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CHAPTER 3 

Morphological And Functional Consequences Of Neointima 

Formation In The Rat Carotid Artery 

Frank J. Heijenbrok, Allard C. van der Wal, Martin Pfaffendorf & 
Pieter A. van Zwieten 

Naunyn-Schmiedeberg's Arch Pharmacol 1998;357:133-142 



Different interventional techniques have been developed for the treatment of occluded 

arteries or veins, such as vein bypass grafting, prosthetic bypass grafting, endarterectomy 

and angioplasty. A major clinical complication of these procedures, however, is the sub

sequent formation of neointima. For example, it has been reported that the incidence of 

restenosis after coronary angioplasty amounts to 30% at 6 months, and after carotid end

arterectomy this complication is observed at long-term follow-up in 16% of the patients 

treated (Davies and Hagen 1994, Pauletto et al. 1994). 

The dominant process in the formation of a neointima is the migration and proliferation 

of vascular smooth muscle cells from the media to the intima with associated deposition 

of extracellular matrix. Together with the neointima formation, re-endothelialization of 

the injured vessel may occur (Davies and Hagen 1994, Fuster et al. 1995). 

Activation of the vascular ai-adrenoceptor leads to vasoconstriction, but the a-

adrenergic system is also involved in the proliferative responses in the vascular wall 

(Fingerle et al. 1991, Vashisht et al. 1992, De Blois et al. 1996). Moreover, various 

agents that are released by the endothelium, such as prostacyclin and nitric oxide 

(EDRF), known to be potent vasodilator agents, also exhibit growth-inhibitory effects on 

vascular smooth muscle cells (Garg and Hassid 1989, Newby et al. 1992, De Meyer et 

al. 1995). 

In the present study, both the ai-adrenoceptor-mediated contractile response, as well as 

the endothelium-dependent vasodilator effects in injured rat carotid arteries are investi

gated in the different stages of neointima formation. Together with these functional ex

periments, morphological studies were performed. We attempted to relate the functional 

characteristics of vessels in different stages of neointima formation with the morphologi

cal findings. 

Material and Methods 

Surgical procedures 

Male normotensive Wistar rats, weighing 250 to 300 g, were obtained from Iffa Credo 

(Les Oncins, France). The rats were fed standard rat chow and allowed tap water ad li

bitum. Each group of six rats was housed in one cage. All animals were maintained un

der the same environmental conditions. The experiments followed a protocol approved 

by the Animal Ethical Committee of the University of Amsterdam. 

Balloon injury of the left common carotid artery in the rats was performed according to 

the technique described by Clowes et al. (Clowes et al. 1989b) with some slight modifi

cations. Rats were anaesthetized by intraperitoneal administration of a mixture of keta-

mine, xylazine and atropine (8 mg, 4 mg and 5 ug per 100 g body weight, respectively). 
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The left common and external carotid arteries were exposed via a midline incision in the 

neck. After ligation of the left external carotid artery, an arterial embolectomy balloon 

catheter (2F Fogarty; Baxter, Maarssen, The Netherlands) was inserted in a retrograde 

fashion through a small incision, made proximal (viewed from the position of the heart) 

from the ligation, 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 ar

tery. The luminal surface of the common carotid artery was then gently rubbed while 

rotating the balloon catheter, which was being kept inflated with 20 u.1 of sterile distilled 

water. This procedure of denudation was repeated thrice. Accordingly, the left common 

carotid artery itself was distended. After removal of the catheter, the left external carotid 

artery was ligated, just proximal (viewed from the position of the heart) from the inci

sion. The right common and external carotid artery were exposed but not subjected to 

any further treatment, thus serving as an internal control. 

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

Pharmacological studies 

All animals survived the respective times after surgery. After 0, 1, 3, 7, 14, 28, 56, 84 

and 112 days respectively, rats were anaesthetized with the same solution as used for the 

surgical intervention (although without atropine). Both the left and right common carotid 

arteries were carefully excised from just above the bifurcation to the level of the aortic 

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

with carbogen (95% O2, 5% CO2). The composition of TS was as follows (mM): NaCl 

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

cose (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. For the functional experiments, an approxi

mately 2 mm ring from each artery was cut 5 mm proximal (viewed from the position of 

the heart) from the carotid bifurcation. Two 200 urn diameter platinum wires were intro

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

crometer 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 minutes in TS at 37°C and oxygenated with carbogen (95% 02, 5% C02), at a pH of 

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

sive wall tension and internal circumference was determined by a normalisation proce

dure (Mulvany and Halpern 1976, Mulvany and Halpern 1977). The internal 

circumference was adjusted to a value that equals the diameter at a transmural pressure 
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of 100 mmHg (13.3 kPa) in order to meet the physiological circumstances. This value 

was then divided by n to obtain the normalized internal lumen diameter (Lioo). 

After the normalisation procedure, the arteries were equilibrated for another 60 minutes 

with washing after each period of 20 minutes, before they were depolarized by a K+-TS 

containing 100 mM KCl, which had been exchanged on an equimolar basis against NaCl 

from the normal TS. After the K+-induced contraction had fully developed, the prepara

tions were washed frequently with normal TS and equilibrated for 30 minutes. This pro

cedure was repeated once. Hereafter, a cumulative concentration-response curve (CRC) 

for the vasoconstrictor effect of the ai-adrenoceptor agonist phenylephrine (PhE, 10" -

3.10"6 M) was made. After the contraction following the last PhE-concentration had 

reached a stable level, increasing doses of methacholine (MCh, 10"-3.10 M) were 

added to the bath in order to induce endothelium-dependent vasorelaxation. After the last 

concentration of MCh had been given, the preparations were washed frequently with 

normal TS and equilibrated for 30 minutes. Preparations displaying less than 40% re

laxation induced by MCh were considered not to respond. In case of sham-operated right 

carotid arteries, these were consequently discarded from the experiment. Subsequently, 

precontraction in responder vessels was induced with the vasoconstrictor PhE 10 M. 

After reaching a steady level, a cumulative CRC was made for the endothelium-

independent vasodilator effect of sodium nitroprusside (SNP, 10"10-10"5 M). Immediately 

after completion of the pharmacological studies, the arteries were fixed in 4% parafor

maldehyde and used for morphological and morphometric studies. 

Morphological and morphometric studies 

In order to preserve them at their resting tension value (baseline of normalized diameter), 

the vessels were fixed, immediately after completion of the functional experiments, and 

still within the myograph set-up, by the addition of buffered (0.1 M phosphate buffer, pH 

7.4) 4% paraformaldehyde solution. After at least 30 minutes, the vessels were removed 

from the myograph and preserved in buffered 4% paraformaldehyde. All tissues were 

routinely processed and embedded in paraffin. Five urn sections were cut and stained 

with Haematoxylin and Eosin (HE), Elastin von Gieson's (EvG) stain and adjacent serial 

sections were mounted for immunocytochemistry. 

Immunocytochemistry 

For the immunocytochemical detection of endothelial cells and intimai smooth muscle 

cells, a Streptavidin-biotin complex (SABC) method was used. Briefly, 5 urn paraffin 

sections were mounted on organosilan-coated glass, dried overnight at 37°C, and de-

waxed in xylene and alcohol (100%). H202 (0.3%, in methanol, 20 min at room tem

perature) and pepsin (0.25%, in lOmM HCl, 15 min at 37°C) were subsequently added 
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to block endogenous peroxidase activity. To prevent non-specific binding of rabbit IgG, 

the tissue was incubated with normal goat serum (1:10 in Tris Buffered Solution, i.e. 

TBS, 15 min). After blotting off, the primary antibody was applied (60 min at room tem

perature). The primary antibodies used were anti-human v\Vf.R:Ag (Von Willebrand 

Factor related antigen) antibody (Dako A082, 1:1000 in TBS/1%BSA) for the determi

nation of endothelial cells, and anti-a-actin (SMA-1, 1:400) for the demonstration of in

timai and medial smooth muscle cells. The tissues were then washed in TBS (2 min 

thrice) and incubated with biotinylated goat antirabbit IgG for 30 min (Dako E432, 1:400 

in TBS). The peroxidase labelling was carried out using a biotinylated-streptavidin-

horse-radish-peroxidase complex (Dako K377) and visualized using 0.01% 3,3-

diaminobenzidine tetrachloride (DAB) in 0.05M Tris-HCl, pH 7.8, with 10 ml 30% 

H202. Tissue was then incubated for 10 min and rinsed with running tap water (5 min). 

Counterstaining was performed with Harris Haematoxylin (2-5 min). After another wash 

with running tap water (5 min), the tissue was dehydrated in graded alcohol and cleared 

in xylene. Finally, the tissues were coverslipped with Depex. Horse-radish-peroxidase 

activity appeared as a yellow/brown precipitate. Microvessels present in the perivascular 

stroma of a number of the resected carotid artery segments served as positive controls. 

Negative controls consisted of experimental tissues treated in a similar way but in the 

absence of the primary antibody. 

Morphometry 

The cross-sectional areas of the total vessel, the media, the lumen and of the neointima 

formation (if present) of EvG-stained sections were planometrically quantified using 

TIM image analysis software on a PC provided with VS-100-AT frame grabber (Data 

Measuring Systems, Breda, The Netherlands). Sections were projected on a videoscreen 

and the inner border of the neointima, if present, the internal elastica lamina and the 

outer border of the muscular media were outlined manually. The cross-sectional area of 

the neointima was represented by the area enclosed within the internal elastica lamina 

and the lumen. The cross-sectional area of the media was defined as the area enclosed 

within the internal elastica lamina and the outer border of the media. All values were ex

pressed in mm2 and stored on disk. From these values, the intima/media (I/M) ratio, i.e. 

the ratio between neointimal and medial cross-sectional areas, was calculated. 

Statistical analysis 

Pharmacological studies 

Using a computer program (GraphPad, Institute for Scientific Information, San Diego, 

USA), concentration-response curves (CRC's), based on the following relationship: 

E = Em a x .A p . (A p + EC50
Py1 
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were fitted to concentration-response data of at least five individual experiments. The 

responses 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 pÜ2 = -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 (injured versus sham-

operated artery at one time point) and one-way analysis of variance (ANOVA; one time 

point versus other time points). A/?-value of less than 0.05 was considered to denote 

statistical significance of differences. 

Morphometric studies 

Results are given as means ± SEM. Statistical analysis was performed using a two-tailed 

Student's ?-test for unpaired data (injured versus sham-operated artery at one time point) 

and one-way analysis of variance (ANOVA; one time point versus other time points). A 

/7-value of less than 0.05 was considered to denote statistical significance of differences. 

Chemicals 

L-phenylephrine hydrochloride and (acetyl-ß) methacholine chloride were obtained from 

Sigma (St Louis, MO, USA), sodium-nitroprusside from Merck (Darmstadt, FRG). Po

tassium chloride and all other chemicals used were of analytical grade and obtained from 

Merck (Darmstadt, FRG). All drugs were dissolved in distilled water and kept frozen 

prior to use. 

Results 

Animal and vessel characteristics 

Data obtained from the normalisation procedure are shown in Table 1. The length of the 

injured and control vessels was not significantly different (see Table 1). The calculated 

individual optimal lumen diameter at a pressure of 100 mmHg (L100) of the injured left 

Figure 1. Injured left carotid arteries obtained 14 days (1A-1C; Magnification WO*), 56 
days (2A-2C; Magnification 100*) and 112 days (3A-3C; Magnification 3A & 3B: 100*, 
3C: 160*) after vascular injury. Pictures IA, 2A and 3A show the tissues that have been 
stained with EvG stain. Tissues shown in pictures IB, 2B and 3B have been stained with anti-
a-actin antibody. For staining of the tissues of pictures 1C, 2C and 3C anti-human vWf.RAg 
antibody has been used. Note the occurrence of endothelial cells in Figure 3C (arrows). I = 
neointima. 
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Table 1 

Time course of body weight and vessel characteristics in injured left and sham-operated right 
carotid arteries 

days n bw surg. bw exp. 1 1 Lioo Lioo 

[g] [g] injured sham injured sham 
[mm] [mm] [urn] [Urn] 

0 8 290.9 ±3.8 290.9 ±3.8 1.7±0.1 1.9±0.1 941.6 ±30.9 976.5 ±38.1 

1 7 276.0 ±4.7 266.1 ±4.6 1.7±0.1 1.6±0.1 929.4 ±28.6 979.9 ±27.0 
3 6 280.0 ±2.4 269.6 ±1.7 1.8 ± 0.1 1.9 ±0.1 925.7 ±15.0 953.9 ±19.8 
7 8 281.7 ±4.2 296.3 ±5.2 1.9 ±0.0 1.8 ±0.1 990.2 ±23.2* 1071.8 ±20.4 

14 6 276.4 ±1.7 317.4 ±4.0 1.8 ± 0.1 1.7 ±0.1 935.9± 11.5* 1011.9 ± 18.6 
28 6 274.8 ±5.2 360.8 ±7.4 1.8 ±0.1 1.9±0.0 813.0 ±70.2* 1031.6±37.9 

56 8 272.5 ± 2.9 390.0 ±6.3 1.6 ±0.1 1.6±0.0 924.3 ±36.7* 1119.9± 17.8 

84 6 290.6 ±1.4 435.4 ±8.7 2.0 ±0.0 1.9±0.0 955.0 ±50.5* 1152.6± 18.0 
112 5 282.3 ±3.6 432.4 ±9.2 1.9±0.1 1.9±0.0 1062.0 ±20.7* 1167.3 ±37.5 

Data are presented as means ± SEM. *: p < 0.05 versus control right carotid artery. 
Bw = body weight; surg. = prior to surgery, exp. = prior to functional experiment; I = length; 
injured = injured left carotid artery, sham. = sham-operated right carotid artery; Lioo = nor
malized internal diameter at transmural pressure of 100 mmHg (see "Methods, Pharmacol
ogical studies "), 

carotid artery proved significantly decreased in preparations studied 7 days or later after 

balloon denudation (see Table 1). 

Morphology and morphometry 

Sham-operated arteries possess a single layer of anti-vWf.R: Ag+ endothelium covering 

the internal elastica lamina and the media, consisting of three to four layers of anti-a-

actin+ smooth muscle cells. The media proved intact with no signs of necrosis or lacera

tion in all specimens studied. Also, the total and medial areas did not change with time in 

all injured preparations investigated (data not shown). 

Endothelium 

At 0, 1, 3 and 7 days after balloon injury, the existence of endothelial cells could not 

be demonstrated with anti-vWf.R:Ag. At 14 days postinjury, a discontinuous layer of 

plump cells on the luminal surface of the neointima was observed. These cells were 

anti-a-actin" and anti-vWf.R:Ag~ (Figure LIB & 1.1C). At 56 days, the appearance 

of this cell layer was more pronounced (Figure 1.2B & 1.2C). After 84 days of obser

vation, flattened cells were observed on the surface of the neointima, characteristic for 

mature endothelial cells. These cells also stained positively with anti-vWf.R antibody. 
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Table 2 

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. 

At 112 days, a more continuous lining of anti-v\Vf.R:Ag+ endothelial cells could be 

observed (Figure 1.3C). 

Neointima formation 

At 7 days, a neointima composed of anti-a-actin+ cells, abundant myxoid extracellular 

matrix and small amounts of elastin were observed. From this moment onwards, both 

morphological and morphometric analyses showed a marked increase in neointimal mass 

with a maximum at 56 days (see Figure 1 & 2 and Table 2). During the process of neo

intima formation, changes in appearance of the smooth muscle cells were observed (Fig

ure 1.1B, 1.2B and 1.3B). The medial smooth muscle cells appeared to consist of small, 

flat cells with a small nucleus in the cytoplasm. The neointimal anti-a-actin+ smooth 

muscle cells appeared as large cells with a round nucleus (Figure LIB). However, to

gether with the reappearance of young endothelial cells in the injured preparations after 

56 days of observation, a distinct morphology of anti-a-actin+ smooth muscle cells, re

sembling the medial smooth muscle cell phenotype, could be distinguished in the neoin

tima (Figure 1.2B). At 84 and 112 days, anti-cc-actin+ cells phenotypically resembling 
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Figure 2.1/M ratio in injured left carotid arteries during increasing periods of observation. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 

medial smooth muscle cells became more pronounced showing a decrease in the neoin-

timal mass and an increase in the amount of elastin (Figure 1.3B). Morphometrically, the 

I/M ratio decreased (Figure 2 and Table 2). 

Pharmacological studies 

Potassium chloride 

The maximal contractile responses (expressed as E™«, (N/m)) of the isolated left com

mon carotid artery to a high potassium chloride concentration (100 mM) were not influ

enced by the balloon injury procedure when compared to the contralateral sham-operated 

vessels, for all preparations measured (immediately after balloon injury: E™,, = 3.3 ± 0.4 

N/m versus 3.6 ± 0.2 N/m [n.s.], injured versus control, n = 8). Similarly, En,ax values did 

show any time-dependency, neither in the injured nor in the control preparations 

(ANOVA:/?>0.05). 

Phenylephrine 

The characteristics of the concentration-response curves (CRC's) for phenylephrine for 

the preparations taken from the different time groups of rats are shown in Table 3 and 

Figures 3.1& 3.2. 
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Figure 3.1. Concentration-response curves for increasing concentrations of phenylephrine in 
isolated injured left (0) and sham-operated right (O) carotid arteries, obtained immediately 
(A), 7 days (B), 28 days (C) and 84 days (D), after vascular injury, respectively. Note the full 
functional recovery at 84 days postinjury. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 

When compared to their contralateral control vessels, the phenylephrine-induced maxi

mal contractions ( I w ) of the injured left carotid arteries appeared not to be significantly 

influenced immediately or shortly after balloon injury (see Table 3). However, these re

sponses became severely reduced in the vessel preparations that had been injured 7 days 

or more prior to the functional experiments, compared to the contralateral sham-operated 

vessels (see Table 3 and Figure 3.2). It was only at 84 days of observation that the con

tractile properties to phenylephrine in the injured vessel preparations recovered in com

parison to the control preparations. 

The balloon injury procedure led only to significant changes in sensitivity (pD2) towards 

phenylephrine in the left carotid artery preparations measured immediately after inter

vention. These vessels were more sensitive to phenylephrine compared to the sham-

operated arteries (Figure 3.1 A). However, this difference in sensitivity was not observed 

after more prolonged periods of observation. 

The maximal contractions to phenylephrine in the injured carotid preparations also 

changed with time: the EmaX values appeared to be significantly decreased for the 
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Figure 3.2. Maximal contractile responses Emax [N/m] to phenylephrine (3 /jM) of isolated 
injured lefl (0) and sham-operated right (O) carotid arteries, during increasing periods of 
observation. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 

preparations that have been studied in the period between 7 and 56 days after balloon 

injury (ANOVA: p < 0.05; see Figure 3.2). Interestingly, when compared to the control 

arteries that had been sham-operated 3 days before functional studies, a significant de

crease in Emax values could also be observed for the control vessels that had been sham-

operated between 14 and 56 days prior to the functional studies (ANOVA: p < 0.05; see 

Figure 3.2). 

Methacholine 

The CRC characteristics for the vasodilator effects of methacholine (MCh) are visual

ized in Figure 4 and listed in Table 4. The balloon injury procedure caused complete 

abolishment of vasorelaxation in the artery preparations, injured 56 days or less before. 

However, after 84 days of observation, a modest recovery in maximal vasodilator re

sponse to methacholine of the injured left carotid artery preparations was established, 

although the Em« values remained significantly diminished compared to the contralateral 

control preparations, respectively. The pÜ2 value for methacholine calculated for the in

jured preparations did not differ from that of the control arteries at this time point. The 
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Table 3 

Characteristics of concentration response curves, as reflected by Enua and pD2 values, of in
jured left and sham-operated right carotid arteries for the vasoconstrictor phenylephrine 

(lnM-3ßM) 

Erna» [N/m] pD2 

days n injured sham injured sham 
0 8 2.9±0.1 2.8 ±0.1 7.6±0.1* 7.1 ±0.1 
1 7 2.0 ±0.3 2.0 ±0.1 6.9 ±0.3 6.8±0.1 
3 6 3.0±0.1 2.9±0.1 7.1 ±0.1 7.1 ±0.1 
7 8 1.6 ±0.2* 2.5 ±0.1 6.8 ±0.2 6.9±0.1 
14 6 1.0 ±0.2* 2.0 ±0.2 7.1 ±0.2 7.0±0.1 
28 6 0.8 ±0.2* 2.2 ±0.2 6.6 ±0.3 6.8 ±0.2 
56 8 1.3 ±0.1* 2.2 ±0.2 7.1 ±0.1 6.9 ±0.1 
84 6 2.9 ±0.2 3.2 ±0.1 6.9±0.1 6.8±0.1 
112 5 3.0 ±0.1 2.7 ±0.2 7.0 ±0.1 6.8 ±0.1 

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. 

left carotid preparations, studied at 112 days postinjury, showed full recovery in sensi

tivity and maximal vasodilator response to methacholine compared to the contralateral 

control vessels (see Table 4). 

Sodium nitroprusside 

No differences were found in the sensitivity (pD2) towards sodium nitroprusside, nor for 

the maximal relaxation (E™*; (%) from the precontraction level) caused by sodium ni

troprusside in both groups of preparations obtained from the different time groups of rats 

(immediately after balloon injury: Emax = 95.2 ± 4.1% versus 93.5 ± 1.7% & pD2 = 7.2 ± 

0.1 versus pD2 = 7.3 ± 0.0, injured versus control, n = 8). The En,aX and pD2 values did 

show any time-dependency, neither in the injured nor in the control preparations 

(ANOVA:/?>0.05). 

Discussion 

The process of neointimal formation after balloon catheter injury may be divided into 

three distinct phases (Davies and Hagen 1994, Fuster et al. 1995, Schwartz et al. 1996). 

Damage to the vascular endothelium triggers a complex series of events that results in 
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Figure 4. Concentration-response curves for increasing concentrations of methacholine in 
isolated injured left (0) and sham-operated right (O) carotid arteries, obtained immediately 
(A) after vascular injury and 112 days (B) later, respectively. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 

medial smooth muscle cell proliferation and migration from the media to the intima. In 

the intima, the newly arrived smooth muscle cells begin a second proliferative phase 

with subsequent synthesis and secretion of a complex extracellular matrix. Finally, they 

enter a phase of quiescence. Together with the neointima formation, re-

endothelialization of the injured vessel may occur. These different phases were also dis

tinguished in the present study. 

Balloon catheter injury to the rat left common carotid artery leads to a direct and com

plete loss of endothelial cells, as also observed in our morphological preparations and 

functional studies with methacholine. Although endothelial denudation by balloon injury 

may lead to a considerable loss of total wall DNA (Kocher et al. 1991, Joly et al. 1992b), 

it has been reported that damage to the media is not necessarily a prerequisite for exten

sive neointima formation (Clowes et al. 1983, Clowes et al. 1989a, Fingerle et al. 1990, 

Schwartz et al. 1996). This is confirmed in the present study, as both the receptor-

independent contractile responses to high potassium chloride concentration (100 mM) 

and the endothelium-independent vasorelaxation by sodium nitroprusside appeared unin

fluenced immediately after balloon denudation. Moreover, the morphological prepara

tions showed no visible damage to the medial layer. However, balloon denudation did 

indeed lead to substantial formation of neointimal tissue. 

Another direct consequence of balloon denudation is an increased sensitivity to phenyl

ephrine that had disappeared after one day. The disappearance of this effect observed 

one day after balloon denudation might be explained by the enhanced production of ni

tric oxide by the injured vessel wall, since balloon denudation of the rat common carotid 

artery is known to lead to an increased activity of nitric oxide synthase within the vessel 

wall (Joly et al. 1992a, Joly et al. 1992b). 
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Table 4 

Characteristics of concentration response curves, as reflected by Emax and pD2 values, of in

jured left and sham-operated right carotid arteries for the endolhelium-dependent vasodila

tor methacholine (MCh; 0.1 nM- 3 /iMJ 

J-'max, p recontraction [1^1/Hi J 

PhE 
Emax [%] 

MCh 
pD2 

MCh 

days n injured sham injured sham injured sham 

0 8 2.9 ±0.1 2.8 ±0.1 n.r.* 82.4± 3.1 n.r.* 7.0±0.1 

1 7 2.0 ±0.3 2.0±0.1 n.r.* 88.5 ±7.0 n.r.* 7.0±0.1 

3 6 3.0±0.1 2.9±0.1 n.r.* 81.1 ± 7.1 n.r.* 7.1 ± 0.3 

7 8 1.6 ±0.2* 2.5±0.1 n.r.* 81.5 ± 3.3 n.r.* 7.1 ±0.1 

14 6 1.0 ±0.2* 2.0 ±0.2 1.1 ± 1.1* 89.6 ±6.9 n.r.* 7.2 ±0.3 

28 6 0.8 ±0.2* 2.2 ±0.2 n.r.* 80.7 ±5.6 n.r.* 7.1 ±0.2 

56 8 1.3 ±0.1* 2.2 ±0.2 7.9 ±3.6* 77.9 ±8.6 6.3 ±5.0 6.8 ±0.3 

84 6 2.9 ±0.2 3.2 ±0.1 47.8 ±8.6* 77.8 ±8.6 6.5 ±0.3 6.9±0.1 

112 5 3.0±0.1 2.7 ±0.2 69.6 ±2.6 73.4 ±5.7 7.1 ±0.1 7.1 ± 0.1 

Emax values for methacholine are expressed as percentage ofprecontraction level (phenyleph

rine, PhE = 3 jiM). Data are presented as means ± SEM. *: p < 0.05 versus sham-operated 

right carotid artery. 

Injured = injured left carotid artery, sham = sham-operated right carotid artery; n. r. = no 

relaxation. 

During the second phase of neointima formation, the morphological findings of the pres

ent study are in agreement with literature data (Clowes et al. 1989a, Davies and Hagen 

1994, Schwartz et al. 1996). The presence of luminal anti-a-actin+ cells at seven days 

after injury confirms the process of migration of medial smooth muscle cells to the in

tima. The change in morphology of the intimai smooth muscle cells in comparison to the 

medial cells might indicate the occurrence of proliferation and dedifferentiation, leading 

to thickening of the neointima. Increase in elastin density is related to the subsequent 

synthesis and accumulation of extracellular matrix and connective tissue. We found that 

the intimai thickening process reached a maximum 56 days after balloon denudation, as 

observed by others (Clowes et al. 1989a, Liu et al. 1989). 

Both the contractile responses to high potassium chloride concentration (100 mM) and 

the endothelium-independent vasodilator responses to sodium nitroprusside were not 

affected during this stage in the formation of a neointima. This might indicate that the 

architecture and functionality of the media in the balloon denuded preparations are pre

served. 

We observed a severe attenuation of the ai-adrenoceptor-mediated contractions in the 

injured preparations from seven days onwards following balloon denudation. Others 
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have also described a reduction of adrenergic responses until 6 weeks postinjury (Cooke 

et al. 1991, Candipan et al. 1994). Although the mechanism of this transient effect so far 

remains unknown, we assume that mechanical impairment of receptor-coupling of phen

ylephrine to its cti-adrenergic binding sites due to the physical presence of hyperplastic 

tissue is unlikely, since the phenylephrine-induced contractions recovered within 84 days 

after balloon denudation, when the neointima is still present. Also, physical damage of 

the medial smooth muscle cells with a subsequent decrease in maximal contraction may 

be ruled out by the finding that contractions mediated by receptor-independent mem

brane depolarization with high potassium chloride concentration (100 raM) remained 

intact. A more likely explanation might be the actual loss in total number or in function 

of oci-adrenergic receptors. Van Kleef et al. have indeed reported preliminary data from 

radioligand-binding studies with (3H)-labelled prazosin (van Kleef et al. 1996), where it 

was shown that the amount of oci-adrenoceptors in the rat carotid artery was significantly 

reduced 14 days after balloon denudation. Since we did not find any change in sensitivity 

to phenylephrine in arteries that had been subjected to balloon denudation seven or more 

days before, an absolute decrease in the number of cti-adrenoceptors seems more likely 

than intrinsic changes in the adrenergic receptor-effect pathway. This loss in functional 

ai-adrenoceptors might be related to the changes in phenotype of the vascular smooth 

muscle cells from their differentiated 'contractile' appearance to a dedifferentiated 'syn

thetic' state, which has been described for neointimal smooth muscle cells. Alternatively, 

the phenotypic alterations might affect the oti-adrenoceptor molecule or change the 

availability of the different subtypes (i.e. ctiA, B, C and CCID) with subsequent modulation 

in growth and functional characteristics. 

The duration of the second phase, which is mainly characterized by intimai thickening, is 

predominantly, though not solely, dependent on the reappearance of endothelial cells on 

the luminal surface of the injured vessel (Haudenschild and Schwartz 1979, Reidy and 

Schwartz 1981, Liu et al. 1989). As shown in the present study, these regenerated endo

thelial cells may produce nitric oxide (EDRF). It has been demonstrated that nitric oxide 

has growth-inhibitory effects on smooth muscle cells (Garg and Hassid 1989, De Meyer 

et al. 1995). Although the appearance of a discontinuous layer of plump, anti-vWf.R: Ag~ 

and anti-a-actin~ cells on the luminal surface of the neointima could be observed already 

fourteen days after balloon denudation, the existence of mature endothelial cells was 

shown immunocytochemically and functionally only after 84 days. At this moment, the 

intimai thickening process had stopped and even started to reverse. Surprisingly, the ocr 

adrenergic responses to phenylephrine also appeared to have recovered at this stage. To 

our knowledge this finding has not been reported previously. A possible explanation 

might be that the neointimal smooth muscle cells have undergone differentiation from 

their dedifferentiated 'synthetic' state back to the contractile phenotype. This phenome-
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Table 5 

Characteristics of concentration response curves, as reflected by Enulx and pD2 values, of 
sham-operated left and untreated right carotid arteries for the vasoconstrictor phenylephrine 

(lnM-3 fjM) 

Emaj [N/m] pD2 

days n sham untreated sham untreated 
0 6 2.9 ±0.1 2.9 ±0.1 6.7 ±0.0 6.7 ±0.0 
3 6 2.8±0.1 2.8 ±0.1 6.9 ±0.1 6.8 ±0.1 
14 6 2.7±0.1 2.8±0.1 6.8 ±0.0 6.8 ±0.0 
56 6 2.8 ±0.1 2.8±0.0 6.8 ±0.0 6.8 ±0.0 
112 6 2.9 ±0.0 2.8 ±0.0 6.7 ±0.0 6.7 ±0.0 

Data are presented as means ± SEM. 
Sham = sham-operated left carotid artery, untreated = untreated right carotid artery. 

non has been described by others (Kocher et al. 1991, Davies and Hagen 1994, Pauletto 

et al. 1994). It has been postulated that the regenerated endothelium might play an im

portant role in the maturation of smooth muscle cells. Apparently, with this process a 

sufficient number of functional ai-adrenergic receptors becomes available for the resto

ration of contractile function. 

As the neointimal smooth muscle cells might have differentiated from their 'synthetic' 

state back to the contractile phenotype, one might expect that these cells add to the con

tractile force of the carotid artery with neointima, resulting in a more powerful response 

to phenylephrine and high potassium chloride concentration (100 mM), when compared 

to the sham-operated control preparations. Though the contractile response in the carotid 

artery preparations with neointima was completely restored when compared to the con

trol preparations, a significant increase was not observed. This could be explained by the 

fact that the neointimal smooth muscle cells are arranged differently in the neointima in 

comparison to the medial layer as is observed in the morphological studies. Therefore, 

though the neointimal cells might indeed respond to the ai-adrenergic stimulus, their 

developed contractile force did not add to the contractile force development as measured 

with the wire-myograph technique used in this study. 

In the third, chronic phase, we observed together with the further regeneration of func

tional endothelial cells (112 days after balloon denudation) a further decrease in neoin

tima in previously denuded vessels. This might be a consequence of the differentiation of 

intimai smooth muscle cells, or due to degradation of extracellular matrix through the 

release of special factors by the differentiating smooth muscle cells or regenerated en

dothelium. 
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Since both receptor-independent contractions to high potassium chloride concentration 

(100 mM) and endothelium-independent responses to methacholine were not influenced 

during these stages in the formation of neointima, it appears that balloon denudation 

does not necessarily lead to deterioration of these functions even after longer periods of 

observation. 

An unexpected finding of the functional studies is the effect of the balloon injury proce

dure on the contralateral vessel. We found that 14 days after vascular injury the contrac

tile responses to phenylephrine were significantly decreased not only in the injured 

carotid arteries, but in the contralateral control preparations as well, when compared to 

the response at 3 days postinjury. Only at 84 days of observation, the cti-receptor-

mediated response appeared to have recovered. We can only speculate on the possible 

mechanism underlying this phenomenon. It is unlikely that exposure of the contralateral 

vessel during the injury procedure could influence its functional behaviour, since the 

contractile responses immediately after injury as well as after 84 days of observation 

proved unchanged. Furthermore, no morphological changes in these preparations were 

observed. Also, we have performed control studies with the ai-adrenoceptor agonist 

phenylephrine, in which the left carotid artery was sham-operated whereas the right ca

rotid artery was not exposed at all, serving as a control. Sham-operation did not influence 

the functional characteristics of the left carotid preparations when compared to the con

trol preparations, nor did these change with time (see Table 5). Confounding errors in 

surgical procedures and functional studies have been eliminated by randomly operating 

and measuring the vessel preparations from different groups of observation. Therefore, it 

seems likely that the balloon denudation itself may induce the release of an as yet uni

dentified factor from the injured vessel. This factor might influence the functional char

acteristics of other (types of) vessels. Further investigations are required to elucidate the 

possible mechanism(s) that might explain these findings. 

In conclusion, the present investigation has shown that balloon denudation of the rat 

common carotid artery leads to severe impairment to both the ai-adrenergic contractile 

responses and the endothelium-dependent vasorelaxation to methacholine, although at 

different stages in the formation of a neointima. Both functions, however, become re

stored with the reappearance of regenerated endothelial cells. It was shown that the rat 

carotid artery is capable to induce regrowth of functionally active endothelial cells on the 

luminal surface of neointimal tissue. It is speculated that by modulating the differentia

tion state of the underlying smooth muscle cells, these regenerated endothelial cells are 

able to restore the ai-adrenergic contractile function of these cells. 

One unexpected finding that needs further elucidation is the possible negative influence 

of balloon denudation on the ai-adrenoceptor-mediated effects in other vascular tissues 

than the vessel treated. 
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