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CHAPTER 2 

Materials And Methods 



This chapter deals with the animal model that is used for the different experiments, 

described in the present investigation, to study the morphological and pharmacologi

cal characteristics of neointima formation. Also, the method of measuring the func

tional responses of both injured and sham-operated artery preparations, i.e. the 

isometric wire-myograph technique, will be discussed. 

The rat carotid artery model 

Several animal models have been developed to study the formation of neointima in 

more detail. The most commonly used technique is the use of an inflated balloon 

catheter that is withdrawn repeatedly along the lumen of a blood vessel. This results in 

extensive endothelial denudation and, possibly, vascular damage. In such models, le

sions of cellular and matrix components can be established, which resemble the pro

liferative processes that have been observed in humans after vascular intervention 

(Jokinen et al. 1985, Armstrong and Heistad 1992, Currier and Faxon 1995). 

For the experiments that are described in the following chapters, we have used the rat 

carotid artery model that has been introduced by Clowes et al. (Clowes et al. 1989) 

and frequently used by others. Briefly, the following procedure has been performed in 

rat carotid artery in order to induce complete balloon denudation without severe me

dial trauma. 

Male Wistar rats, weighing 250 to 300 g, were anaesthetized by intraperitoneal ad

ministration of a mixture of ketamine, xylazine and atropine (8 mg, 4 mg and 5 u,g per 

100 g body weight, respectively). Both left and right common and external carotid 

arteries were exposed via a midline incision in the neck. An arterial embolectomy 

balloon catheter (2F Fogarty balloon catheter), was inserted in a retrograde fashion 

through a small incision, made in the left external carotid artery, into the left common 

carotid artery. The catheter was then advanced into the descending thoracic aorta. 

Here, the balloon was inflated sufficiently to resist withdrawal of the catheter through 

the common carotid artery. After deflation, the catheter was slowly pulled back until 

its tip was located within the common carotid artery. The luminal surface of the artery 

was then gently rubbed while rotating the balloon catheter, which was being kept in-

Figure 1. Injured and sham-operated control rat carotid arteries at different time points of 
observation postinjury. Tissues have been stained with EvG stain. 
1A (Magnification 40 x) shows the injured carotid artery preparation isolated immediately 
postinjury. IB, C &D Magnification 40*) show injured artery preparations isolated at 2, 8, 
and J 6 weeks postinjury, respectively. Please note the formation of extensive neointima in the 
injured artery preparations from 2 weeks postinjury onwards. 
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flated with a fixed volume of 20 ul of sterile distilled water. This procedure of denu

dation was repeated thrice. Accordingly, the complete left common artery was de-

endothelialized. After removal of the catheter, the left external carotid artery was li-

gated, just distally from the incision. The right common and external carotid arteries 

were exposed but not subjected to any further treatment (i.e. sham-operated), thus 

serving as internal controls. 

The rats were allowed to recover in separate cages at an ambient temperature of 30°C. 

At different time periods postinjury, the animals were killed and used for morphologi

cal, pharmacological, and biochemical experiments. The morphological and morpho-

metric data, as shown in Table 1 and in Figure 1, clearly demonstrate that this method 

of arterial injury leads to reproducible stages of neointima formation at different time 

points of observation (for details, Chapter 3). This is also confirmed from the meas

urements of the optimal internal diameter (L)0o) of the injured and sham-operated ar

tery preparations at different time points postinjury (following chapters). 

Table 1 

Morphological characteristics of injured left and sham-operated right carotid arteries 

days n Lumen surface Lumen surface Intima surface I/M ratio 

injured sham injured injured 

[mm2] [mm2] [mm2] 

0 5 0.238 ±0.017 0.238 ±0.024 0 0 

1 4 0.246 ±0.013 0.258 ±0.030 0 0 

3 6 0.288 ±0.020 0.325 ±0.029 0 0 

7 7 0.275 ±0.019 0.307 ±0.014 0.022 ±0.004 0.17 ±0.02 

14 6 0.214 ±0.017* 0.331 ±0.023 0.087 ±0.009 0.72 ±0.05* 

28 4 0.162 ±0.024* 0.300 ±0.036 0.127 ±0.014 1.04 ±0.12* 

56 8 0.219 ±0.019* 0.374 ±0.027 0.196 ±0.019 1.43 ±0.12* 

84 5 0.210 ±0.008* 0.338 ±0.002 0.129 ±0.019 1.00 ±0.15* 

112 3 0.183 ±0.003* 0.323 ± 0.032 0.108 ±0.021 0.88 ±0.30* 

The preparations were fixed within the myograph at normalized equilibrium baselines and 
embedded later in 4% buffered paraformaldehyde solution for assessment of the total surface, 
media surface, lumen surface and, for injured left carotid arteries, neointima surface, and of 
the I/M ratio. No clearly discernable intima in the sham-operated right preparations was ob
served, and therefore the intima surface of these vessels is not mentioned in this table. 
Data are presented as means ± SEM. *: p < 0.05 versus control right carotid artery. 
Injured = injured left carotid artery, sham = sham-operated right carotid artery; I/M ratio is 
the calculated ratio between the (neo)intimal surface and the media surface. 
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The isometric wire-myograph technique 

To study the functional characteristics of isolated injured and sham-operated carotid 

artery preparations and to be able to compare these data quantitatively, we have 

adapted the isometric wire-myograph technique developed by Mulvany and Halpem 

(Mulvany and Halpern 1976, Mulvany and Halpern 1977). Since the sensitivity of 

isolated artery preparations is dependent on the degree of stretch applied on that 

preparation, it is clear that for quantitative comparison the different artery prepara

tions should be measured under similar conditions of stretch in vitro. It is also known 

that the active response of a vessel is dependent on the extent of stretch (active ten

sion-internal circumference relation) (Mulvany and Halpern 1976, Mulvany and Hal

pern 1977, Mulvany 1983). Therefore, it is useful to set the vessels to an internal 

circumference that gives the maximum response. Previous experiments with isolated 

rat carotid artery segments have shown that maximally attainable responses to high 

concentrations of potassium chloride could be measured at a transmural pressure of 

100 mmHg, i.e. 13.3 kPa. 

Mulvany and Halpern have developed a normalisation procedure, according to the 

Laplace relation (Mulvany and Halpern 1976, Mulvany and Halpern 1977). This pro

cedure describes the relationship between the measured passive internal circumfer

ence and the corresponding transmural pressure of a vessel preparation mounted on 

the myograph. In our experiments, the transmural pressure was set at 100 mmHg or 

13.3 kPa for all carotid artery preparations being studied, since this value represents 

the optimal pressure for active response measurements. After completing the normali

sation procedure, the normalized internal circumference at the transmural pressure of 

100 mmHg (ICioo) could be determined, and the corresponding normalized diameter 

(Lioo) could be calculated. 

The isometric wire-myograph technique was originally developed for isolated small 

artery segments with a diameter between 100-400 urn. For the mounting of these 

small arteries, stainless steel wires with a diameter of 40 urn is used. However, we 

observed that these wires could damage the isolated carotid artery segments during 

mounting. In addition, no reproducible response to agonists could be measured. 

Therefore, platinum wires with a diameter of 200 um were used in our experiments. 

Indeed, reproducible agonist responses could be measured for the different carotid 

artery preparations. 

In short, after anaesthetizing the rat, both the left and right common carotid arteries 

were carefully excised from just distally from the bifurcation to the level of the aortic 

arch. They were immediately placed in Tyrode's solution (TS) at 4°C and oxygenated 

with carbogen (95% O2, 5% CO2). The composition of TS was as follows (mM): 
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Figure 2. Concentration-response curves for increasing concentrations of potassium chloride 
solutions (i.e. from 0 to J 20 mM) in isolated left(9) and right (O) common carotid arteries, 
obtained from untreated rats. Data are presented as means ±SEM. 

NaCl (136), KCl (2.5), MgCl2 (0.5), CaCl2 (1.8), NaH2P04 (0.42), NaHC03 (11.9), 

and glucose (5.5). The arteries were cleaned of superficial fat and adherent connective 

tissue under a dissection microscope (Olympus, Tokyo, Japan), care being taken not 

to stretch the vessels or to damage the endothelium. Ring segments of 2 mm were cut 

from each artery starting 5 mm proximally (viewed from the position of the heart) 

with respect to the carotid bifurcation. Two platinum wires (diameter = 200 urn) were 

introduced into the lumen of each ring preparation. One of them was connected to a 

micrometer screw, the other to a force transducer of an isometric wire-myograph (J.P. 

Trading, Risskov, Denmark). Isometric force development was recorded on a WeKa 

chart recorder (Depex, De Bilt, The Netherlands). The preparations were equilibrated 

for 60 min in TS at 37°C and oxygenated with carbogen (95% 0 2 , 5% C02), at a pH 

of 7.4. The medium was replaced every 20 min. Subsequently, the ratio between pas

sive wall tension and internal circumference was determined by the normalisation 

procedure. Initially, the preparation was unstretched and both wires were in contact 

with each other. Subsequently, the preparation was stretched by increasing stepwise 

the distance between both wires. At each step the artery segment was left to equili

brate. The wall force was measured and wall tension and internal circumference were 

calculated. After several steps, the separate wall tension and internal circumference 

values were fitted in an exponential equation, from which the internal circumference 

for the artery segment at a transmural pressure of 100 mmHg or 13.3 kPa could be 
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Table 2 

Characteristics of concentration response curves, as reflected by Emax and pD? values, of left 
and right carotid arteries for various vasoconstrictors and vasodilator agonists 

Emax pD2 

agonist n left right left right 

K+ 6 3.8±0.1N/m 3.5±0.1N/m 1.4 ±0.0 1.4 ±0.0 
Phe 12 2.9±0.2N/m 2.7±0.1N/m 6.9 ±0.2 7.0±0.1 
5-HT 6 2.7±0.2N/m 2.8±0.1N/m 5.8 ±0.1 5.7 ±0.2 
U46619 6 3.5±0.1N/m 3.7±0.2N/m 8.0 ±0.1 8.1 ±0.1 
MCh 6 89.7 ± 1 . 1 % 91.5 ±1 .9% 6.8± 0.1 6.9±0.1 
SNP 6 96.2 ± 3 . 1 % 96.8 ±2 .2% 7.1 ±0.2 7.0±0.1 
ISO 6 67.3 ±5 .2% 65.0 ±7 .2% 7.0 ±0.2 6.8 ±0.2 
Forsk 6 93.4 ± 2 . 1 % 95.4 ±1 .2% n.m. n.m. 

Data are presented as means ± SEM. n.m. = not measured. 
Vasoconstrictors: If = potassium chloride, PhE = phenylephrine, 5-HT = 5-
hydroxytryptamine, U46619 = thromboxane A2 (TP)-receptor agonist 1)46619. 
Vasodilator agonists: MCh = methacholine, SNP = sodium nitroprusside, ISO = isopren-
aline, Forsk = forskolin. 
n = number of animals. 

derived. The internal circumference was then adjusted to the value that equals the di

ameter at a transmural pressure of 100 mmHg (13.3 kPa). This value was then divided 

by 7t to obtain the normalized internal lumen diameter (Lioo). 

For various agonists that are used in the following chapters for the injured and sham-

operated rat carotid artery segments, we have constructed cumulative concentration-

response curves (CRC's) for both normal left and right rat carotid artery segments. 

After completing the normalisation procedure, the arterial segments were left resting 

at Lioo for 60 min. The concentration-response curves were subsequently constructed 

for the following agonists: potassium chloride (i.e. K+-TS, in which increasing concen

trations of KCl had been exchanged on an equimolar basis against NaCl from the normal 

TS, 0 - 1 2 0 mM), phenylephrine (1 nM - 3 u.M), 5-hydroxytryptamine (10 nM - 10 

uM), the thromboxane A2 (TP)-receptor agonist U46619 (0,1 nM - 0,3 uM), metha

choline (0,1 nM-3 u,M, after precontraction with PhE, 3 u.M), sodium nitroprusside 

(0,1 nM - 10 uM, after precontraction with PhE, 3 uM), and isoprenaline (0,1 n M - 3 

uM, after precontraction with U46619, 30 nM, and in the presence of prazosin 1 \xM). 

In addition, after precontraction with U46619 (30 nM, in the presence of prazosin 1 

uM), forskolin (i.e. an adenylate cyclase activator), in a concentration that gives 

maximally attainable effect (10 ixM), was added to the bath (Table 2). 
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From the CRC for potassium chloride it appeared that a K+-TS with a concentration of 

100 mM of potassium chloride established full vasocontractile response in the rat ca

rotid artery (Fig. 2). Prior to the construction of CRC's for the other agonists, this 

concentration of K+-TS was added twice to the medium in order to establish the vi

ability of the subject artery segments. Subsequently, the CRC of one agonist was ob

tained in each arterial segment. 

Using a computer programme (Graphpad, Institute for Scientific Information, San Di

ego, Calif, USA), concentration-response curves (CRC's), based on the following 

relationship: 

E = E m a x . A p . ( A p + EC5o
P)"1 

were fitted to concentration-response data of six individual experiments. The re

sponses were expressed and calculated as absolute (N/m) or as relative (%) values. In 

the equation, E is the response given at a given concentration A, Emax is the maximally 

attainable response, EC50 (mol/1) is the concentration required for the half maximal 

effect (expressed as pD2 = -log EC50) and the exponent P describes the slope of the 

relationship (Hill-coefficient). 

The data shown are expressed as means ± SEM. Statistical significance was analysed 

by means of a two-tailed Student's Mest for unpaired data. A/rvalue of less than 0.05 

was considered to denote statistical significance of differences. 
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