrenoceptor antagonist prazosin (0.2 to 5.0
ug/kg.min) significantly increased the
diastolic lumen area of the aorta (A,,,., +
20% at the highest dose), but did not
modify
the
compliance
(CC) or
distensibility (DC) of the vessel. Similarly,
the AT,-receptor antagonist losartan (30
ug/kg.min) increased A^, (+19%), but did
not modify CC or DC. Low doses of the a,adrenoceptor agonist phenylephrine (0.08
to 2.0 ug/kg.min) did not modify blood
pressure (P) nor the A^ , CC or DC of the
aorta. At higher doses of phenylephrine (10
ug/kg.min), both P and A^,, (+36%) were
increased and CC and DC were reduced.
Similar effects were observed with
angiotensin II (4 to 100 ng/kg.min). In SHR
the
vasopressor
agonists
induced
qualitatively similar effects: low doses were
without effect on the aorta, while high
doses caused increases in both P and A,^
and decreases in CC and DC. Losartan (30
ug/kg.min) did not elicit significant
responses in SHR, while prazosin (5.0
ug/kg.min) induced a marked reduction of
P that was accompanied by a fall of A^, and
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significantly larger in SHR than in WKY,
but there was no significant difference in
collagen density and content. The findings
in this study show that in SHR alterations
in dynamic in vivo mechanical aortic wall
properties precede the development of
hypertension. The decrease in compliance
and distensibility at young age most likely
results from an increase in media thickness
rather than a change in intrinsic elastic
properties. It may be worthwhile to test in
future experiments that these early
alterations result from a mismatch between
the growth of the arterial lumen and that of
the arterial wall mass during fetal
development.
In chapter 5 aortic wall properties
in 3-and 6- month old normotensive WKY
and SHR were during acute normalization
of blood pressures in vivo. During
ketamine/xylazine anesthesia we performed
ultrasound arterial wall tracking and
invasive pressure measurements
to
determine, at the level of the thoracic aorta,
diastolic pressure, diastolic lumen area,
changes in pressure and lumen area during
the cardiac cycle, and aortic compliance
and distensibility. These observations were
combined with histological measurements
for the assessment of media cross-sectional
area and thickness and the incremental
elastic modulus under conditions as
expected in situ. Anesthesia abolished the
difference in diastolic pressure between
SHR and WKY. In WKY, diastolic area
and incremental elastic modulus increased
significantly,
distensibility
decreased
significantly, and all other recorded
variables did not change significantly
between 3 and 6 months of age. In SHR,
diastolic area and incremental elastic
modulus increased, distensibility decreased,
and all other mechanical and structural
properties of the aortic wall did not change
significantly between 3 and 6 months of
age. At both ages diastolic area and
compliance were significantly smaller in
SHR than in WKY. The other mechanical

and structural properties measured or
calculated at comparable pressure did not
differ
between
strains.
Therefore,
differences between the aorta of 3 and 6
month old rats and between strains
observed in vivo at comparable pressures
can largely be attributed to differences in
lumen caliber. These may represent the first
findings concerning inward remodeling of
the aorta in intact rats.
In humans, compliance and
distensibility of the elastic arteries decrease
with age. It has been proposed that
hypertension has an accelerating effect on
the decline of elasticity of arteries and on
the structural changes as seen with ageing.
In CAap/er 6, the effect of hypertension on
aortic wall properties in ageing SHR and
age matched WKY is described. During
ketamine/xylazine anesthesia compliance
and distensibility were assessed by means
of the noninvasive ultrasound technique
combined with invasive blood pressure
measurements.
Morphometric
measurements provided in vivo media
cross-sectional area and thickness, allowing
the calculation of the incremental elastic
modulus. Extracellular matrix protein
contents were determined as well. The
findings in this study show that the
compliance of the thoracic aorta is lower in
aged than in the adult WKY, due to a
decrease in distensibility. On the other hand
in SHR the compliance does not change
with age, despite a decrease in distensibility
of the thoracic aorta. In SHR the decrease
in compliance seems to be compensated for
by an increase in diameter. Progressive
increases in media mass, as indicated by the
larger media cross-sectional area and
thickness, were found in both strains, but
were more pronounced in SHR than in
WKY. The elastic properties of the thoracic
aorta did not change with increasing age in
both strains, as indicated by the absence of
significant differences in the incremental
elastic modulus between age categories.
Altogether these observations indicate that
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ACE-inhibitor captopril, the calcium entry
blocker nifedipine and the arterial
vasodilator hydralazine. At the end of the
treatment period we measured in conscious
animals the diameter of the thoracic aorta
and its changes during the cardiac cycle
using
the
non-invasive
ultrasound
technique.
Blood
pressure
was
simultaneously measured via an intra-aortic
catheter. These measurements allowed the
calculation of aorta compliance and
distensibility. After these measurements,
animals were sacrificed to determine the
media cross sectional area of the thoracic
aorta. This allowed the calculation of the
incremental elastic modulus of the aorta.
The results of our measurements show that
(i) diastolic diameter of the aorta was not
influenced significantly by any of the drug
treatments, except for a small reduction
following
hydralazine;
(ii)
aortic
compliance and distensibility
were
increased by all antihypertensive drugs; (iii)
the antihypertensives did not influence
incremental elastic modulus of the aorta
and (iv) the media cross-sectional area of
the aorta was reduced to a comparable
degree by the various antihypertensive
agents. From these data we conclude that
the effects of antihypertensive drugs on
dynamic mechanical properties of the aorta
of SHR are primarily due to their pressure
lowering effect rather than to direct effects
on aorta diameter or vascular stiffness.
In c/iapter 5 the effect of
enhanced vascular renin activity on the
elastic behavior of the aorta is described.
Three months old transgenic (mREN-2) rats
(renin TGR), SHR and their respective
normotensive controls were studied.
Dynamic mechanical properties of the aorta
were determined with the non-invasive
ultrasound technique combined with
invasive
aortic
blood
pressure
measurements. Animals were studied in
vivo at conscious operating blood pressure
as well as during anesthesia-induced
isobaric blood pressures. The mechanical

hypertension does not aggravate the
changes in aortic wall properties and
structure as occurring with increasing age.
The collagen content and density did not
change with increasing age in both strains.
Therefore, collagen cannot be held
responsible for the changes in wall
properties and structure as observed with
age. A change in elastin content can
probably not be held responsible for the
changes in wall properties either, because
in both strains its content increases with
age. A major drawback of these analyses is
that they were limited to 18 months of age
while age-related arterial dysfunction in
humans develop over several decades.
In c/iapter 7 it is investigated
whether the buffering capacity and elastic
properties of arteries can be improved by
the administration of drugs by a blood
pressure lowering effect and/or by a direct
effect on the vessel wall. It is of interest to
note that not all antihypertensive
compounds have the same effect on
buffering capacity, elastic properties and
structure of arteries, despite a comparable
blood
pressure
lowering
effect.
Investigating
the
effects
of
antihypertensive agents on the buffering
and elastic properties of large arteries is
not only of interest from a therapeutic
point of view, but may give insight into the
regulatory mechanisms responsible for the
modulation and adaptation of the buffering
capacity, and the role played by the
different wall components.
The
dynamic
mechanical
properties of large arteries change in
hypertensive disease. These changes are
related to the pressure increase as such, but
could also be caused by pressureindependent factors (e.g. see c/ia/tfer ¥).
One way to test the role of pressureindependent mechanisms is to compare the
effects of different regimens of druginduced blood pressure reduction. In this
study we investigated the effects of a 6
week treatment of young SHR with the
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behavior was related to structural
characteristics of the aorta. In both
hypertensive strains aortic compliance and
distensibility were significantly reduced
compared to normotensive controls. The
reduction of aortic compliance and
distensibility was significantly more
pronounced in TGR than in SHR. In both
hypertensive strains, aorta media cross
sectional area was increased, with a
significantly
stronger
degree
of
hypertrophy in TGR. The incremental
elastic modulus was significantly larger in
TGR than in SHR or the normotensive
strains, at both operating pressure and
under isobaric conditions. The collagen
density of TGR aorta was paradoxically
reduced in comparison to that of SHR and
the normotensive strains. These results
show a strong impairment of the buffering
capacity of the aorta in TGR. The aorta
stiffening in this model of chronic exposure
to high vascular levels of Ang II is at least
partly pressure independent. We propose
that the reduced buffering capacity of the
aorta is due to a change in intrinsic elastic
properties of wall components other than
collagen.
In the general discussion (c/iapter
9) it is concluded that: 1). The reduced
buffering capacity in the conscious
spontaneously hypertensive rats is most
probably the result of the nonlinear elastic
behavior of the aortic wall and is not
caused by alterations in the amount or
organization of the different wall
components. This conclusion is supported
by the fact that smooth muscle activity
does not influence the mechanical
properties of the thoracic aorta (chapter 2),
and that collagen and elastin content and
the intrinsic elastic properties at
comparable blood pressure are not different
between SHR and WKY (cAapter 5-S).
The difference in buffering capacity of the
thoracic aorta obtained under comparable
blood pressure conditions is the result of a

smaller diameter (inward remodeling) in
the hypertensive rats (eAap/er 5-7).
The detected enlargement in media
mass of the thoracic aorta in SHR is not the
result of the elevated blood pressure
(cAap/er .?-7), but is rather caused by an
enhanced local renin-angiotensin or
catecholamine activity. The enhanced
activity of the local renin-angiotensin
system, that is known to be present already
before the onset of blood pressure
elevation in SHR, enlarges media mass
(cAap/er 7 and <5) and reduces the elasticity
of the thoracic aorta by the enhanced
expression of renin (eAap/er S).
2). Ageing does not reduce the
buffering capacity or elastic properties of
the thoracic aorta in normotensive and
hypertensive rats (cAapter 4-6). Ageing in
normotensive and hypertensive rats is
accompanied by an increase in aortic
lumen diameter and by an enlargement in
media mass. The enlargment of the
diameter may be a mechanism to regulate
the buffering capacity of the aorta. Only at
1.5 months of age buffering capacity is
lower in SHR and is most probably
explained by the enlarged media mass. In
all other studies, the enlargement of the
media mass does not affect the buffering
capacity of the thoracic aorta (cAap/er 4-6)
and is most probably a mechanism to
compensate
for
the
increased
circumferential wall stress resulting from
the increase in diastolic diameter.
3). Early onset treatment of SHR
with different antihypertensive drugs
inhibits the development of hypertension,
and normalizes aorta wall mechanics and
media mass. The drugs achieve this effect
by their blood pressure lowering effect and
not by a direct effect on aortic diameter or
vascular elasticity (cAap/er 7).
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pulsdruk in de aorta betrouwbaar gemeten
kunnen
worden
in
wakkere
en
geanesthetiseerde ratten. Hierdoor is het
mogelijk geworden de in vivo dynamische
compliantie en distensibiliteit van de aorta
te bepalen en het effect van medicijnen
hierop te bestuderen.
In /ioo/<frfM& 3 wordt het
modulerende effect van de gladde spiercel
tonus op de elastische eigenschappen van
de aorta in wakkere ratten bestudeerd. De
niet-invasieve ultrageluidstechniek wordt
daarvoor gebruikt bij wakkere WKY en
SHR gedurende de intraveneuze toediening
van vasoactieve Stoffen. In de WKY ratten
veroorzaakt de a,-adrenoceptor antagonist
prazosine (0.2 to 5.0 ng/kg.min) een
significante toename van het diastolisch
lumen oppervlak van de aorta (+ 20% bij
de hoogste dosis), terwijl de compliantie en
distensibiliteit van het vat niet veranderen.
Soortgelijke resultaten worden gevonden
na het toedienen van de AT,-receptor
antagonist losartan (30 ng/kg.min). De a,adrenoceptor agonist phenylephrine heeft
in läge doses (0.08 to 2.0 (xg/kg.min) geen
effect op de bloeddruk, het diastolisch
lumen oppervlak, de compliantie en de
distensibiliteit van de aorta. De toediening
van hogere doses phenylephrine (10
ug/kg.min), resulteert echter in een
toename van de bloeddruk en het
diastolisch lumen oppervlak (+36%) en in
een afhame van de compliantie en de
distensibiliteit. Vergelijkbare resultaten
worden gevonden bij het toedienen van
angiotensin II (4 to 100 ng/kg.min). In
SHR heeft losartan (30 pg/kg.min) geen
effect, terwijl prazosine (5.0 ug/kg.min)
een markante verlaging van de bloeddruk
veroorzaakt. Deze verlaging gaat vergezeld
met een verkleining van het diastolisch
lumen oppervlak en een significante
toename in de compliantie. In SHR hebben
de vasopressor agonisten kwalitatief
effecten vergelijkbaar met die in de WKY
gevonden zijn: läge doses hebben geen
effect, terwijl hoge doses een toename in

3bi
Het materiaal waaruit de vaatwand
is opgebouwd vertoont viscoelastisch
gedrag, waardoor het noodzakelijk wordt
de arteriele vaatwandmechanica te meten
onder dynamische condities. Hiervoor is
een techniek ontwikkeld die het mogelijk
maakt om de dynamische aorta compliantie
en distensibiliteit te bepalen in intacte
wakkere en verdoofde ratten. In /ioo/ifc?w£
2
wordt
deze
niet
invasieve
ultrageluidstechniek
besproken.
De
techniek is gebaseerd op het volgen van de
vaatwandbewegingen en het zodoende
mogelijk is de diastole diameter en
diameter veranderingen tijdens de hartslag
te meten (dus het verschil in diameter
russen systole en diastole). De diastole
diameter en diameter veranderingen in
combinatie met de invasief gemeten aorta
pulsdruk zijn de uitgangswaarden om de
relatieve en absolute toename in het lumen
oppervlak van de aorta voor een gegeven
toename in bloeddruk te berekenen, m.a.w.
respectievelijk de distensibiliteit en
compliantie. De diastole diameter, de
diameter veranderingen en de pulsdruk
kunnen bepaald worden met goede intrasessie (variantie per dag) en inter-sessie
(variantie
tussen
dagen)
variabiliteitscoefficienten.
De
variabiliteitscoefficienten voor de diameter
veranderingen zijn kleiner in wakkere (4.66.0%) dan in geanesthetiseerde ratten (7.911.0%), waarschijnlijk door de variaties in
de pulsdruk gedurende de anesthesie
(variabiliteitscoefficienten: 9.0-12.3%). De
variabiliteitscoefficienten voor de diastole
diameter in wakkere (3.3-6.5%) en
geanesthetiseerde ratten (2.6-5.0%) zijn
vergelijkbaar. Na de implantatie van de
bloeddrukcatheter
neemt
de
variantiecoefficient voor de diameter
veranderingen toe in wakkere ratten. Dit
geldt echter niet voor de diastole diameter.
Uit
dit
onderzoek
kan
worden
geconcludeerd dat met de niet-invasieve
ultrageluidstechniek de diastole diameter
en de diameter veranderingen van, en de
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de bloeddruk en in het diastolisch lumen
oppervlak, en een afhame van de
compliantie en distensibiliteit veroorzaken.
Prazosine zorgt ervoor dat het
initiele verschil in bloeddruk tussen WKY
en SHR verdwijnt, terwijl phenylephrine
en angiotensine II de bloeddruk verhogen
in WKY tot het niveau gevonden in SHR.
Omdat door
deze
farmacologische
interventies de bloeddrukken in beide
groepen nu vergelijkbaar zijn, kunnen de
dynamische
in
vivo
mechanische
eigenschappen van de aorta onafhankelijk
van de bloeddruk worden bestudeerd. Bij
vergelijkbare
bloeddrukken,
is het
diastolische lumen oppervlak significant
kleiner en de compliantie significant lager
in SHR dan in WKY, terwijl de
elasticiteitsmodulus vergelijkbaar is in
beide stammen. Deze resultaten suggereren
dat in wakkere ratten de aorta in een
actieve vasoconstrictoire status verkeert en
dat de gladde spiercellen van de aorta geen
invloed uitoefenen op de dynamische
mechanische eigenschappen van dit vat. De
hier gevonden resultaten bevestigen de
bevinding dat de compliantie van de aorta
van de rat primair afhankelijk is van de
bloeddruk en dat de drukonafhankelijke
verschallen tussen WKY en SHR
hoofdzakelijk veroorzaakt worden door het
kleiner lumen van de aorta in de
hypertensieve ratten.
Tijdens een toestand van verhoogde
bloeddruk kunnen veranderingen in de
vaatwandelasticiteit het gevolg zijn van
zowel het niet-lineaire elastische gedrag
van de vaatwand als van structurele
vaatwand veranderingen. Daarom is in
Aoo/cfcft<& 4 de relatie tussen de
ontwikkeling van hypertensie en de
structurele en mechanische eigenschappen
van de aorta in 1.5, 3 en 6 maanden oude
SHR
en
WKY
onderzocht.
De
ketamine/xylazine anesthesie die we
gebruikten creeert een toestand waarbij de
bloeddrukken van de beide stammen
tijdens de meetsessies vergelijkbaar

worden. De compliantie en distensibiliteit
worden bepaald m.b.v. de niet-invasieve
ultrageluidtechniek en invasieve bloeddruk
metingen.
Morfömetrisch
bepalingen
leveren de dikte en het oppervlak van de
dwarsdoorsnede van de tunica media zodat
de incrementele elasticiteitsmodulus kan
worden
berekend.
De hoeveelheid
extracellulaire matrix eiwitten is ook
bepaald. Bij een leeftijd van 1.5 maand is
de wakkere bloeddruk niet significant
verschillend tusssen SHR en WKY, maar
zijn
compliantie
en
distensibiliteit
significant lager in SHR. De incrementele
elasticiteitsmodulus is niet significant
verschillend tussen SHR en WKY van 1.5
maand oud. Media dikte is significant
groter in SHR dan in WKY, maar er is
geen significant verschil in collageen
dichtheid en gehalte. De resultaten leiden
tot de opvallende conclusie dat in SHR
veranderingen in dynamische mechanische
eigenschappen van de aorta voorafgaan aan
de ontwikkeling van de verhoogde
bloeddruk. De afhame in compliantie en
distensibiliteit op jonge leeftijd is
waarschijnlijk het gevolg van een toename
in media dikte en wordt niet veroorzaakt
door een verandering in de intrinsieke
elastische eigenschappen van de aorta.
In Aoo/äsfM* 5 zijn onder
vergelijkbare bloeddrukken de dynamische
in vivo mechanische eigenschappen van de
aorta in 3 en 6 maanden oude WKY en
SHR bestudeerd. Tussen de leeftijd van 3
en 6 maanden wordt er in WKY een
toename gevonden in diastolisch lumen
oppervlak
en
de
incrementele
elasticiteitsmodulus, maar een afhame in
distensibiliteit. Alle andere verkregen
variabelen zijn niet significant veranderd.
In deze leeftijdsperiode wordt in aorta van
de SHR dezelfde trend waargenomen.
Wanneer bij deze leeftijden beide stammen
met elkaar worden vergeleken hebben de
SHR een significant kleiner diastolisch
lumen oppervlak en lagere compliantie.
Alle andere onder vergelijkbare druk
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zoals plaats vindt bij veroudering, niet
verergeren. De gehalten en dichtheden van
collageen en elastine veranderen niet met
het toenemen van de leeftijd in beide
stammen. Hieruit kan de conclusie
getrokken worden dat de collageen en
elastine gehalten en dichtheden niet
verantwoordelijk
zijn
voor
de
veranderingen
in
de
mechanische
eigenschappen van de aorta met de
toename van de leeftijd.
In Aoq/äsfuA 7 is onderzocht of de
bufferende capaciteit en de elastische
eigenschappen van de aorta verbeterd
kunnen worden door het toedienen van
bloeddruk verlagende medicijnen, hetzij
door een direct effect van de bloeddruk
verlaging of door indirecte effecten op de
aortawand. Uit andere studies kan worden
afgeleid dat niet alle bloeddruk verlagende
middelen dezelfde effecten hebben op de
bufferende
capaciteit,
elastische
eigenschappen
en
structuur
van
verschillende
arterien,
ondanks
vergelijkbare
bloeddruk
verlagende
effecten. Onderzoek naar de effecten van
antihypertensieve medicijnen op de
bufferende en elastische eigenschappen
van grote arterien is niet alleen interessant
vanuit een therapeutisch oogpunt maar kan
ook inzicht geven in de regelmechanismen
die verantwoordelijk zijn voor de
veranderingen en aanpassingen van de
bufferende capaciteit en de rol die hierin
gespeeld worden door de verschillende
componenten van de vaatwand. In dit
hoofdstuk zijn de effecten van een 6 weken
durende behandeling van jonge SHR met
de ACE-inhibitor captopril, de calcium
antagonist nifedipine en de arteriele
vasodilator hydralazine bestudeerd. De
resultaten van deze metingen laten zien dat
(i) de diastolische diameter van de aorta
niet significant wordt bei'nvloed door de
verschillende
behandelingen,
met
uitzondering van een kleine vermindering
als gevolg van de hydralazine behandeling;
(ii) de aorta compliantie en distensibiliteit

gemeten of berekende mechanische en
structurele eigenschappen
zijn niet
verschillend tussen beide stammen. Onder
condities van vergelijkbare bloeddrukken
kunnen
de
verschillen
in
aorta
eigenschappen, gevonden tussen 3 en 6
maanden oude ratten en tussen beide
stammen, hoofdzakelijk toegeschreven
worden aan de verschillen in aorta lumen
diameter.
In mensen gaat veroudering
gepaard met een afhame in de compliantie
en distensibiliteit van de elastische arterien.
Hypertensie zou daarbij een versnellend
effect kunnen hebben op de afhame van
arteriele elasticiteit en op de structurele
veranderingen. In Aoo/ifc/u£ 6 wordt het
effect van hypertensie op de structurele en
mechanische eigenschappen van de aorta
onderzocht in oudere SHR en WKY (9 t/m
18 maanden). De resultaten gevonden in
dit hoofdstuk laten zien dat de compliantie
van de aorta lager is in oudere dan in
volwassen WKY, een afhame die
veroorzaakt wordt door een afhame in
distensibiliteit. Dit in tegenstelling tot de
bevindingen in SHR waar de compliantie
niet verändert met de leeftijd, ondanks de
afhame in distensibiliteit van de aorta. De
verwachte verlaging van de compliantie in
SHR wordt gecompenseerd door de
toename in diameter met de leeftijd. Een
vergelijkbare progressieve toename in
media massa, weergegeven door een
toename van de dikte en het oppervlak van
de dwarsdoorsnede van de media, wordt
gevonden in beide stammen, maar is meer
uitgesproken in SHR dan in WKY. De
elastische eigenschappen van de aorta
veranderen niet met de toename in leeftijd
in beide stammen, zoals afgeleid mag
worden uit de afwezigheid van significante
verschillen
in
de
incrementele
elasticiteitsmodulus
tussen
de
verschallende leeftijdscategorieen. Deze
bevindingen geven aan dat hypertensie de
veranderingen van de mechanische en
structurele eigenschappen van de aorta,
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niet toenemen als gevolg van de
behandeling
met
de
verschillende
antihypertensieve middelen; (iii) de
antihypertensieve middelen geen effect
hebben
op
de
incrementele
elasticiteitsmodulus van de aorta en (iv) het
oppervlak van de media dwarsdoorsnede
van de aorta gereduceerd is tot een
vergelijkbare grootte na de behandeling
met de verschillende antihypertensieve
medicijnen. Hieruit kan geconcludeerd
worden dat de effecten van verschillende
antihypertensieve
middelen
op
de
dynamische mechanische eigenschappen
van de aorta van SHR het gevolg zijn van
nun druk verlagende effect in plaats van
directe effecten op de diameter en/of
elastische eigenschappen van de aorta.
In Ao0/2fr/u& 5 is het effect van een
verhoogde vasculaire renin-angiotensine
activiteit op het elastische gedrag van de
aorta beschreven
in wakkere en
geanesthetiseerde ratten. Drie maanden
oude renine transgene (mREN-2) ratten
(renin TGR) en SHR, alsmede hun
bijbehorende normotensieve controles zijn
bestudeerd.
De
compliantie
en
distensibiliteit van de aorta is in beide
hypertensieve
stammen
significant
verminderd. Deze vermindering in
compliantie en distensibiliteit is significant
meer uitgesproken in TGR dan in SHR. In
beide hypertensieve stammen is het
oppervlak van de media dwarsdoorsnede
van de aorta toegenomen, maar de toename
is significant groter in TGR. De
incrementele
elasticiteitsmodulus
is
significant groter in TGR dan in SHR of in
vergelijking
met de normotensieve
stammen, zowel onder heersende als onder
vergelijkbare bloeddruk condities. De
collageen dichtheid van de aorta van de
TGR is verminderd in vergelijking met die
van SHR of in vergelijking met de
normotensieve stammen. Deze resultaten
laten een sterke verlaging zien van de
bufferende capaciteit van de aorta in TGR.
De verlaging van de elasticiteit van de

aorta in dit model van chronische
blootstelling
aan
hoge
vasculaire
concentraties angiotensine II is slechts
gedeeltelijk afhankelijk van de bloeddruk.
Geconcludeerd kan worden dat de reductie
van de bufferende capaciteit van de aorta
het gevolg is van een verandering in de
intrinsieke elastische eigenschappen van de
aortawand.
In de algemene discussie (Aoq/ZfouJt 9)
worden de volgende conclusies getrokken:
1). De hoeveelheid en de
organisatie
van
de
verschillende
componenten van de aortawand zijn niet
verschillend tussen WKY en SHR. De
gereduceerde bufferende capaciteit in de
wakkere hypertensieve ratten is daarom
waarschijnlijk het gevolg van het niet
lineair elastische gedrag van de aortawand.
Deze conclusie is onderbouwd door het feit
dat gladde spiercel activiteit geen invloed
heeft op mechanische eigenschappen van
de aorta (Aoq/&/u£ 2), en dat collageen en
elastine gehalte en de intrinsieke elastische
eigenschappen
bij
vergelijkbare
bloeddrukken niet verschillend zijn tussen
SHR en WKY (Aoo/ärtu* J-.S). Het
verschil in bufferende capaciteit van de
aorta verkregen onder condities van
vergelijkbare bloeddruk is het gevolg van
een kleinere diameter in de hypertensieve
ratten (/toq/ZfouJt 5-7).
2). De bufferende capaciteit en/of
elastische eigenschappen van de aorta in
normotensieve en hypertensieve ratten
wordt niet gereduceerd door veroudering
(Aoq/äsm/: 4-6). Veroudering gaat in beide
rattenstammen gepaard met een toename in
de aorta lumen diameter en vergroting van
de massa van de media. Deze vergroting
van de massa van de media bei'nvloedt de
bufferende capaciteit van de aorta
waarschijnlijk niet (Aoq/&/u)t 4-6). De
toename in de massa van de media van de
aorta in SHR is niet het gevolg van de
toegenomen bloeddruk (Aoo/SfrruJt i-7),
maar eerder van een toename in de
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activiteit van het locale renine-angiotensine
systeem. Een verhoogde activiteit van dit
systeem is in de SHR al aanwezig voordat
er sprake is van een verhoogde bloeddruk,
en kan de massa van de media vergroten
(Aoo/ds/wt 7 en 5). Daarnaast kan het een
rol speien bij de vermindering van de
elasticiteit van de aorta, hetgeen is
aangetoond bij een verhoogde expressie
van renine (Aoo/äs/w/t 5). De toename in de
massa van de media is waarschijnlijk een
mechanisme
om
de toename in
wandspanning als gevolg van de vergroting
van de aortadiameter te compenseren.
3). Behandeling van SHR in de
prehypertensieve fase m.b.v verschillende
antihypertensieve medicijnen remt de
ontwikkeling van de toename in bloeddruk,
en
normaliseert
de
mechanische
eigenschappen en de massa van de aorta
media. Deze medicijnen ontlenen deze
effecten aan het feit dat ze de bloeddruk
Verlagen en niet aan een direct effect op
diameter of elasticiteit van de aorta
7).
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De wreed tikkende seconden
verdreven de tijd met nauwlettendheid.
Alles vervloeiend tot een herinnering.
Rest het mijmeren.
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bijdrage(n) aan dit proefschrift.
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