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Summary



Summary

No single technique has been developed which has the ability to give the experimenter all the
results needed to describe in detail the morphological characteristics of an arterial wall, All
methods have their advantages and limitations therefore two or more techniques are ofien used

fo validate each other.

Quantitative methods for studying remodelling in animal models were used belore using
human tissue since the ability to use human blood vessels can prove difficult. Patients are
often not willing to provide biopsies of healthy tissue which can be compared with diseased
tissuc. Therefore animal models are valuable in that they allow us to obtain experimental

tissue easily under control conditions.

Although thinking of an artery us three distinet individual layers can be useful it is important
to remember that the cellular organisation within each of these layers is very complex.
‘Therefore, new techniques are required to advance our understanding of how au artery is
constructed at the cellular level and how each individual cell plays its role in the bigger
picture. By using Laser Scanning Confocal Microscopy we can show that remodelling in each
of the arteries can be defined according to the Mulvany 1996 classification depending on the

changes obscrved within the vascular wall.

In anterior cerebral arteries from a rabbit model of heart failure there was an increase in lumen

diameter along with increascs in both thickness of the adventitial and medial layers. The

16



overall increase in wall cross sectional area meant {hat the changes in the morphology of these

arterics could be delined as outward hypertrophic remodelling.

Third order mesenteric arteries from a rat modcl of heart failure show a decrease in lumen
diameter along with a decrease in the density of smooth muscle cells within the ligated
animals, ‘There was no difference in the medial cross sectional arca thercfore arteries undergo

eutrophic remodelling.

Remodelling within hypertension was shown in two models.

Firstly, a vasodilator study in genetically hypertensive SHRSP rats. In third order mesenteric
arteries froin these animals treatment wilh the angiotensin IT type | antagonist — Irbesartan, or
a combination of the divretic hydrochlorothiazide and calcium channcl blocker hydralazine
produced no change in the lumen diameter hetween control and experimental groups.
However a significant decrease in the wall cross sectional area of both experimental groups
resulted from a significant decrease in the medial layer thickness with no difference in the

number of cells. These arteries undergo hypotrophic remodelling.

The second model of hypertension was an inducible Fischer rat model. Infusion with Indole-3
Carbinol for 14 days results in a hypertensive statc. Third order mesenteric arteries from these
animals showed no difference in lumen diameter between controls and hypertensive animals.
Howecver these arteries displayed an increase in adventitial thickness along with a reduciion in
medial thickness resulting in no overall difference in the wall ihickness as the decrease

medial thickness cancelled the increased adventitial thickness. These results would suggest

17




that mesenteric arteries from an inducible model of hypertension undergo eutrophic

remodelling.

What these results show is that by using Laser Scanning Confocal Microscopy more precise
estimations of the type of remodelling within an artery wall can be made. The results show
that by using the classification developed by Mulvany ef al., (1996) most types of remodelling
can be cxplained but it also shows that there are gaps in the accepted classification.
Remodelling within the vasodilator hypertension study can not be classificd any further than
hypertrophic remodelling. 'I'his is due to the fact that there was not an observed difference in

the lumen diameter so remodelling can not be further described as inward or oulward.
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Introduction

The study of vascular morphology in particular the morphology of the resistance vessel wall
has wide implications for the further understanding of many pathological conditions
attributable to cardiovascular disease. Indeed, it is necessary (o understand the architecture of’
the blood vessel wall to allow comparison between normal and diseased states. Morphological
changes have been reported in hypertension (Mulvany et a/., 1993), chronic heart failure
(Heeneman ef al., 1995), cerebral vascular injuries (Baumbach et a/., 1985) and others such as
pre-eclampsia (Craven ez af.,, 1998, Goldman-Whol er af,, 2000). All of these discases involve
an alteration in the morphology of the blood vessel wall which reflects the underlying

pathology and can aid ils understanding.

1.1 Arterial Morphology

Resistance arteries may be defined as pre-arteriolar vessels with a luminal diameter of less
than 500 um (Bloom et al., 1968; Johnson ez al., 1962). In common with larger arteries,
resistance arteries comprise an outer tunica adventilia, 4 central tunica media and an inner

tunica intima.

The tunica adventitia is composed of connccetive tissue containing elastin and collagen. The
most commeon cell type found in the adventitial layer is the adventitial fibroblast; this makes
up more than 90% of the cell population. Other cell types found include macrophages,
leukocytes, mast cells and adipocytes (Faber e al., 2001). This layer also contains the nerves

which are associated with sympathetic innervation (Lee et al., 1983; Rhodin ef al., 1980).
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These nerves stimulate the release of a number of neurotransmitters, predominantly

noradrenaline,

The tunica media comprises vascular smooth muscle cells bound hy an internal and external
clastic lamina. In small resistance-sized arteries the external elustic lamina can be fragmented
or absent (Lee ez al., 1983 Carlson ef al., 1982). The smooth muscie celis are arranged
circumferentially around the vessel diameter with an angular pitch (Gattone et al., 1986,
Miller et al., 1987, Walmsley et al,, 1982,1983.) from the horizontal axis. Reports vary as to
the extent of this pitch. Some believe it to be as small as 2° while others have reported a pitch
of 10° (Mulvany et al., 1976; Walmsley ¢z a., 1983.). The number of layers of smooth
muscle within the blood vessel wall is directly proportional to the diameter of the vessel (Lee
et al., 1983). In vessels with a diameter of around 300 pn there are approximately 6 layers of
smooth muscle in the media whereas there may be only a monolayer of vascular smooth
muscle cells in the media layer of arterics with a diameter of between 30 to 50 pm {Gattone et
al., 198G; Miller et al., 1987; Walmsley ef al., 1982). The tunica media comprises
approximately 70 - 80 % of the vessel wall (Lee ef al., 1983; Miller et al.,, 1987; Mulvany ef

al., 1978; Walmsley ef ¢, 1983) regardless of the lumen diameter.

The inner-most layer of a blood vessel is the tunica intima. This layer comprises a loosely
packed monalayer of endothelial cells orientated in the direction of the long axis of the artery
and in the direction of blood flow. This layer is bound by a sheath of elastin known as the

mternal elasiic lamina,
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The abilily of an artery to modulate its tone is linked to the endothelial layer. This is due to
the ability of its cells to produce a number of vasoactive compounds which can atfect vascular
tone either through relaxation or contraction. These compounds are commonly known as
endothelium derived relaxing factors (EDRF) or endothelium derived contracting factors
(EDCF). Of all of the EDRYs arguably the most important is nitric oxide. This substance is
released when some form of stimulation acts on the surface of the endothehal cells. The
release of TDRT or nitric oxide may be as a result of mechanical factors such as sheer stress
across the endothelial surface related to changing viscosity or flow or to chemical stimulus by
agonists or ather agents (Langille ez af., 1993). Within the internal elastic lamina there are
small holes known as fenestrations, which aliow nutrients and other substances to pass through

the blood vessel wall in both direclions i.e. from blood 1o tissues and [ron: tissues to the blood.

1.1.1 A Description of Vascnlar Remodelling

Mulvany ef al., (1996) described a change in the media:lumen ratio without a change in media
cross sectional area as “remodelling” i.e. a rearrangement of material around a changed lumen.
The term remodclling is now commonly used to describe any alteration in architecturc of a
blood vessel wall. To better describe the process of remodelling Mulvany ef al., (1996)
devised a nomenctature, which specifies the type of remodelling taking place; this is shown in
figure 1. They suggested that inward or outward remodelling of the lumen may occur which
can be further characterised as hypotrophic (a decrease in the cross scctional arca), cutrophic
(no change in the cross sectional area) or hypertrophic (increase in cross sectional area).
Zervoudaki ef al., 2003 reviews the current and past literature agreeing with Mulvany’s

classificalion and giving an excellent descriplion of remodelling of resistance arteries in
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essential hypertensive patients. Since the proposal of this nomenclaturc there have been
many debates as to how descriptive it is. Other rescatchers view this as incomplete or not
descriptive enough. For example in SHR and SHRSP, remodelling occurs at a young age.
Therefore the above method does not take into consideration growth changes in an artery
(Korner & Angus, 1997). In human hyperiension remodelling occurs in mature adults.
Therefore it is different from hypettensive rat models in that elevation in blood pressure
occurs over a number of years thus making it difficult to make comparisons between both
models. In the scenario where there is no change in the lumen diameter, there is no provision
for this in the nomenclature suggested by Mulvaney et al (1.ee et al., 1997). They point out
the difficulties in using different techniques to study vascular structure. When using wire
myography stretching of the vessel on wires is non-physiclogical and alters the normal shape
of the artery. When using pressure myography the increase in pressure causes a longitudinal
stretch on the vessel altering the lumen diameter. They suggest that in-vivo pressure fixation

and confocal microscopy is the best technique to study arterial structure,

24




hypotrophic eutrophic hypertrophic

inward @ @?

outward ©

Figure 1.1 : Mulvany et al. Diagram of Vascular Remodelling

1.2 Techniques Used to Study Arterial Structure

1.2.1 Classical Techniques used to Study Arterial Structure
Over the years there have been many techniques used to further the understanding of the

™ and the earlier vears of the

structare of blood vessels. Beginning in the mid part of the 19
20" centuries histological methods werc developed. These techniques concentrated on the
basic histological structure of blood vessels using only simple staining techniques (Johnson ez

al., 1867). These methods did not give very much information about the fine detail of the

architeclure of the artery,
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1.2.2 Wire and Pressure Myography

Both of these methods have advantages and disadvantages over each other but a common
advantage is the possibility for further histological studies of the fixed artery (Thybo ef al.,
1995; Bevan e/ al., 1972).

The wire myograph was developed by Bevan and Osher (1972) to study functional responscs
in resistance arteries. They wanted to record changes in wall tension of small blood vessels in-
vitro. It was not until the late 1970°s that Mulvany along with Halpern first used wire

myography to study the structure of arteries from hypertensive rats (Halpern ez af., 1978).

This technique involves mounting resistance arteries of approximately 2 mm in length on to
iwo 40pm wires. One wire is attached to a micrometer and the other to a force transducer.
This allows the tension and the internal circumlerence of the artcry to be measured and
controlled. Measurements such as wall to lumen ratio and the cross sectional area of the
vessel wall can be measured by placing the myograph on to the stage of a microscope fitted
with 4 10 X magnification watcr objective lens. Other important parameters that can be
measured include the internal diameter and length of the vessel, the mean wire thickness and
the mean distance between the inner edges of the wires. By using these measuremenis the

internal circumference of an artery mounted on a wire myograph can be calculated.

By using the value for the internal circumference and a measurement of force (F) exerted on

the transducer other vessel measurements can be made: Wall Tension, Active Wall Tension,

and Active Wall stress.
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On the wire myograph an artery can then be set to an effective transmural pressure similar to
that in-vivo. This allows experiments to be carried out with the vessel maintained at its correct
diameter and is known as ‘normalisation’. This procedure of stretching the vessel in steps of
around 10pum until the wall tension is approximately InN/mum is continued until the wall
tension reaches 13.3 Kpa (equivalent to 100mmHg). Once a vessel has been normalised a
value can be obtaimed for the intermal circumference corresponding o the point on the
exponential curve for which the effcctive transmural pressure is equal to 100mmHg (Ligo).
This allows an estimate to be made of the lumen diameter of the vessel in-situ, relaxed and
under a transmural pressure of 100mmHg:

ligo = Lioo/®

Most experiments are carried out at internal circumferences less than that of T.jgq, usually

g9lg, 1.¢. 90% of the intcrnal circumference at Lgp.

Vessels normalised on a wire myograph can yield biophysical values described above but they
do not give details on the structural aspects of blood vessels. To do this histological or other
visualisation techniques must be used. The wire myograph aids this by holding the arlery at
Lo or other set values while fixation occurs. One of the biggest disadvantages of using wire
myography as a means of fixing blood vessels is that the wires pull the vessel therefore
flattening it. This does not give a true representation of the circumferential aspects of the

fumen or wall. A better and more physiological method is pressure myography.

Pressurc myography was developed as a tool for studying the function of small artery

preparations from normotensive and hypertensive rats (Halpern, W et al., 1978). I'his
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technique involves securing a resistance vessel to glass cannulae, which are filled with
physiological salt solution (PSS). A system of PSS filled tubing is attached to the cannulae
via a pressure transducer with one end of the tubing attached to either a servo-pump or a fluid
reservoir raised to a preset height so as to control the pressure to which the vessel is exposed.
The myograph 1s placed on the stage of a microscope and, with a vidco camecra attached to a
microscope, images can be taken of the blood vessel. The signal is fed into a video dimension
analyser or similar computer program; this allows continuous measurements of the lumen
diameter and wall thickness (o be made. It also aliows measurements along the length of the
vessel to be made as the position of the lines on the monitor can be adjusted manually or by
using measurement software. These measurements can be added together and a mean arterial
wall thickness and lumen diameter can be calculated. Other measurements that can be made
using this myograph system include external arterial diameter and arterial length. These can be
used to calculate wall and media to lumen ratios etc. This method of using video
measurements is very preeisc as the measuring lines on the monitor can be calibrated using a
calibration grid placed on the microscope stage. The disadvantages to video based
measurements are that they are very subjective and open to experimenter bias as the
experimenter has (o decide which points lo measure the arterial walil. In addition variations in
light intensity from the microscope can result in different measurements being taken as the
vessel wall will appear to be thicker at lower intensities. Despite these disadvantages, pressure
myography has a high rate of reprodueibility; a 5% error was noted between observers looking
at the same vessel. In one study by Lew ef o/, (1992) a computerised diameter measuring
system was used 1o make a comparison with video measurements. The results showed an

excellent correlation between the computerised diameter measurements and manual



measurements - the regression cocfiicient was 0.992 showing that there are near similarities

and validity between both methods.

Once again, pressure myography can be combined with histological techniques allowing a
more detailed analysis of the structurc of the blood vessel walls to be made. Arguably
pressure myography offers more physiologically correct conditions for blood vessels. With
this in mind mechanical characteristics can be calculated which are comparable to those values

seen 1f the blood vesscl was still in-vivo.

1.2.3 Dissector Stereological Technique

The dissector technique (Sterio et al., 1983, Mulvany et al., 1985; Banndrup et al., 1985;
Korsgaard et al., 1988) 1s a stereological method nsed by several researchers to estimate
parameters such as volume fraction of smooth muscle cells in the media and also average cell
dimensions including cell volume, Iength and cross sectional area and average nuclear length.
This method of studying vascular morphology can be linked with wire myography to include
the number of cells per segment length and the active force per cell. However, it 1s not very
user friendly and can be time consuining. For this reason simple and more exact methods

have heen sought.

1.2.4 Laser Scanning Confocal Microscopy (LSCM)
A state of the art method currently being used to study vascular morphology is the technique
combining pressure myography or in-vitro fixation with laser scanning confocal microscopy.

Together these methods allow the experimenter (o visualise the component cells within the




vessel wall. Several methods have been described using confocal microscopy to study the
vascular wall at the cellular level. They mostly rely on slaining the nucleus of cells with a
fluorescent dye thus allowing the identification of cells types and thickness of constituent wall
layers from these cell types (Baumbach ez al., 1989; Dickhout ef «f., 1897). Each layer within
the vessel wall can be clearly seen and can be distinguished from the others by cell shape and

orientation.

Images obtained on a confocal microscope allow measurements of cross-sectional area, wall
thickness, wall to lumen ratio, internal diameter and sometimes external diameter to be made.
Wall thickness measurements can be made in an X-Y plane or a Z-axis. X-Y measurements
can be used for the calculation of lumen diameter and Z-axis measurements show adventitial,
medial and endothelial cells thus allowing wall measurements to be made using the different

ccll types as markers within the watl,

It has also been shown that staining the nuclei from vascular cells is a valid method for
imaging and therefore further analysing the vessel wall (Arribas e al., 1997). This method
was validated by comparing the pattern of the staining with Hoechst 33342~ a nuclear stain,
and the widely used ITaematoxylin and Eosin moethod of histological staining (Korsgaard ez

al., 1993). By looking at both the LSCM images and the histological images similarities could
be scen in the pattern of nuclei of both methods when taken at similar magnifications,

although greater resolution can be achieved with confocal imagcs.
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The method of using confocal microscopy to study vascular morphology is advantageous as it
gives clear and high resolution images of the vessel wall allowing 3 dimensional models to be
constructed giving a virtual feel of the arterial morphology. There are some disadvantages to

using confocal microscopy; these include the need for good quality specimens for imaging and

the cost of running such a machine.

1.3 Animal Models

Animal models are required to study the basic mechanisms of cardiovascular disease which
are observed in humans. Animal models are useful as age and sex matched experimental
groups can be used under controlled experimental conditions. Rats are the most common
speeics used in cardiovascular research because they are relatively low cost, have a short
growth period to sexual maturity and therefore have rapid discase progression. They are also
suited to Invasive techniques with few resulting problems making them ideal for comparative
studies. Other species commonly used include mice, rabbit and dog. The use of genetically
engineered mice in cardiovascular studies has become very popular with several groups using
knockout mice to study adrenoceptor pharmacology and its links with vascular remodelling
while others study angiotensin receptor knockouts and their effect on blood pressure (Tanaka

et al., 1999, Akishita et al., 1999).

Cardiovascular disease can either be surgically induced in a species or bred into a species. In

this study animal models which have been used include SHRSP rats, heart failure induced rats

and rabbits and hypertension induced rats- a brief descriplion of euch model follows.
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1.3.1 Spontaneously Hypertensive Stroke Prone Rats

Spontaneously Hypertensive Stroke Prone rats (SHRSP) were used in this study as a mode! of
cerebrovascular disorders. These rats were developed by Okamoto et al. as a model for
essential hypertension {Okamoto et af,, 1974), These rats have increased systemic bloed
pressure with ageing along with associated organ failure (Takakura ef @/, 1994) and the
incidences af cerebral vascular disorders are increased within these rats especially
spontaneous stroke. Within the smaller cerebral arteries of these rats fibrinoid necrosis occurs
which progressively Icads to occlusion and stroke. Larger cerebral arterics lose their ability to
regulate pressure via a decrease in compliance; this may also participate in the development of

stroke by contributing to alterations in downstream cerebral microcirculation.

The susceptibility of this strain of rat to stroke or cerebral occlusion is believed to be
genctically inherited. It is understood that infarction resulting from occlusion is inherited from
one generation to the next as an autosomai recessive trait and that decreases in hunen diameter
of anastasomes between the middle cerebral artery and the anterior cerebral artery are in fact

responsible for the pathophysiology associated with cerebral occlusion. (Gratton et al., 1998).

1.3.2 Antihypertensive Vasodilator Drug Study

Irbesartan, an angiotensin 1T type 1 receptor (AT|) antagonist, was investigated to see whether
it could prevent the pathology associated with stroke-prone spontaneously hypertensive rats
(SHRSP). Irbesartan treatment from 6 weeks of age was compared to untreated control
SHRSP, as well as rats given hydralazine (vasodilator via calcium binding on smooth muscle

cells) and hydrochlorothiazide (a diuretic), (H+11). The hypothesis was that blockade of AT,
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receptors provides additional benefits over and above the ability of irbesartan to just lower
blood pressure. This study focuses only on the effect that treatment with antihyperiensives

may have on the vascular morphology of SHRSP rats.

1.3.3 Controlled Inducible Hypertensive Rats

This model of hypertension has been generated in Professor John J Mullin’s laboratory at the
University of Edinburgh Medical School. These arc inbred Fischer rats in which inducible
hypertension is achieved via the expression of the mouse Ren-2 gene. This gene is a renin
transgene under the transcriptional control of the cytochrome P450, Cyplal promoter.
Incorporation of this transgene results in a situation whercby cxpression leads to the animals
becoming hypertensive. Induction of the transgene expression is regulated by the
administration of Indole-3 Carbinol (I3C) and removal of this natural xenobiolic reverses this

phenomenon (Kantachuvesiri ef al., 2001).

1.3.4 Coronary Artcery Ligated Rabbits

Vascular morphology remodelling can he observed in experimental heart failure. It is believed
that as a result of heart failure the peripheral vasculature will remodci to compensate for
decreases in stroke volume, which leads to a decrease in cardiac output. Our model of heart
failure involves ligation of the major branch of the lefl coronary artery resulting in a reduction
in blood flow to the left ventricle. This reduction in flow results in ischacmic areas forming

leading o reduction in cardiac function.
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This model has been used extensively to investigate haemodynamic performance in
comparison with other models. (Pye et o/, 1996). Echocardiography can be used as a non-
invasive method to determine if this modcl of heart failure is representative of the condition

seen in humans.

1.3.5 Coronary Artery Ligated Rats

'This model was developed as a less expensive alternative to a rabbit model of heart failure.
Male Wistar-Kyoto (WKY) rats were obtained from Professor Anna Dominiczak’s colony at
Glasgow’s Western Infirmary. Similar to our rabbit model these rats had lelt ventricular
dysfunction induced by ligation of their left anterior descending coronary artery. Left
ventricular dysfunction was asscsscd by cchocardiography, ligated animals showing a
significant deercase in ejection fraction compared to sham operated controls (Lygate C,A.
2000; University of Glasgow PhD thesis). This method of inducing heart failure has been
investigated by other researchers (Buss ef al.,., 1999; Heeneman et of.,., 1995) although the
archilecture of the arterics has never been investigated using laser scanning confocal

Mmicroscopy.
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CHAPTER 2

Materials and Methods

36



Methods

2.1 Solutions and Drugs

The Krebs-Hensleit solution nsed as the physiological salt selution in which all blood vessels
were dissected and stored in before use was of the following composition (mM): Sodium
Chloride (112), Potassium Chloride (5.9), Magnesium Chloride (1.2), Calcium Chloride (2),
Sodium Hydrogen Carbonate (25), Sodium Hydrogen Phosphate (1.2}, Glucose (11.5) and

NazEDTA (0.023),

All vessels were fixed using nentral buffercd formalin of the following composition (mM):
10% formaldehyde, Sodium Phosphate monobasic (NaH2PO4H,0) (135), Sodivm Hydroxide

(NaOH) (105)- pH 7.4.

The following compounds were used:

Propidium Iodide (Sigma)

These investigations conform with the Guide for the Care and Use of Laboratory Animals
published by the US National Institute of Health (NIIH publication No, 85-23, revised 19906).
All experiments were performed using the highest quality reagents and under levels of safety

required by the Control of Substances Hazardous to Health regulations.
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2.2 Animals used and anatomical location of Arteries

Spontaneously hypertensive stroke prone (SHRSP) and Wistar Kyoto (WKY) rats were
obtained from Professor Anna Dominiczak’s colony in the Western Infirmary, Glasgow.
Fischer rats were obtained from Professor John Muliin’s colony in the Medical Schoel,
University of Edinburgh. All rats were used at a similar age (~12 — 14 weeks). New Zealand
White rabbits (~ 20 weeks) were obtained from Glasgow Royal Infirmary’s biclogical services
unit. All animals were killed by lethal overdose of Euthetal. Third order mesenteric ateries in
the rat and anterior cerebral arteries from rabbits are located as shown in figure 2.1 and
removed from (he animals. Conncctive tissuc (rom around the artery was dissected under a
sterco dissceting microscope.  The intention of this thesis is not to compare vascular
remodelling in the same arteries from various animal experimental models but to show that

lager scanning confocal microscopy can be used as a tool to study vascular remodelling.



Rat Me¢senteric (MES) Rabbit Anterior Cerebral (ACA)

Anterior Cerebral

Jejunum
P R U
A [V

1" Orde Circle of Willis

3" Orde 2" Order

Superior

Mesenteric Basilar Artery

A

Figure 2.1: Indication of anatomical position of both the 3" order mesenteric artery in the rat

and the anterior cerebral arteries in the rabbit.
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2.3 Laser Scanning Confocal Microscopy

Alflter disscction the arteries were mounted on a pressure myograph (Living Systems
Instruments); pressurized and fixed with neutral buffered formalin. Pressure settings for
each artery are calculated from initial wire myograph (Danish MyoTechuology A/S)
experiments except in the case of the study using SHRSP rals and irbesartan and
Hydralazine + Hydrochlorothiazide. In these experiments /2 systolic blood pressure was
used as the fixation pressure (Halpern W er ¢/, 1991). This was possible becanse initial
blood pressures were known for these animals whereas in the other experimental groups
initial blood pressures were not measured. The fixation pressures used for each study are

given in table 2.1

Mecan Pressure {mmHg)
Study Species | Method Artery Control Exp. Exp.
Group 1 | Group 2
1. Heart Failure Rabbit CAL Anterior Cerebral 55 60 -
2. Heart IFailure Rat CAL Mesenteric 50 50 -
3. Hypertension Rat IND Mesentere 50 50 -
4. Hypertension Rat | REV Mesenteric 83 62 60

Table 2.1: Fixation pressures for arteries in all experimental groups studied.
CAL: Coronary Artery Ligation; Ind: Inducible Hypertension;
Rev: Reversible Hypertension treatment with Irb (Exp groupl} and H+H (Exp group2)

Nuclei were stained by incubation with 10 pmo¥/L propidium lodide for 45 minutes, then

washed 3 times for 10 minutes each in physiological salt solution.
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2.3.1 Setup of Arteries on Glass Slides

Arteries were mounted on glass slides within a small square of vacuum grease to ensure
that the cover-slip did not press against the surface of the blood vessel therefore ensuring a

circular shape was maintained.

Slide with 125um
Slide with Grease Silicon Spacer

Squashed

Figure 2.2: Artery setup on a glass slides using both vaccuum grease and silicone spacer

showing the correct and squashed shape of the blood vessel.

Blood vessel images were obtained using a method described by Arribas et al., (1997) with

an Odyssey Real Time Laser Scanning Confocal Microscope (Noran Instruments).

Imaging parameters were an excitation wavelength of 488nm from an argon ion laser and
an emission filter of 515nm with a slit size of 15um. The lumen was visualized with a X10
air objective at the point mid-way through the blood vessel wall. A X40 water immersion
objective was used for wall thickness measurements, 1 um thick optical sections were taken

through the vessel wall. Metamorph software (Universal Imaging Corporation) was used
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to make measurements from three lumen measurements and two wall thickness stacks per

vessel.

Figure 2.3
Image A: mid point through the vessel wall where lumen diameter measurements are
made. Image B: 3 dimensional reconstruction of artery wall; Adventitial cells (AC),

Smooth muscle cells (SMC) and endothelial cells (ENDO).

2.4 Method of Cell Counting

From within the wall thickness the number of cells within each layer was counted
manually through the z-series. The method used for this ensured that nuclei were counted
only once. Nuclei which bisected the left and bottom limits of the image were counted but
those which bisected the upper and right limits were not. As each image was taken from
different areas in the artery we can be sure that the same cell is not counted more than

once.

By orientating the artery horizontally along the field of view different cell types can be
identified by shape and orientation. Adventitial cells are irregular and dispersed in the
outer regions of the stack. Smooth muscle cells are long and narrow and are located in the

mid region of the stack, orientated circumferencially around the vessel wall and endothelial



cells are short and narrow and orientated perpendicular to the Smooth muscle cells (SMC)
in the inner most layer of the stack. The following data is measured directly from the
images obtained on the LSCM: lumen diameter, wall thickness (adventitial, medial and
intimal thickness) and cell numbers in each layer. Other parameters such as cross-sectional
area (CSA) and wall volume are calculated as outlined below using the above data. The
assumption is that the vessels are of uniform thickness along their length and

circumference.

2.5 Calculations from Confocal Images
The image area remained constant throughout alt experiments (102.4 x 102.4pum)- at a

magnification of 40 times~ thus allowing a further calculation of the density of each cell

type to be made as outlined below:

Area of image = 102.4pm x 102.4pm = 10485pm2 = 0.010485 mmn2

The number of endothelial cells (nEC) is counted from a set of 4 —10 images and

calculated as the number of endothelial cells per mm?.

nEC/mm’ = Total nEC / (Area of image x Number of images)

The external diameter was not measured directly in any of the experimental groups but can

be easily calculated as,

External diameter = lumen diameter + (2 x wall thickness)
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Using an established method of calculating cross sectional area (CSA) (Miller ef al.,
(1987), Lee et al., (1983), Arribus ez «l., (1997), Kvist et al., (2003)) we cstimatc that by
using the previously calculated data CSA=7xr 1%, where r = radius of the artery [wall

thickness + the distance from the centre of the artery to the inner surface of the intimaj.

Vessel wall CSA = |n(External diameter/2)%] — [z(lumen diameter/2)%]

Adventitial CSA was calculated using the above equation by incfuding mcdial and intimal
thickness with lumen radius when calculating internal dimensions. Media and intima

CSA’s were caleulated in a similar way.

A mcasurcment of volune could then be obtained by multiplying CSA by length of vessel,
assuming the vessel to have a cylindrical shape. A standard segment length of 1mm was

. . 3
chosen, such that CSA in mm? was equal to volume of a 1 mm segment in mm”.

The volume of a stack was calculated as,

Volume of stack mm® = Area of image x Wall thickness

Since we know the volume of the stack and the number of SMC counted within it, then it is
possible to calculate the total number of SMC in a ITmm segment of artery by catculating

the number of stacks required to represent that artery.

Number of stacks / 1 mm length of vessel = Wall volume / Volume of stack

Total nSMC = (Number of stacks / T mm length of vessel) x (nSMC in stack)
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Cell density can be calculated by correcting total cell number for volume of the appropriate

layer.

SMC density (n/mm’} = nSMC / Media volume

The equivalent parameters for adventitial cell number and density were calculated in a

similar manncr.

Media : Lumen Ratio (%} = (Media thickress / Lumen diameter) x 100

The equivalent parameter for wall : lumen ratio can be calculated by substituting the value

for media thickness with wall thickness.

2.6 Measurement of Wall Thickuness

Stacks of 1pum thick serial optical slices were taken in z—axis from the first adventitial to
the last endothelial nuclei. Dach layer was identified as being when the first nuclei of the
specific cell type was visible and ending when the first nucleus of the next layer was

visible.

2.7 Analysis of Confocal Images

Analysis of the images obtained from the LSCM using specialized software allowed
detailed information to be oblained regarding (he size, shape and orientation of the nucieus
in the various levels within the vessel wall. This information is important for the
classification of the type of remodelling occurring in the vessel wall 1.c. hypor or

hypoplasia.
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2.8 Total Number of Cells

The total number of adventitial and smooth muscle cells can be calculated for cach 1mm?
volume of blood vessel. "I'his is achieved by multiplying the number of adventitial or

: k)
smooth muscle cells per image by the number of stacks per 1 mm~ vessel.

Using the equations:

Total number of Adventitial Cells =

Number of stacks / 1 mm® X number of adventitial cells

(or Smooth Muscle Celis)

number of stacks / 1 mm length of vessel =

Wall Volume / Volume of Image

Wall Volume (mm” =

(Outer Adventitial CSA — Inner Adventitial CSA)/ 1600000

Volume of Image (mm” =

(Area of the image X Vessel Thickness) / 1000000000

2.9 Analysis of Carotid Artery Images

Carotid arteries from: Sham (n=9) and Ligated (n=8) New Zealand white rabbits were
dissected, mounted and pressurised on a Living Systems pressure myograph at 120mmHg.
They were then fixed using neutral butfer formalin overnight, Once fixed the arteries were
prepared for paraffin wax embedding by dehydration through increasing percentages of

ethanol to absolute ethanol. The arteries then were put through a series of increasing
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concentrations of acetone to absolute acetone, From acetone the arteries were embedded in
paraffin wax and stored until sectioned. Sections were cut at 10pm thickness using a
Richert Jung microtome. After sectioning cut sections were mounted on glass slides and
stained with picro-sirius red, a collagen specific stain, (Junqueira L. ef al., 1979). Under
bright field microscopy collagen is stained red against a yellow background
(counterstaiming by picric acid). The intensity of the red staining can be measured by
optical densitometry to provide an estimate of the extracellular collagen component in the
tissuc. An cstimatc of the extracellular component was made for the adventitial and medial
laycrs in both conirol and ligated rabbils in the heart failure rabbit study. This was
calculated as the percentage area within the image that the red stained material occupied.

A grey scale value between 0 and 255 was obtained as an indicator of the optical density of
the collagen. For each artery several segments of the preparation were examined. Image
analysis was uscd (o calculate the tolal area of the adventitial and medial layers. Within
the computer protocol the software took into consideration any holes in the section caused

by tearing during procossing and sectioning. Thus, a4 true estimate can be made of the

collagen component in the arterial wall,
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2.10 Analysis of results

The average value of each measurement and calculated parameter is presented in tabular
form in appendix AP1-AP4. All data was analysed using Microsoft Excel and GraphPad
Prism 3.01 (Institute for Scientific Tnformation, San Diego, California, USA). All
equations and nomenclature used in the text are taken [rom Microsoft Execl and GraphPad
Prism 3.01. Statislical comparison of control and experimental data was performed using

an unpaired t test. A p value of less than 0.05 was considered to be significant.
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CHAPTER 3
Tunica Adventitia

Analysis of the Tunica Adventitia of Resistance
Arteries using Laser Scanning Confocal Microscopy
and the Quantification of Collagen within the
Adventitial Layer of Carotid Arteries in a Rabbit
Model of Heart Failure
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For the purpose of clatity the following key will be used throughoul this and all results

sections.

Conirol Exp. Group 1 Exp. Group 2
Rabbit ACA Sham (n=9) Ligated (n=7) -
Rat HF Shant (n=7) Ligated (n=9) -
Vasodilator Study Control (n=8) I+ (n=6) Irb (n=7)
Rat Induced Control ITypertensive (n—=19) .
Hypertension (n=16)

Table 3.1 Definition of terms used in table and Figure headings and keys.
Control: animals under same experimental conditions except ligation was not done.
Ligated: decsending left coronary artery ligated animal,
H+H: Hydralazine/ Hydrochlorothiazidc treated rat,
Inb: Irbesartan treated rats,

Hypertensive: hypertension induction.

3.1 Adventitial Characteristics

Adventitial cclls are irregular in shape and dispersed without any obvious regular pattern

throughout the outer most luyers of the arterial wall. Staining with Propidium lodide

allows us to visualise the location and number of cells within the adventitial wall

(Appendix 6)

3.2 Adventitial Thickness

Measured values of adventitial thickness were made directly from confocal images using

the previously described method. No difference was scen in the thickness of any of the

adventitial layers in the blood vessels measured. Figures 3.1, 3.2
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Figure 3.1 :- Thickness of the adventitial layer in arteries from heart failure models.
Anterior cerebral arteries from the rabbit model of heart failure (top) and third order
mesenteric arteries form the ral model of heart failure {(bottom) showed no significant
diffcrence in adventitial thickness. Data is presented as mean =+ s.e.m for the nunber of

arteries indicated in brackets.
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Figure 3.2 :- Thickness of the adventitial layer in arteries from hypertensive models. Third
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3.3 Count of Adventitial Cell Number per Stack

There was no difference observed between the experimental groups except in the H+H
group and the inducible hypertension study. With H ' treatment the number of
adventitial cclls was significantly reduced. The control rats have 19,5£1.52 cells per
region, whilst the hydralazine/hydrochlorothiazide group had 15.38+0.88 (p<<0.05). In the
inducible hypertensive study the hypertensive rats had a significantly increased number of
adventitial cells. The control rats had 18.38+2.49 whereas the hypertensive animals had

32.8242.33 (p<0.005).

Control Bxp. Group 1 Exp. Group 2
Rabbit ACA 13.94+1.31 16.06+2.48 -
Rat ITF 20.96+3.24 18.36£1.89 -
Vasodilator Study 19.5+1.52 15.38+0.88* 17.64+1.67
Rat Induced Hypertension 18.38+2.49 32.8242.33% -

Table 3.2 Adventitial Cell Number (cell number = SEM).
*  p <0.05 control v Hydralazine/Hydrochlorothiazide treatment.
** p < 0,001 Control v hypertensive
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3.4 Estimation of Adventitial Cell Density

Using values from measurcments made of adventitial thickness and cell number we can
calculate the density of the adventitial cells as the number of adventitial cells per mm’.
The only group observed which showed a difference in the density of adventitial cells was
the hypertensive rats in the inducible hypertension study. The control rats had an
adventitial cell density of 127+10 thousand cells per mm® , whereas there was a significant

increase in the adventitial ccll density in the hypertensive rats 155£1tthousand cells per

mm® (P<0.05).

~ Control Exp. Group [ Exp. Group 2
| Rabbit ACA 232+2 24276 -
Rat HF 131433 | 106+27 -
Vasodilator Study 127£11 100£10 140425
Rat Induced 103+12 1600:11% -
Hypertension

Table 3.3 Adventitial Cell Density (thousand cells / mm3 = SEM).
*  p < 0.05 control v hypertensive
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Figure 3.3: Density of Adventitial cells from Heart Failure Models. Anterior Cerebral
Arteries from the rabbit model of heart failure (top) and third order mesenteric arteries
from the rat model of heart failure (bottom) showed no significant difference in adventitial

cell number density.
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3.5 Total Number of Adventitial Cells
Within all the groups there was no difference in the total number of adventitial cells within

a lmm length of artery.
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Figure 3.5 Total number of Adventitial cells from Heart Failure Models. Anterior
Cerebral Arteries from the rabbit model of heart failure (top) and third order mesenteric
arteries from the rat model of heart failure (bottom) showed no significant difference in

total adventitial cell number / 1mm length of artery.
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Figure 3.6 Total Number of Adventitial cells from Hypertensive Models. Third order
mesenteric arteries from hypertension treatment with H+H or irbesartan (top) and from the
inducable hypertension rats (bottom) showed no significant difference in total adventitial

cell number.
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3.6 Collagen Content within the Tunic Adventitia

The collagen component within the carotid arteries of the ligated rabbits was significantly

reduced.

Total Adventitial Area
(um2) x 10°

Collagen content in

Adventitial Layer (%)

Control (n=8)

4.95 +0.15

82.01 = 0.51

Ligated (n—9)

4.47+0.17%*

82.33 = (.58

Table 3.4 Collagen content within the tunica adventitia of carotid arteries from control and

ligated rabbit. Student’s T-Test, ¥ p<0.005
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Figure 3.7 Parameters calculated from histological images obtained from rabbit carotid
arteries. Total adventitial area (top) within the section was calculated and from this the

percentage collagen content obtained from picosirius red staining was measured (bottom).
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3.7 Collagen Staining in the Rabbit Carotid Artery

| Figure 3.8 Histological images obtained from Sham (top) and Ligated (bottom) rabbit
carotid arteries stained with picosirius red for collagen. The adventitial-medial border
is marked thus allowing the software to distinguish between both layers for the

‘ purpose of calculations. The adventitial layer (A) is the smaller outermost area of the

| section whereas the medial layer (M) comprises the majority of the image.
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CHAPTER 4
Tunica Media

Analysis of the Tunica Media of Resistance Arteries
using Laser Scanning Confocal Microscopy and the
Quantification of Collagen within the Medial Layer

of Carotid Arteries in a Rabbit Model of Heart
Failure
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4.1 Medial Characteristics

Smooth Muscle Celis (SMC) are regular in shape and dispersed thronghout the middle
layer of the arterial wall. Staining with propidium iodidc (PI) allows us to visualise the

location and number of cells within the medial layer (Appendix 6).

4.2 Medial Thickness

Values of medial thickness were measured directly from confocal images using the
previously decribed method. An increase in the medial thickness was observed in both the
anterior cerebral arteries in the rabbif model of heart failure (Sham 12.72 + 1.13 um;
Ligated 20,19 4 2,62 pm, p<0.03) and also in mesenteric arteries from the inducible
hypertension rat model (Sham 19.47 + 1.42um; Ligated 24.95 -+ 1.86pm, P<0.05). A
decrease in the medial thickness was shown in SHRSP rats treated with [rbesartan or 1T+
(SHRSP control 26.81 £ 2.05; H+H 20.63 + 1.26%; Irb 20.00&: 1.187, *p<0.05, 7p<0.05).
No difference was seen in the thickness of any of the medial layers in blood vessels in the

other cxperimental groups measured. (Figure 4.5)

4.3 Measurement of Smooth Muscle Cell Number per Stack

There was no difference in the number of smooth muscle cells observed per stack in the

expertmental groups. {Figure 4.7)

Control Exp. Group 1 | Exp. Group 2
" Rabbit ACA 52.06+3.41 56.56+3.38 -
Rat HF 45.4343.39 37.11+£3.41 -
Vasodilator Study 49.1342.83 49.50+1.73 44.50+2.24
Rat Induced Hypertension 46.5612.72 48.26£2.99 -

Table 4.1 :- Smooth Muscle Cell Number (celi number = SEM).
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Figure 4.1 :- Thickness of the medial layer in arteries from heart failure models. Anterior
cerebral arteries from the rabbit model of heart failure (top) and third order mesenteric
arteries form the rat model of heart failure (bottom). Data is presented as mean + s.e.m for

the number of arteries indicated in brackets.
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Figure 4.2 :- Thickness of the medial layer in arteries from hypertensive models. Third
order mesenteric arteries from the hypertensive treatment with H+H or Irb (top) and the rat
model of inducible hypertension (bottom). Data is presented as mean + s.e.m for the

number of arteries indicated in brackets.
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Figure 4.3 :- Number of Smooth Muscle Cells per stack in the medial layer in arteries
from heart failure models. Anterior cerebral arteries from the rabbit model of heart failure
(top) and third order mesenteric arteries form the rat model of heart failure (bottom). Data

is presented as mean + s.e.m for the number of arteries indicated in brackets.
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Figure 4.4 :- Number of smooth muscle cells per stack of the medial layer in arteries from
hypertensive models. Third order mesenteric arteries from the hypertensive treatment with
H-+H or Irb(top) and the rat model of inducible hypertension (bottom). Data is presented as

mean + s.e.m for the number of arteries indicated in brackets.
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4.4 Estimation of Smooth Muscle Cell Density

Using measurements of medial thickness and cell number we were able to calculaie the
density of SMC’s as the number of SMC’s per mm®, The anterior cerebral arteries in the
rabbit model of heart failure and mesenteric arteries from both the rat model of heart

3

failure and inducible hypertension showed a decrease in the density of SMC’s per mm’,

The only group observed which showed an increase was in the H-H treated hypertensive

rats.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 415.3148.3 285.4::25.1* -
Rat HF 215.4£13.1 168.9£9.1%% -
Vasodilator Study 179.9+14.3 238.7+13.8% 218.6+18.7
Rat Induced 246.6+18.6 199.3+10.7# -
Hypertension

Table 4.2 :- Smooth Muscle Cell Density (Thousand cells / 1 mm length £ SEM).
* p <0.05 Control v Ligated; ** p<0.005 Control v Ligated, T p<0.05 Control V H+H,
# p<0.05 Control v Hypcriensive

4.5 Estimation of the Total Number of Smooth Musele Cells

Within all the groups there was no difference in the total number of smooth muscle cells

within a lmm length of the arterial wall.

‘Conlrol

Exp. Group 1

Exp. Group 2

Rabbit ACA

5868.83::800.88

8237.154842.17

Rat HF

 3185.74+308.57

2448.76+269.75

Vasodilator Study

3435.704259.56

3041.31:1265.14

3040.80+201.03

Rat Induced
Hypertension

4659.59+423.90

4994.16+369,78

Table 4.3 - Total Number of Smooth Muscle Cells in 1 mm” volume of arterial wall
(total number of cells / 1mm length of wall + SEM).
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Figure 4.5 :- Density of Smooth Muscle Cells in the medial layer in arteries from heart
failure models. Anterior cerebral arteries from the rabbit model of heart failure (top) and
third order mesenteric arteries form the rat model of heart failure (bottom). Data is

presented as mean + s.e.m for the number of arteries indicated in brackets.
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Figure 4.6 :- Density of smooth muscle cells of the medial layer in arteries from
hypertensive models. Third order mesenteric arteries from the hypertensive treatment with
H+H or Irb(top) and the rat model of inducible hypertension (bottom). Data is presented as

mean + s.e.m for the number of arteries indicated in brackets.
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Figure 4.7 :- Total number of Smooth Muscle Cells per 1 mm length of medial layer in
arteries from heart failure models. Anterior cerebral arteries from the rabbit model of heart
failure (top) and third order mesenteric arteries form the rat model of heart failure
(bottom). Data is presented as mean + s.e.m for the number of arteries indicated in

brackets.
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4.6 Measurement of the Collagen Content within the Tunic Media of Coronary artery

Ligated Rabbits

The collagen component within the carotid arteries of the ligated rabbits was not changed

although there was a significant reduction in the arca of the medial layer.,

Total Media Area (um”) | Collagen content medial layer (%)

Control (n=8) 7527.92 £183.72 - 76.9+087 ;

Ligated (n=9) 6494.01 £ 169.29 *** 78.06 £ 0.94

‘Table 4.4 - Collagen content within the tunica media of carolid arteries from control and

ligated rabbit in a model of heart failure. Student’s T-Test, **#* p<0.001
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arteries. Total medial area (top) within the section was calculated and from this the

percentage collagen content obtained from picosirius red staining was measured (bottom).
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4.7 Collagen Staining in the Rabbit Carotid Artery

Figure 4.9 Histological images obtained from Sham (top) and Ligated (bottom) rabbit
carotid arteries stained with picosirius red for collagen. The adventitial-medial border
is marked thus allowing the software to distinguish between both layers for the

purpose of calculations. The adventitial layer (A) is the smaller outermost area of the

section whereas the medial layer (M) comprises the majority of the image.
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4.8 Smooth Muscle Cell Nuclei Characteristics

From measurements made of the nuclei in the Anterior Cerebral Arteries of control and
heart failure rabbits it can be seen that although the length and breadth of the nuclei were
not significantly different the area that these structures covered changed significantly. The
nuclei from control ACA smooth muscle cells were 5.4+0.17 pm wide with a length of
24.34+0.35 um long whereas in the ligated rabbits the smooth muscle cell nuclel were
5.84=0.18 pum wide and 25.42+0.51 pm Tong. The area of the same nuclei was
385.71L11.54 pm? in the controls versus 451.45::15.74 pm? in the ligated and the
perimeter of the smooth muscle cell nuclei also significantly increased in the ligated from

51.78+0.73 in the controls to 54.52+1.02 um in the ligated.

Width (um) | Length (um) | Arca (um2) [Perimcter (m)

Control [Mean 5.4 24.34 385.71 51.78

SD 1.33 2.74 89.37 5.68

SEM 0.17 0.35 11.54 0.73
Ligated IMean 5.84 25.42 451.75 54.52

SD 1.62 4.56 140.7 9.1

SEM 0.18 0.51 15.74 1.02

P value 0.093 0.153 0.002 ** 0.042 *

Table 4.5 :- Paramcters measwred from smooth musele cell nuclei from the anterior

cerebral artery of control and ligated rabbits,
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CHAPTER 5

Tunica Intima

Analysis of the Tunica Intima of Resistance Arteries
using Laser Scanning Confocal Microscopy
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5.1 Intimal Characteristics
Endothelial cells are regufar in shape and dispersed throughout the inner layer of the
arterial wall, Staining with Propidium Iodide allows us to visnalise the location and

number of cells within the intimal layer.

5.2 Measurement of Intimal ‘T'hickness

Intimal thicknesses were measured directly from confocal images using the previously
decribed method. Changes were observed in the intimal thickness of SHRSP rats treated
with H+H (SHRSP control 13.44 + 0.96; H+H 10.06 £ 1.12). No other chages in mtimal

thickness were observed in any of the other models studied. Figure 5.5

! Control Exp. Group 1 Exp. Group 2
Rabbit ACA T 6.8310.85 8.8141.67 -
Rat HF 8.93+1.48 14.67+2.35 -
 Vasodilator Study 13.4440.96 10.06£1.12% T 10.71%1.42
Rat Induced Hypertension 10.84+0.82 9.163+0.87 | -

Table 5.1 :- Intimal Thickness (thickness &+ SEM; * p< 0.01).

5.3 Estimation of the Endothelial Cell Number
‘The number of endothelial cells was expressed as the number of endothelial cells per mm?
luminal surface area. No differences were seen in the number of endothelial cells per mm®

in any of the experimental groups. (Figure 5.5)

Control Exp. Group 1 | Exp.Group2 !
Rabbit ACA 1950.91+£105.48 | 1692.584:152.22 . .
Rat HF 1273.54+122.26 | 1082.93+167.22 .
Vasodilator Study 1583.474208.84 | 1452.91+117.9 | 1718.44+216.14
Rat Induced Hypertension 1234.11£72.51 | 1199.27+47.45 -

Table 5.2 :- Endothelial Cell Number (number + SEM; * p< 0.01).
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Figure 5.1 : - Thickness of the intimal layer in arteries from heart failure models. Anterior
cerebral arteries from the rabbit model of heart failure (top) and third order mesenteric
arteries from the rat model of heart failure (bottom). Data is presented as mean + s.e.m for

the number of arteries indicated in brackets.
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Figure 5.2 : - Thickness of the intimal layer in arteries from hypertensive models. Third
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CHAPTER 6

General Analysis of the Morphological
Characteristics of Resistance Arteries revealed by
Laser Scanning Confocal Microscopy
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General

0.1 Further Measurable Characteristics

Furlher analysis ol the data coliected from the funicas adventitia, mcdia and intima along
with other measurements allows calculations to be made of various parameters other than

those measured directly from the confocal images which may further describe blood vessel

architecture.

6.2 Measurement of Lumen Diameter

Lumen diameter measurements were made directly from confocal images at 10 {imes

magnification using the described method. The lumen diameter in the rabbit model of heart

failure was the only model which showed a change. (Figure 6.1)

Control BExp. Group 1 Exp. Group 2
Rabbit ACA 343.15433.08 | 445.99+25.44* .
RatHF 200.39422.72 | 176.8849.88 | -
Vasodilator Study 1812411332 | 160.00+15.14 | 184.85+10.76

Rat Induced Hypertension

280.31£13.55 |

292.64+13.07

Table 6.1 :- Lumen Diameter measurements (pm + SEM, * p<0.01).
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Figure 6.1 :- Lumen Diameter of arteries from heart failure models. Anterior cerebral
arteries from the rabbit model of heart failure (top) and third order mesenteric arteries from
the rat model of heart failure (bottom). Data is presented as mean =+ s.e.m for the number

of arteries indicated in brackets. Student’s T-test * p<0.05
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Figure 6.2 :- Lumen diameter of arteries from hypertensive models. Third order
mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat model of
inducible hypertension (bottom). Data is presented as mean + s.e.m for the number of

arteries indicated in brackets.
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6.3 Caleunlation of Wall : Lumen Ratio

|
i
Within the data measurcd there was no dilference in the wall : lumen ratio in the
i

experimental groups. (Figure 6.3)

Control Exp. Group 1 Exp. Group 2
Rubbit ACA 7.98+0.87 8.33+0.97 -
Rat HF 25.15%15 32.33+2.96 -
Vasodilator Study 30.9843.64 29.40+2.95 23.81+2 41
‘Rat Induced Hypertension 17.17+1.35 18.97£1.44 - i

Table 6.2 :- Wall : Lumen Ratio (% £ SEM).
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Figure 6.3 :- Wall : Lumen ratio of arteries from heart failure models. Anterior cerebral
arteries from the rabbit model of heart failure (top) and third order mesenteric arteries from
the rat model of heart failure (bottom). Data is presented as mean =+ s.e.m for the number

of arteries indicated in brackets.
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Figure 6.4 :- Wall : Lumen ratio of arteries from hypertensive models. Third order
mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat model of
inducible hypertension (bottom). Data is presented as mean + s.e.m for the number of

arteries indicated in brackets.

89



6.4 Calculation of Wall Cross Sectional Area

Using measurements made of wall thickness and lumen diameter it was possible to
calculate the wall cross sectional urea. Anierior ccrebral arteries from the rabbit model of
heart failure showed un increase in the cross sectional area of the artery wall (Sham
29032.51 £ 2772.96, Ligated 55545.13 + 8093.75%*, p < 0.005) whereas mesenteric
arteries from the rat model of H+H and Irb treated hypertension showed a decrease in the
wall cross sectional area. (SHRSP 39146.13 £2635.11, H+H 28728.58 £3023.29%, Irb
30444.14 £ 2297.21%, p < 0,01). Other arteries showed no difference in the cross

sectional area within their walls, (Figure 6.5)
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Figure 6.5 :- Wall cross sectional area of arteries from heart failure models. Anterior
cerebral arteries from the rabbit model of heart failure (top) and third order mesenteric
arteries from the rat model of heart failure (bottom). Data is presented as mean + s.e.m for

the number of arteries indicated in brackets.
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Figure 6.6 :- Wall cross sectional area of arteries from hypertensive models. Third order
mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat model of
inducible hypertension (bottom). Data is presented as mean + s.e.m for the number of

arteries indicated in brackets.
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.5 Calculation of Media : Lumen Ratio

Within all the groups except in the inducible hypertension rai model there was no

difference in the media : lumen ratio.

Control Exp. Group 1 Ixp. Group 2
Rabbit ACA 3.96+0.44 4.57£0.50 -
Rat HF 11.85%1.55 13.1441.11 -
Vasodilator Study 15.9842.76 13.57£1.29 11.15£1.12
Rat Induced 7.00£0.45 8.81+0.70* -
Hypertension

Table 6.3 :- Media : Lumen Ratio (% £ SEM, * p< 0.05).
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Figure 6.7 :- Media : Lumen ratio of arteries from heart failure models. Anterior cerebral
arteries from the rabbit model of heart failure (top) and third order mesenteric arteries from

the rat model of heart failure (bottom). Data is presented as mean = s.e.m for the number

of arteries indicated in brackets.
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Figure 6.8 :- Media : Lumen ratio of arteries from hypertensive models. Third order
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6.6 Caleculation of Media Cross Sectional Area

Similarly to wall cross sectional area by using the values obtained for the medial thickness
it is possible to calculate the media cross sectional area. Increases in the media cross
sectional area were observed in the rabbit model of heart failure and decreases in the rat

model of hypertension treated with H+H or Irb but the other models used did not show any

dilferences.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 14985.34+2256.52 31380.56+£5496.05*% -
Rat HF 16357.10+1659.15 16323.45+1320.79 -
Vasodilator Study | 19518.67+1251.28 | 13185.79:1576.43%*% | 14161.712902.71%%
Rat Induced 20234.88+2140.88 26629.11+26629.11
Hypertension

Table 6.4 :- Media Cross Sectional Area ( pm 1 SEM, * p< 0,05, ** p< 0.01).
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Figure 6.9 :- Media cross sectional area of arteries from heart failure models. Anterior
cerebral arteries from the rabbit model of heart failure (top) and third order mesenteric
arteries from the rat model of heart failure (bottom). Data is presented as mean + s.e.m for

the number of arteries indicated in brackets.
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6.7 Calculation of the Total Number of Cells within 1min length of artery

A measure of the total number of cells contained within 1 mm® was caleulated. This was
made by the addition of the number of cells found in the tunica adverntilia, tunica media
and tunica intima. It allows an estimate to be made of the total number of cells within a
defined volume of the artery wall. From the values oblained the only group which showed
a change was the induced hypertensives in the rat model of inducible hypertension
{Control 7520.11 £ 563.08, Hyperlensive 9518.48 4: 652.54, * p<0.05). The other models
showed no change; ACA (control 9556.75 & 1241.74, Ligated 13001.33 + 1150.24); heart
[atlure rats (controls 5543.82 :1: 631.22, ligated 4274.98 + 439.13); I1b study (SHRSP

control 5737.08 + 485.85, H 11T 4728.83 4 391.93, Irb 5223.93 + 322.77).

Control i Exp. Group 1 Exp. Group 2
Rabbit ACA 9556.75+1241.74 | 13001.33+1150.24
Rat T 5543.82::631.22 4274,98+439.13
Rat Vasodilator 5737.08+485.85 4728.831:391.93 4274.98+439.13
Rat Inducible 7520.11+563.08 | 9518.48+652.54%

Table 6.5 :- Calculation of the total number of cells within 1lmm length of artery (Number

of cells £ SEM, * p<0.05).
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Figure 6.11 :- Total number of cells per 1 mm length of artery in arteries from heart failure
models. Anterior cerebral arteries from the rabbit model of heart failure (top) and third
order mesenteric arteries from the rat model of heart failure (bottom). Data is presented as

mean = s.e.m for the number of arteries indicated in brackets.
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Figure 6.12 :- Total number of cells per | mm length in arteries from hypertensive models.

Third order mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the
rat model of inducible hypertension (bottom). Data is presented as mean + s.e.m for the
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CHAPTER 7

General Discussion
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Discussion

Within this study T have madc a dircet quantitative analysis of the cellular basis of the
vascular structure and remodelling in cardiovascular diseases using a method developed
within Professor Ian McGrath’s laboraioty in the Untversity of Glasgow based on LSCM

in intact blood vessels.

These studies have shown that LSCM provides an accurate method for the determination
of the morphology of whole resistance arteries compared to other previously used methods,

(Arribas e al., 1997).

There are several advantages of using this LSCM method over previous methods for
morphological measurements. Firstly, it allows us to obtain high resolution images, thus
allowing straightforward measurements at the cellular level wilh image analysis software
including counting of different cell Lypes as well as determination of several cell
parameters such as nuclear shape, orientation and arca. Sccondly, it can be performed on
intacl arteries without the need for histological sectioning. Third, it gives objective and

bias free data of basic dimensions.

In addition, LSCM shows diflerences that had not been found previously at the various
levels within the arterial wall. This provides cvidence that LSCM can show potentially
important information which has not been shown before regarding the remodelling process
in various cardiovascular diseases. This is relevant in the understanding of the
pathogenesis of the disease and also towards developing new therapautic approaches in

tackling the disease.
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7.1 Remodelling in each animal modcl

7.1.1 Rabbit Anterior Cerebral Artery and Rat Mesenteric Artery models of Heart
Failure

It is known that left ventricular dys[unction and heart failure can lead to progressive
structural changes in the distal vasculature of both animals and humans. The aim of this
study was to determine the structural modifications in the cerebral vasculature induced by
a reduction in cardiac function for 8 weeks but not the mechanisms responsible for this
remodelling. This model of CAL has been characterised in previous studies (Pye ez af.,
1996) and is felt to best resemble myocardial failure in man. Eight weeks after ligation
several alterations can be obscrved: firstly, an increasc in left veatricular weight can be
seen. This indicates cardiac remodelling or compensatory hypertrophy. Secondly, an
increase in right ventricular weight was observed, suggesting a right ventricular afterload
and finally an increase in lung and liver weights could be found, typical of organ

congestion (Denver et al., 1996, Ng et al., 1998, Denver et al., 1998).

An important feature of the compensatory mechanism in heart failure is an increase in total
peripheral resistance. This helps preserve central haemodynamics at the cost of
microcirculatory function. There is cvidence that increcased penpheral resistance is related
to small artery structural changes (Mulvany and Aalkjaer 1990). However, studies of
vascular remodelling in heart faiture yield conflicting results, Several reports show no
structural changes in resistance arteries from rats with 3 to 26 weeks CALl, (Stassen ef a/.,
1997., Mulder et al., 1997 and Buss ef al,, 1999) although after one yeur of ligation some
other studies have demonstrated changes in mesenteric arteries towards an increase in
lumen diameter and a decrease in media thickness (Heeneman ef al., 1995). Most of these

previous studies to investigate remodelling in heart failure have concentrated on using wire
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or pressure myography to determine gross morphology i.e. total wall thickess, lumen
diameter and wall cross-sectional area. Confocal microscopy was used to reveal more
subtle alterations in the cerebral vasculature of rabbits and the mesenteric vasculature of

rats after 8 weeks CAL.

The results demonstrate that 8 weeks CAL is able to induce vascular remodelling in
anterior cerebral arferies. 'The increase in lumen diameter in these arteries along with the
increasce in wall thickness can be defined vsing Mulvany’s classification as outward
hypertrophic remodelling (Mulvany ef al., 1996, 1999). From the confocal results it is
clear that hypertrophy affected both the adventitial and medial layers by significantly
increasing the volume of each layer. These increases were accompanied by increases in
cell number in all layers of the arteries although the SMC density was actually decreased.
There is therefore evidence for cellular hyperplasia in both the adventitia and media. Tn the
media the decrease in the cell density implies either hypertrophy of individual cells and/or
an increasc in the extracellular space. In the adventitia there was no change in celi density
but it is possible that cell hypertrophy could be taken up within the more open cellular

structure.

Remodelling in mesenteric arteries in CAL rats was mild with only small changes in vessel
dimensions. In these vessels a decrease in lumen diameter was observed although no
difference was seen in the wall thickness between control and ligated animals. From Lhis
we can initially say that according to Mulvany’s classification of remodelling third order
mesenteric arteries from a rat model of coronary artery ligation undergo inward eutrophic
remodelling. A decrease in the lumen diamecter was observed but this may have been due
to an increase in the thickness of the intima} layer. Using LSCM we could further

investigate the ‘micro” remodelling of these arteries in terms of cell numbers. We found
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that there was no dillerence in the number of endothelial cells in this model thus
suggesting that this may be due to an increase in underlying connective tissues. Other
studies have shown that in the mesenteric arteries from rats with CAL the amount of
elastin and collagen did not change (Mulder ef al., 1996). A reduced number of smooth
muscle cells in ligated animals was observed despite there being no difference in the
medial cross-sectional area. With no net change in the volume but a remodelling of the
medial layer we can say that mesenteric arleries from this model of CAL undergo

eutrophic remodelling (Mulvany er a/., 1996).

Mulder et af., (1996) and Stassen et al., (1997) report that in rats after CAL there are no
differences in the structure of mesecnteric resistance arteries. They found that the lumen
diameter, wall-to-lumen ratio and media CSA remain the same between control and ligated
animals. Only Buss ef al., (1999) and Heeneman et af., (1995) have shown remodelling of
the third order mesenteric artery in rats with CAL.. Buss et @/ describe arteries which
remodel around a larger lumen with no mierease in wall CSA - outward eutrophic
remodelling, whereas, Heeneman ef ¢/, show outward hypertrophic remodelling ~
remodelling around a larger lumen with an increase in CSA. Changes in blood flow may
cause these changes since flow induced hypertrophy was observed in the study by

Heeneman.

All of these studies do not investigate changes at the cellular level within the rat model
used, therefore these investigators would not be aware of the decrease in smooth muscle
cell density in the ligated animals observed when using LSCM and our method of
mvestigation. Knowing that resistance arteries display decreased amounts of SMC may be
important when considering functionality of the artery. Stassen ef al, (1997a, 1997b)

show that there is a hyporeactivily to most vasoconstrictors in mesenteric arteries from rats
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5 weeks after CAL. Their findings show that with no decreasc in the mcdia mass the
reason may be due to an impairment of agonist induced calcium influx. We could now
speculate that in rats post-CAL the loss in abililty to constrict 1o the same extent as control
arteries may be simply due lo a reduced number of smooth muscle cells. Apoptosis of
SMC may be thought to be responsible for the reduction in the number of SMC in the
ligated animals in CAL. Stassen ef al., (1997) have investigated the effect of circulating
vasoactive substances such as nitric oxide, TNF-a and atrial natriuretic peptide (ANP) on
the vasculature and have shown that these substances do have a growth inhibitory effect.
However we can not extrapolate this to the circumstance of heart failure as the evidence to

support this has not been provided yet.

7.1.2 Remodelling in the Mesenteric Artery in the Vasodilator Study in Genetic
Hyperiensive Rats

Irom tail cufl plethysmography we can see that treatment with a combination of
hydralazine and hydrochiorothiazide or with itbesartan results in a dcerease in systolic
blood pressure. Irbesartan and H+H were found to be equipotent in preventing the rise in
systolic blood pressure associated with genetic hypertension. No differences were seen in
the lumen diameter of control and experimental animals although a smaller CSA was
found in both the Irbesartan and H+H groups. Again as with heart [ailure the resistance
vasculature in hypertension remodcls as a result of increased systolic and peripheral
pressure, In control SHRSP rats the vessel wall was significantly thicker than those treated
with either treatment. According to Mulvany’s classification remodelling within these
vessels can be described as Eutrophic remodelling. Increases in the wall thickness may be
due to hyperplasia within the arterial wall rather than hypertrophy since there was no
difference in the number of cells between groups. Hypertrophy may be accredited to either
an increase 1n the amount ol connective tissues, thereforc increasing the space between the
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cells or a general increase in the size of the cells themselves. Since we have only used the
nuciear dye Propidium Iodide to stain the cell nucleus we are not able to answer the

question of cell size.

The medial hypertrophy ohserved in this model is similar to other models of hypertension
—mesenteric arteries from renal hypertensive WKY rats have increased SMC volume but
not numbcer (Korsgaard ef af., 1988). Since we know thal angiotensin I is strongly linked
1o the process of vascular remodelling it is important to note that treatment with irbesartan
and H-+H were equally effective at lowering systolic blood pressure and thercfore
preventing medial hypertrophy. Although [rom other results not shown in this study
irbesartan is better than H+H at preventing the increase in left ventricular mass normaly
scen with hypertension. Tt also lowered the expression of ANP and BNP (inhibitors of
growth within the wall). This may indicatc that AT, rceeptor blockade may have a greater

beneficial effcet on hypertension than treatment with calcium anlagonists and diuretics.

7.1.3 Remodelling in the Mesenteric Artery in the Controlled Inducible Hypertension
Study

Typical characteristics of remedelling in various vascular beds are seen in the early onsel
of hypertension within this model.  With continuous induction of indole-3 carbinol
hypertension developed within 1 week of initial administration resulting in a rise in
systolic bload pressure to around 200 mmHg, whereas normotensive animals did not
display any rise in pressure. Within 3™ order mesenteric arterics there was no difference in
the lumen diameter or wall CSA between the control and hypertensive animals by 14 days
of induction of malignant hypertension. If by using previous methods to study vascular
structure this was the only information avaliable, we could say that hypertensive animals-

according to Mulvany’s classification- undergo eutrophic remodelling. When LSCM is
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used it is possible to show more discreet changes in the vascular wall. In the hypertensive
rats the medial thickness was increased whereas the adventitial thickness was not.
Although an increase was observed in the medial thickncss this did not alter the total
vascular wall thickness since when coupled to the reduction in the adventitial layer no
difference was found between control normotensive and hypertensives rals. With the
medial thickness increase there was a significantly greater media/lumen ratio. Although
there was no differences seen in the total wall thickness, using LSCM aliows us to show
that there was an increase in the total number of adventitial cells bul not in the number of
smooth muscle or endothelial cells. With an observed increase in the media thickness but
not a corresponding increase in the number of SMC we report that a decrcase was scen in
the SMC density in mesenteric arteries. Similarly, with an increase in the number of
adventitial cells but with no change in the adventitial thickness we can report an increase in
the advenlilal cell density These results along with no change in the lumen diameter
confirm that mesenteric arteries from the controlled inducible hypertension study undergo

eutrophic remodelling.

Although it is widely known thal increases in systolic blood pressure may lead to vascular
remodelling we have to consider an alternative hypothesis that remodelling within the
mescnteric arteries may occur independently or jointly with rises in blood pressure.
Induction of hypertension within these rats leads to an activation of the renin angiotensin
system (RAS). From the results obtained by collegues at the University of Edinburgh
regarding the neurohormonal levels within these rats, we see that hypertensive rats display
significantly higher levels of plasma angiotensin II and also plasma aldosterone.
Angiotensin I may have an inhibilor effect on growth within the vascular wall and may

also lead to greuler production of aldosterone by the adrenal gland.
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All of the above changes are consistent with the characteristics observed in mesenteric
arieries from the genetic spontaneously hypertensive stroke prone (SHRSP) rat (Arribas et
al., 1997) and also in the basilar arteries of L-nitro arginine methyl ester (L-NAME)
induced hypertension in Wistar Kyoto rats (Arribas ef af., 1997b). The similarities
observed include an increase in number and density of adventitial cells and a reduction in
the density of SMC in the media within hypertensives although we must bear in mind that

different arteries were examined in each study.

7.2 Problems with Mcasuring an arc in an artery

One of the disadvantages of this method which I have found is the error which can occur
when examining blood vessels with various internal and external diameters and wall
thicknesses, The accurate examination of component wall thicknesses within an area of
102um” is dependent on the extent to which the arterial wall arcs, Since total wall
thickness is calculated as the sum of all three tunica from one single Z series point, the
curvature on the blood vessel itself should be considered when calculating total thickness
within a small area. ‘Lhe error i wall thickness scems to be greater when we look at the
tunica intima since this layer is prone to greater curvature as it runs along the internal
surface of the arc of the vessel. When looking at the tunicas adventitia and media the error
is not as apparent since these layers are not under the same degree of curvature because

they occupy a larger arca within the image examined.
If by using the cxamples in Figure 7.1 we consider panel II {0 be our control artery then we

can see fhat in the case of panel III where we have a greater lumen diamter the distance

between the first and last endothelial cell is greater. The cause of this is the larger
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curvature on the artery thus resulting in the inner distance and therefore the endothelial
cells of the artery being further apart.
This provides the evidence that curvature within the vessel wall 1s an important

consideration when looking at wall thickness.
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Figure 7.1 :- Schematic representation of the error found using our method.

Panel I: The section taken is only part of the 102um? image used for measurements.

Panel II: Representative of the normal curvature on the vessel wall. The error C is the
maximum possible error that could occur in this vessel.

Panel III: Represents a blood vessel with a large curvature. The error is much larger that in
a normal vessel.




7.3 Collagen content within Carotid Arteries from the rabbit model of CAL

Within this model of heart failure there were no observed differences in the amount off
collagen in the wall of carotid arteries. This may be due to either the rabbit mode! not
having severe enough myocardial infarction or the levels of neurohormones not changing

between control and ligated animals.

Levels of circulating agents such as ANP, BNP and angiotensin 11 have been shown to
increase the amount of collagen within the blood vessel wall. Heeneman et af., (2003)
describe the situation during myocardial infarction where increased levels of cytokines
such as interlukins 1 and 4 and TNF-o along with increased levels of aldosterone and
angiotensin II lead to collagen deposition. 1t is believed that during heart failure collagen
is laid down in both the infarct in the heart and within the arterial wall to lessen the stress
put out upon them and strengthen the damaged areas. Increased amounts of collagen
within larger arteries such as the carotids leads to a reduction in distensibility which in turn,
leads 1o mereased pressure being exerted on the heart. Normally these larger arteries
would expand in line with increases in pressure so as to dissipate any increase in pressure
thercfore decreasing the chances of further damage to the heart and other organs.
Decreased distensibility has a feedback mechanism on the heart in that the stiffening of
these arteries nltimately causes the heart to work more to keep blood flowing. An increase

in the work done by the heart when damaged, leads to increased collagen production in the

infarct and therefore causing a degradation in the cardiac output.




7.4 Recommendations for the Effective Study of Vascular Remodelling Using

Confocal Microscopy

Using the method developed by Arribas ef ol., a group of researchers from several
European labs including our own, VASCAN 2000 — EC FP5 Project (QLG1-CT-1999-
00084), have further developed this technique to improve the quality and reproduciblity of
images taken using LSCM. Several of these recommendations are simple and easy 1o use

with the maximum effect being achieved in image quality.

They include:

1. Using an immersion [uid belween the objective lens and coverslip which has similar
properties to the mountant in which the vessel is bathed in on the slide. This reduces the
difference in the shift in light, known as the refractive index (RI), when the micrascope
stage 1s moved. Not only should the RI between the mounting fluids be considered but also
the RI of the tissue being cxamined. Lhick samples will bend light to a greater extent than
thinner tissues. As yet there has been no published information regarding the RI of blood
vessels either fixed or uniixed and pressurised but this group recommend that the ideal
mountant around the vessel should be a glycerol bused medium for fixed lissues and a PBS

based mountant for unfixed vessels,

2. When looking at blood vessel morphology it is important that we avoid squashing the
vessel since this would distort the vessel wall. To avoid this it is recommended that
instead of using a marked square of vacuum grease, as we have done, that the artery be
placed within a 125 pm thick silicon rubber spacer which has been stuck o the glass slide.
This will avoid the problem of compressing some areas and stretching others if the

coverslip rests against the vessel wall.
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3. VASCAN also recommend that number 1 ¥z coverslips of a thickness of 170pm be
used. These coverslips are routinely specified for use with most of the common objective
lenses used on modern microscopes. This thickness of coverslip will reduce the dispersal

of light coming from the laser to the specimen.

Visualisation of 3 dimensional volumes for the purpose of quantitative analysis within the
arterial wall has also been recognised to be a problem. These researchers have also found
that curvalure within the vessel wall will complicate the analysis. To count all the nuclei
present in a 3D volume of the total data sct would infroduce a bias if the nuclel are not

evenly distributed throughout the vessel wall.

4. To overcome the problems represented in figure 7.1 it is recommended that a wedge
shaped analysis area be employed with its apex at the centre of the vessel, instead of the
traditional cuboidal area. The wedge shape would outline a volume which contains a
fraction of the whole vessel thus representing the whole vessel since each concentric arca
would contamn an equal portion of each layer. Obtaining a wcdge shape analysis arca
would prove to be very difficult since the only way in which this could be done would be
to decrease the size of the image being capturcd cvery time a sample was taken. The
cenire of the vessel would also have to be known so a calculation could be made as to how

big the wedge should be. In practice this recommendation would not be possible.

5. Orientation of the artery under the microscope is important since any deviation from the
vertical or horizontal in an XY image would result in larger measurement being made.
Consider an artery with its long axis running horizontally to the bottom edge of the image.
[fa line was to be drawn perpendicular to the bottom edge of the image passing through

the artery it should bisect the artery at an angle of 90° — figure 7.2. But consider an artery
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which is not running along the horizontal to the boliom edge ol the image and a line
perpendicular to this edge was made again passing through the artery we would find that it

would bisect the artery at an angle greater than 90°,

2B

U

Figure 7.2 :- Representation of the error seen in misaligned blood vessels under the
confocal microscope. Panci A: Correet orientation to the base of the image required for
accurate wall measurements to be made. Panel B: Qrientation which would result in false

measurements to be made of the vessel wall.

The problem of orientation of the blood vessel is not only important when calculating
lumen diameter but also when counting nuclei per unit length and volume since when the
artery is bisected at an angle greater that 90° the area of the “cut” is greater. The number
of nuclei per unit volume and the number of nuclel per unit length would increase since the

thickness of each stack would be used when calculating the length of the vessel.

116



117




Bibliography

118




Bibliography

Akishita M, Yamada H, Dzau V], Horiuchi M. Increased vasoconstrictor response of the
mouse lacking angiotensin T type 2 receptor. Biochemical and Biophysical Research
Communicalions 1999; 261(2):345-349,

Arribas SM, Hillier C, Gonzalez C, McGrory S, Dominiczak AF, McGrath JC. Cellular
aspects of vascular remodeling in hypertension revealed by confocal microscopy.
[ypertension 1997; 30(6):1455-1464.

Baandrup U, Gundersen TTIG, Mulvany MJ. It is Possible to Solve the Probiem:
Hypertrophy/Hyperplasia of Smooth Muscle Cells in the Vessel Wall of Hypertensive
Subjects? Progress in Applied Microcirculation 1985; 8:122-128.

Baumbach GL, Heistad DD. Cerebral-Circulation in Chronic Arterial-Hypertension.
Hypertension 1988; 12(2):89-95.

Baumbach GL, Heistad DD. Remodeling of Cerebral Arterioles in Chronic Hypertension.
Hypertension 1989; 13(6):968-972.

Bevan JA, Dodge J, Wallers CL, Wellman T, Bevan RD. As human pial arteries (internal
diameter 200-1000 mu m) get smaller, their wall thickness and capacity to develop tension
relative to their diameter increase. Life Sciences 1999; 65(11):1153-1161.

Boyle 13, Lawric G, Mcphaden AR, Richens D, Lindop GBM. Arterial Lesions Associated
with Medial Disorganization and Fibrosis in Endomyocardial Biopsies from Human
Cardiac Allografts. Histopalhology 1995; 27(5):439-444.

Buus NH, Kahr O, Mulvany MJ. Effect of short- and long-term heart failure on small
artery morphology and endothelial function in the rat. Journa}l of Cardiovascular
Pharmacolagy 1999; 34(1):34-40.

Carlsan EC, Burrows ME, Jolmson PC. Electron-Microscopic Studies of Cat Mesenteric
Arterioles - A Structure-Function Analysis. Microvascular Research 1982; 24(2):123-141.

Daly C, McGee A, Vila E, Briones A, Giraldo I, Arribas SM et al.. Analysing the 3D
Structure of Blood Vessels using Confocal Microscopy. Microvascular Research
November, 5-8. 2002,

Ref Type: Abstract

Denvir MA, MacFarlane NG, Miller DJ, Cobbe SM. Enhanced SR function in saponin-
treated ventricular trabeculae from rabbits with heart failure. American fournal of
Physiology-Ieart and Circulatory Physiology 1996; 40(3):H850-H859.

Denvit MA, MacFarlane NG, Cobbe SM, Miller DJ. Sarcoplasmic reticulum Ca2+ loading

in rabbits 8 and 15 wecks aller coronary artery ligation. Pflugers Archiv-European Journal
of Physiology 1998; 436(3):436-442.

119




Dickhout JG, Lee RMKW. Structural and functional analysis of small arteries from young
spontaneously hypertensive rats. Hypertension 1997; 29(3):781-789,

Gattone VH, Miller BG, Evan AP. Microvascular Smooth-Muscle Cell Quantitation from
Scanning Electron-Microscopic Preparations. Anatomical Record 1986; 216(3):443-447.

Gratton JA, Sauter A, Rudin M, 1.ees KR, McColl J, Reid JI. ef al.. Susceptibility to
cercbral infarction in the stroke-prone spontancously hypertensive rat is inherited as a
dominant trait. Stroke 1998; 29(3):690-694.

Halpern W, Kelley M. Invitro Methodology for Resistance Arteries. Blood Vessels 1991,
28(1-3):245-251.

Heeneman S, Leenders PJA, Aarts PJIW, Smits JFM, Arends JW, Daemen MJTAP.
Pernpheral Vascular Alterations During Experimental Heart- Failure in the Rat - do They
Exist. Arteriosclerosis Thrombosis and Vascular Biology 1995; 15(9):1503-1511.

Heeneman S, Cleuljens JP, Faber BC, Creemers EE, van Suylen RJ, Lutgens I e¢ al. The
dynamic extracellular matrix: intervention strategies during heart failure and
atherosclerosis. Journal of Pathology 2003; 200(4):516-525.

Jotmson G. On Certain Points in the anatomny ol Bright's Discase with Contracted Kidney.
Transactions of the Royal Medical Chir Society 51, 57-58. 1868.
Ref Type: Generic

Junqueira LCU, Bignolas G, Brooker G, Picosirius Staining plus Polarization Microscopy,
a Specific Method for Collagen Detection in Tissue Section. Histopathology 1979; 11:447-
455.

Kantachuvesiri S, Fleming S, Peters J, Peters B, Brooker G, Lammie AG et «l. Controlled
hypertension, a transgenic toggle switch reveals differential mechanisms underlying
vascular disease. Journal of Biological Chemistry 2001; 276(39):36727-36733.

Korner PI, Angus JA. Vascular remodeling. Hypertension 1997; 29(4):1065-1066.

Korsgaard N, Mulvany MJ. Cellular Hypertrophy in Mesenieric Resislance Vessels from
Renal Hypertensive Rats. Hypertension 1988; 12(2):162-167.

Korsgaard N, Aalkjaer C, Heagerty AM, Izzard AS, Mulvany MJ. Histology of
Subcutaneous Small Artcrics from Patients with Essential-Hypertension. Ilypertension
1993; 22(4):523-520.

Kvist S, Mulvany MJ. Conlrasting regression of biood pressure and cardiovascular
structure in declipped renovascniar hyperteusive rats. Hypertcasion 2003; 41(3):540-545.

Langille BL. Remodeling of Developing and Maturc Arteries - Endothelium, Smooth-
Muscle, and Matrix. Journal of Cardiovascular Pharmacology 1993; 21:S11-S17.

Lee RMKW, TForrest JB, Garfield RE, Daniel EE. Ultrastructural-Changes in Mesenteric-
Arteries (rom Spontaneously Hypertensive Rats - A Morphometric Study. Blood Vessels
1983; 20(2):72-91.

120



Lew MJ, Angus JA. Wall Thickness to Lumen Diameter Ratios of Arteries from Shr and
Wky - Comparison of Pressurized and Wire-Mounted Preparations. Journal of Vascular
Research 1992; 29(6):435-442.

Miller BG, Connors BA, Bohlen HG, Evan AP, Cell and Wall Morphology of Intestinal
Arterioles from 4-Week- Old to 6-Week-Old and 17-Week-Old to 19-Week-Old Wistar-
Kyoto and Spontancously Hypertensive Rats. Hypertension 1987; 9(1):59-68.

Mulder P, Elfertak L, Richard V, Compagnon P, Devaux B, [enry JP ef ol. Peripheral
artery structure and endothelial function in heart failure: Effect of ACIE inhibition.
American Journal of Physiology-Heart and Circulatory I’hysiology 1996; 40(2):H469-
H477.

Mulder P, Compagnon P, Devaux B, Richard V, Henry JP, Elfertak L ef al. Responsc of
large and small vessels to alpha and beta adrenoceptor stimulation in heart failure: Effect
of angiotensin converting enzyme inhibition. Fundamental & Clinical Pharmacology 1997,

11(3):221-230.

Mulvany MJ, Halpern W, Conractile Properties of Small Arterial Resistance Vessels in
Spontancously Hypertensive and Normotensvie Rats. Circutation Research 411}, 19-26.
1977.

Ref Type: Abstract

Mulvany MJ, Baandrap U, Gundersen HIG. Evidence for Hyperplasia in Mesenteric
Resistance Vessels of Spontaneously Hypertensive Rats Using A 3-Dimensional Discctor.
Circulation Rescarch 1985; 57(5):794-800.

Mulvany MIJ, Aalkjaer C. Structure and Function of Small Arteries. Physiological Reviews
1990; 70(4):921-961.

Mulvany MJ, Baumbach GL, Aalkjaer C, Heagerty AM, Korsgaard N, Schiffrin EL er al.
Vascular remodcling. Hypertension 1996; 28(3):505-506.

Ng GA, Cobbe SM, Smith GL. Non-uniform prolongation of mtracellular Ca2-- transients
recorded from the epicardial surface of isolated hearts from rabbits with heart failure.
Cardiovascular Research 1998; 37(2):489-502.

Okamoto K, Yamori Y, Nagaoka A. Establishiment of the Stroke-Prone Spontaneously
Hypertensive Rat (SHR). Circulation Research 1974; 23:1-143-1-152.

Osol G, Halpern W. Myogenic Properties of Cerebral Blood-Vessels from Normotensive
and Hypertensive Rats. American Journal of Physiology 1985; 249(5):H914-H921.

Osol G, Halpern W. Spontancous Vasomolion in Pressurized Cercbral-Atleries from
Genetically Hypertensive Rats. American Journal of Physiology 1988; 254(1):H28-H33.

Pye MP, Black M, Cobbc SM. Comparison of in vivo and in vitro haemodynamic function
in experimental heart failure: Use of echocardiography. Cardiovascular Research 1996;
31(6):873-881.

Stassen FRM, Fazzi GE, Lecnders PIA, Smits JFM, Demey JGR. Coronary arterial
hyperreactivity and mesenteric arterial hyporeactivity after myocardial infarction in the rat,
Journal of Cardiovascular Pharmacology 1997; 29(6):780-788.

121




Stassen FRM, Willemsen MJIM, Janssen GMI, Fazzi GE, Schiffers PMH, Smits JFM et
al. Reduced responsiveness of rat mesenteric resistance artery smooth muscle to
phenylephrine and calcium following myocardial infarction. British Journal of
Pharmacology 1997; 120(8):1505-1512.

Sterio DC. The Unbiased Estimation of Number and Sizes of Arbitrary Particles Using the
Disscctor. Journal of Microscopy-Oxford 1984; 134(MAY):127-136.

Takakura S, Furuichi Y, Yamamoto ‘[, Ogawa T, Satoh H, Mori J. Effect of Nilvadipine on
the Development of Neurological Detficits in Stroke-Prone Spontancously Hypertensive
Rats. Stroke 1994; 25(3):677-682.

Tanaka M, Tsuchida S, Imali T, Fujii N, Miyazaki H, Ichiki T ez af. Vascular responsc to
angiotensin II is exaggerated through an upregulation of AT1 receptor in AT2 knockout
mice. Biochemical and Biophysical Research Communications 1999; 258(1):194-198,

Thybo NK, Stephens N, Cooper A, Aalkjaer C, Heagerty AM, Mulvany MJ, Effect of
Antihypertensive Treatment on Small Arteries of Patients with Previously Untreated
Essential-Hypertension. Hypertension 1995; 25(4):474-481.

Walmsley IG, Gore RW, Dacey RG, Damon DN, Duling BR. Quantitative Morphology of
Arterioles from the Hamster-Check Pouch Related to Mechanical Analysis. Microvascular
Research 1982; 24(3):249-271.

Walmsley IG, Owen MP, Bevan JA. Medial Morphometry and Mechanics of Sequential
Rabbit Ear Arterics and Myograph Ring Segments. American Journal of Physiclogy 1983;
245(5):H840-11848,

Winquist RJ, Bohr DF. Structural and Functional-Changes in Cerebral-Arteries from
Spontaneously Tlypertensive Rats. Hypertension 1983; 5(3):292-297.

Zervoudaki A, Toutouzas PK. Remodeling of Resistance Vessels in Essential
Hypertension. Hellenic Journal of Cardiology 44, 116-124. 2003,

122



Appendix




124



*x

*x

100°0>9xxx ‘S000>d xx ‘S0°0>d &

7900 ¥TOSI1 £€°100€1 vL IV SL'9SS6 (y3uad] ww | /S[RD ON) J3quIn [[33 [0 L,
890°0 SSI8LT 08°$¥9T1 S6EPS 79°S0TL ww) y§) ewpuy
1100 S0'96¥S 9¢°08E1€ TS98TT pEC86Y1 (zu) YD BIpI
0100 00°Ip¥l LLBISTI 6L ELL SS'1¥89 (zuw) y§) “ApY
S00°0 SLE608 E1°Spess 96°TLLT 1S°7€067 () ySO e

LEOO

L6E0
6L°0

L1'980ST

9€'99€687

96'SPESY

[ 950 | v PO w0 | 96€ |
| 60 | cc8 M .80 | 86L |

8¥'8STS1Y (gww / 5[133) (Ay1sua) dwmjoa EIPIN / DS ON

(%) oney uawmy/eIpaIA]

(%) oney uawny/ies

9680

S9€°0

: 9L1'0

PIvESSL

_zzsl | 8sze9l |

CETILIVT

9595

143

T P667T

grsol | 160561 |

6T'S8LIET

90°CS

(gunu / s[jad) (A)1sua(g) JWN|oA APY / S[[3D APY “ON

ww / S[R)) opuy jo qumy

HIEIS/ONS Jo _qumy

8v1'0

1670

9091

1€°]

$8°0

v6El

£8'9

OPEIS/SIPD APY JO 1quiny

(wil) ssawyoTy) [EwnuU]

9100

£l

wil

(wrd) ssawpong wIpI

611°0

01

£9°L

SS°0

€80

8L'S

(i) ssawydry Apy

" (8ywm) aanssaad uonexiy

€90 70009 00°SS

8670 0S°SH SL'1 68°SL (%) 44

000 00°S8401 000 00°S8+01 (zwwm)adewy jo vate
PajesIy A Juo) WAS NVIIN WAS NVIIA

153)-} JUIPMIS

|(8=u) vOV paredri| | (6=u) vOV [ouo)

125



siro
6800
6860
LLYO
8770
S6v°0
910

0zZeo

S00°0
£LS°0

66£°0

1ro
9Ly 0

SLOO
8690
80€°0

$S0°0

pajedry Ajuo)
159)-) Juapm§

100'0>xsx ‘S00°0>d 54 ‘S0°0>d «

68Ty vL 68 SS'819 EIPILS JquInu |23 [E30],
£L°6¥91 05°7668 6LP6S 20'1THS ww) yS)) ewpuy
6L°0ZE1 SH8TE9L SI°6S91 01°LS€91 (zurw) ySO BIpay
96827 T8THOS| 10°12Z€1 8S"000€ 1 (zww) YD "APY
£6°6¥1€ LLE9E0¥ 99°$967 OL'8LLYE (zww) ¥SD 11EAL
1l PIEl SS'l S8'11 (%) oney vawny/eIpay
96'Z £E°TE L9°E SI°ST %)oney uIWN/EA
886 88°9L1 ww 6£°00T () sa3oureyq wawn'y
8°9v68 £E°LSOLST ¥8°0S1Z1 LELSESOT ALISNIQ W 2Wnjos/DNS U
8$°SSTLT 90°Lt+901 SR0TTEE $S'LEOIE] ALISNTQ V 2WnjoA/ )V u
L9l £6'7801 9T'TTl pSELTI Wi/ )y Jo Jaquiny
T3 1I'LE 6£'€ 3234 JNSu
68'1 9¢°81 vTE 96'07 ovu
SE°T L9l 8l £6'8 SSaUAIY) |
171 v9'TT 09’1 98°1Z SSAWPIP W
we 81 6’1 €Sl SSAWPIP'Y
L6T 61°SS 6€°€ 6LSY ssawpdIY)
000 0008 000 00°0S (3Hunw) a1nssaad wopexiy
NG 0/A1Q# 0/A1Q# 0/AIQH 43
000 00°S8%01 000 00°$8%01 (zwur)adew jo eare
W3S NVAW WAS NVIAIN
(6=U) JLIdJUISIJA] PAIESI'] (L=1) JLIUISIPA] [013U0))

126



100°0>05xx ‘S00°0>4 45 ‘S0°0>d &

£6'€TTS £8'8TLY 78°S8%

PEE0 60t°0 6Z1°0 80°LELS (p8ua) wiw |/ s[13) ON) Jaquinu s[R) [¥10], ,

SE9°0 6L1°0 7800 8S°EP8 $1°6TS9 LS80l $6'S59S +P'0101 9TEEYR (ww) y§) ewpuy
1L8°0 ¥ $00°0 P L000 1L°T206 1L7191%1 EP9LSI 6L°S8IEL 8T'1sT1 L9'81561 (zww) ¥§D eIpIN
0060 98¢0 S9£°0 L07€901 6T°ESL6 LULYL ¥8°9886 9S°LLIT 1Tv6111 (zww) y¥§D “ApY
0£8°0 * 6200 1200 1T°L6TT 6T ET0E 8S'8TLBT 11°$£92 £1°9p16¢ () VSO [1em

T (o) o sunyeipo
[ we | 660t | (%) opey uawny/eA
7eEl KN (wind) 1a)oureyq uswn'y

Y9°LSB6LI (gurwt / 51133) (Asud(y) JwnjoA BIPIW / DS "ON
TSE9801 | 89°SIv86 1§°L2901 TL'6SS9TI (gunw / sj3D) (Asuaq) JWN[OA APY / S[I2D APY "ON

$8'807 LY'€8S1 Zwu/s{[a0) Opug Jo JquINN

€87 £y
(A9} 05°61

S M
vz | we
Cocor | sevs

0£796981
£T080ST

o | | ero | | w0
o || sero | | oo |
I I T I

0100
$80°0

L1'TE981T €9°1€8E1 | S8'0T68ET 0L ovevl

SE601SEL

£99°0 6110
081°0 LYL'0

| eczo | ] woo | ] uco

160
#€0°0

127

BSOS JO 1aquiny
AIEIS/SID APY JO Jaquiny

17T0 [AxAY
¥zro S0

IvL°0 8Z1°0 8€0°0 960 el (i) ssawydy) [ewpuy
1£9°0 * 9100 * 00 0T 1892 () ssaudIp BIPIN
190 81¥°0 0260 LE'l sLel (i) SSaWPIY) APY

88'1 8079
000 | 00'ssrol
W3S NVIN
(9=u) H+H

wr | wa (3pwu) aanssaad uopexiy
000 00°S8%01 (zwnw)a3ews jo vary
W3S NVIAIW

(8 =u) [0U0) JSYHS

Ly'¢ . 7665
] 000 00°S8%01
QA A U0) H+H A 10D | AV B NVIIW
(L=) qa1

QI A H+H

TS -LTRpms



e a s

¥

*¥¥

100°0>d4ss ‘S000>d 44 ‘S070>d 4

0£0°0 $$'TS9 8’8156 80'€9¢ 11°0Z5L (p3uap wuw |/ $[32 Jo ON) JIqunu (|93 [€10 L
550 8L69€ 91°v66F 06'€TF SP'6S9F gcww | / DS Jaquinu [£10 ]
0000 09687 £8°STHE $6'THT L9'L8LI gwu 1ad SR> ApY Jaquny] (€10 ],
£€T0 ¥8°95L 05878 L6108 01°TLLE (zum) y§) ewnu|
1L0°0 EI'ELST 1162992 88°0F1T 88'PET0T (zuw) yS) eIpI
€210 0Z'Ze9!1 £0'9bETT 09°660T LEOITSI (zww) ¥§)) "APY
1010 LEPR9E $9°EOPLS rezIob SELIT8Y (zwm) ¥SD iEms
S¥0°0 (V) 188 s+0 00L (%) oney vawmyEIpI|
UE0 i L681 SE'l LULl (%) opey uawnyjEs
6150 LOEL $9°76T sSel 1£08T () Jpauwrey wawny
6200 09°72L01 £8°6£E661 P0T8S81 | 9€°66594T (g / sp3)) (Ksuagy) Jungos e1pIpy / JWS JO ON
£00°0 SS°'S0011 WISHSsl Leessil | 19°799201 (g / sf2)) (K)15ua() JWN0A APY / S[IRD APY JO ON
7890 ShLY LT6611 1S7L LIpETl Tww/[jp)) opuy Jo Jaquiny
189°0 66T 9T'8y Ut 95°9¢ HIEIS/DNS JO Jaquiny
0000 x4 [£ %43 6¥'T 8€'81 HIEIS/SIRD) APV JO Jaquiny
€L1°0 L80 916 80 #8°01 (i) ssawpiy [ewpuy
1£0°0 681 S6¥T W'l L6l (i) ssawypdg EIPIN
0LTo 6T'1 881 69'1 L¥91 (i) ssowpIy Apy
Liro SL'T 6'TS (8T 0s'9p () SSIWPIP (B

000 0008 000 000§ (3Hunw) amssaug uopexyy
0000 650 £9°00C 60'1 ¥6°011 (BHww) 2amssag poolg NoISsS

000 00°S8401 000 00'$8+01 (zwiw)azewy jo ease

aA1sudIdAH A o) W3S NVAN W3S NVIIW
153)-) JUapnj§ ,uarradAY 3jqanpuy $]04)U0)) J3YISIY

128




Lumen Diameter

Figure AP 5: Confocal image of the lumen diameter of a WKY 3™ order mesenteric
artery stained with Propidium Iodide. Arrow indicated the inner surface from which

the lumen diameter is measured
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Figure AP 6: 3 Dimensional XYZ reconstruction of a 3™ order rat mesenteric artery
Indicating the location of nuclei of adventitial, smooth muscle and endothelial cells

which have been stained with Propidium lodide.
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Figure AP 7: 3 Dimensional XY reconstruction of a 3™ order rat mesenteric artery
indicating the location of nuclei of adventitial, smooth muscle and endothelial cells
which have been stained with Propidium Iodide. This plane demonstrates the
curvature of the pressurised fixed blood vessel and the relationship of the various cell

types to each other.




Figure AP 8: 3 Dimensional XZ reconstruction of a 3™ order rat mesenteric artery
indicating the location of nuclei of adventitial, smooth muscle and endothelial cells

which have been stained with Propidium lodide.
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Figure AP 9: 3 Dimensional XYZ reconstruction of a 3™ order rat mesenteric artery
rotated using image analysis software indicating the location of nuclei of adventitial,
smooth muscle and endothelial cells which have been stained with Propidium lodide.
This plane demonstrates the curvature of the pressurised fixed blood vessel and the

relationship of the various cell types to each other.



Figure AP 10: 3 Dimensional XY Z reconstruction of a 3" order rat mesenteric artery
rotated using image analysis software indicating the location of nuclei of adventitial,
smooth muscle and endothelial cells which have been stained with Propidium lodide.
This plane demonstrates the curvature of the pressurised fixed blood vessel and the

relationship of the various cell types to each other.
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Figure AP 11: Panel A: 3 Dimensional XYZ reconstruction of a 3™ order rat
mesenteric artery endothelial layer showing both the outline of the cells and the
nucleus. Panel B: Indicates the rough outline of the endothelial cells.
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