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Summary

No single teclmique 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 often used 

to validate each other.

Quantitative methods for studying remodelling in animal models were used before 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 

tissue. Therefore animal models are valuable in that they allow us to obtain experimental 

tissue easily under control conditions.

Although thinking of an artery as tluee distinct individual layers can be useful it is important 

to remember that the cellular organisation within each of these layers is veiy complex. 

Therefore, new techniques are required to advance our understanding of how an 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 obseived within the vascular wall.

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

diameter along with increases in both thickness of the adventitial and medial layers. The
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overall increase in wall cross sectional area meant that the changes in the morphology of these 

arteries could be defined as outward hypertrophic remodelling.

Third order mesenteric arteries fiom a rat model 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 area therefore 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 from these animals treatment with the angiotensin II type 1 antagonist -  Irbesartan, or 

a combination of the diuretic hydrochlorothiazide and calcium chaimel blocker hydralazine 

produced no change in the lumen diameter between control and experimental groups. 

However a significant decrease in the wall cross sectional area of both experimental groups 

resulted fi'om 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 state. Third order mesenteric arteries from these 

animals showed no difference in lumen diameter between controls and hypertensive animals. 

However these arteries displayed an increase in adventitial thickness along with a reduction in 

medial thickness resulting in no overall difference in the wall thickness as the decrease 

medial thickness cancelled the increased adventitial thickness. These results would suggest
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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 et al, (1996) most types of remodelling 

can be explained but it also shows that there are gaps in the accepted classification. 

Remodelling within the vasodilator hypertension study can not be classified any further than 

hypertrophic remodelling. This is due to the fact that there was not an obseived difference in 

the lumen diameter so remodelling can not be further described as inward or outward.
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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 to understand the architecture of 

the blood vessel wall to allow comparison between nomial and diseased states. Morphological 

changes have been reported in hypertension (Mulvany et al, 1993), chronic heart failure 

(Heeneman et al, 1995), cerebral vascular injuiies (Baumbach et al, 1985) and others such as 

pre-eclampsia (Craven et al, 1998, Goldman-Whol et al, 2000). All of these diseases involve 

an alteration in the morphology of the blood vessel wall which reflects the underlying 

pathology and can aid its understanding.

1.1 Arterial Morphology

Resistance arteries may be defined as pre-arteriolar vessels with a luminal diameter of less 

than 500 pm (Bloom et al, 1968; Johnson et al, 1962). In common with larger arteries, 

resistance arteries comprise an outer tunica adventitia, a central tunica media and an imier 

tunica intima.

The tunica adventitia is composed of connective tissue containing elastin and collagen. The 

most common 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 et al, 2001). This layer also contains the nerves 

which are associated with sympathetic imieivation (Lee et al, 1983; Rhodin et 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 by an internal and external 

elastic lamina. In small resistance-sized arteries the external elastic lamina can be fragmented 

or absent (Lee et al, 1983; Carlson et al, 1982). The smooth muscle cells are aiTanged 

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 vaiy 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 at al, 1983.1 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 pm 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 arteries with a diameter of between 30 to 50 pm (Gattone et 

al, 1986; Miller et al, 1987; Walmsley et al, 1982). The tunica media comprises 

approximately 70 - 80 % of the vessel wall (Lee et al, 1983; Miller et al, 1987; Mulvany et 

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

The inner-most layer of a blood vessel is the tunica intima. This layer comprises a loosely 

packed monolayer 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 

internal elastic lamina.
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The ability 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 affect vascular 

tone either tluough relaxation or contraction. These compounds are commonly known as 

endothelium derived relaxing factors (EDRF) or endothelium derived contracting factors 

(EDCF). Of all of the EDRFs arguably the most important is nitric oxide. This substance is 

released when some form of stimulation acts on the surface of the endothelial cells. The 

release of EDRF 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 other agents (Langille et ai, 1993). Within the internal elastic lamina there are 

small holes known as fenestrations, which allow nutrients and other substances to pass thi'ough 

the blood vessel wall in both directions i.e. from blood to tissues and from tissues to the blood.

1.1.1 A Description of Vascular Remodelling

Mulvany et al, (1996) described a change in the media:lumen ratio without a change in media 

cross sectional area as “remodelling” i.e. a reaiTangement of material around a changed lumen. 

The tenu remodelling is now commonly used to describe any alteration in architecture of a 

blood vessel wall. To better describe the process of remodelling Mulvany et al, (1996) 

devised a nomenclature, 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 sectional area), eutrophic 

(no change in the cross sectional area) or hypertrophic (increase in cross sectional area). 

Zeivoudaki et al, 2003 reviews the current and past literature agreeing with Mulvany’s 

classification and giving an excellent description of remodelling of resistance arteries in
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essential hypertensive patients. Since the proposal of this nomenclature there have been 

many debates as to how descriptive it is. Other researchers 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 

(Komer & Angus, 1997). In human hypertension remodelling occurs in mature adults. 

Therefore it is different from hypertensive 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 (Lee et al, 1997). They point out 

the difficulties in using different teclmiques to study vascular structure. When using wire 

myography stretching of the vessel on wires is non-physiological and alters the nomial shape 

of the arteiy. Wlien 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 stmcture.
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hypotrophic eutrophic hypertrophic

inward

outward

Figure 1.1 : Mulvaiiy 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 

structure of blood vessels. Begimiing in the mid part of the 19̂ '̂  and the earlier years of the 

20^ centuries histological methods were developed. These teclmiques concentrated on the 

basic histological structure of blood vessels using only simple staining teclmiques (Johnson et 

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

architecture 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 arteiy (Thybo et al, 

1995; Bevan et al, 1972).

The wire myograph was developed by Bevan and Osher (1972) to study functional responses 

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 stracture of arteries fiom hypertensive rats (Halpem et al, 1978).

This tecluiique involves mounting resistance arteries of approximately 2 mm in length on to 

two 40pm wires. One wire is attached to a micrometer and the other to a force transducer.

This allows the tension and the internal circumference of the arteiy 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 a 10 X magnification water 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 measurements 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 earned out with the vessel maintained at its correct 

diameter and is known as Tionnalisation’. This procedure of stretching the vessel in steps of 

around 10pm until the wall tension is approximately InN/mm is continued until the wall 

tension reaches 13.3 Kpa (equivalent to lOOmmHg). Once a vessel has been normalised a 

value can be obtained for the internal circumference conesponding to the point on the 

exponential cuiwe for which the effective transmural pressure is equal to lOOmniHg (Lioo)- 

This allows an estimate to be made of the lumen diameter of the vessel in-situ, relaxed and 

under a transmural pressure of lOOmmHg: 

boo — Lioq/tc

Most experiments are carried out at internal circumferences less than that of Liqq, usually 

0 .9 L 1 0 0 , i.e. 90% of the internal circumference at Lioq.

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 teclmiques must be used. The wire myograph aids this by holding the artery at 

Lioo 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 tme representation of the circumferential aspects of the 

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

Pressure myography was developed as a tool for studying the function of small arteiy 

preparations fiom noimotensive and hypertensive rats (Halpem, W et al, 1978). This
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technique involves securing a resistance vessel to glass camiulae, which are filled with 

physiological salt solution (PSS). A system of PSS filled tubing is attached to the camiulae 

via a pressure transducer with one end of the tubing attached to either a servo-pump or a fluid 

reseiwoir raised to a preset height so as to control the pressure to which the vessel is exposed. 

The myograph is placed on the stage of a microscope and, with a video camera 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 to be made. It also allows 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 thiclaiess 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 veiy precise 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 veiy subjective and open to experimenter bias as the 

experimenter has to decide which points to measure the arterial wall. 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 reproducibility; a 5% error was noted between observers looking 

at the same vessel. In one study by Lew et al, (1992) a computerised diameter measuring 

system was used to make a comparison with video measurements. The results showed an 

excellent conelation between the computerised diameter measurements and manual
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measurements - the regression coefficient was 0.992 showing that there are near similarities 

and validity between both methods.

Once again, pressure myography can be combined with histological teclmiques allowing a 

more detailed analysis of the stmcture of the blood vessel walls to be made. Arguably 

pressure myography offers more physiologically coiTect conditions for blood vessels. With 

this in mind mechanical characteristics can be calculated which are comparable to those values 

seen if the blood vessel was still in-vivo.

1.2.3 Dissector Stereological Technique

The dissector teclmique (Sterio et al, 1983, Mulvany e? u/., 1985; Baimdrup a/., 1985; 

Korsgaard et al, 1988) is a stereological method used by several researchers to estimate 

parameters such as volume h action of smooth muscle cells in the media and also average cell 

dimensions including cell volume, length and cross sectional area and average nuclear length. 

This method of studying vascular moiphology can be linked with wire myography to include 

the number of cells per segment length and the active force per cell. However, it is not veiy 

user fiiendly and can be time consuming. For this reason simple and more exact methods 

have been sought.

1.2.4 Laser Scanning Confocal Microscopy (LSCM)

A state of the art method currently being used to study vascular morphology is the teclmique 

combining pressure myography or in-vitro fixation with laser scaiming confocal microscopy. 

Together these methods allow the experimenter to visualise the component cells within the
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vessel wall. Several methods have been described using confocal microscopy to study the 

vascular wall at the cellular level. They mostly rely on staining the nucleus of cells with a 

fluorescent dye thus allowing the identification of cells types and thickness of constituent wall 

layers fi'om these cell types (Baumbach et al, 1989; Dickliout et al, 1997). 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 Imnen 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 

cell types as markers within the wall.

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 et al, 1997). This method 

was validated by comparing the pattern of the staining with Hoechst 33342- a nuclear stain, 

and the widely used Haematoxylin and Eosin method of histological staining (Korsgaard et 

al, 1993). By looking at both the LSCM images and the histological images similarities could 

be seen in the pattern of nuclei of both methods when taken at similar magnifications, 

although greater resolution can be achieved with confocal images.
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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 obseiwed 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 

species used in cardiovascular research because they are relatively low cost, have a short 

growth period to sexual maturity and therefore have rapid disease 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 description of each 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 model of 

cerebrovascular disorders. These rats were developed by Okamoto et al as a model for 

essential hypertension (Okamoto et al, 1974). These rats have increased systemic blood 

pressure with ageing along with associated organ failure (Takakura et al, 1994) and the 

incidences of cerebral vascular disorders are increased within these rats especially 

spontaneous stroke. Within the smaller cerebral arteries of these rats fibrinoid necrosis occurs 

which progressively leads to occlusion and stroke. Larger cerebral arteries lose their ability to 

regulate pressure via a decrease in compliance; this may also participate in the developruent 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 

genetically irrlierited. It is understood that infarction resulting from occlusion is inherited from 

one generation to the next as an autosomal recessive trait and that decreases in lumen 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 II type 1 receptor (ATi) antagonist, was investigated to see whether 

it could prevent the pathology associated with stroke-prone spontaneously hypertensive rats 

(SHRSP). Irbesartan treatment hom 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 hydro chlorothiazide (a diuretic), (H+H). The hypothesis was that blockade of ATi
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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 antihypertensives 

may have on the vascular moiphology of SHRSP rats.

1.3.3 Controlled Inducible Hypertensive Rats

This model of hypertension has been generated in Professor Jolm J Mullin's laboratoiy at the 

University of Edinburgh Medical School. These are 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 whereby expression leads to the animals 

becoming hypertensive. Induction of the transgene expression is regulated by the 

administration of Indole-3 Carbinol (13 C) and removal of this natural xenobiotic reverses this 

phenomenon (Kantachuvesiri et al, 2001).

1.3.4 Coronary Artery Ligated Rabbits

Vascular morphology remodelling can be observed in experimental heart failure. It is believed 

that as a result of heart failure the peripheral vasculature will remodel 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 left coronary artery resulting in a reduction 

in blood flow to the left ventricle. This reduction in flow results in ischaemic areas foiming 

leading to 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 al, 1996). Echocardiography can be used as a non- 

invasive method to deteimine if this model 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 Aima Dominiczak’s colony at 

Glasgow’s Western Inflimary. Similar to our rabbit model these rats had left ventricular 

dysfunction induced by ligation of their left anterior descending coronary artery. Left 

ventricular dysfunction was assessed by echocardiography, ligated animals showing a 

significant decrease 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 et al,., 1999; Heeneman et al,., 1995) although the 

architecture of the arteries has never been investigated using laser scanning confocal 

microscopy.
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CHAPTER 2 

Materials and Methods
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Methods

2.1 Solutions and Drugs

The Ki'ebs-Hensleit solution used as the physiological salt solution in which all blood vessels 

were dissected and stored in before use was of the following composition (niM): 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 neutral buffered formalin of the following composition (mM): 

10% formaldehyde. Sodium Phosphate monobasic (NaH2 PO4 H2 0 ) (135), Sodium 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 (NIH publication No. 85-23, revised 1996). 

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 fiom Professor John Mullin’s colony in the Medical School, 

University of Edinbingh. All rats were used at a similar age ( -1 2 -1 4  weeks). New Zealand 

White rabbits ( -  20 weeks) were obtained fiom Glasgow Royal Infiimaiy’s biological seiwices 

unit. All animals were killed by lethal overdose of Euthetal. Third order mesenteric ateries in 

the rat and anterior cerebral arteries fiom rabbits are located as shown in figure 2 . 1  and 

removed from the animals. Connective tissue fiom around the artery was dissected under a 

stereo dissecting 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 

laser scanning confocal microscopy can be used as a tool to study vascular remodelling.
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Figure 2.1: Indication of anatomical position of both the 3"̂  order mesenteric arteiy in the rat 

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

After dissection the arteries were mounted on a pressure myograph (Living Systems 

Instruments); pressurized and fixed with neutial buffered fomialin. Pressure settings for 

each artery are calculated from initial wire myograph (Danish MyoTechnology A/S) 

experiments except in the case of the study using SHRSP rats and irbesartan and 

Hydralazine + Hydrochlorothiazide. In these experiments Vi systolic blood pressure was 

used as the fixation pressure (Halpern W et al, 1991). This was possible because 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

Mean Pressure (mmHg)
Study Species Method Artery Control Exp. 

Group 1
Exp. 

Group 2
1. Heart Failure Rabbit GAL Anterior Cerebral 55 60 -
2. Heart Failure Rat GAL Mesenteric 50 50 -
3. Hypertension Rat IND Mesenteric 50 50 -
4. Hypertension Rat REV Mesenteric 83 62 60
Table 2.1: Fixation pressures for arteries in all experimental groups studied.
GAL: Coronaiy Artery Ligation; Ind: Inducible Hypertension;
Rev: Reversible Hypertension treatment with Irb (Exp group 1) and H+H (Exp group2)

Nuclei were stained by incubation with 10 jamol/L propidium iodide 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 o f vacuum grease to ensure 

that the cover-slip did not press against the surface o f the blood vessel therefore ensuring a 

circular shape was maintained.

Slide with Grease
Slide with 125jum 

Silicon Spacer

U.......—Ja

(TÔT) 125pm

Correct

Squashed

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

showing the correct and squashed shape o f the blood vessel.

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

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

Imaging parameters were an excitation wavelength o f 488nm from an argon ion laser and 

an emission filter o f 515nm with a slit size o f 15pm. The lumen was visualized with a XIO 

air objective at the point mid-way through the blood vessel wall. A X40 water immersion 

objective was used for wall thickness measurements, 1pm 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 o f 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 o f 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 o f 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 o f view different cell types can be 

identified by shape and orientation. Adventitial cells are irregular and dispersed in the 

outer regions o f the stack. Smooth muscle cells are long and narrow and are located in the 

mid region o f the stack, orientated circumferencially around the vessel wall and endothelial
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cells are short and narrow and orientated peipendicular to the Smooth muscle cells (SMC) 

in the imier 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 

intimai 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 all experiments (102.4 x 102.4pm)- 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 mm2

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

calculated as the number of endothelial cells per mm .̂

iiEC/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 et al., 

(1987), Lee et a l, (1983), Arribas et a l, (1997), Kvist et a l, (2003)) we estimate that by 

using the previously calculated data CSA= n r̂ , where r = radius of the artery [wall 

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

Vessel wall CSA = [7c(External diameter/2)^] -  [vr(lumen diameter/2)^]

Adventitial CSA was calculated using the above equation by including medial and intimai 

thickness with lumen radius when calculating internal dimensions. Media and intima 

CSA’s were calculated in a similar way.

A measurement of volume 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 

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 1 mm segment of artery by calculating 

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 /1  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 manner.

Media : Lumen Ratio (%) = (Media thickness / 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 Thickness

Stacks of 1 pm thick serial optical slices were taken in z-axis from the first adventitial to 

the last endothelial nuclei. Each 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 obtained regarding the size, shape and orientation of the nucleus 

in the various levels within the vessel wall. This information is important for the 

classification of the type of remodelling occuning in the vessel wall i.e. hyper 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 each Imm^ 

volume of blood vessel. This is achieved by multiplying the number of adventitial or 

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 Cells)

number of stacks /1  mm length of vessel =

Wall Volume / Volume of Image

Wall Volume (mm̂  ̂=

(Outer Adventitial CSA -  Inner Adventitial CSA) / 1000000

Volume of Image (mm̂  ̂=

(Area of the image X Vessel Thiclcness) / 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 pressme myograph at 120mmHg. 

They were then fixed using neutral buffer foiTnalin 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 emhedded 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. et al, 1979). Under 

bright field microscopy collagen is stained red against a yellow background 

(counterstaining 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 

tissue. An estimate of the extracellular component was made for the adventitial and medial 

layers in both control and ligated rabbits 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 used to calculate the total 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 processing and sectioning. Thus, a 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 Information, San Diego, California, USA). All 

equations and nomenclature used in the text are taken from Microsoft Excel and GrapliPad 

Prism 3.01. Statistical comparison of control and experimental data was perfomied 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 o f the Tunica Adventitia o f Resistance 
Arteries using Laser Scanning Confocal Microscopy 

and the Quantification o f Collagen within the 
Adventitial Layer o f Carotid Arteries in a Rabbit 

Model o f Heart Failure
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For the purpose of clarity the following key will be used tliroughout this and all results 

sections.

Control Exp. Group 1 Exp. Group 2
Rabbit AC A Sham (n=9) Ligated (n=7) -
Rat HF Sham (n=7) Ligated (n=9) -
Vasodilator Study Control (n=8 ) H+H (n=6 ) Irb (n=7)
Rat Induced Control Hypertensive (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/ Hydrochlorothiazide treated rat,
Irb: Irbesartan treated rats,
Hypertensive: hypertension induction.

3.1 Adventitial Characteristics

Adventitial cells are in'egular in shape and dispersed without any obvious regular pattern 

tliroughout the outer most layers of the arterial wall. Staining with Propidium Iodide 

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 fr om confocal images using 

the previously described method. No difference was seen 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 rat model of heart failure (bottom) showed no significant 

difference in adventitial thickness. Data is presented as mean ± s.e.m for the number of 

arteries indicated in brackets.
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Figure 3.2 Thickness o f the adventitial layer in arteries from hypertensive models. Third 

order mesenteric arteries from the hypertension treatment with H+H or irbesarten (top) 

from the rat model o f inducible hypertension (bottom) showed no significant difference in 

adventitial thickness. Data is presented as mean ± s.e.m for the number o f arteries 

indicated in brackets.
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3.3 Count of Adventitial Cell Number per Stack

There was no difference obseiwed between the experimental groups except in the H+H 

group and the inducible hypertension study. With H+H treatment the number of 

adventitial cells 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 

32.82+2.33 (p<0.005).

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 13.94+1.31 16.06+2.48 -

RatHF 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 32.82+2.33** -

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 measurements 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 cell density in the hypertensive rats 155+11 thousand cells per 

mm^ (P<0.05).

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 232±2 242+76 -
Rat HF 131+33 106+27 -
Vasodilator Study 127+11 100+10 140+25
Rat Induced 
Hypertension

103+12 160+11*
■

Table 3.3 Adventitial Cell Density (thousand cells / mm3 ± SEM). 
* p < 0.05 control v hypertensive
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Figure 3.3: Density o f Adventitial cells from Heart Failure Models. Anterior Cerebral 

Arteries from the rabbit model o f heart failure (top) and third order mesenteric arteries 

from the rat model o f heart failure (bottom) showed no significant difference in adventitial 

cell number density.
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Figure 3.4: Density o f Adventitial cells from Hypertensive Models. Third order 

mesenteric arteries from the hypertension treatment with H+H or irbesartan (top) showed 

no significant difference in adventitial cell density whereas third order mesenteric arteries 

from the inducable hypertension rats showed a significant increase in adventitial cell 

density. (p<0.005 control v hypertensive).
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3.5 Total Number of Adventitial Cells

Within all the groups there was no difference in the total number o f adventitial cells within 

a 1mm length o f artery.
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Figure 3.5 Total number o f Adventitial cells from Heart Failure Models. Anterior 

Cerebral Arteries from the rabbit model o f heart failure (top) and third order mesenteric 

arteries from the rat model o f heart failure (bottom) showed no significant difference in 

total adventitial cell number / 1mm length o f artery.
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Figure 3.6 Total Number o f 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 

(gnf) X 10̂

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 + 0.58

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

M

SOfim

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 o f calculations. The adventitial layer (A) is the smaller outermost area o f the 

section whereas the medial layer (M) comprises the majority o f the image.
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CHAPTER 4

Tunica Media

Analysis o f the Tunica Media o f Resistance Arteries 
using Laser Scanning Confocal Microscopy and the 
Quantification o f Collagen within the Medial Layer 
of Carotid Arteries in a Rabbit Model o f Heart 
Failure
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4.1 Medial Characteristics

Smooth Muscle Cells (SMC) are regular in shape and dispersed throughout the middle 

layer of the arterial wall. Staining with propidium iodide (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 rabbit model of heart failure (Sham 12.72 ±1.13 pm; 

Ligated 20.19 ± 2.62 pm, p<0.05) and also in mesenteric arteries from the inducible 

hypertension rat model (Sham 19.47 ± 1.42pm; Ligated 24.95 ± 1.86pm, P<0.05). A 

decrease in the medial thickness was shown in SHRSP rats treated with Irbesartan or H+H 

(SHRSP control 26.81 ± 2.05; H+H 20.63 ± 1.26*; Irb 20.00+ l.lS f, *p<0.05, fp<0.05). 

No difference was seen in the thickness of any of the medial layers in blood vessels in the 

other experimental 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 

experimental groups. (Figure 4.7)

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 52.06+3.41 56.56+3.38 -
Rat HF 45.43+3.39 37.11+3.41 -
Vasodilator Study 49.13+2.83 49.50+1.73 44.50+2.24
Rat Induced Hypertension 46.56+2.72 48.26+2.99 -

Table 4.1 Smooth Muscle Cell Number (cell number ± SEM).
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Figure 4.1 Thickness o f the medial layer in arteries from heart failure models. Anterior 

cerebral arteries from the rabbit model o f  heart failure (top) and third order mesenteric 

arteries form the rat model o f heart failure (bottom). Data is presented as mean ± s.e.m for 

the number o f arteries indicated in brackets.
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Figure 4.2 Thickness o f 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 o f inducible hypertension (bottom). Data is presented as mean ± s.e.m for the 

number o f arteries indicated in brackets.
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Figure 4.3 Number o f Smooth Muscle Cells per stack in the medial layer in arteries 

from heart failure models. Anterior cerebral arteries from the rabbit model o f heart failure 

(top) and third order mesenteric arteries form the rat model o f heart failure (bottom). Data 

is presented as mean ± s.e.m for the number o f arteries indicated in brackets.
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Figure 4.4 Number o f smooth muscle cells per stack o f 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 o f inducible hypertension (bottom). Data is presented as 

mean ± s.e.m for the number o f 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 calculate the 

density of SMC’s as the number of SMC’s per nun^. The anterior cerebral arteries in the 

rabbit model of heart failure and mesenteric arteries from both the rat model of heart 

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

The only group obseiwed which showed an increase was in the H+H treated hypertensive 

rats.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 415.3+48.3 285.4+25.1* -

RatHF 215.4+13.1 168.9+9.1** -
Vasodilator Study 179.9+14.3 238.7+13.8t 218.6+18.7
Rat Induced 
Hypertension

246.6+18.6 199.3+10.7#

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, f  p<0.05 Control V H+H,
# p<0.05 Control v Hypertensive

4.5 Estimation of the Total Number of Smooth Muscle Cells

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

within a 1mm length of the arterial wall.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 5868.83+800.88 8257.15+842.17 -
RatHF 3185.74+308.57 2448.76+269.75 -

Vasodilator Study 3435.70+259.56 3041.31+265.14 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 o f Smooth Muscle Cells in the medial layer in arteries from heart 

failure models. Anterior cerebral arteries from the rabbit model o f heart failure (top) and 

third order mesenteric arteries form the rat model o f heart failure (bottom). Data is 

presented as mean ± s.e.m for the number o f arteries indicated in brackets.
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Figure 4.6 Density o f smooth muscle cells o f 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 o f inducible hypertension (bottom). Data is presented as 

mean ± s.e.m for the number o f arteries indicated in brackets.
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Figure 4.7 Total number o f Smooth Muscle Cells per 1 mm length o f medial layer in 

arteries from heart failure models. Anterior cerebral arteries from the rabbit model o f heart 

failure (top) and third order mesenteric arteries form the rat model o f heart failure 

(bottom). Data is presented as mean ± s.e.m for the number o f arteries indicated in 

brackets.
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Figure 4.8 Total number o f smooth muscle cells in 1mm length o f 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 o f inducible hypertension (bottom). Data 

is presented as mean ± s.e.m for the number o f 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 area of the medial layer.

Total Media Ai'ea (pm ) Collagen content medial layer (%)

Control (n=8) 7527.92+183.72 76.9+0.87

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

Table 4.4 Collagen content within the tunica media of carotid arteries from control and 

ligated rabbit in a model of heart failure. Student’s T-Test, *** p<0.001
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Figure 4.9 Parameters calculated from histological images obtained from rabbit carotid 

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
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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 o f calculations. The adventitial layer (A) is the smaller outermost area o f the 

section whereas the medial layer (M) comprises the majority o f 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 conti'ol 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 gm wide with a length of 

24.34±0.35 gm long whereas in the ligated rabbits the smooth muscle cell nuclei were 

5.84±0.18 gm wide and 25.42±0.51 gm long. The area of the same nuclei was 

385.71±1L54 gm^ in the controls versus 451.45±15.74 gm^ 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 gm in the ligated.

Control

Ligated

Width (gm) Length (gm) Area (gm2) Perimeter (gm)
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

Mean 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 Parameters measured from smooth muscle cell nuclei from the anterior 

cerebral artery of control and ligated rabbits.
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CHAPTER 5 

Tunica Intima

Analysis o f the Tunica Intima o f Resistance Arteries 
using Laser Scanning Confocal Microscopy
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5.1 Intimai Characteristics

Endothelial cells are regular in shape and dispersed tliroughout the imier layer of the 

arterial wall. Staining with Propidium Iodide allows us to visualise the location and 

number of cells within the intimai layer.

5.2 Measurement of Intimai Thickness

Intimai thicknesses were measured directly from confocal images using the previously 

decribed method. Changes were obseiwed in the intimai thickness of SHRSP rats treated 

with H+H (SHRSP control 13.44 ± 0.96; H+H 10.06 ± 1.12). No other chages in intimai 

thickness were obsei-ved in any of the other models studied. Figure 5.5

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 6.83+0.85 8.81+1.67 -
RatHF 8.93±1.48 14.67+2.35 -

Vasodilator Study 13.44±0.96 10.06+1.12* 10.71+1.42
Rat Induced Hyp extension 10.84+0.82 9.16+0.87 -

Table 5.1 Intimai 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. Group 2
Rabbit ACA 1950.91+105.48 1692.58+152.22 -

RatHF 1273.54±122.26 1082.93+167.22 -
Vasodilator Study 1583.47+208.84 1492.91+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 o f the intimai layer in arteries from heart failure models. Anterior 

cerebral arteries from the rabbit model o f heart failure (top) and third order mesenteric 

arteries from the rat model o f heart failure (bottom). Data is presented as mean ± s.e.m for 

the number o f arteries indicated in brackets.
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Figure 5.2 : - Thickness o f the intimai layer in arteries from hypertensive models. Third 

order mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat 

model o f inducible hypertension (bottom). Data is presented as mean ± s.e.m for the 

number o f arteries indicated in brackets. Students’ T-Test * p<0.05
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Figure 5,3 : - Number o f endothelial cells/mm^ in the intimai layer o f arteries from heart 

failure models. Anterior cerebral arteries from the rabbit model o f heart failure (top) and 

third order mesenteric arteries form the rat model o f heart failure (bottom). Data is 

presented as mean ± s.e.m for the number o f arteries indicated in brackets.

81



2500-.

2000 -

E  1500-

L_ o 1 0 0 0 -

500-

É iiîililIpÉ lp iS i

=fefp;7g:[iJi‘ .a -
Control (n=8) H+H (n=8) Irbesartan (n=7

.2
0)

2500^

2000 -

CM

- §  I
c  E  1500 

O
L_ "55 1000
0) o  

n
E
3 500-

Control (n=16) Hypertensive (n=19)

Figure 5.4 : - Number o f endothelial cells/mm^ in the intimai layer in arteries from 

hypertensive models. Third order mesenteric arteries from hypertensive treatment with 

H+H or Irb(top) and the rat model o f inducible hypertension (bottom). Data is presented as 

mean ± s.e.m for the number o f arteries indicated in brackets.
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CHAPTER 6

General Analysis o f the Morphological 
Characteristics o f Resistance Arteries revealed by 

Laser Scanning Confocal Microscopy
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General

6.1 Further Measurable Characteristics

Further analysis of the data collected from the tunicas adventitia, media and intima along 

with other measurements allows calculations to be made of various parameters other than 

those measured directly fr om 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 times 

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 Exp. Group 1 Exp. Group 2
Rabbit ACA 343.15±33.08 445.99+25.44* -
RatHF 200.39+22.72 176.88+9.88 -
Vasodilator Study 181.24+13.32 160.00+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).

84



5 0 0  _

2 3 0 0

C o n t r o l  ( n = 9 ) L i g a t e d  ( n = 7 )

5 0 0

3  4 0 0 j  

I  3 0 0
. 5
Û  2 0 0 -
c
0)I 100J

C o n t r o l  ( n = 7 ) L i g a t e d  ( n = 9 )

Figure 6.1 Lumen Diameter o f arteries from heart failure models. Anterior cerebral 

arteries from the rabbit model o f heart failure (top) and third order mesenteric arteries from 

the rat model o f 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 o f arteries from hypertensive models. Third order 

mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat model o f  

inducible hypertension (bottom). Data is presented as mean ± s.e.m for the number o f  

arteries indicated in brackets.
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6.3 Calculation of W all : Lumen Ratio

Within the data measured there was no difference in the wall : lumen ratio in the 

experimental groups. (Figure 6.3)

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 7.98+0.87 8.3310.97
RatHF 25.15+15 32.3312.96 -
Vasodilator Study 30.9813.64 29.4012.95 23.8112.41
Rat Induced Hypertension 17.17+1.35 18.9711.44 -

Table 6.2 Wall : Lumen Ratio (% ± SEM).
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Figure 6.3 Wall : Lumen ratio o f arteries from heart failure models. Anterior cerebral 

arteries from the rabbit model o f heart failure (top) and third order mesenteric arteries from 

the rat model o f heart failure (bottom). Data is presented as mean ± s.e.m for the number 

o f arteries indicated in brackets.
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Figure 6.4 Wall : Lumen ratio o f arteries from hypertensive models. Third order 

mesenteric arteries from hypertensive treatment with H+H or Irb (top) and the rat model o f  

inducible hypertension (bottom). Data is presented as mean ± s.e.m for the number o f  

arteries indicated in brackets.
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6.4 Calculation of W all Cross Sectional Area

Using measurements made of wall thickness and lumen diameter it was possible to 

calculate the wall cross sectional area. Anterior cerebral arteries from the rabbit model of 

heart failure showed an 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 o f arteries from heart failure models. Anterior 

cerebral arteries from the rabbit model o f heart failure (top) and third order mesenteric 
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6.5 Calculation of Media : Lumen Ratio

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

difference in the media : lumen ratio.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 3.96+0.44 4.5710.56 -
RatHF 11.8511.55 13.1411.11 -
Vasodilator Study 15.9812.76 13.5711.29 11.1511.12
Rat Induced 
Hypertension

7.0010.45 8.8110.70*

Table 6.3 Media : Lumen Ratio (% ± SEM, * p< 0.05).
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6.6 Calculation 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 

differences.

Control Exp. Group 1 Exp. Group 2
Rabbit ACA 14985.34+2256.52 31380.5615496.05* “
Rat HP 16357.10+1659.15 16323.4511320.79 -
Vasodilator Study 19518.6711251.28 13185.7911576.43** 14161.711902.71**
Rat Induced 
Hypertension

20234.88+2140.88 26629.11126629.11

Table 6.4 Media Cross Sectional Area ( pm ± SEM, * p< 0.05, ** p< 0.01).
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Figure 6.9 Media cross sectional area o f arteries from heart failure models. Anterior 

cerebral arteries from the rabbit model o f heart failure (top) and third order mesenteric 

arteries from the rat model o f heart failure (bottom). Data is presented as mean ± s.e.m for 

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

A measure of the total number of cells contained within 1 mm^ was calculated. This was 

made by the addition of the number of cells found in the tunica adventitia, 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 obtained the only group which showed 

a change was the induced hypertensives in the rat model of inducible hypertension 

(Control 7520.11 ± 563.08, Hypertensive 9518.48 ± 652.54, * p<0.05). The other models 

showed no change; ACA (control 9556.75 ± 1241.74, Ligated 13001.33 ± 1150.24); heart 

failure rats (controls 5543.82 ± 631.22, ligated 4274.98 ± 439.13); Irb study (SHRSP 

control 5737.08 ± 485.85, H+H 4728.83 ± 391.93, Irb 5223.93 ± 322.77).

Control Exp. Group 1 Exp. Group 2

Rabbit ACA 9556.75+1241.74 13001.33+1150.24

Rat HF 5543.82+631.22 4274.98+439.13

Rat Vasodilator 5737.08+485.85 4728.83+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 1mm length of artery (Number 

of cells ± SEM, * p< 0,05).
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CHAPTER 7 

General Discussion
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Discussion

Within this study I have made a direct quantitative analysis of the cellular basis of the 

vascular structure and remodelling in cardiovascular diseases using a method developed 

within Professor Ian McGrath’s laboratory in the University 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. 

(Aii'ibas et 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 with image analysis software 

including counting of different cell types as well as deteimination of several cell 

parameters such as nuclear shape, orientation and area. Secondly, it can be performed on 

intact arteries without the need for histological sectioning. Third, it gives objective and 

bias free data of basic dimensions.

In addition, LSCM shows differences that had not been found previously at the various 

levels within the arterial wall. This provides evidence 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 Remodeiling in each animal model

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

It is loiown that left ventricular dysfimction 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 et al, 

1996) and is felt to best resemble myocardial failure in man. Eight weeks after ligation 

several alterations can be observed: firstly, an increase in left ventricular 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 a/., \996,'H%et al, 1998, Denver e/" a/., 1998).

An important featm*e 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 evidence that increased peripheral resistance is related 

to small artery stmctural changes (Mulvany and Aalkjaer 1990). However, studies of 

vascular remodelling in heart failure yield conflicting results. Several reports show no 

structural changes in resistance arteries from rats with 3 to 26 weeks CAL (Stassen et al, 

1997., Mulder et al, 1997 and Buss et al, 1999) although after one year of ligation some 

other studies have demonstrated changes in mesenteric arteries towards an increase in 

lumen diameter and a decrease in media thickness (Heeneman et 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 detenuine 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 arteries. The increase in lumen diameter in these arteries along with the 

increase in wall thickness can be defined using Mulvany’s classification as outward 

hypertrophic remodelling (Mulvany et 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. In the 

media the decrease in the cell density implies either hypertrophy of individual cells and/or 

an increase in the extracellular space. In the adventitia there was no change in cell 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 this 

we can initially say that according to Mulvany’s classification of remodelling third order 

mesenteric arteries from a rat model of coronary arteiy ligation undergo inward eutrophic 

remodelling. A decrease in the lumen diameter was observed but this may have been due 

to an increase in the thickness of the intimai 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 difference 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 et 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 arteries from this model of CAL undergo 

eutrophic remodelling (Mulvany et al, 1996).

Mulder et al, (1996) and Stassen et al, (1997) report that in rats after CAL there are no 

differences in the structure of mesenteric 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 et al, (1999) and Heeneman et al, (1995) have shown remodelling of 

the third order mesenteric arteiy in rats with CAL. Buss et al describe arteries which 

remodel around a larger lumen with no increase in wall CSA - outward eutrophic 

remodelling, whereas, Heeneman et al 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 obseived 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 

investigation. Knowing that resistance arteries display decreased amounts of SMC may be 

important when considering functionality of the arteiy. Stassen et al, (1997a, 1997b) 

show that there is a hyporeactivity to most vasoconstrictors in mesenteric arteries from rats
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5 weeks after CAL. Their findings show that with no decrease in the media 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 to the same extent as control 

arteries may be simply due to 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 et 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 inliibitory 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 
Hypertensive Rats

From tail cuff plethysmography we can see that treatment with a combination of 

hydralazine and hydrochlorothiazide or with irbesartan results in a decrease 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 failure the resistance 

vasculature in hypertension remodels 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 in the amount of connective tissues, therefore 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 

nuclear dye Propidium Iodide to stain the cell nucleus we are not able to answer the 

question of cell size.

The medial hypertrophy observed in this model is similar to other models of hypertension 

-  mesenteric arteries from renal hypertensive WKY rats have increased SMC volume but 

not number (Korsgaard et ai, 1988). Since we know that angiotensin II is strongly linked 

to 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 therefore 

preventing medial hypertrophy. Although from other results not shown in this study 

irbesartan is better than H+H at preventing the increase in left ventricular mass normaly 

seen with hypertension. It also lowered the expression of ANP and BNP (inhibitors of 

growth within the wall). This may indicate that ATi receptor blockade may have a greater 

beneficial effect on hypertension than treatment with calcium antagonists and diuretics.

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

Typical characteristics of remodelling in various vascular beds are seen in the early onset 

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 blood pressure to around 200 mmHg, whereas normotensive animals did not 

display any rise in pressure. Within 3'  ̂order mesenteric arteries 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. Wlien 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 obseiwed in the medial thickness 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 rats. 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 allows us to show 

that there was an increase in the total number of adventitial cells but not in the number of 

smooth muscle or endothelial cells. With an obseived increase in the media thickness but 

not a corresponding increase in the number of SMC we report that a decrease was seen 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 adventital 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 that increases in systolic blood pressure may lead to vascular 

remodelling we have to consider an alternative hypothesis that remodelling within the 

mesenteric 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 collègues at the University of Edinburgh 

regarding the neurohoimonal levels within these rats, we see that hypertensive rats display 

significantly higher levels of plasma angiotensin II and also plasma aldosterone. 

Angiotensin II may have an inliibitor effect on growth within the vascular wall and may 

also lead to greater production of aldosterone by the adrenal gland.
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All of the above changes are consistent with the characteristics obseived in mesenteric 

arteries from the genetic spontaneously hypertensive stroke prone (SHRSP) rat (Anibas et 

al, 1997) and also in the basilar arteries of L-nitro arginine methyl ester (L-NAME) 

induced hypertension in Wistar Kyoto rats (Anibas et al, 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 Measuring 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 

102jim^ is dependent on the extent to which the arterial wall arcs. Since total wall 

thickness is calculated as the sum of all tln*ee tunica from one single Z series point, the 

cuivature on the blood vessel itself should be considered when calculating total thickness 

within a small area. The error in wall thickness seems 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 Wlien 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 area within the image examined.

If by using the examples in Figure 7.1 we consider panel II to be our control artery then we 

can see that 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

110



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 is an important 

consideration when looking at wall thickness.
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Figure 7.1 :- Schematic representation o f  the error found using our method.
Panel I: The section taken is only part o f the 102pnf image used for measurements.
Panel II: Representative o f 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.

112



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 of 

collagen in the wall of carotid arteries. This may be due to either the rabbit model not 

having severe enough myocardial infarction or the levels of neiuohormones not changing 

between control and ligated animals.

Levels of circulating agents such as ANP, BNP and angiotensin II have been shown to 

increase the amount of collagen within the blood vessel wall. Heeneman et al, (2003) 

describe the situation during myocardial infarction where increased levels of cytokines 

such as interlukins 1 and 4 and TNF-a along with increased levels of aldosterone and 

angiotensin II lead to collagen deposition. It 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 to increased pressure being exerted on the heart. Nonnally these larger arteries 

would expand in line with increases in pressure so as to dissipate any increase in pressure 

therefore 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 ultimately 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.
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7.4 Recommendations for the Effective Study of Vascular Remodelling Using 

Confocal Microscopy

Using the method developed by Anibas et al, a group of researchers from several 

European labs including our own, VAS CAN 2000 -  EC FP5 Project (QLGl-CT-1999- 

00084), have frirther developed this teclmique to improve the quality and reproduciblity of 

images taken using LSCM. Several of these recommendations are simple and easy to use 

with the maximum effect being achieved in image quality.

They include:

1. Using an immersion fluid between 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 microscope 

stage is moved. Not only should the RI between the mounting fluids be considered but also 

the RI of the tissue being examined. Thick samples will bend light to a greater extent than 

thimier tissues. As yet there has been no published information regarding the RI of blood 

vessels either fixed or unfixed and pressurised but this group recommend that the ideal 

mountant around the vessel should be a glycerol based medium for fixed tissues 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 to 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. VAS CAN also recommend that number 1 16 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 curvature within the vessel wall will complicate the analysis. To count all the nuclei 

present in a 3D volume of the total data set would introduce a bias if the nuclei 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 area 

would contain an equal portion of each layer. Obtaining a wedge shape analysis area 

would prove to be veiy difficult since the only way in which this could be done would be 

to decrease the size of the image being captured eveiy time a sample was taken. The 

centre 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 arteiy 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 arteiy with its long axis rumiing horizontally to the bottom edge of the image. 

If a line was to be drawn perpendicular to the bottom edge of the image passing through 

the artery it should bisect the arteiy 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 bottom edge of the image and a line 

perpendicular to this edge was made again passing through the arteiy we would find that it 

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

f

V

Figure 7.2 Representation of the error seen in misaligned blood vessels under the 

confocal microscope. Panel A: Con ect orientation to the base of the image required for 

accurate wall measurements to be made. Panel B: Orientation 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 

arteiy 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 nuclei per unit length would increase since the 

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

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 10: 3 Dimensional XYZ reconstruction of a 3”* order rat mesenteric artery 

rotated using image analysis software indicating the location of nuclei o f 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.
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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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