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CHAPTER 1 

General Introduction 

Arterial Injury And Subsequent Neointima Formation 



The present thesis is dealing with studies performed to analyse the morphological and 

pharmacological consequences of mechanical injury and subsequent neointima for

mation in the rat carotid artery. 

In order to understand the changes that may occur after inflicting mechanical injury, 

the morphology and normal and pathophysiology of the rat carotid artery will be dis

cussed. Subsequently, the processes that are known to occur in animal arteries after 

injury and subsequent neointima formation will be described. Finally, several phar

macological strategies attempted to prevent or reduce neointima formation will be re

viewed. 

The mammalian artery: morphology and (patho)physiology 

Anatomy of the artery (Figure J) 

The human arterial wall plays an important role in the regulation of blood flow and 

blood pressure. Furthermore, it is involved in inflammatory processes and in the ini

tiation or suppression of coagulation. 
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Figure 1. Schematic picture of the mammalian artery. The lumen is comprised by the inner
most layer, called the endothelium. This layer may be surrounded by the lamina elastica in
terna. However, this layer is absent in the rat carotid artery. The endothelium together with 
the elastic lamina is called the intima. The media of the artery is mainly constituted of vas
cular smooth muscle cells and surrounded by the lamina elastica externa. The outermost 
layer, covering the artery is called the adventitia. For details see text. 



The arterial wall is a multicellular structure, mainly consisting of vascular smooth 

muscle cells and extracellular matrix components. These cells form layers around the 

vascular endothelium. The different layers are separated by the lamina elastica in

terna, i.e. a layer of elastin dividing the innermost layer, the tunica intima (or intima) 

from the tunica media (or media). 

The intima is largely made up of intimai smooth muscle cells contained in a matrix of 

collagen, proteoglycans, and small amounts of elastin. On the luminal side, the intima 

is covered by endothelial cells. This intimai layer is absent in the small arteries, in 

which the endothelium and its basement membrane lie directly on the lamina elastica 

interna. 

The media consists of multiple layers of smooth muscle cells, interposed with layers 

of collagen and elastin. The lamina elastica externa divides the media from the outer

most layer of the vessel wall. This latter layer is called the tunica adventitia, or ad-

ventitia, which includes blood vessels (vasa vasorum), nerves, fibroblasts, and 

collagen fibers (for review see Schwartz et al. 1996). See Figure 1 for a schematic 

representation. 

The reader is referred to Chapters 2 and 3 for microscopic photographs of normal and 

injured rat common carotid arteries. 

Endothelium 

The endothelium, lining the inner surface of the artery, can be considered as the main 

local regulator of vascular wall homeostasis. In healthy vessels, the vascular endothe

lium forms a biological interface between circulating blood components and the vas

cular wall. It is strategically situated to monitor systemic as well as locally generated 

stimuli and to alter its functional state if necessary. It secretes various factors in re

sponse to mechanical and hormonal stimuli, which, in turn, influence smooth muscle 

cell contractility, vascular structure, blood viscosity, and various cell-to-cell interac

tions. These adaptive processes contribute to the normal homeostasis. However, 

nonadaptive changes in the endothelial structure and function, provoked by patho

physiological stimuli, can result in localized, acute and chronic, alterations in the in

teractions of endothelium with the cellular and macromolecular components of 

circulating blood and of the vascular wall. These alterations include enhanced perme

ability to (and subsequent oxidative modification of) plasma lipoproteins, hyperadhe-

siveness for blood leukocytes, and functional imbalances in local pro- and 

antithrombotic factors, growth factors, and vasoactive substances. These manifesta

tions, collectively termed endothelial dysfunction, play an important role in the initia

tion, progression, and clinical complications of occlusive vascular diseases (Gimbrone 

1987, Gimbrone 1989, DiCorleto and Gimbrone 1996, Thorin and Shreeve 1998). 



In 1980, the discovery by Furchgott and Zawadzki of a potent endothelium-derived 

relaxing factor (EDRF) pointed towards an important role of the vascular endothelium 

in the local regulation of vascular tone (Furchgott and Zawadzki 1980). Endothelium 

is also capable of synthetizing prostacyclin, a potent vasodilator, and other EDRF-like 

substances. On the other hand, vascular endothelial cells also may generate substances 

with vasoconstrictor activity: angiotensin II, platelet-derived growth factor (PDGF), 

which has also growth-stimulating activity, and endothelin-1 (Masaki 1990). 

Normally, blood vessels with normal endothelium are non-thrombogenic. This is par

tially due to the fact that the endothelial cell is capable of producing the arachidonate 

metabolite prostacyclin (i.e. the prostaglandin PGI2). Prostacyclin is a potent inhibitor 

of platelet aggregation. In addition, the endothelium also plays an important role in 

coagulation and fibrinolysis. Many of these functions appear to be antithrombotic in 

nature and include factors such as heparin, antithrombin, protein C, thrombomedullin 

and tissue plasminogen activator (Weksler et al. 1977, Rosenberg and Rosenberg 

1984, Esmon 1987). In contrast to these antithrombotic functions, the endothelium 

also appears capable to generate pro-thrombotic factors, such as adhesive cofactors 

for platelets (von Willebrand factor, fibronectin) and pro-coagulant factors (factor V). 

It may also express tissue factors, that trigger the fibrin-generating coagulating cas

cade or plasminogen activator inhibitor-1, PAI-1 (Bevilacqua et al. 1985). 

As a result of its position, the vascular endothelium is constantly exposed to a variety 

of biomechanical stimuli. Some of these biomechanical forces are passively trans

duced across the endothelial layer to other components, like the vascular smooth mus

cle cells and the extracellular matrix. Other stimuli may have direct effects on the 

endothelial cell, resulting in modification of the metabolic state or even in regulation 

of gene expression within the endothelial cell. Ultimately, these modifications may 

lead to changes in growth factors, vasoactive substances, and fibrinolytic components 

(Davies and Tripathi 1993). 

It can be imagined that dysfunction or complete removal of the endothelial barrier by 

arterial injury of the vessel wall may lead to severe alterations in the arterial homeo

stasis, as has been mentioned above. It has been demonstrated, however, that regen

eration of the endothelial cell layer is an important factor determining the deleterious 

effects on vascular morphology and function. Early studies have shown that de-

endothelialization of the rat aorta with a balloon catheter is followed by a reproducible 

series of events, culminating in marked intimai thickening due to smooth muscle cell 

migration and proliferation that is apparent within a few weeks. A strong correlation 

appeared to exist between the duration of denudation and the degree of neointima 

formation (Fishman et al. 1975). Haudenschild and Schwartz showed that injured re

gions covered by regenerated endothelium within 7 days after injury were completely 

spared from intimai thickening (Haudenschild and Schwartz 1979). Lindner et al. 



were able to show that rat carotid arteries that had been denuded mechanically were 

capable of complete endothelial regrowth (Lindner et al. 1989). These data suggest 

that the intensity of the vessel injury is also a critical determinant of the endothelial 

regeneration. Indeed, the endothelial regeneration after balloon catheter injury is lim

ited in duration and extent (Reidy et al. 1983). It still remains unclear how the conflu

ent endothelium reduces or prevents intimai thickening. It may be due to the secretion 

of growth inhibiting substances, like nitric oxide. It could also be imagined that a re

generated endothelium limits the exposure of the subendothelial tissue to growth fac

tors or coagulation factors, present in the circulating blood. 

In summary, the endothelium is a multifunctional organ that is essential to vascular 

physiology. It can be also a critical factor in the pathogenesis of various vascular dis

eases, like occlusive vascular diseases. Endothelial dysfunction or even complete re

moval leads to significant alterations in the vascular homeostasis that may lead to the 

formation of neointimal tissue (see beiow) (DiCorleto and Gimbrone 1996). 

Vascular smooth muscle cells 

The primary function of the differentiated vascular smooth muscle cells is contraction. 

In order to exert this function, the differentiated vascular smooth muscle cell is 

packed with contractile myofilaments and associated structures (Gerrity and Cliff 

1975, Owens 1995). These include smooth muscle a-actin, smooth muscle myosin 

heavy chains, smooth muscle myosin light chains, and smooth muscle oc-tropomyosin. 

In addition, these cells also express proteins that are part of the cytoskeleton and/or 

involved in the regulation of contraction, like desmin (Schwartz et al. 1986, Glukhova 

et al. 1988, Owens 1995). Smooth muscle a-actin is a useful marker of differentiated 

vascular smooth muscle cells. It is also useful for recognizing the early stages of 

smooth muscle cell differentiation, and is considered to be one of the last markers of 

differentiated smooth muscle cells to be lost when cells undergo phenotypic modula

tion (Owens 1996). 

Contractile vascular smooth muscle cells are differentiated cells, which means that 

they are quiescent and do not migrate. Although the principal action of mature vascu

lar smooth muscle cells is contraction, these cells are also capable of a multitude of 

other functions that vary at different developmental stages, during vascular repair, and 

in vascular diseases (Schwartz et al. 1986, Owens 1995). To exert these other func

tions vascular smooth muscle cells have the capacity to dedifferentiate to a "syn

thetic" state. Synthetic state vascular smooth muscle cells express lower levels of the 

smooth muscle-specific contractile proteins, and higher levels of non-muscle isoforms 

of myosin and actin. In addition, these cells are characterized by a smaller percentage 

of cytoplasm filled with myofibrils. They release extracellular matrix components. 



Synthetic state vascular smooth muscle cells are responsive to many growth factors 

and they are migratory. Another important difference between contractile and syn

thetic smooth muscle cells is the presence or absence of membrane receptors and ion 

channels on the surface of the respective smooth muscle cells (Duckies and Banner 

1984, Blank et al. 1995). For example, there is evidence for developmental regulation 

of a number of contractile agonist receptors in vascular smooth muscle, including the 

angiotensin II ATi- and AT2-receptor subtypes (Viswanathan et al. 1991, Grone et al. 

1992), muscarinic Mi-, M2-, and M3-receptors (Caulfield 1993), vasopressin Vi-re-

ceptors (Ostrowski et al. 1993), cti-adrenoceptors (Shaul et al. 1990), and ß-

adrenoceptors (Schell et al. 1992). Based upon these features, the synthetic state vas

cular smooth muscle cells generally resemble their less differentiated precursors that 

are found in fetal blood vessels. 

In summary, the differentiated state of the vascular smooth muscle cells may alter in 

response to arterial injury. These alterations, which include the dedifferentiation of 

medial contractile smooth muscle cells towards synthetic proliferative neointimal cells 

may play a key role in the initiation and progression of occlusive vascular diseases 

(see below). 

Adventitia 

Although it was initially believed that the adventitia is not directly involved in the 

formation of neointima after arterial injury, animal studies have recently shown the 

importance of this vascular layer in this process. Arterial injury may lead to a prolif

erative response in the adventitia that is maximal 3-7 days postinjury (Doornekamp et 

al. 1995, Scott et al. 1995). This adventitial response appeared to be mediated mainly 

by fibroblasts and myofibroblasts and was restricted to more severe medial injury, 

since selective endothelial denudation did not induce a similar response (Doornekamp 

et al. 1995). It was suggested by Doornekamp et al. that this response might be of im

portance for vascular remodelling after injury, since the adventitia contains the largest 

amount of collagen, being a major candidate for arterial wall retraction upon injury. 

Arterial injury (Figure 2) 

Vascular proliferative diseases such as primary atherosclerosis, postangioplasty reste

nosis, venous graft disease, and transplant vasculopathy, have as a common feature 

the presence of an extensive neointima. Ueda and co-workers clearly showed the for

mation of new fibrocellular tissue after percutaneous transluminal coronary angio

plasty (PTCA) (Ueda et al. 1991). Nobuyoshi and colleagues showed that in 20 

lesions examined 10 days and 6 months after percutaneous transluminal coronary 
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Figure 2. Schematic picture of arterial injury and subsequent neointima formation. IEL = 
internal elastica lamina, IGF = insulin-like growth factor, EGF = epidermal growth factor, 
MDGF = macrophage-derived growth factor, PDGF = platelet-derived growth factor. For 
details see text. (From Liu et al. 1989) 

angioplasty (PTCA) neointima could be identified in 6 and 18 lesions, respectively 

(Nobuyoshi et al. 1991). Garratt's group analysed tissue obtained from restenotic le

sions by directional atherectomy (Garratt et al. 1985). They found new fibroprolifera-

tive smooth muscle cell-rich tissue. It is now clear that neointima formation is one of 

the important factors that contribute to vessel narrowing after angioplasty, in bypass 

venous grafts, during transplant vasculopathy, and in atherosclerotic plaque formation 

and progression. 

Various animal models have been shown to develop significant neointima formation 

after mechanical injury of an artery. In rat carotid artery, that has little or no intima or 

penetration of the media by vasa vasorum, arterial injury by balloon denudation leads 

to wound healing with as a main characteristic the formation of a neointima. It is, 

therefore, a very suitable model to investigate the molecular and pharmacological 

mechanisms involved in the formation of a neointima (Clowes et al. 1983a, Clowes et 

al. 1983b). 

It should be realized that the formation of neointima in the animal is a general re

sponse of the vessel to a wide range of stimuli, including radiation, application of tur

pentine to the adventitia, electrical stimulation, as well as the mechanical injuries, that 



may be inflicted by suture placement, probe scratching, or dilation of the artery with a 

balloon catheter (Baumgartner 1963, French 1966, Bjorkerud and Bondjers 1973, 

Schwartz et al. 1975, Friedman et al. 1977, Betz and Schlote 1979, Clowes et al. 

1983a, Clowes et al. 1983b, Clowes et al. 1989). Mechanical injury by means of a 

balloon catheter is used most frequently. 

Neointima formation 

The vascular response to the mechanical injury is characterized by three stages or so-

called "waves": (1) the early phase or first wave consists of cell death due to injury 

and subsequent replication of the smooth muscle cells in the media of the vessel wall, 

(2) in the middle phase/second wave cells migrate from the media into the intima, and 

a neointima is formed, (3) in the last phase or third wave neointimal smooth muscle 

cells proliferate in the intima and produce extracellular matrix products. Taken to

gether, these three waves of response are called neointima formation (Schwartz and 

Reidy 1996, Schwartz 1996). 

Early phase - 1st wave 

Due to the injury of the arterial wall the endothelial layer is removed. Certain reports 

indicate that the mechanical injury also leads to the loss of medial smooth muscle 

cells (15-25%) due to stretching (Clowes et al. 1983a, Clowes et al. 1989). This phase 

is generally characterized by proliferation of medial smooth muscle cells that peaks 

within a few days, but subsides within the next 10 days postinjury following repopu

lation of the media to the preinjury level (Schwartz and Reidy 1996). The proliferative 

response is caused by the dedifferentiation of medial smooth muscle cells towards the 

synthetic state (Clowes et al. 1983a). 

As a consequence of the removal of an antithrombotic barrier, platelets present in the 

circulating blood adhere to the arterial wall (Clowes et al. 1983a). Thrombin is then 

generated by the platelets. As a consequence, the coagulation cascade is initiated 

leading to the formation of a mural thrombus. However, it appeared that the amount 

of intramural and intraluminal thrombi formed is injury-dependent. Thrombin has a 

mitotic effect on vascular smooth muscle cells. In addition, it stimulates growth factor 

release from these cells. It is believed that the basic fibroblast growth factor (bFGF) 

plays a central role in this phase. BFGF is mitogenic in vivo and it is present in the 

normal vessel wall. It has been shown that an antibody against FGF (Lindner and 

Reidy 1993) could block the initial replicative response. Although the presence of 

bFGF is sufficient to cause the first "wave" of DNA synthesis, it has also been dem

onstrated that angiotensin, a potent vasoconstrictor, is also an endogenous mitogen for 

intact medial smooth muscle cells. Antagonists to the angiotensin ATi-receptor could 



block this phase in the formation of the neointima. In addition, the injured wall also 

overexpresses angiotensin-converting enzyme. 

It has also been suggested that the replication of vascular smooth muscle cells after 

injury depends on the lysis of vessel wall heparan sulfates by platelet-derived hepara-

nase, because exogenous heparin is a potent inhibitor of the initial wave of replication. 

In addition, endothelial cells are a major source of nitric oxide, a potential smooth 

muscle growth inhibitor. 

Middle phase - 2nd wave 

This phase is characterized by the migration of vascular smooth muscle cells from the 

media into the neointima. Vascular smooth muscle cells may be observed already at 4 

days postinjury. It is believed that mural thrombosis is an important factor for the de

velopment of the second wave. Animals made thrombocytopenic by pretreatment with 

antiplatelet antiserum exhibit normal initial proliferation of smooth muscle cells in the 

media, but if the thrombocytopenia is maintained, there is a decrease in the ultimate 

extent of intimai thickening (Fingerle et al. 1989). Platelet-derived growth factor, be

ing chemotactic for vascular smooth muscle cells, also plays a critical role in the 

"second wave" of neointima formation. Antibodies to PDGF markedly suppressed the 

migration of smooth muscle cells into the neointima (Ferns et al. 1991, Jackson et al. 

1993). Infusion of PDGF increases neointima formation, apparently by inducing mi

gration of cells from the media. 

As a result of these second wave processes, the lumen becomes narrowed. 

Late phase - 3rd wave 

The processes occurring during this phase include the sustained proliferation of neo-

intimal smooth muscle cells, leading to the rapid growth of the lesion during the first 

4 weeks after injury, and the generation of a proteoglycan matrix which comprises the 

bulk of mature neointimal tissue. In addition, vascular remodelling may be observed. 

A relatively high percentage of intimai smooth muscle cell nuclei continue to replicate 

for weeks, particularly at the luminal surface, as revealed by pulse labelling with triti-

ated thymidine (Clowes et al. 1986). It has been shown that infusion of transforming 

growth factor ß (TGF-ß), angiotensin II, or PDGF into the balloon-injured animal 

during this phase (re)stimulates neointimal proliferation (Daemen et al. 1991, Lindner 

et al. 1991, Majesky et al. 1991). The chronic enhanced proliferation of the neointima 

may reflect the endogenous synthesis of mitogens, a concept supported by in vitro ob

servations that neointima smooth muscle cells from adult rats share unique properties 

with medial smooth muscle cells from vessels in the newborn rat. In vivo, the neoin

tima also overexpresses a number of molecules that could contribute to prolonged 



growth, including PDGF, the PDGF-receptors, TGF-ß, and angiotensin-converting 
enzyme. 

See Figure 2 for a schematic representation. 

Vascular remodelling 

In addition to the formation of neointima, several studies suggest that the luminal nar

rowing after injury of the artery is also attributable to elastic recoil on the short-term 

postinjury and vascular remodelling that may occur on the longer term after injury. 

Inappropriate remodelling, leading to luminal narrowing, may result from pathologi

cal changes in vasoregulators (deficiency in the production of a major vasodilator, ni

tric oxide and prostacyclin, and overexpression of a major vasoconstrictor endothelin 

and PDGF) produced after injury or from scarring produced after wound healing pro

cesses (Glagov et al. 1987, Post et al. 1994, Post et al. 1995). 

Apoptosis 

Programmed cell death (apoptosis) plays a general role in vascular remodelling (Isner 

et al. 1995). The occurrence of apoptosis in the formation of neointima has been ex

amined in detail using the rat carotid injury model. Special immunohistochemical 

techniques have been used to identify the existence of cells that are subject to the pro

cess of apoptosis: TUNEL (terminal deoxytransferase dUTP nick-end-labelling), a 

method that detects the DNA ends produced in apoptosis, and propidium iodide 

staining, which detects condensed apoptotic nuclei. It has been demonstrated that in 

the vascular media of the rat carotid artery the basal level of apoptosis is approxi

mately 3%, whereas at 1 week postinjury up to 40% of the cells in the proliferating 

neointima were undergoing apoptosis. This percentage of apoptotic cells declined 

overtime to approximately 10% at 4 weeks postinjury. Interestingly, staining for pro

liferating cell nuclear antigen (PCNA), a marker for cell proliferation, showed that 

maximal apoptosis occurred during maximal proliferation, which occurs early in the 

injury response. However, it was in the late stages of the injury response that apop

totic cells significantly outnumbered the proliferating cells (Johnson et al. 1996). 

Several substances may induce apoptosis, such as nitric oxide (NO), heparin, tumour 

necrosis factor-a (TNF-a), and TGF-ß. 

Pharmacological treatment 

Vasoactive agents 

These compounds are studied in the present investigation because of their pivotal role 

in the control of vascular smooth muscle tone. Also, they have profound actions on 

10 



the growth characteristics of the vasculature and play a significant role in the chronic 

remodelling processes that occur subsequent to coronary angioplasty. The reader is 

referred to excellent reviews by Herrmann et al. (1993) and Douglas and Feuerstein 

(1997). 

Angiotensin II 

Angiotensin II is known to be implicated in the formation of neointima after arterial 

injury in animals. ATi-receptor activation by angiotensin II results in vascular smooth 

muscle cell hyperplasia, via direct activation of the MAPkinase cascade and indirectly 

through the release of growth factors such as PDGF, bFGF, and endothelin (Dzau 

1993, Huckle and Earp 1994, Sung et al. 1994). Angiotensin-Converting enzyme in

hibitors have proven to be effective in the inhibition of vascular smooth muscle cell 

proliferation and migration in several animal models. In addition, ATi-receptor-

selective antagonists, in contrast to AT2-receptor-selective antagonists, were effica

cious in the rat and rabbit (Powell et al. 1989, Daemen et al. 1991, Janiak et al. 1994). 

However, clinical trials with angiotensin-converting enzym inhibitors have failed to 

demonstrate the prevention of restenosis in patients subjected to PTCA. 

Calcium antagonists 

Calcium is not only involved in the development of contractile force in the vascular 

smooth muscle, it also plays a role in the transition from the contractile, quiescent 

smooth muscle cell to the synthetic, proliferative cell phenotype (Jackson et al. 1988, 

Munroe et al. 1994a). Indeed, calcium channel blockers like mibefradil (Ro 40-5967) 

and clentiazem (a derivative of diltiazem, TA-3090) showed significant inhibition of 

neointima formation in the rat and rabbit after balloon injury (Saso et al. 1993, 

Schmitt et al. 1995). However, in human studies, diltiazem, nifedipine and verapamil 

have failed to demonstrate clinical efficacy (Hillegas et al. 1994). 

Catecholamines 

The endogenous catecholamines, adrenaline and noradrenaline, are involved not only 

in the control of vascular tone, but also in the regulation of vascular structure and mi-

togenesis of vascular smooth muscle cells. These responses are mediated through the 

ai- and ß-adrenoceptors (Blaes and Boissel 1983, Kuriyama et al. 1988, Nakaki et al. 

1990). Blockade of these receptor subtypes attenuates the formation of the neointima 

in animal models (Fingerle et al. 1991). Carvedilol, a ß-adrenoceptor antagonist with 

weak cci-adrenoceptor-antagonistic activity, appeared a potent inhibitor of human 

smooth muscle cell proliferation and to inhibit the neointima formation by more than 

80% in the rat carotid artery after balloon injury. However, this effect may not only be 

11 



related to its interaction with the adrenoceptors, but also to its inhibitory effects on 

growth factor-induced mitogenesis and on the generation of free radicals, as a result 

of anti-oxidant activity. Its effects in humans subjected to PTCA remains to be evalu

ated (Ohlstein et al. 1993, Patel et al. 1995). 

Cyclic nucleotide regulators (cAMP and cGMP) 

Intracellular levels of cAMP and cGMP control the growth characteristics of cultured 

vascular smooth muscle cells (Bennett et al. 1994). Factors that activate these intra

cellular signalling pathways, like adenosine and its analogues, phosphodiesterase 

(PDE) inhibitors, dipyridamole and nitric oxide (NO), attenuate the mitogenesis of 

vascular smooth muscle cells (Harker et al. 1976, Soyombo et al. 1995). Several com

pounds related to these factors have shown to be efficacious in inhibiting neointima 

formation in various animal models, but proved inactive in human studies (Schwartz 

etal. 1988). 

Endothelin-1 

Endothelin-1 is the most potent vasoconstrictor known. Its effects are mediated 

through activation of two receptor subtypes, ETA and ETB, respectively. Endothelin-1 

is also a potent vascular smooth muscle cell mitogen (Ohlstein and Douglas 1993). In 

animal models, it has been shown that endothelin-1 plasma levels, the mRNA levels 

for endothelin-converting enzyme (ECE) and the ET-receptors are increased after 

balloon injury and subsequent neointima formation (Lerman et al. 1991, Malatino et 

al. 1993, Wang 1995). Blockade of the ET-receptor with either ETA- or ETB-receptor 

antagonists was effective in inhibiting the formation of neointima in the rat and rabbit 

models (Douglas et al. 1994, Tsujino et al. 1995). So far, no clinical trials have been 

reported concerning an antiproliferative action of ET-receptor antagonists (Douglas 

and Feuerstein 1997). 

5-Hydroxytryptamine 

Following vascular injury with subsequent platelet aggregation, 5-hydroxytryptamine, 

that is stored in the platelets, is released. 5-Hydroxytryptamine stimulates further ag-

gregation/degranulation of platelets, thereby promoting the release of additional vaso

constrictors and mitogens/chemokines. It also elicits mitogenesis in vascular smooth 

muscle cells through the activation of the 5-HT2-receptor. Furthermore, 5-

hydroxytryptamine is chemotactic for smooth muscle cells (Bell and Madri 1989, 

Katz et al. 1994). In experimental animal models of neointima, 5-HT2-receptor an

tagonists and 5-HT-uptake inhibitors (ketanserin, methiothepine, fluoxetine) were ef

fective in inhibiting neointima formation (Bodin and Travo 1990, Sigal et al. 1993). 

However, a randomized, double-blind, placebo-controlled trial (PARK) has demon-

12 



strated that ketanserin did not counteract restenosis in patients subjected to PTCA 
(Serruys et al. 1993). 

Eicosanoids 

Arachidonic acid can be metabolized in platelets, endothelial cells, and smooth mus

cle cells to yield several different vasoactive eicosanoids as a consequence of the ac

tion of two enzymes: cyclo-oxygenase, producing prostaglandins or thromboxane A2, 

and lipoxygenase, generating leukotrienes, respectively. These factors have diverse 

effects on vascular tone, platelet aggregation, cellular proliferation and migration. As 

such, they may be beneficial in the inhibition of neointima formation after vascular 

injury (Fletcher 1993). Cyclo-oxygenase products may induce both antiproliferative 

(PGI2 or prostacyclin) and mitogenic (TxA2) responses. Inhibition of the enzyme 

(with aspirin, ibuprofen, or indomethacin) has generally failed to alter neointima for

mation in rat, rabbit and dog models, although it has been reported that chronic ad

ministration of the irreversible cyclo-oxygenase inhibitor, aspirin, reduces the growth 

of medial and neointimal thickenings in the rat carotid artery model (Völker and Faber 

1990). Selective TP-receptor antagonists/synthase inhibitors (vapiprost, dazoxiben, 

CV-4151, ridogrel) also failed to attenuate both experimental and clinical neointima 

formation (Hattori et al. 1991, Serruys et al. 1991). In contrast, inhibition of 5-

lipoxygenase with caffeic acid could inhibit human umbilical smooth muscle prolif

eration (Vane and Botting 1995). 

Cytokine modulators and anti-inflammatory agents 

It has been shown that corticosteroids inhibit smooth muscle cell proliferation, T-

lymphocyte migration and proliferation, and matrix production (Longenecker et al. 

1984, Chervu et al. 1989, Voisard et al. 1994). Prednisolone and dexamethasone could 

attenuate the formation of neointima in animals (Muller et al. 1994, Villa et al. 1994). 

Glucocorticoids display anti-inflammatory effects through the indirect inhibition of 

phospholipase A2. As a consequence, platelet activating factor (PAF) and eicosanoids 

production are reduced. Furthermore, they are also potent inhibitors of cytokine ex

pression (Wilckens 1995). Cytokines are important mediators of inflammatory re

sponses and are believed to be involved in the tissue injury response after mechanical 

trauma (Libby et al. 1992, Douglas and Feuerstein 1997). However, acute administra

tion of methylprednisolone to humans does not reduce the frequency of restenosis 

following PTCA (Stone et al. 1989). Cyclosporin A, an immunosuppressive agent, has 

been reported to inhibit cultured smooth muscle cell proliferation and to prevent neo

intima formation in the rat, but not in the rabbit carotid artery model (Jonasson et al. 

1989, Ferns et al. 1990, McKenny et al. 1991). 
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A nticoagulants 

Heparinoids 

Heparin minimizes platelet aggregation and the formation of intramural thrombi, im

portant initial processes in the formation of neointima after injury. Although the 

mechanism is poorly understood, both the anticoagulant and nonanticoagulant frac

tions of heparin and its mimetics decrease smooth muscle cell proliferation and mi

gration in vitro, and the administration of these compounds showed vasculoprotective 

effects in several animal models of neointima (Clowes and Karnowski 1977, Currier 

et al. 1991, Oberhoffet al. 1991). However, clinical efficacy could yet not be shown, 

so far (Faxon et al. 1991, Tyrrell et al. 1995). 

Antiplatelet agents 

Integrins are a family of cell surface receptors that mediate extracellular matrix and 

cell-cell adhesion. GP Ilb/IIIa is a surface integrin complex normally restricted in its 

expression primarily on platelets. However, upon activation, this complex functions as 

a receptor for fibrinogen and other factors, and constitutes the final common pathway 

by which platelet aggregation is accomplished. Consequently, this integrin consitutes 

a major target for the development of antithrombotic agents and may be useful as an 

adjunct in the prevention of restenosis (Bates et al. 1991, Lefkovits et al. 1995). In

deed, clinical trials with GP Ilb/IIIa-receptor antagonists showed beneficial effects, in 

particular in PTCA-treated patients (Topol et al. 1994). 

Since thrombin plays an important role in the initial processes of neointima formation, 

thrombin inhibition has been one of the targets in the prevention of neointima forma

tion. Thrombin inhibitors like hirudin, hirugen and hirulog and thrombin activator in

hibitors such as PPACK (D-Phe-L-propyl-L-Arg-chloromethylketone) and argatroban 

could attenuate neointima formation in animal models, but their clinical usefulness 

remains to be determined (Sarembock et al. 1991, Walters et al. 1994). 

The antiplatelet agent ticlopidine inhibits platelet aggregation and degranulation and 

has been shown to reduce neointima formation in the rabbit (Reece and Walton 1979). 

So far, it has not been shown to counteract restenosis under clinical conditions (Ber

trand et al. 1990). 

Growth factors and cytostatic agents 

Platelet derived growth factor (PDGF) 

PDGF's principal role in vivo is that of a chemokine, which implies that it facilitates 

the migration of vascular smooth muscle cells to the site of the injury (Ferns et al. 

1991, Jawien et al. 1992). Trapidil, having specific affinity for the PDGF-receptor, 

and SCH 13929 have been shown to inhibit neointima formation in the rat and the 

rabbit (Liu et al. 1990, Mullins et al. 1994). Also, the STARC trial and other trials 
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with trapidil have shown that trapidil reduces the incidence of restenosis under clini
cal conditions (Okamoto et al. 1992, Maresta et al. 1994). 

Transforming growth factor-ß (TGF-ß) 

The TGF-ß family of polypeptides consists of cytokines with a broad spectrum of ac

tions: mitogenesis, promotion of migration, enhancement of extracellular ma-

trix/integrin expression (Majeski et al. 1991, Nabel et al. 1995). However, since TGF-

ß synthesis inhibitors or receptor antagonists are not yet available, experimental and 

clinical studies cannot be performed so far. 

Fibroblast growth factor (FGF) 

This family of polypeptides includes structurally related heparin-binding polypep

tides, including acidic FGF-1 (aFGF) and basic FGF-2 (bFGF) (Friesel and Maciag 

1995). These growth factors are involved in the proliferating processes of endothelial 

cells, smooth muscle cells and fibroblasts and in the differentiating and migrating pro

cesses and, therefore, play an important role in neointima formation (Reidy and Jack

son 1990, Ferns et al. 1991, Jawien et al. 1992, Lindner et al. 1993). 

Antineoplastic agents 

Numerous antineoplastic agents have been studied to assess their ability to attenuate 

human vascular smooth muscle cell proliferation in vitro (Voisard et al. 1993). Al

though chronic high dose colchicine administration attenuates neointima formation in 

rabbits (by blocking microtubule formation), it could not reduce the incidence of 

clinical restenosis following PTCA (Currier et al. 1989, O'Keefe et al. 1992). Taxol, 

also a microtubule formation inhibitor, has been shown to inhibit neointima formation 

in the rat (Sollott et al. 1995), whereas other antineoplastic drugs, like methotrexate, 

azathioprine, and doxorubicine, were inactive in animal angioplasty models (Murphy 

et al. 1990, Voisard et al. 1993). 

HMG CoA reductase inhibitors 

Statins, like lovastatin, pravastatin, simvastatin, and fluvastatin, are widely prescribed 

as hypocholesterolaemic drugs. Their main action is the inhibition of the enzyme 

HMG CoA reductase, being involved in the biosynthesis of cholesterol. However, 

these statins may also induce cell cycle arrest, whereby serum-induced smooth muscle 

cell proliferation is attenuated (Gellman et al. 1991, Munroe et al. 1994b, Rogier et al. 

1995). Indeed, in rats and rabbits, administration of HMG CoA reductase inhibitors 

has been shown to block neointima formation (Wolda and Glomset 1988, Sahni et al. 

1991). However, chronic high-dose lovastatin administration does not attenuate the 

15 



incidence of restenosis under clinical conditions (Sahni et al. 1991, Weintraub et al. 
1994). 

Fish oil and co-3-fatty acids 

Fish oil appeared to be vasculoprotective in rabbit and nonhuman primate restenosis 

models. This effect is probably due to the alteration of the relative production of vaso

constrictor and vasodilator eicosanoids within the vasculature (Harker et al. 1993). 

However, whether these compounds have beneficial effects in the prevention of reste

nosis in the clinical setting remains still to be determined (Leaf et al. 1994). 

Anti-oxidants 

Anti-oxidants, like probucol, vitamin C (ascorbic acid), or vitamin E (a-tocopherol), 

may have vasculoprotective actions and prevent restenosis following PTCA in ani

mals and humans (Schneider et al. 1993, Setsuda et al. 1993, Lafont et al. 1995, 

Nunes et al. 1995). However, a double-blind, placebo-controlled trial failed to show a 

significant effect of a-tocopherol (Demaio et al. 1992). The possible beneficial effect 

seems to be related to the ability of anti-oxidants to scavenge free radicals. These 

oxygen-derived free radicals may cause increases in circulating and tissue levels of 

oxidized low density lipoprotein (Ox-LDL), a recognized risk factor for atherosclero

sis and restenosis. Accumulation of Ox-LDL by macrophages/foam cells and smooth 

muscle cells stimulates the production of numerous cytokines and growth factors. 

Future directions 

Newer therapeutic strategies are being developed to prevent intimai formation after 

arterial injuries. Examples of these therapies include the development of antibodies to 

growth factors, gene transfer therapy, and antisense oligonucleotides (Herrmann et al. 
1993). 

In summary, virtually no agent or factor has been proven to reduce restenosis in pa

tients, possibly with the exception of the glycoprotein Ilb/IIIa inhibitors. The existing 

treatment for prevention of restenosis after PTCA or endoprosthetic stenting consists 

of anticoagulant and antiplatelet therapy, involving the use of heparin and aspirin, 

ticlopidine, and abciximab (ReoPro®), a GP Ilb/IIIa inhibitor (Douglas and Feuerstein 

1997). 

Obviously, pharmacological therapy has largely fallen short of its potential to inhibit 

neointima formation in humans and thereby preventing restenosis. Despite substantial 

evidence from in vitro and animal models that numerous pharmacological agents are 

efficacious in reducing neointima formation, in clinical trials these agents have failed 
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to counteract the restenotic process and have been abandoned. Several reasons can be 

imagined to explain the failure of animal models to predict the efficacy of such agents 

in the clinic. 

Firstly, the standard animal models that are developed to study the processes of neo-

intima formation use healthy animals. The method of inducing arterial injury is per

formed in normal, healthy vessels. This approach is in marked contrast to the clinical 

situation where PTCA (or stent placement) is performed in diseased vessels that con

tain advanced atherosclerotic plaques. 

Secondly, in many experimental studies, the drug doses and treatment regimens used 

bear little relation to those utilized in the clinic. For example, both the low molecular 

weight heparin enoxaparin (5 mg/kg/day) and the angiotensin-converting enzyme in

hibitor Cilazapril (5-10 mg/kg/day) attenuated neointimal proliferation in animal sys

tems (see above). However, they failed to reduce restenosis in humans, possibly 

because the doses used (40 mg/day and 2-20 mg/day, respectively) were several or

ders of magnitude smaller (MERCATOR Study Group 1992). 

Thirdly, in almost all animal studies, emphasis has been placed on monitoring the 

neointima, the de novo inward growth that eventually replaces much of the vessel lu

men. It has been recently demonstrated that, in addition to neointima formation, ves

sels undergo a process of vascular remodelling, a process which engages all vessel 

layers and eventually affects vessel diameters in a way that impacts lumen diameter, 

regardless of neointima formation (see above). Thus, agents may interfere with the 

process of remodelling of human vessels in a way not predicted in animal experiments 

primarily as a result of deficient understanding of the mechanisms of remodelling. 
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Aim of the present investigation 

The principal aim of the present investigation is the description and subsequent eluci

dation of the pharmacological alterations in the oti- and ß-adrenoceptor sytems that 

may occur during the formation of neointima in the rat carotid artery after mechanical 

injury. 

For this purpose, rat carotid arteries were injured with a balloon catheter, thus leading 

to significant neointima formation. This method of arterial injury is reproducible, 

relatively cheap and easy to perform. In addition, this method allows studying the 

morphological and pharmacological changes in arterial preparations that are almost 

solely related to neointima formation. 

Pharmacological alterations were studied in isolated vessels by means of the isometric 

wire-myograph technique. Since this set-up was originally developed for arterial seg

ments with a diameter of less than 400 urn, adaptations have been made with respect 

to the mounting of the carotid artery preparations (with a diameter larger than 1000 

u,m) and with respect to the measurements of the vascular responses. To be able to 

compare the pharmacological responses of injured carotid artery segments with sham-

operated carotid arteries, additional pharmacological studies have been performed in 

normal healthy carotid arteries. 

Morphological and certain pharmacological characteristics of injured rat carotid ar

teries and the sham-operated carotid arteries at several time points postinjury have 

been established. 

The cti-adrenoceptor-mediated response in injured rat carotid arteries was initially 

significantly impaired, but could recover after longer periods of observation postin

jury. For this reason, radioligand-binding studies were performed to determine the oti-

adrenoceptor density and to characterize the ai-adrenoceptor subtypes present in the 

injured rat carotid artery at different time points postinjury. 

The ai-adrenoceptor density in the injured artery preparations indeed appeared sig

nificantly reduced after balloon injury. However, although the pharmacological re

sponses to phenylephrine recovered on the long term, the receptor density remained 

reduced. Therefore, additional experiments were performed to investigate possible 

alterations in the signal-transduction pathway of the ai-adrenoceptor in injured ca

rotid artery preparations. 

In addition, the ß-adrenergic functions were investigated. The ß-adrenoceptor sub

types were characterized, as well as the possible second messengers through which 

these vasodilator responses were mediated. 

In injured rat carotid arteries without endothelium, the isoprenaline-induced vasore

laxation proved significantly enhanced. To investigate the possible inverse relation-

18 



ship between the ß-adrenoceptor system and the nitric oxide (NO) system in rat ca

rotid arteries without endothelial NO synthesis, additional experiments were per

formed to measure the ß-adrenergic response in carotid arteries of rats that had been 

chronically treated with the nitric oxide synthase inhibitor L-NAME. 

In the final chapter, these findings have been summarized and conclusions have been 

drawn with respect to the alterations in the cti- and ß-adrenoceptor systems that take 

place in rat carotid artery during neointima formation. 
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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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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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Neointima formation is believed to be one of the important components involved in 

the reocclusion after vascular interventional techniques, such as venous bypass graft

ing, endarterectomy and angioplasty (Davies and Hagen 1994, Pauletto et al. 1994, 

Fuster et al. 1995). Balloon injury of the rat carotid artery leads to significant neoin

tima formation, involving predominantly smooth muscle cells and extracellular matrix 

components. Morphometrically, the cross-sectional area of the neointima increases 

from 2 weeks onwards until 8 weeks postintervention. At twelve weeks, re-

endothelialization of the injured preparations could be observed, that was even more 

pronounced four weeks later (Heijenbrok et al. 1998). 

Denudation and subsequent neointima formation not only cause morphological 

changes, but also lead to significant alterations in the pharmacological properties of 

the vessel (Cooke et al. 1991, Candipan et al. 1994, Heijenbrok et al. 1998). For ex

ample, as a result of endothelial denudation the endothelium-dependent vasodilator 

function is abolished. However, with reappearance of anti-von Willebrand factor 

(vWf)-positive and functionally active endothelium vasodilator activity recovers 

(Heijenbrok et al. 1998). 

It was also found that balloon injury of the rat carotid artery has a significant deterio

rating influence on the ai-adrenoceptor-mediated contractile function (Cooke et al. 

1991, Candipan et al. 1994, Heijenbrok et al. 1998). Interestingly, this function ap

peared to recover eventually, apparently simultaneously with the observed re-

endothelialization. As receptor-independent contractile responses to high concentra

tion of potassium chloride (100 mM) were not altered in balloon-injured carotid ar

teries (Heijenbrok et al. 1998), the reduction in ai-adrenergic function may be related 

to changes at the level of the ai-adrenoceptor. In addition, Bruijns et al. recently 

showed that the total ai-adrenoceptor number was significantly reduced in balloon-

injured rat carotid arteries (Bruijns et al. 1998). 

In the present study we performed radioligand-binding studies with the labelled oci-

adrenoceptor antagonist [ Hj-prazosin in balloon-denuded rat carotid artery prepara

tions after different periods of time and compared these findings with those obtained 

in the contralateral arteries that had been sham-operated. In addition, the oti-

adrenoceptor subtypes were characterized. To relate these data to the functional prop

erties of the arterial preparations, isometric responses to receptor-independent stimu

lation with high potassium concentration (100 mM), the ai-adrenoceptor agonist 

phenylephrine (3 uM), and the endothelium-dependent vasodilator methacholine (10 

uM) were evaluated. 
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Material and Methods 

Surgical procedures 

Male 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 libitum. Each 

group of six rats was housed in one cage. All animals were maintained under 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 was performed as described by 

Clowes et al. (Clowes et al. 1989b) with some slight modifications (Heijenbrok et al. 

1998). Rats were anaesthetized by intraperitoneal administration of a mixture of ke-

tamine, xylazine and atropine (8 mg, 4 mg and 5 ug per 100 g body weight, respec

tively). Both left and right common and external carotid arteries were exposed via a 

midline incision in the neck. The lumen of the left common carotid artery was rubbed 

gently with an arterial embolectomy balloon catheter (2F Fogarty; Baxter, Maarssen, 

The Netherlands) that was inflated with 20 ul of sterile distilled water. This procedure 

was repeated thrice in order to obtain complete denudation. The contralateral right 

common carotid artery was not subjected to any further treatment (sham-operated), 

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, 2, 8 and 16 weeks re

spectively, rats were anaesthetized with ketamine and xylazine. 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 Tyrode's solution (TS) at 

4°C and oxygenated with carbogen (95% 02, 5% C02). The composition of TS was as 

follows (mM): NaCl (136), KCl (2.5), MgCl2 (0.5), CaCl2 (1.8), NaH2P04 (0.42), 

NaHCÛ3 (119), 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 possibly present endothe

lium. Ring segments of 2 mm were cut from each artery starting 5 mm proximally 

(viewed from the position of the heart) from the carotid bifurcation. Two platinum 

wires (d = 200 urn) were introduced into the lumen of a 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 prepara

tions were equilibrated for 60 min in TS at 37°C and oxygenated with carbogen (95% 
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O2, 5% CO2), at a pH of 7.4. The medium was replaced every 20 min. Subsequently, 

the relationship between passive wall tension and internal circumference was deter

mined by an established normalisation procedure (Mulvany and Halpern 1976, Mul-

vany and Halpern 1977). Accordingly, the internal circumference was adjusted to a 

value expected at a transmural pressure of 100 mmHg (13.3 kPa) in order to approach 

the physiological circumstances. This value was then divided by n to obtain the nor

malized internal lumen diameter (L100). 

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

with washing after each period of 20 min, before they were depolarized by a Tyrode's 

solution containing 100 mM KCl (K+-TS) which had been exchanged on an equimolar 

basis against NaCl from the normal TS. After the K+-induced contraction had fully 

developed, the preparations were washed frequently with normal TS and equilibrated 

for 30 min. This procedure was repeated once. Subsequently, the vessels were pre

contracted with the oci-adrenoceptor agonist phenylephrine (PhE, 3 uM). After 

reaching a steady level, one dose of the endothelium-dependent vasodilator metha-

choline (MCh, 10 uM) was added to assess the presence or absence of functional en

dothelium. 

[3H]-Prazosin ligand-binding assay 

As the amount of tissue available was too small to perform full saturation-binding 

analysis, we adopted the method that was described in detail by Stassen et al., using 

one concentration of [3H]-prazosin (i.e. 300 pM). This concentration is sufficient to es

timate the density of ai-adrenoceptor subtypes with a high affinity for prazosin (Stassen 

etal. 1997a). 

After 0, 2, 8 and 16 weeks, respectively, rats were anaesthetized with ketamine and 

xylazine. Both the left injured and right sham-operated common carotid arteries were 

carefully excised and prepared as described earlier (see "Pharmacological studies"). 

Each artery was cut into four segments of 5 mm; each segment was subsequently cut 

longitudinally into two equal parts. Each individual segment was then incubated for 

60 min at 37°C in 250 ul of 50 mM Tris-HCl, 5 mM MgCl2 at pH of 7.4 (incubation 

buffer), containing 300 pM [3H]-prazosin (i.e. total binding). Non-specific binding 

was determined in parallel incubations in the continuous presence of phentolamine 

(25 uM). After incubation, the arterial segments were gently blotted and rinsed during 

vortexing for 30 s with 1 ml incubation buffer at 37°C. Subsequently, the arteries 

were filtered over Whatman filters (GF/C) and rinsed 5 times with incubation buffer 

at 4°C under vacuum. The segments were then solubilized in 200 ul of 1 N NaOH. To 

100 u.1 of this solution, 5 ml scintillation fluid was added and radioactivity was deter

mined in a liquid scintillation counter. To the remaining 100 ul, 900 ul H20 was 
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added and protein and the DNA content were determined as described by Bradford 

(Bradford 1976) and Labarca and Paigen (Labarca and Paigen 1980), using bovine 

serum albumin and calf thymus DNA as internal standards, respectively. Specific 

binding was calculated by subtracting non-specific binding from total binding. 

In separate animals, the ai-adrenoceptor subtypes in both balloon-injured and sham-

operated arteries were characterized at 3 days, and 2, 10 and 20 weeks postinjury, re

spectively. The ligands (+)-niguldipine, which is an aiA-adrenoceptor-selective li-

gand, and BMY7378, being a selective ligand for am-adrenoceptors were used to 

identify the existence of the respective ai-adrenoreceptor subtypes. To investigate the 

presence of aiB-adrenoceptors chloroethylclonidine (CEC) was used, that irreversibly 

blocks both ais- and am-adrenoceptors. These analyses were limited to the effects of 

CEC (100 uM, 30 min) and preselected concentrations of (+)-niguldipine (i.e. 30 nM) 

and of BMY7378 (3 nM) on specific binding in the presence of 300 pM [3H]-

prazosin, as the size of the samples were too small to construct full displacement 

curves (Stassen et al. 1997a). 

Statistical analysis 

Pharmacological studies 

The data are presented as means ± SEM, n denotes the number of animals used. Com

parison between injured and sham-operated artery preparations at one time point was 

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

0.05 was considered to indicate statistically significant differences. Statistical differ

ences between groups of different time points were calculated using one-way analysis 

of variance (ANOVA; Bonferroni): values ofp < 0.05 were considered to denote sta

tistical significance of differences. 

[3H]-Prazosin ligand-binding assay 

Results are given as means ± SEM with n denoting the number of animals used. To 

analyse for statistically significant differences between injured and sham-operated ar

teries at one time point the Mann-Whitney U-test for paired data was used: values of p 

< 0.05 were considered to indicate statistical significance. Statistical differences be

tween groups of different time points were calculated using one-way analysis of vari

ance (ANOVA; Bonferroni): values ofp < 0.05 were considered to denote statistical 

significance of differences. 

Chemicals 

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

from Sigma (St Louis, MO, USA). Potassium chloride and all other chemicals used 
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for the preparation of Tyrode's solution were of analytical grade and obtained from 

Merck (Darmstadt, FRG). [7-Methoxy-3H]-prazosin hydrochloride (specific activity 

75.0 Ci/mmol) was purchased from Amersham Life Science Products (Buckingham

shire, UK). Phentolamine mesylate and bovine serum albumin were obtained from 

Sigma Chemical Co. (St Louis, MO, USA), calf thymus DNA sodium salt from ICN 

Biochemicals Inc. (Aurora, Ohio, USA). Chloroethylclonidine hydrochloride (CEC) 

and 8-[2-[4-(2-methoxyphenyl)-l-piperazinyl]ethyl-8-azaspiro[4,5]decane-7,9-dione]-

dihydrochloride (BMY7378) were purchased from Research Biochemicals Interna

tional (Natick, MA, USA). (+)-Niguldipine was a generous gift from Byk Golden 

(Konstanz, FRG). All other chemicals used for the biochemical assay were of analyti

cal grade and obtained from Merck (Darmstadt, FRG). 

Results 

Animal and vessel characteristics 

The characteristics of the animals used and the isolated vessel preparations have been 

summarized in Table 1. The calculated individual lumen diameter at a pressure of 100 

mmHg (Lioo) of the injured left carotid artery proved significantly decreased in prepa

rations studied 2 weeks or later after balloon injury, when compared with their con

tralateral controls. 

Table 1 

Characteristics of the animals used (body weight) and the isolated vessel preparations at 
increasing periods following balloon injury of the carotid arteries 

weeks n bw surg. bw exp. Lioo Lioo 

[g] [g] injured [u.m] sham [u.m] 

0 6 292.1 ±3.4 292.1 ±3.4 988.4 ± 19.9 1016.2± 22.8 

2 7 277.5 ±1.7 317.4±4.0 879.8 ± 18.6* 1068.4 ± 19.2 

8 6 286.9 ±2.9 438.8 ±12.4 961.2 ±38.7* 1140.2 ± 14.9 

16 7 284.5 ±4.8 484.9 ±9.3 1032.9 ±42.4* 1205.6±21.4 

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; LIOo = nor
malized internal diameter at transmural pressure of 100 mmHg (see "Methods, Pharmacol
ogical studies "). 
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Table 2 

Contractile responses to high potassium chloride concentrations (fC, 100 mM), to 

phenylephrine (PhE, 3 ßÄ), and vasodilator responses to methacholine (MCh, 10 /uM) in 

injured left and sham-operated right carotid arteries 

K* [N/m] PhE [N/m] MCh [%] 

weeks n injured sham injured sham injured sham 

0 6 3.6±0.1 3.6±0.1 3.0 ±0.2 2.8±0.1 0.0 ±0.0* 87.2 ±2.2 

2 7 3.7 ±0.2 3.6 ±0.3 0.9 ±0.2* 2.2 ±0.3 0.0 ±0.0* 77.8 ±4.2 

8 6 3.7 ±0.2 3.6 ±0.2 1.7 ±0.1* 2.6 ±0.2 9.0±8.1* 71.8 ±7.4 

16 7 4.2 ±0.3 4.3 ±0.2 2.8 ±0.3 3.1 ±0.3 60.5 ±7.2 58.7±3.7 

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. 

Pharmacological studies 

Potassium chloride 

The developed increase in wall tension (N/m) of the isolated left common carotid ar

tery in response to a high potassium chloride concentration (100 mM) was not influ

enced by the balloon injury procedure when compared to the contralateral control 

vessels, at all time points investigated (see Table 2). 

Phenylephrine 

The contractile responses to phenylephrine of injured and sham-operated carotid ar

tery preparations are shown in Table 2. The ai-adrenoceptor-mediated responses be

came severely impaired 2 weeks after balloon injury. This decrease in contractile 

force development was still present in vessel preparations that had been injured 8 

weeks prior to the pharmacological studies. However, the contractile response to a 

high concentration of phenylephrine recovered fully at 16 weeks postinjury (see Table 

2). 

Methacholine 

The endothelium-dependent vasodilator responses to methacholine are summarized in 

Table 2. Balloon injury caused complete abolishment of relaxation in the artery prepa

rations that had been injured 8 weeks or less prior to the pharmacological studies. 

However, at 16 weeks after balloon injury the responses to methacholine had fully 

recovered in injured vessels in comparison with their contralateral control prepara

tions (see Table 2). 
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Figure 1. The specific binding of ^-adrenoceptors in the presence of 300 pM [*H]-prazosin 

(white bars) and the contractile response to the ai-adrenoceptor agonist phenylephrine (3 

/JM; black bars) in injured left carotid arteries at different times after balloon injury. 

The specific binding of ai-adrenoceptors is expressed as relative to protein content (fmol/mg 

protein, lefty-axis). The contractile responses are expressed as relative to vessel length (N/m, 

right y-axis). 

Data are presented as means ± SEM, n = 6 - 8. *: p < 0.05 compared to specific binding of 

aradrenoceptors immediately after balloon injury (ANOVA; Bonferroni), : p < 0.05 com

pared to contractile response to phenylephrine immediately after balloon injury (ANOVA: 

Bonferroni). 

[3H]-Prazosin ligand-binding assay 

The measured total protein and total DNA content of both injured and sham-operated 

carotid artery preparations are summarized in Table 3. Immediately after balloon in

jury, total protein and DNA content of treated artery preparations did not differ from 

those of sham-operated vessels. At 2 weeks postinjury, the total protein and DNA con

tent in the injured artery preparations were both significantly increased. At 8 and 16 

weeks after balloon injury, the values of both contents were not significantly changed, 

when compared to those measured at 2 weeks. 

The density of ai-adrenoceptors was significantly reduced from 2 weeks postinjury 

onwards, when expressed relative to the total protein content, as compared to control 

preparations. This reduction in density was also found when the number was ex

pressed relative to the total DNA content. The density of ai-adrenoceptors in the in

jured artery preparations at 2, 8 and 16 weeks were comparable (ANOVA). Their 
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density in the sham-operated preparations did not change significantly over time, for 

all time points measured (see Table 3). 

At all time points investigated and for both the balloon-injured left and sham-operated 

right carotid artery, an otiA-adrenoceptor-selective concentration of (+)-niguldipine 

(30 nM) and an aio-adrenoceptor-selective concentration of BMY7378 (3 nM) failed 

to significantly modify the specific binding of [3H]-prazosin (ANOVA). Yet in all 

cases, the irreversible ctiB- and am-adrenoceptor antagonist chloroethylclonidine pre

vented all specific prazosin-binding (ANOVA; see Table 4). At 20 weeks postinjury, 

the density of ai-adrenoceptors in the injured artery preparations proved comparable 

to that in the sham-operated control preparations (Student's t, see Table 4). 

Figure 1 shows the relation between the density of cci-adrenoceptors and the contrac

tile response to phenylephrine of the balloon-injured artery preparations at the differ

ent time points. Immediately and at 2 and 8 weeks postinjury, the contractile response 

to oti-adrenoceptor stimulation paralleled the level of the receptor density. However, 

at 16 weeks after balloon injury, these oti-adrenoceptor receptor density was still re

duced, whereas the contractile function appeared to be restored, as compared to im

mediately postinjury (see Fig. 1). 

Discussion 

Moderate to large injury to the vessel by balloon injury is known to induce smooth mus

cle cells to migrate from the media to the intima where they subsequently proliferate to 

form a neointima (Clowes et al. 1983, Campbell et al. 1988, Clowes et al. 1989a, Clowes 

et al. 1989b). It has been demonstrated that in response to injury the phenotype of 

smooth muscle cells may modulate from their 'contractile' to a 'synthetic' state. These 

states differ in at least two important aspects. The contractile phenotype, related to the 

normal vascular smooth muscle cell, possesses contractile potency but does not display 

migratory or mitogenic properties, whereas the synthetic smooth muscle cell in the neo-

intimal layer, has the capacity to migrate and divide, but shows less contractile potency 

(Campbell et al. 1988). 

In the present study, it appeared from both protein and DNA measurements as well as 

the functional experiments that the method of denudation did not inflict serious anatomi

cal damage upon the medial wall. Nevertheless, this method led to significant increases 

in total protein and total DNA contents from 2 weeks postinjury onwards. This finding is 

in accordance with other studies, which have shown that medial wall damage per se is 

not a prerequisite for the formation of extensive neointimal tissue (Clowes et al. 1983, 

Clowes et al. 1989, Fingerle et al. 1990, Schwartz et al. 1996). The ratio between protein 
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and DNA content did not change significantly with time. This may suggest that in the 

present study the formation of the neointima in the injured carotid artery is largely attrib

utable to hyperplasia instead of hypertrophy of vascular smooth muscle cells. 

The contractile machinery in rat carotid arteries with neointima appeared not to be influ

enced, as the responses to a depolarizing high concentration of potassium chloride were 

comparable to control values (this study and Heijenbrok et al. 1998). However, phenyl-

ephrine-induced, that is ai-adrenoceptor-mediated, contractile responses were initially 

severely impaired in injured arteries, but recovered eventually (this study, Cooke et al. 

1991, Candipan et al. 1994, Heijenbrok et al. 1998). Because the potassium chloride-

induced responses were unaltered, it may be reasoned that the reduction of ai-adrenergic 

responses is related to modifications at the level of receptors. 

A significant reduction in specific [3H]-prazosin-binding was observed from 3 days on

wards in the injured carotid artery preparations. Most of the present findings are in close 

agreement with those described by Bruijns et al. (Bruijns et al. 1998). However, they ob

served a significant reduction in ai-adrenoceptor density even at twenty weeks after 

balloon injury, whereas in the present study it proved recovered to control values at the 

same time point postinjury. The mechanism underlying the reduction in oti-adrenoceptor 

number is unknown. Bruijns et al. suggested homologous or heterologous downregula-

tion as possible mechanisms (Bruijns et al. 1998). 

One should be cautious in interpreting these data as a possible explanation for the ob

served alterations of ai-adrenoceptor-mediated functional responses in carotid artery 

preparations with neointima. First, to compare the ai-adrenoceptor density in the differ

ent artery preparations Bruijns et al. and we ourselves have used but one concentration of 

[3H]-prazosin, i.e. 300 pM. This concentration was chosen as it is sufficient to label the 

cci-adrenoceptor subtypes, having a high affinity for prazosin, but low enough to avoid 

marked non-specific binding (Ford et al. 1994, Stassen et al. 1997a). Although this pro

cedure is useful to establish differences in receptor density between the injured and 

sham-operated rat carotid arteries, it may however underestimate the true density (Bmax) 

since 300 pM is in the order of the dissociation constant for prazosin for the investigated 

subtypes. Furthermore, the precise location of ai-adrenoceptors in carotid arteries with 

neointima is not known. It has been shown that ai-adrenoceptors are involved in the 

control of medial smooth muscle cell DNA synthesis (O'Malley et al. 1989, Fingerle et 

al. 1991, Van Kleef et al. 1992, Vashisht et al. 1992). ai-Adrenoceptors appeared, how

ever, not to be involved in the neointimal smooth muscle cell DNA synthesis (Van Kleef 

et al. 1996). It may be speculated that ai-adrenoceptors are confined to the medial layer 

and not present in the neointimal layer. In line with this suggestion, cultured and multi

ple-passaged arterial smooth muscle cells, which display a synthetic phenotype, exhibit a 

very low density of [3H]-prazosin-binding sites (0.5-1.0 fmol/ug DNA; De Mey, un-
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published observations). The reduction found in the density of cci-adrenoceptors in the 

preparations with neointima may therefore be in large part attributable to increases in 

total protein or DNA content. This may suggest that the density of ai-adrenoceptors im

plicated in the contractile response is, at least, reduced less than observed. Finally, 

whereas the density of ai-adrenoceptors was still significantly reduced, the functional 

responses to phenylephrine had fully recovered in artery preparations at 16 weeks 

postinjury. 

Taking the above-mentioned considerations into account, the observed initial deteriora

tion of ai-adrenoceptor function may be related to a reduction in receptor density per 

se. The improvement of phenylephrine-induced contractile responses as observed 16 

weeks postinjury may then be explained by an increased effectiveness of the oti-

adrenoceptor stimulation possibly as a result of adaptations in the signal-transduction 

pathway. 

However, it may also be speculated that in the rat carotid artery a 'receptor reserve' of 

ai-adrenoceptors is present. It is apparent that at 16 weeks postinjury the reduced num

ber of ai-adrenoceptors in the injured artery preparations is sufficient to induce contrac

tile responses to phenylephrine that are comparable to those of the sham-operated 

contralateral preparations. Since the density of ai-adrenoceptors in the injured artery 

preparations at 2, 8 and 16 weeks postinjury were comparable, it may be suggested that 

at 2 and 8 weeks postinjury the reduced number of ai-adrenoceptors per se is sufficient 

to induce full contractile responses. This would mean that the observed impairment of 

ai-adrenoceptor-mediated contractile function at these time points is related to coinci

dental alterations in the signal-transduction pathway downstream from the receptor. The 

improvement of contractile response as observed 16 weeks postsurgery may be ex

plained by a restoration of the signal-transduction pathway. These adaptations may be 

related to the redifferentiation processes that occur during the later stages of neointima 

formation (Kocher et al. 1991, Davies and Hagen 1994, Pauletto et al. 1994), leading to a 

restoration of agonist-induced contractions. 

The contractile response of vascular smooth muscle after stimulation of cti-

adrenoceptors is mediated through the elevation of the intracellular concentration of cal

cium ions ([Ca +];). After ai-adrenoceptor stimulation, [Ca2+]; may be increased either 

by the release from intracellular stores after activation of phospholipase C or by a direct 

elevation of the influx of extracellular Ca2+ through voltage-operated Ca2+-channels. The 

ai-adrenoceptors are currently subdivided into OCIA, OCIB, andam adrenoceptors, based on 

functional and radioligand-binding studies using subtype-specific agonists and antago

nists. All three subtypes have a high affinity for prazosin. It has been suggested that these 

ai-adrenoceptor subtypes are coupled to either one of the [Ca2+]j-increasing pathways 

with the otiA-adrenoceptor subtype to the influx of extracellular Ca2+, and the ccm-
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adrenoceptor subtype to phospholipase C with subsequent release of Ca + from intracel

lular stores (Minneman 1988, Boonen and De Mey 1990, Minneman and Esbenshade 

1994, Stassen et al. 1997b). One ai-adrenoceptor subtype may be coupled more effec

tively to its particular signalling pathway than the other, thereby producing a maximal 

response at a lower degree of receptor occupation, i.e. showing a 'receptor reserve'. In 

this respect, it may be reasoned that a shift in ai-adrenoceptor subtypes could explain the 

observed phenomenon. To investigate this possibility, the ai-adrenoceptor subtypes 

were characterized both in sham-operated and in injured artery preparations. From the 

data, it can be concluded that changes in the population of distinct ai-adrenoceptor sub

types is not involved in the alterations of ai-adrenoceptor-mediated contractile response 

at different time points after balloon injury, because in both balloon-injured and sham-

operated carotid arteries the high-affinity binding sites for prazosin consisted of a uni

form population of aiB-adrenoceptor and this was not modified by time after balloon 

injury. 

In conclusion, the initial loss of ai-adrenergic responses in rat carotid arteries after 

balloon injury coincides with a reduction in ai-adrenoceptor binding sites. However, 

16 weeks postinjury the ai-adrenoceptor receptor density and ai-adrenoceptor-

mediated contractile function appear to divert. From this, it may be suggested that re

duction of ai-adrenoceptor density per se does not explain the impaired function. Ad

aptations in the signal-transduction pathway may play an additional role in the initial 

impairment and subsequent recovery of cti-adrenoceptor-mediated contraction. It has 

been demonstrated that changes in ai-adrenoceptor subtype populations are not impli

cated. 
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Pharmacological studies have shown that balloon injury of the rat carotid artery leads 

to transient deterioration of the ai-adrenoceptor function. At all time points, mem

brane depolarization with a high concentration of potassium chloride (100 mM) in

duced contractile responses that were not different from the sham-operated controls. 

From these results it was concluded that the contractile apparatus itself might not be 

impaired in balloon-injured rat carotid artery (Heijenbrok et al. 1998, Heijenbrok et al. 

submitted). Therefore, the observed modifications in cti-adrenoceptor-mediated re

sponses are likely to be related to alterations at the receptor level and/or at the level of 

the signal-transduction pathway. Radioligand-binding studies with the ai-

adrenoceptor ligand [3H]-prazosin showed that the ai -adrenoceptor density decreased 

significantly after balloon injury (Bruijns et al. 1998, Heijenbrok et al. submitted). 

This decrease coincided with the reduction in phenylephrine-induced contractile re

sponses. However, the ai-adrenoceptor density continued to be reduced even after 

longer periods of observation, whereas the ai-adrenoceptor-mediated contractile 

function appeared to recover. Receptor subtype analysis showed that the high-affinity 

binding sites for prazosin consisted of a uniform population of ccie-adrenoceptors, both 

in the balloon-injured and the sham-operated carotid arteries for all time points measured 

(Heijenbrok et al. submitted). Accordingly, a receptor subtype-related shift towards a 

different, more efficient signal-transduction pathway appears to be an unlikely expla

nation for the observed phenomenon. Consequently, the reduction of ai-adrenoceptor 

density per se cannot explain the observed phenomena. It seems more likely that in

jury-related adaptations in the signal-transduction pathway may be responsible, at 

least in part, for the initial impairment and subsequent recovery of cti-adrenoceptor-

mediated contractions in rat carotid artery after balloon injury. For this reason the pre

sent study was focused on the signal-transduction processes after ai-adrenoceptor 

stimulation. 

5-Hydroxytryptamine (serotonin) and the thromboxane A2 (TP)-receptor agonist 

U46619 were used in order to establish whether the observed alterations in the ccr 

adrenoceptor-mediated contractile function might be secondary to changes in the sig

nal-transduction downstream from the receptor, rather than the consequence of oti-

adrenoceptor-related alterations. Phenylephrine, 5-hydroxytryptamine, and U46619 

are assumed to share the same signal-transduction pathway (Dorn and Becker 1993, 

Martin 1994, Ruffolo and Hieble 1994). After occupation of their respective receptors 

present on the vascular smooth muscle cells (i.e. the aiB-adrenoceptor, the 5-HTîA-

receptor, and the TP-receptor, respectively) the enzyme phospholipase C (PLC) is ac

tivated with subsequent hydrolysis of phosphoinositides (PI). Two second messengers 

are formed: inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 causes the re

lease of intracellular calcium ions (Ca2+i) from the sarcoplasmatic reticulum, leading 
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i 
PLC 

PI IP, + DAG 

Fig. 1 Schematic diagram of the signal-transduction pathway associated with the at-
adrenoceptor, 5-HT2A-receptor, and TP-receptor, respectively. After occupation of the re
ceptor (R) the enzyme phospholipase C (PLC) is activated. Consequently, phosphoinositides 
are hydrolyzed to inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 causes the re
lease of calcium ions (Ca2*) from the sarcoplasmatic reticulum (SR). Increase of intracellu
lar Ca2* (Ca2*!) leads to activation of the contractile apparatus. DAG activates the enzyme 
proteinkinase C (PKC), that renders the proteins of the contractile apparatus more sensitive 
for Ca2* (Dorn and Becker 1993, Martin 1994, Ruffolo and Hieble 1994). See text for details. 

to the activation of the contractile apparatus. DAG activates protein kinase C (PKC). 

PKC is involved in the contractile response by mediating the calcium sensitivity of 

contractile proteins in vascular smooth muscle cells (see Figure 1) (Berridge 1993, 

Dorn and Becker 1993, Martin 1994, Ruffolo and Hieble 1994, Graham et al. 1996). 

In the present study, contractile responses of balloon-injured and sham-operated con

trol carotid artery preparations to 5-hydroxytryptamine and U46619 were quantified. 

In addition, the phenylephrine-induced formation of inositol phosphates (IP) and the 

contractile response to phorbol myristate acetate (PMA) were measured to investigate 

the activity of PLC and PKC, respectively, in the various artery preparations. 
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Material and Methods 

Surgical procedures 

Male 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 libitum. Each 

group of six rats was housed in one cage. All animals were maintained under the same 

environmental conditions. The experiments followed a protocol approved by the 

Animal Ethical Committee of the University of Amsterdam. 

The method of balloon injury of the rat left common carotid artery has been described 

previously in full detail (Heijenbrok et al. 1998). In short, rats were anaesthetized by 

intraperitoneal administration of a mixture of ketamine, xylazine and atropine (8 mg, 

4 mg and 5 ug 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; Baxter, Maarssen, The Netherlands), in

flated with 20 |il of sterile distilled water, was inserted into the left common carotid 

artery. The complete artery was then rubbed with this catheter. This procedure was 

repeated thrice in order to obtain complete endothelial denudation. The right common 

and external carotid arteries were exposed but not subjected to any further treatment 

(sham-operated), thus serving as internal controls. 

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, 2, 8 and 16 weeks re

spectively, rats were anaesthetized with ketamine and xylazine. 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% 02, 5% C02). The composition of 

TS was as follows (raM): NaCl (136), KCl (2.5), MgCl2 (0.5), CaCl2 (1.8), NaH2P04 

(0.42), NaHCC-3 (11.9), and glucose (5.5). The arteries were cleaned of superficial fat 

and adherent connective tissue under a dissection microscope (Olympus, Tokyo, Ja

pan), 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) from the carotid bifurcation. These segments were used for 

the functional studies and for the inositol phosphate measurements. 

For the functional studies two platinum wires (d = 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 (IP. Trading, Risskov, 

Denmark). Isometric force development was recorded on a WeKa chart recorder (De-
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pex, De Bilt, The Netherlands). The preparations were equilibrated for 60 min in TS 

at 37°C and oxygenated with carbogen (95% 02, 5% C02), at a pH of 7.4. The me

dium was replaced every 20 min. Subsequently, the ratio between passive wall tension 

and internal circumference was determined by a normalisation procedure (Mulvany 

and Halpern 1976, Mulvany and Halpern 1977). The internal circumference was ad

justed to a value that equals the diameter at a transmural pressure of 100 mmHg (13.3 

kPa) in order to approach the physiological circumstances. This value was then di

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

After the normalisation procedure, the arteries were equilibrated for 60 min. The 

preparations were washed after each period of 20 min. Subsequently, they were de

polarized by a Tyrode's solution containing 100 mM KCl (K+-TS) which had been 

exchanged on an equimolar basis against NaCl from the normal TS. After the K+-

induced contraction had fully developed, the preparations were washed frequently 

with normal TS and equilibrated for 30 min. This procedure was repeated once. Sub

sequently, the vessels were precontracted with the ai-adrenoceptor agonist phenyl

ephrine (PhE, 3.10"6 M). After reaching a steady level, a single dose of the 

endothelium-dependent vasodilator methacholine (MCh, 10"5 M) was added to assess 

the presence or absence of functional endothelium. Subsequently, the preparations 

were washed frequently with normal TS and equilibrated for 30 min. 

Finally, for the individual preparations a concentration-response curve (CRC) was 

made for either 5-hydroxytryptamine (5-HT, 10'8 - 10"5 M), or for U46619 (1010 -

3.10"7 M), respectively. In separate preparations, a single concentration of the pro-

teinkinase C activator phorbol myristate acetate (PMA, 10"5 M) was added to the bath 

during 90 min. 

[3H]-Inositol monophosphate assay 

After 0, 2, 8 and 16 weeks, respectively, rats were anaesthetized with ketamine and 

xylazine. Both the left injured and right sham-operated common carotid arteries were 

carefully excised and prepared as described earlier (see "Pharmacological studies"). 

They were immediately placed in oxygenated TS at 4°C. After cleaning, each artery 

was cut into equal parts of rings measuring 2 mm. Subsequently, each segment was cut 

longitudinally and divided into two equal segments. Inositol monophosphate assay was 

performed as described by Eid and De Champlain (Eid and De Champlain 1988). Indi

vidual segments were labelled with 10 u.Ci/ml /wyo-[3H]-inositol in 1 ml vials contain

ing 300 ul TS, to which adenosine deaminase (5 ug/ul) was added. After incubation for 

60 min at 37°C, 10 ul LiCl (3.10"1 M) was added to prevent the degradation of inositol 

monophosphates and to optimize their accumulation. To study the reactivity of the 

phosphoinositide (PI) pathway, 10 ul phenylephrine (3.10'5 M) was added 20 min later 
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and the incubation was continued for 60 min. Following incubation, the segments were 

washed twice with 1 ml of TS (4°C). The reaction was stopped by the addition of 990 

U.I of methanol/chloroform mixture (1:2; 4°C). Subsequently, the samples were vor-

texed for 60 s and centrifuged (750 g) for 15 min at 4°C to facilitate phase separation. 

Aliquots of the aqueous phase (450 ul) were then transferred to a column containing 5 

ml of resin AG 1-X8 (200-400 mesh, formate form). The columns were subsequently 

washed twice with 5 ml distilled water, 5 ml 60 mM ammonium formate solution to 

elute glycerophosphoinositides, and 1 ml 0.1 M formic acid/1 M ammonium formate 

solution to elute [3H]-Q°, respectively. The latter fraction was added to 8 ml of scintilla

tion fluid, and radioactivity was measured in a liquid scintillation counter at 42% effi

ciency. Basal activity was estimated using the same incubation and elution procedures 

except that TS was added instead of phenylephrine. Experiments were performed in 

quadruplicate. 

Statistical analysis 

Pharmacological studies 

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

Calif, USA), concentration-response curves (CRC's) for 5-HT and for U46619 based 
on the following relationship: 

E = Em a x .A p . (A p + EC50
P)-1 

were fitted to concentration-response data for at least six individual experiments. The 

responses were expressed and calculated as absolute (N/m) values. In the equation, E 

is the response obtained at a given concentration A of agonist, Emax is the maximally 

attainable response, EC50 (expressed as negative decadic logarithm: pD2) is the con

centration of agonist that is required for half maximal effect and the exponent P de

scribes the slope of the relationship (Hill coefficient). 

The data shown are expressed as means ± SEM. Comparison between injured and 

sham-operated artery preparations at one time point was performed by a two-tailed 

Student's Mest for unpaired data. A/?-value of less than 0.05 was considered to de

note statistical significance of differences. 

[ H] Inositol monophosphate assay 

Results are given as means ± SEM. Statistically significant differences between in

jured and sham-operated arteries at one time point were analysed by a Mann-Whitney 

U-test for paired data. A/7-value of less than 0.05 was considered to indicate statisti

cal significance of differences. 

78 



Chemicals 

The following drugs were used: (acetyl-ß) methacholine chloride, 9,11-dideoxy-

lla,9ct-epoxymethanoprostaglandin F 2 a (U46619), 5-hydroxytryptamine oxalate, L-

phenylephrine hydrochloride, and phorbol myristate acetate, which were obtained 

from Sigma Chemical Co. (St Louis, MO, USA). Myo-[3H]-inositol was purchased 

from Amersham Life Science Products (Buckinghamshire, UK). Adenosine deami

nase was obtained from ICN Biomedicals (Zoetermeer, The Netherlands). Potassium 

chloride and all other chemicals used for the preparation of Tyrode's solution were of 

analytical grade and obtained from Merck (Darmstadt, FRG) as were all other chemi

cals used for the biochemical studies. All drugs were freshly prepared by dissolution 

in distilled water, except for phorbol myristate acetate, which was dissolved in 99% 

dimethylsulphoxide (DMSO) and kept frozen prior to use. 

Results 

Animal and vessel characteristics 

The characteristics of the animals used and the isolated vessel preparations have been 

summarized in Table 1. The calculated individual optimal lumen diameter (Lioo) as 

derived from the normalisation procedure, was significantly decreased for the injured 

artery preparations measured 2 weeks or more postsurgery, when compared to their 

contralateral controls. 

Table 1 

Time course of body weight of the donor rats. Characteristics of injured left and sham-
operated right carotid arteries, expressed as L10o 

weeks n bw surg. bw exp. Lioo Lioo 

[g] [g] injured [um] sham |u.m] 

0 17 284.5 ±5.1 284.5 ±5.1 1035.6±21.8 1068.8 ±23.2 

2 21 288.5 ±2.7 347.0 ±5.0 1003.4 ±21.0* 1157.8 ±22.3 

8 17 291.9 ±2.9 423.6 ±9.0 953.0 ±39.6* 1190.9 ±26.3 

16 21 274.2 ±6.8 461.6± 11.6 1006.4 ±40.6* 1196.9 ±27.2 

Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 
Bw surg = body weight prior to surgery, exp = prior to experiment, injured = injured left 
carotid artery, sham = sham-operated right carotid artery; Lt0o ~ normalized internal di
ameter at transmural pressure of 100 mmHg (see "Methods, Pharmacological studies"). 
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Table 2 

Contractile responses to high potassium chloride concentrations (K*. 100 mM), to 

phenylephrine (PhE, 3 pM), and vasodilator responses to methacholine (MCh, 10 pM) in 

injured left and sham-operated right carotid arteries, respectively 

K+ [N/m] PhE [N/m] MCh [%] 

weeks n injured sham injured sham injured sham 

0 17 3.1 ±0.3 3.7 ±0.3 2.5 ±0.4 2.5 ±0.3 1.2 ± 1.8* 73.7 ±5.5 

2 21 3.6 ±0.3 4.2 ±0.2 1.0 ±0.2* 2.8 ±0.3 0.0 ±0.0* 78.5 ±3.5 

8 17 4.2 ±0.1 4.5 ±0.1 1.5 ± 0.1* 3.1 ±0.2 2.4 ±2.3* 79.4 ±3.5 

16 21 4.5 ±0.2 4.5 ±0.2 2.7 ±0.2 2.8 ±0.2 59.7 ±7.3 73.0 ±5.3 

Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 
The period postinjury is indicated by "weeks". 

Injured = injured left carotid artery, sham = sham-operated right carotid artery. 

Pharmacological studies 

Potassium chloride 

The increase in wall tension (N/m) of the isolated left common carotid artery in re

sponse to a high potassium chloride concentration (100 mM) appeared not to be 

changed by balloon injury in comparison to their contralateral control, for all periods 

of observation (see Table 2). 

Phenylephrine 

The contractile response to phenylephrine of injured artery preparations was signifi

cantly reduced at 2 and 8 weeks postsurgery. At 16 weeks postinjury, this response 

had recovered to control values (see Table 2). 

Methacholine 

Balloon injury caused complete abolishment of relaxation in the artery preparations 

that had been injured 8 weeks or less prior to the pharmacological experiments. How

ever, at 16 weeks the vasodilator responses to methacholine appeared fully recovered 

in injured vessels when compared with their contralateral control preparations (see 

Table 2). 

5-Hydroxytryptamine (5-HT) 

Both maximal contractile responses (Emax, N/m) and sensitivity (pD2) as measured in 

injured and sham-operated artery preparations at different time intervals are listed in 
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Figure 2. Concentration-response curves of 5-HT in injured left (*) and sham-operated right 
(O) carotid arteries, obtained immediately (A), 2 weeks (B), 8 weeks (C), and 16 weeks (D), 
after balloon injury, respectively. Note the full functional recovery at 16 weeks. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated artery. 

Table 3 

Characteristics of the concentration response curves, as reflected by E„lax and pD2 values, of 
injured left and sham-operated right carotid arteries for the vasoconstrictor agent 5-HT 

(WnM-lOfiM) 

Ema, [N/m] pD2 

weeks n injured sham injured sham 

0 6 2.6 ±0.3 2.1 ±0.2 5.7±0.1* 5.5 ±0.1 

2 7 0.8 ±0.2* 2.2 ±0.2 5.6±0.1 5.8 ±0.1 

8 5 0.8 ±0.2* 1.7 ±0.4 5.5 ±0.2 5.8 ±0.2 

16 6 1.9 ±0.3 2.2 ±0.4 5.6±0.1 5.6 ±0.1 

Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 

The periodpostinjury is indicated by "weeks ". 
Injured = injured left carotid artery, sham-operated = sham-operated right carotid artery. 
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Table 4 

Characteristics of concentration response curves, as reflected by Enlax and pD2 values, of 
injured left and sham-operated right carotid arteries for the vasoconstrictor agent U46619 

(0,lnM-0,3/jM) 

*-<mai [N/m] pD2 

weeks n injured sham injured sham 

0 6 3.5 ±0.1 3.7±0.1 8.1 ±0.0 8.1 ±0.0 

2 7 3.0 ±0.3 2.9 ±0.2 7.8 ±0.1 8.0±0.1 

8 6 3.9 ±0.2 4.5 ±0.3 7.9 ±0.1 7.8 ±0.1 

16 7 3.4 ±0.2 3.7 ±0.2 7.9 ±0.1 8.0±0.1 

Data are presented as means ± SEM. 

The period postinjury is indicated by "weeks ". 

Injured = injured left carotid artery, sham = sham-operated right carotid artery. 

Table 3 and depicted in Fig. 2. The sensitivity towards 5-hydroxytryptamine in the 

injured preparations was significantly increased only immediately after surgery, in 

comparison to the control preparations. The maximal contractile responses were sig

nificantly decreased at 2 and 8 weeks postsurgery, respectively, but appeared to be 

fully restored at 16 weeks (see Table 3 and Fig. 2). 

U46619 (TP-receptor agonist) 

The characteristics of the concentration-response curves for U46619 for the artery 

preparations isolated from rats at the different time points are summarized in Table 4. 

When compared to their contralateral sham-operated controls, the U46619-induced 

maximal contractile responses (expressed as Emax, N/m) of the injured left carotid ar

teries appeared not to be significantly influenced by balloon injury, for all time points 

measured. Furthermore, balloon injury did not lead to significant changes in sensitiv

ity (pD2) towards U46619 in the left carotid artery preparations when compared to the 

controls throughout the study period (see Table 4). 

Phorbol myristate acetate (PMA) 

Table 5 shows the contractile responses to PMA (10"5M) of both injured and sham-

operated artery preparations at different time points of observation. For all injured 

vessels the maximal responses were comparable to their control values. We also es

tablished the time required obtaining full recovery of the response. Accordingly, at 2 
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Figure 3. Contractile responses (relative to high potassium-induced response, %) after 
stimulation with phorbol myristate acetate (PMA, 10 pM) in injured left (0) and sham-
operated right (O) carotid arteries at 0 (dashed lines) and 16 (solid lines) weeks, in figure A, 
and at 2 (dashed lines) and 8 (solid lines) weeks, in figure B, after intervention. Note the re
tarded responses in injured left carotid arteries at 2 and 8 weeks after balloon injury (B). 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated artery. 

and 8 weeks postsurgery, the duration of PMA-induced maximal contraction was sig

nificantly slower in injured vessel preparations than in their contralateral control 

preparations (see Fig. 3 and Table 5). 

J3H]-lnositol monophosphate assay 

The measured basal phosphate formation (expressed as total radioactivity, c.p.m.) ap

peared not to be significantly different between the injured and the sham-operated ar

tery preparations at all time points of observation (Table 6). However, the 

phenylephrine-enhanced inositol phosphate formation in the injured carotid artery ap

peared significantly elevated, both absolutely and relatively, when compared to its 

controls, at 2 weeks postsurgery (see Table 6). 

Discussion 

In accordance with previous studies, the present investigation showed a significant 

impairment of ai-adrenoceptor-mediated contractile responses in rat carotid arteries at 

2 and 8 weeks postinjury. This response, however, recovered at 16 weeks after bal

loon injury. The endothelium-dependent function was also impaired, but recovered 

completely after 16 weeks, as quantified by the vasodilator response to the muscarinic 

M3-receptor agonist methacholine. The contractions induced by membrane depolari

zation with a high concentration of potassium solution (K+, 100 mM) were not modi

fied by balloon injury (Heijenbrok et al. 1998, Heijenbrok et al. submitted). 
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In all aspects (i.e. Emax and pD2), the 5-hydroxytryptamine (5-HT)-induced responses 

and the (Xi-adrenergic responses with phenylephrine in injured and control prepara

tions were identical for all time points postinjury (this study and Heijenbrok et al. 

1998). The thromboxane A2-receptor (TP)-mediated contractions were not influenced 

by balloon injury. It is generally assumed that the ai-adrenoceptor, the 5-HT2A-

receptor, and the TP-receptor are coupled to phospholipase C (PLC) in vascular 

smooth muscle cells through which the contractile response is induced (see Figure 1) 

(Berridge 1993, Dorn and Becker 1993, Martin 1994, Ruffolo and Hieble 1994, Gra

ham et al. 1996). It may thus be speculated that modifications in contractile response 

to phenylephrine and 5-HT in the injured rat carotid artery are related only to altera

tions at the cti-adrenoceptor and 5-HT2A-receptor levels, respectively. However, these 

speculations leave the divergence between ai-adrenoceptor function and density, as 

observed at 16 weeks postinjury, still unexplained (Heijenbrok et al. submitted). 

Therefore, it seems more likely that additional alterations in the common signal-

transduction pathway downstream from the receptor may be responsible for the ob

served phenomenon with phenylephrine and 5-HT. The contractile responses induced 

by TP-receptor occupation are not influenced by balloon injury. Accordingly, it may 

be assumed the TP-receptor is not exclusively coupled to PLC stimulation, but also 

activates other signalling pathways in the vascular smooth muscle cell leading to 

vasoconstriction. 

In the present study, the activity of PLC in balloon-injured rat carotid artery prepara

tions was either significantly increased or at least comparable to that in the contralat

eral control preparations. When these data are related to the density of ai-

adrenoceptor, as measured previously (Bruijns et al. 1998, Heijenbrok et al. submit

ted), it appears that from 2 weeks postinjury onwards PLC activity is significantly en

hanced. O'Malley and co-workers also observed an increase of IP formation 

following noradrenaline stimulation in rabbit aorta at 2 weeks postinjury. It was 

shown with radioligand-binding studies that this was related to increased sensitivity 

for noradrenaline (O'Malley et al. 1991). However, this latter finding could not be 

confirmed by our functional experiments for 5-HT and phenylephrine (this study and 

Heijenbrok et al. 1998). The amount of IP formed in the injured preparations at all 

time points postinjury should have been sufficient to induce contractile responses, that 

were at least comparable to those observed in the contralateral control artery prepara

tions. This was only true for the carotid artery preparations, injured 16 weeks prior to 

the measurements. Accordingly, it is conceivable that the signal-transduction mecha

nisms downstream from the IP formation are impaired in the injured carotid artery 

preparations at 2 and 8 weeks postinjury, respectively. 
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In vascular smooth muscle cells, inositol phosphoinositides, such as inositol triphos

phate (IP3), increase the [Ca2+]; via stimulation of the release of calcium ions (Ca2+) 

from the sarcoplasmatic reticulum through the IP3-receptors (see Figure 1) (Berridge 

1993). This would mean that alterations at the level of sarcoplasmatic reticulum-

dependent Ca2+ release and/or mechanisms downstream from the [Ca2+]i increase may 

explain the impaired contractile responses in injured carotid artery preparations. High 

concentrations of potassium chloride induce contractile responses in vascular smooth 

muscle cells by membrane depolarization. Subsequently, the membrane L-type cal

cium-channels are opened and Ca2+-influx is enhanced. As a direct result, [Ca +]i be

comes increased. Since the contractile responses to K+-TS were not modulated by 

balloon injury of the carotid artery, it may be assumed that downstream from [Ca +]i 

the contractile apparatus is not impaired in injured carotid artery preparation. In addi

tion, proteinkinase C (PKC) activity in the rat carotid artery appeared not to be altered 

as a consequence of balloon injury, although the duration of force development was 

significantly slower at 2 and 8 weeks postinjury. This means that the sensitivity for 

Ca2+ of the contractile proteins in vascular smooth muscle cells present in rat carotid 

artery is not influenced by balloon injury. 

From these data, it may be assumed that at 2 and 8 weeks postinjury either the activa

tion of nVreceptors present on the sarcoplasmatic reticulum and subsequent release 

of Ca2+ is impaired in the injured carotid arteries, or the sarcoplasmatic reticulum it

self is depleted of Ca2+. At 16 weeks postinjury, these alterations in sarcoplasmatic 

reticulum-dependent Ca2+-release appear to be restored. 

The fact that the vessels showed a higher stimulated PLC activity at two weeks 

postinjury, despite a reduced cti-adrenoceptor density, and a basically unaltered func

tion of the contractile apparatus, leads us to the conclusion that in injured carotid ar

tery the nvinduced release of activator calcium from the sarcoplasmatic reticulum 

may be impaired. At 16 weeks postinjury, this release of calcium from the sarcoplas

matic reticulum appears to be restored. Since the thromboxane A2-induced contractile 

responses are not influenced in balloon-injured rat carotid arteries, it may be assumed 

that TP-receptor occupation in vascular smooth muscle cells is not mediated exclu

sively via activation of phospholipase C and subsequent IP formation, but that addi

tional signalling mechanisms are involved in the contractile response, in contrast to 

earlier assumptions. 
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Balloon injury of the rat carotid artery not only leads to significant modification in the 

morphology of the subject vessel, but also has significant consequences for the func

tional characteristics of these vessels. It has been shown that the cti-adrenoceptor-

mediated vasoconstrictor function becomes severely impaired (Heijenbrok et al. 

1998). These alterations are related to changes in receptor number and in signal-

transduction mechanisms downstream from the receptor. There is evidence that these 

modifications are also apparent for other Gq/n-protein coupled receptor systems, such 

as that of 5-hydroxytryptamine (i.e. serotonin). 

Balloon injury and subsequent neointima formation also modulate the endothelium-

dependent muscarinic M3-receptor-mediated vasodilator responses of the rat carotid 

artery. These alterations are related to the absence and reappearance of functional en

dothelial cells in balloon-injured rat carotid arteries (Heijenbrok et al. 1998). 

In the present study, the influence of balloon injury and subsequent neointima forma

tion on the ß-adrenergic vasodilator function of the rat carotid artery has been investi

gated. It has been shown that vasorelaxation of vascular smooth muscle cells is 

induced via the activation of mainly the ß2-adrenoceptor subtype, although the ßi-

adrenoceptor subtype appears to be involved as well. Recently, an atypical ß3-

adrenoceptor subtype with vasodilator function has been characterized in vascular 

smooth muscle, but the physiological significance of this adrenoceptor subtype still 

remains unclear (Oriowo 1994). Therefore, in the present study the functional char

acteristics of ß-adrenoceptor-mediated vasorelaxation with isoprenaline, such as 

maximal response (Emax) and sensitivity (pD2), were evaluated in the absence and 

presence of a ß r and a ß2-adrenoceptor-selective antagonist, CGP 20712A and ICI 

118,551 respectively. 

It has been reported that the isoprenaline-induced vasorelaxation is not only mediated 

through direct activation of ß-adrenoceptors present on the vascular smooth muscle 

cell, but also appears to be partially endothelium-dependent (Steinberg et al. 1984, 

Gray and Marshall 1992, Hempelmann and Ziegler 1993). Gray and Marshall (1992) 

have postulated a novel signal-transduction pathway for the endothelium-dependent 

vasorelaxation mediated by isoprenaline, which involves the production of nitric ox

ide (NO) through the activation of NO synthase. In the present study, this endothe

lium-dependent pathway of ß-adrenoceptor-induced vasorelaxation has been 

evaluated for the injured and sham-operated artery preparations using of yV°-nitro-L-

arginine methyl ester (L-NAME), to block NO synthesis. Indomethacine, a cyclo-

oxygenase inhibitor, has been used to study the involvement of prostanoids, like 

prostacyclin (PGI2), in the ß-adrenoceptor-mediated vasorelaxation in these carotid 

artery preparations. 
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Material and Methods 

Surgical procedures 

Male 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 libitum. Each 

group of six rats was housed in one cage. All animals were maintained under the same 

environmental conditions. The experiments followed a protocol approved by the 

Animal Ethical Committee of the University of Amsterdam. 

The method of balloon injury of the rat left common carotid artery has been described 

previously in full detail (Heijenbrok et al. 1998). In short, rats were anaesthetized by 

intraperitoneal administration of a mixture of ketamine, xylazine and atropine (8 mg, 

4 mg and 5 ug 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; Baxter, Maarssen, The Netherlands), in

flated with 20 p.1 of sterile distilled water, was inserted into the left common carotid 

artery. The complete artery was then rubbed with this catheter. This procedure was 

repeated thrice in order to obtain complete endothelial denudation. The right common 

and external carotid arteries were exposed but not subjected to any further treatment 

(sham-operated), thus serving as internal controls. 

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. At 0, 2, 8 and 16 weeks re

spectively, the rats were anaesthetized with the same solution as used for the surgical 

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

teries were carefully excised in a range just distally from the bifurcation until the level 

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

oxygenated with carbogen (95% 02, 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 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) from the carotid bifurcation. 

For the functional studies two platinum wires (d = 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 (De-
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pex, De Bilt, The Netherlands). The preparations were equilibrated for 60 min in TS 

at 37°C and oxygenated with carbogen (95% 02, 5% C02), at a pH of 7.4. The me

dium was replaced every 20 min. Subsequently, the ratio between passive wall tension 

and internal circumference was determined by a normalisation procedure (Mulvany 

and Halpern 1976, Mulvany and Halpern 1977). The internal circumference was ad

justed to a value that equals the diameter at a transmural pressure of 100 mmHg (13.3 

kPa) in order to approach the physiological circumstances. This value was then di

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

After the normalisation procedure, the arteries were equilibrated for 60 min. The 

preparations were washed after each period of 20 min. Subsequently, they were de

polarized by a Tyrode's solution containing 100 mM KCl (K+-TS) which had been 

exchanged on an equimolar basis against NaCl from the normal TS. The concentration 

of 100 mM KCl was chosen as previous experiments have shown that it induces 

maximal contractile responses in the rat carotid artery (Heijenbrok, unpublished data). 

After the K+-induced contraction had fully developed, the preparations were washed 

frequently with normal TS and equilibrated for 30 min. This procedure was repeated 

once. Subsequently, the vessels were precontracted with the ai-adrenoceptor agonist 

phenylephrine (PhE, 3.10"6 M). After reaching a steady level, one dose of the endo-

thelium-dependent vasodilator methacholine (MCh, 10"5 M) was added to assess the 

presence or absence of functional endothelium. The concentration of phenylephrine 

and of methacholine was chosen as it was shown previously that these concentrations 

induce maximal responses in both injured and sham-operated rat carotid arteries 

(Heijenbrok et al. 1998). Subsequently, the preparations were washed frequently with 

normal TS and equilibrated for 30 min. 

Subsequently, all individual preparations were incubated with prazosin (106 M; an 

ai-adrenoceptor antagonist) for 60 min to rule out the oci-adrenergic effects of iso-

prenaline. Cumulative concentration-response curves (CRC's) for isoprenaline were 

constructed after precontraction with the thromboxane A2 (TP)-receptor agonist 

U46619 (3.10"8 M). To characterize the ß-adrenoceptor subtypes present in the injured 

and the sham-operated artery preparations, either CGP 20712A (1010 M; a ßi-

adrenoceptor antagonist), or ICI 118,551 (10"8 M, a ß2-adrenoceptor antagonist), was 

added to the bath 60 min, prior to the construction of the CRC. Other artery prepara

tions were incubated with L-NAME (10"4 M, a nitric oxide synthase inhibitor), or with 

indomethacine (10" M, a cyclo-oxygenase inhibitor) for 60 min to evaluate the in

volvement of nitric oxide or the cyclo-oxygenase products, respectively, in the devel

opment of vasodilator responses. 

In separate experiments, the response to forskolin (10"5 M) after precontraction with 

U46619 (3.10" M) of the injured and the sham-operated carotid artery preparations 
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was measured for each time point postinjury in order to study whether direct stimula

tion of adenylate cyclase, thus bypassing the ß-adrenoceptor/G-protein complex, 

could induce full vasorelaxation. The concentration of 10 uM for forskolin was cho

sen because this induces maximal vasodilator responses in both injured and sham-

operated rat carotid arteries (Heijenbrok, unpublished data). 

Statistical analysis 

Using a computer program (Graphpad, Institute for Scientific Information, San Diego, 
Calif, USA), concentration-response curves (CRC's) based on the following relation
ship: 

E = Em a x .Ap-(Ap + EC5o
Py1 

were fitted to concentration-response data for at least five individual experiments. The 

responses were expressed and calculated as absolute (N/m) values or as relative (%) 

values. In the equation, E is the response obtained at a given concentration A of ago

nist, Emax is the maximally attainable response, EC5o (expressed as negative decadic 

logarithm: pD2) is the concentration of agonist that is required for half maximal effect 

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 f-test for unpaired data. Ap-value of less than 0.05 

was considered to denote statistical significance of differences. Statistical differences 

between groups of different time points were calculated using one-way analysis of 

variance (ANOVA; Bonferroni): values oîp < 0.05 were considered to denote statisti

cal significance of differences. 

Chemicals 

The following drugs were used: (acetyl-ß) methacholine chloride, L-phenylephrine 

HCl, 9,ll-dideoxy-lla,9a-epoxymefhanoprostaglandin F2a(U46619), (±) isoprenali-

ne HCl, A^-nitro-L-arginine methyl ester HCl (L-NAME), prazosin, obtained from 

Sigma Chemical Co. (St. Louis, Mo., USA); l-[2-((carbamoyl-4-hydroxy)-phenoxy)-

ethylamino]-3-[4-(l-methyl-4-trifluoromethyl-2-midazolyl)phenoxy]-2-propanol ((-) 

CGP 20712A), purchased from Ciba-Ceigy (Switzerland); erythro-dl-l-(7-methyl-

indan-4-yloxy)-3-isopropylaminobutan-2-ol (ICI 118,551), obtained from Imperial 

Chemical Industries Ltd., Macclesfield, Cheshire, UK); forskolin, kindly donated by 

Hoechst (Amsterdam, The Netherlands); indomethacine, purchased from Merck Sharp 

and Dohme (Haarlem, The Netherlands). All other chemicals used were of analytical 

grade and obtained from Merck (Darmstadt, FRG). 

95 



Table 1 

Characteristics of the animals used (body weight) and the isolated vessel preparations at 
increasing periods (i.e. weeks) following balloon injury of the carotid arteries 

weeks n bw exp. Lioo Lioo 

[g] injured [u.m] sham [\im\ 

0 37 282.1 ±6.5 1002.8 ± 11.3 1038.4 ±20.8 

2 29 366.1 ±9.9 900.0 ±33.6* 1150.9 ±42.4 

8 30 431.9 ±10.4 941.1 ±46.6* 1179.5 ±27.6 

16 30 443.4 ±11.8 858.7 ±91.0* 1202.0 ±21.2 

Data are presented as means ± SEM. *: p < 0.05 versus sham-operated right carotid artery. 
N = number of animals; bw = body weight; expp. = prior to pharmacological studies, injured 
= injured left carotid artery, sham = sham-operated right carotid artery, Ll00 = normalized 
internal diameter at transmural pressure of 100 mmHg 

Results 

Animal and vessel characteristics 

The characteristics of the animals used and of the isolated vessel preparations have 

been summarized in Table 1. The calculated individual lumen diameter at a pressure 

of 100 mmHg (Lioo) of the injured left carotid artery proved significantly decreased 

in preparations studied 2 weeks or later after balloon injury, when compared with 

their contralateral controls. 

Pharmacological studies 

Potassium chloride 

The maximal contractile responses (expressed as Emax, (N/m)) of the isolated left 

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

enced by the balloon injury procedure when compared to their contralateral control 

vessels, at all time points measured (see Table 2). 

Phenylephrine 

The maximal contractile responses to phenylephrine of injured and sham-operated 

carotid artery preparations are shown in Table 2. When compared to their controls, the 

phenylephrine-induced maximal contractions (Emax, (N/m)) of the injured left carotid 

arteries were not significantly different when measured immediately after balloon in

jury. However, the ai-adrenoceptor-mediated responses became severely impaired in 
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Table 2 

Contractile responses to high potassium chloride concentration (iC', 100 mM), to 

phenylephrine (PhE, 3 /JM), and to U46619 (30 nM), in injured left and sham-operated right 

carotid arteries, respectively, at different time points post-injury, as denoted by 'weeks ' 

E m „ [N/m] Ema; • [N/m] Emax [N/m] 

weeks n K+ K+ PhE PhE U46619 U46619 

injured sham Injured sham injured sham 

0 37 3.8 ±0 .2 4.1 ±0 .2 3.0 ±0 .3 2.9 ± 0.2 3.3 ±0 .2 3.4 ±0 .2 

2 29 4.0 ±0 .4 4.0 ±0 .2 0.8 ±0 .3* 3.0 ±0 .4 3.2 ±0 .4 3.8 ±0 .4 

8 30 4.4 ±0 .2 4.8 ±0 .2 1.8 ±0 .2* 2.9 ± 0.3 3.9 ±0 .3 4.4 ± 0.2 

16 30 5.2 ±0 .3 5.0 ±0 .4 2.9 ± 0.4 3.3 ±0 .4 4.0 ± 0.3 4.5 ± 0.2 

Data are presented as means ± SEM. ': p < 0.05 versus sham. 

n = number of animals; injured = injured left carotid artery, sham = sham-operated right 

carotid artery. 

the vessel preparations that had been injured 2 and 8 weeks prior to the functional ex

periments. However, this function fully recovered at 16 weeks postinjury (Table 2). 

U46619 (TP-receptor agonist) 

The contractile responses to U46619 for the preparations taken from the different time 

groups of rats are summarized in Table 2. When compared to their contralateral sham-

operated vessels, the U46619-induced maximal contractions (Emax, (N/m)) of the in

jured left carotid arteries appeared not to be significantly influenced by balloon injury 

with subsequent neointima formation, for all time points measured (see Table 2). 

Methacholine 

The data concerning the endothelium-dependent vasodilator responses to methacho

line are summarized in Table 3. The balloon injury procedure caused complete abol

ishment of relaxation in the left common carotid artery preparations, injured 8 weeks 

or less before. Only 16 weeks after balloon injury a full recovery of the endothelium-

dependent vasorelaxation could be observed in injured vessels when compared with 

the sham-operated preparations. 

Isoprenaline 

The characteristics of CRC's (Emax (N/m) and pD2) for isoprenaline after precontrac

t s with the thromboxane A2 (TP)-receptor agonist U46619 for the injured and sham-
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Table 3 

Maximal vasodilator responses (Emm) to methacholine (MCh, 3 juM) and toforskoline (Fsk, 

10 /JM) of injured left and sham-operated right carotid arteries at increasing periods (i. e. 
weeks) following balloon injury 

Em„ [% of precontraction] Ema« [% of precontraction] 

weeks n MCh MCh n Fsk Fsk 
injured sham injured sham 

0 37 -1.2 ±2.0* 84.7± 1.5 6 89.7 ±1.7 93.1 ±0.9 

2 29 -6.4 ±3.3* 83.5 ±2.0 5 94.7 + 2.4 95.8 ±0.8 

8 30 6.8 ±0.2* 80.9 ±0.1 5 96.5 ±3.6 97.1 ±1.3 

16 30 83.4 ±1.7 79.6 ±3.6 6 93.7 ±0.8 93.4 + 1.4 

Data are presented as means ± SEM. *: p < 0.05 versus sham. 

n = number of animals; injured = injured left carotid artery, sham = sham-operated right 
carotid artery. 

operated artery preparations at all time points postinjury are summarized in Table 4 

and depicted in Figure 1. Balloon injury of the rat carotid artery induced a significant 

decrease in isoprenaline-induced vasodilator response, immediately postsurgery. 

However, these responses to isoprenaline became significantly enhanced in the in

jured artery preparations, compared to their contralateral controls, from 2 weeks 

postinjury onwards (Student's t, Table 4). When compared to the responses immedi

ately postinjury, it appeared that at 2, 8, and 16 weeks after balloon injury, respec

tively, the maximal vasodilator responses to isoprenaline were significantly increased 

in the injured preparations, whereas for the sham-operated arteries these responses to 

isoprenaline became significantly decreased at 16 weeks postinjury (ANOVA). 

The sensitivity (pD2) for isoprenaline was significantly increased in the injured carotid 

artery preparations from 2 weeks postinjury onwards, when compared to the controls 

(Student's t, Table 4). The sensitivity also appeared significantly increased in the in

jured artery preparations at these time points, when compared to that for the injured 

arteries immediately postinjury (ANOVA). The pD2 for isoprenaline in the sham-

operated carotid arteries remained unchanged throughout the whole period of obser

vation (ANOVA, Table 4). 

Incubation with the ßi-adrenoceptor antagonist CGP 20712A showed no alterations in 

maximal response to and sensitivity for isoprenaline in sham-operated arteries at all 

time points postinjury, except for the maximal response at 16 weeks postinjury (Table 
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Table 4 

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

injured left and sham-operated right carotid arteries for isoprenaline (0,1 nM - 3 JJM) after 
precontraction with U46619 (30 nM), at different time points post-injury, as denoted by 

'weeks ' 

Em„ [% of precontraction] pD2 

weeks n injured sham injured sham 

0 8 19.6 ±2.2* 64.0 ±4.6 6.78±0.10 6.82 ±0.06 

2 5 86.4 ± 2.2*'" 49.7 ±5.7 7.48 ± 0.08*-" 6.88±0.10 

8 8 68.6±5.7*'# 47.2 ±7.2 7.13 ±0.09*'* 6.70 ±0.12 

16 6 78.8 ±2.7*'* 34.0 ±5.3" 7.21 ±0.06*-" 6.85 ±0.15 

Data are presented as means ± SEM. ': p < 0.05 versus sham (Student's t), *: p < 0.05 versus 
t = 0 weeks (ANOVA, Bonferroni). 
n = number of animals; injured = injured left carotid artery, sham = sham-operated right 
carotid artery. 

5a & 5b). However, at 8 and 16 weeks after balloon denudation, both maximal re

sponse and sensitivity to isoprenaline were significantly reduced in injured artery 

preparations after incubation with CGP 20712A (Table 5a & 5b). 

When the artery preparations were incubated with the ß2-adrenoceptor antagonist ICI 

118,551, the isoprenaline-induced maximal responses were significantly blocked in 

injured arteries at 8 and 16 weeks postinjury, whereas in sham-operated artery prepa

rations these responses were significantly reduced for all time points after balloon in

jury, except at 16 weeks postinjury. The sensitivity for isoprenaline (pÖ2) became 

significantly reduced both in injured and sham-operated artery preparations at all time 

points postinjury, when incubated with ICI 118,551 (Table 5a & 5b). 

Incubation with indomethacine had no influence on both maximal response and sensi

tivity for isoprenaline of injured and sham-operated artery preparations at all time 

points of observation measured (Table 6a & 6b). 

When the artery preparations were incubated with L-NAME, the maximal response to 

isoprenaline was significantly decreased in sham-operated artery preparations at all 

time points but 16 weeks postinjury. Isoprenaline-induced vasorelaxation in injured 

artery preparations became significantly blunted at 2 and 8 weeks postinjury (Table 6a 

&6b). 
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Figure 1. Concentration-response curves for increasing concentrations of isoprenaline in 
injured left (0) and sham-operated right (O) carotid arteries, obtained immediately (A), 2 
weeks (B), 8 weeks (C), and 16 weeks (D), after balloon injury, respectively. 
Data are presented as means ± SEM. *: p < 0.05 versus sham-operated artery. 

Forskolin. At all time points investigated, forskolin (10 |iM) elicited full vasodilator 

responses both in injured and sham-operated carotid artery preparations (Table 3). 

Discussion 

In the present study, the ß-adrenoceptor-mediated vasorelaxation in rat carotid artery 

after balloon injury was investigated. When compared to the contralateral sham-

operated artery preparations, balloon injury of the rat carotid artery appeared to lead 

to an initial impairment with subsequent enhancement of the ß-adrenoceptor-induced 

vasorelaxation in injured artery preparations, whereas the contralateral sham-operated 

carotid artery remained uninfluenced in this respect. 

These alterations in ß-adrenoceptor-mediated responses are not related to differences 

in precontraction levels with U46619 (30 nM), since it has been shown that the 

thromboxane A2 (TP)-receptor agonist U46619 induces similar responses (i.e. both 

with respect to E w and to pD2) in both injured and sham-operated contralateral artery 

preparations at all time points postinjury (Heijenbrok, unpublished data). Forskolin, a 
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direct adenylate cyclase activator, induced full vasorelaxation in the injured artery 

preparations at all time points investigated, indicating that the signal-transduction 

pathway downstream from adenylate cyclase activation is not altered as a conse

quence of balloon injury and subsequent neointima formation. From this, it would ap

pear that the observed modifications in isoprenaline-induced vasorelaxation in 

balloon-injured rat carotid artery are related to alterations at the ß-adrenoceptor level 

itself or to changes in function of the stimulatory guanosine triphosphate-binding 

protein (Gs), that is coupled to the ß-adrenoceptor (Summers et al. 1997). 

Indeed, this study shows that balloon injury of the rat carotid artery leads to shifts in 

ß-adrenoceptor subtype populations, i.e. that of the ß r and the ß2-adrenoceptor sub

type. The ß-adrenoceptor population present in both injured and sham-operated ca

rotid artery consists mainly of the ß2-adrenoceptor subtype, since the ß2-adrenoceptor-

selective antagonist ICI 118,551 shifted the CRC for isoprenaline rightwards in most 

artery preparations investigated and could even reduce the maximal response (Emax) in 

some vessel preparations. However, at 8 and 16 weeks postinjury, the ßi-adrenoceptor 

population emerges since in the injured preparations the vasodilator response to iso

prenaline could be partially inhibited with the ßi-adrenoceptor-selective antagonist 

CGP 20712A. To our knowledge, these shifts in ß-adrenoceptor subtype populations 

in rat carotid artery with neointima have not been reported before. Although the pre

cise mechanism remains to be elucidated, it may be speculated that these changes in 

ß-adrenoceptor subtype are related to alterations of the vascular smooth muscle cell 

phenotype that are known to occur in rat carotid arteries with neointima (Clowes et al. 

1983, Campbell et al. 1988). 

In the sham-operated artery preparations, the decrease in isoprenaline-induced re

sponses at 16 weeks postinjury may be related to the age-dependence of ß-

adrenoceptor-mediated vasorelaxation. This phenomenon is not observed in the in

jured carotid artery preparations. It is known that the ß-adrenoceptor-mediated vas

cular responses decline with age (Fleisch et al. 1970, Ericsson and Lundholm 1975, 

Deisher et al. 1989). However, it remains still unclear whether this decline is related 

to defects at the level of the receptor (Mader 1992), at the level of the cAMP-

dependent protein kinase activation (Tsujimoto et al. 1986, Deisher et al. 1989, Chin 

and Hoffman 1990), or even more distally, and the detailed mechanism involved re

mains to be elucidated. A possible explanation for the observation that the injured ar

teries showed an enhanced, rather than a decreased response to isoprenaline at 16 

weeks may be related to the phenotypic alterations that occur after balloon injury (see 

above). 

In rat carotid artery, the isoprenaline-induced vasorelaxation is apparently endothe-

lium-dependent since endothelial denudation due to balloon injury significantly re-
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duced the maximal response (E™*) to isoprenaline. In addition, the isoprenaline-

induced vasorelaxation in sham-operated artery preparations could be blocked by L-

NAME. However, at 16 weeks postinjury, this function disappears in both injured and 

sham-operated arteries. At this stage, the isoprenaline-induced vasorelaxation appears 

to be solely ß-adrenoceptor-dependent in both types of artery preparations. Interest

ingly, in injured artery preparations with neointima but without functional endothe

lium, i.e. at 2 and 8 weeks postinjury, the NO-dependent ß-adrenoceptor-mediated 

function appears still to exist. This would suggest that in the endothelium-absent in

jured carotid artery with neointima the NO system is still present. The NO synthase in 

these vessels can be activated by ß-adrenoceptors, but not, as would be expected, by 

M3-receptors. 

The prostanoids appear not to be involved in the ß-adrenoceptor-mediated vasodilator 

response of the injured, neither of the sham-operated rat carotid artery, since inhibi

tion of their synthesis by indomethacine showed no alteration in the isoprenaline-

induced vasorelaxation of either vessel type. 

In conclusion, isoprenaline-induced vasorelaxation of the rat carotid artery is primar

ily mediated through activation of the ß2-adrenoceptor subtype. Balloon injury of the 

rat carotid artery with subsequent neointima formation leads to significant alterations 

in ß-adrenoceptor-mediated vasorelaxation. The immediate decrease in isoprenaline-

induced vasorelaxation, as observed for the balloon-injured carotid artery, is attribut

able to the abolishment of the endothelium-dependent ß-adrenoceptor-mediated syn

thesis of nitric oxide (NO). The subsequent enhancement of isoprenaline-induced 

vasorelaxation in the injured carotid artery is related to the appearance of an endothe

lium- and M3-receptor-independent, but ß-adrenoceptor-dependent NO system in the 

rat carotid artery with neointima. At later stages of neointima formation, the appear

ance of ßi-adrenoceptors in the presence of the ß2-adrenoceptors may account for the 

increase in isoprenaline-induced vasorelaxation in the injured carotid artery. However, 

an additional role for the function of the ß-adrenoceptor-coupled Gs protein in the 

modifications of the isoprenaline-induced vasorelaxation could not be ruled out. 
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It has been shown repeatedly that the endothelium plays a key role in the regulation of 

the vascular response towards chemical (e.g. catecholamines) and mechanical stimuli 

(e.g. shear stress). The endothelial cells are capable of synthesizing and releasing 

vasoconstrictor substances, such as endothelin, and endothelium-dependent contract

ing factor (EDCF), but also vasodilator compounds, like prostacyclin, endothelium-

derived hyperpolarizing factor (EDHF), and endothelium-derived relaxing factor 

(EDRF, i.e. nitric oxide, NO (Palmer RMJ et al. 1987)). These endothelium-released 

compounds also possess growth-modulating properties (Garg and Hassid 1989, 

Newby et al. 1992, De Meyer et al. 1995). 

De-endothelialization of the vessel, which implies removal of the endothelial barrier, 

causes severe alterations in the vascular response towards vasoactive and growth-

modulating stimuli. It has been demonstrated that balloon denudation of the rat carotid 

artery leads to complete abolishment of methacholine-induced endothelium-dependent 

vasorelaxation, to deterioration of cxi-adrenergic responses and to the formation of 

neointimal tissue (Clowes et al. 1983, Candipan et al. 1994, de Blois et al. 1996, Heij-

enbrok et al. 1998). With restoration of the endothelial lining in these arteries (i.e. at 

16 weeks after balloon denudation), the responses to methacholine and phenylephrine 

recovered. In addition, the process of neointima formation appeared to be stabilized 

(Heijenbrok et al. 1998). It seems likely that some of these alterations in the hyper

plastic artery preparations are NO-related. 

Investigation of the ß-adrenoceptor function of rat carotid arteries with neointima 

showed that in the absence of endothelium the sensitivity as well as the maximal 

vasodilator response to isoprenaline were significantly increased in these arteries. 

However, upon restoration of functional endothelium (i.e. at 16 weeks after balloon 

denudation), the isoprenaline-induced vasorelaxation returned to control values (Pfaf-

fendorf et al. 1998). It was therefore speculated that the ß-adrenoceptor system might 

be suppressed by nitric oxide synthesis in these arteries. 

In the present study, the vasodilator responses to the stimulation of endothelial mus

carinic M3-receptors and ß-adrenoceptors on vascular smooth muscle were investi

gated in carotid and mesenteric artery preparations taken from chronically L-NAME-

treated rats. L-NAME (A^-nitro-L-arginine methyl ester) is a structural analogue of L-

arginine and is known to inhibit the synthesis of NO. 
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Material and Methods 

L-NAME treatment 

Male Wistar rats, weighing 250 to 300 g, were obtained from Iffa Credo (Les Oncins, 

France). The rats were divided into two groups: (1) L-NAME rats, which were treated 

with L-NAME for six weeks (i.e. 15 mg/kg/day or 0.06 mmol/kg/day), and (2) control 

rats. L-NAME was freshly prepared every other day by dissolving 200 mg (0.74 

mmol) in 1 1 of drinking water. All animals were fed with standard rat chow and al

lowed their drinking water ad libitum. The water intake and body weight of each ani

mal were measured every other day. The animals were housed in separate cages, but 

kept under the same environmental conditions. The experiments followed a protocol 

approved by the Animal Ethical Committee of the University of Amsterdam. 

At the end of the treatment, rats were anaesthetized by intraperitoneal administration 

of a mixture of ketamine (8 mg/100 g) and xylazine (4 mg/100 g), and subjected to 

artificial respiration via a tracheal cannula. After administering heparin (250 IU) 

through a cannula (PE-50, Clay Adams, USA) inserted into the femoral artery, the 

arterial pressure (systolic and diastolic) and heart rate were measured by means of a 

Statham P23 pressure transducer and recorded with the Maclab data acquisition sys

tem connected to an Apple Macintosh computer (ADI, Australia). 

Pharmacological studies 

After completing the blood pressure and heart rate measurements, the heart and lungs, 

the left common carotid artery and the mesenteric arteries from each animal were 

rapidly though carefully excised and immediately placed in Tyrode's solution (TS) at 

4°C and oxygenated with carbogen (95% 02, 5% C02). The composition of TS was as 

follows (mM): NaCl (136), KCl (2.5), MgCl2 (0.5), CaCl2 (1.8), NaH2P04 (0.42), 

NaHCCh (119), and glucose (5.5). All in vitro experiments were carried out in the 

absence of L-NAME in TS. After thoroughly rinsing in ice-cold TS, heart and lungs 

were weighed (wet weight) and subsequently kept frozen. The tissue preparation for 

the different arteries has been described in detail in previous studies (Zwaveling et al. 

1996, Heijenbrok et al. 1998). In short, after removing superficial fat and adherent 

connective tissue, 2 mm ring segments of the left carotid artery were cut starting 5 

mm proximally (viewed from the position of the heart) from the carotid bifurcation. 

After being transferred to the chamber of an isometric myograph (IP. Trading, 

Risskov, Denmark), two platinum wires (d = 200 um) were introduced into the lumen 

of the ring preparation. One of them was connected to a micrometer screw, the other 

to an isometric force transducer (Kistler Morse, DSG 6, Redmond, WA, USA). Mes

enteric arteries adjacent to the gut were also cleaned of fat and surrounding tissues. 

Subsequently, a stainless steel wire (d = 40 urn) was introduced into the lumen of the 
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vessel. The vessel was then dissected and transferred to the chamber of the isometric 

wire-myograph and fixed to a micrometer screw. After insertion of the second wire, 

the mesenteric artery was fixed to the isometric force transducer (see above). 

Isometric force development was recorded on a WeKa chart recorder (Depex, De Bilt, 

The Netherlands). All preparations were equilibrated for 60 min in TS at 37°C and 

oxygenated with carbogen (95% 02, 5% C02), at a pH of 7.4. The medium was re

placed every 20 min. Subsequently, the ratio between passive wall tension and inter

nal circumference was determined by a normalisation procedure (Mulvany and 

Halpern 1976, Mulvany and Halpern 1977). The individual internal circumference 

was adjusted to a value that equals the diameter at a transmural pressure of 100 

mmHg (13.3 kPa) for the carotid artery, and to 90% of the value that equals the di

ameter at the same transmural pressure of 100 mmHg for the mesenteric artery. This 

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

and L90, respectively). Mechanical responses were expressed as active tension, AT, 

that is the developed active force divided by twice the vessel length. 

The preparation of the carotid and mesenteric arteries followed almost the same pro

tocol for the functional experiments. After the normalisation procedure, the arteries 

were equilibrated at 37°C (the carotid arteries for 60 min with washing after each pe

riod of 20 min, the mesenteric preparations for 10 min). Then they were depolarized 

by a Tyrode's solution containing 100 mM KCl (K+-TS), where the KCl had been ex

changed on an equimolar basis against NaCl from the normal TS. After the K+-

induced contraction had fully developed, the preparations were washed frequently 

with normal TS and equilibrated for 30 min for the carotid artery preparations and 15 

min for the mesenteric vessels. This procedure was repeated once. Subsequently, the 

vessels were precontracted with the cti-adrenoceptor agonist phenylephrine (3.10"6 

M). After reaching a steady level, one dose of the endothelium-dependent vasodilator 

methacholine (10" M) was added to assess the presence or absence of functional en

dothelium. Subsequently, the preparations were washed frequently with normal TS 

and equilibrated for 30 min (carotid arteries) or 15 min (mesenteric arteries). 

Individual ring preparations were then incubated with the a-adrenoceptor antagonist 

prazosin (10'6 M for 30 min). After subsequent precontraction with the thromboxane 

A2 (TP)-receptor agonist U46619 (for carotid arteries 3.10s M, for mesenteric arteries 

3.10 M), the ß-adrenoceptor vasodilator responses were characterized by making 

cumulative concentration-response curves (CRC's) for isoprenaline (for carotid arter

ies and for mesenteric arteries 10"10-10'5 M). After the last dose of isoprenaline and 

subsequent stabilization of the response, one dose of forskolin (10"5 M) was given. In 

separate ring segments, CRC's were made for the oti-adrenoceptor agonist phenyleph

rine (for carotid arteries 10"9-10"5 M, for mesenteric arteries 10"8-10"4 M). After the 
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contraction following the last phenylephrine concentration had reached a stable level, 

increasing doses of methacholine (for carotid arteries and for mesenteric arteries 10"9-

10"5 M) were added to the bath in order to assess the endothelium-dependent vasodi

lator responses. 

Calculations 

Mean arterial pressure (MAP) was calculated by the following equation: 

MAP = (2 • BPdias + BPsys) / 3 

where BPdias is the diastolic blood pressure measured, and BPsys the systolic blood 

pressure. 

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

Calif, USA), concentration-response curves (CRC's) for the different agonists based 

on the following relationship: 

E = Em a x .A p . (A p + EC50
P)"1 

were fitted to concentration-response data for four to five individual experiments. The 

vasoconstrictor responses were expressed and calculated as absolute (N/m) values, the 

vasodilator responses as relative to precontraction level (%). In the equation, E is the 

response obtained at a given concentration A of agonist, Emax is the maximally attain

able response, EC50 (expressed as negative decadic logarithm: pD2) is the concentra

tion of agonist that is required for half maximal effect and the exponent P describes 

the slope of the relationship (Hill coefficient). 

Statistical analysis 

The data shown are expressed as means ± SEM, n denotes the number of artery prepa

rations measured. Statistical significance was established by a two-tailed Student's t-

test for unpaired data. A/7-value of less than 0.05 was considered to denote statistical 

significance of differences. 

Chemicals 

The following drugs were used: (acetyl-ß) methacholine chloride, 9,11-dideoxy-

lla,9a-epoxymethanoprostaglandin F2a (U46619), (±) isoprenaline HCl, A/°-nitro-L-

arginine methyl ester (L-NAME), L-phenylephrine hydrochloride, and prazosin which 

were obtained from Sigma Chemical Co. (St Louis, MO, USA). Forskolin was kindly 

donated by Hoechst (Amsterdam, The Netherlands). Potassium chloride and all other 
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Table 1 

Characteristics of the L-NAME-treated and control rats after 6 weeks of treatment. The char
acteristics (Lgo andLioa) of isolated mesenteric and carotid arterial preparations are shown 

as well 

Parameter L-NAME control 

Body weight [g] 375.3 ± 11.1 (n = 5) 384.6 ± 10.0 (n = 5) 
BP dias [mmHg] 111.7 ± 2.1* (4) 83.9 ±3.0 (4) 
BPsys[mmHg] 161.7 ± 6.7* (4) 132.0 ±3.6 (4) 
MAP [mmHg] 128.4 ± 3.4* (4) 100.0 ±2.9 (4) 
Heart rate [beats/min] 232.4 ± 5.2 (4) 212.7 ± 10.0 (4) 
Wet heart weight [mg/bw.100%] 0.356 ± 0.030 (5) 0.327 ± 0.012 (5) 
Wet lung weight [mg/bw.100%] 0.440 ± 0.022 (5) 0.462 ± 0.022 (5) 
L10o(um) 994.0 ±20.1* (5) 1146.5 ± 21.6 (5) 
L90(nm) 345.6 ±7.2 (5) 342.6 ± 8.2 (5) 

BP dias = diastolic blood pressure; BP sys = systolic blood pressure; MAP = mean arterial 
pressure; bw = body weight; L,0o = calculated optimal lumen diameter of carotid artery at 
transmural pressure of 100 mmHg; Lgo = calculated optimal lumen diameter of mesenteric 
artery at transmural pressure of 90 mmHg. 

Data are presented as means ± SEM. *: means significantly different (p < 0.05) from control 
rats; n denotes the number of rats. 

chemicals used for the preparation of Tyrode's solution were of analytical grade and 

obtained from Merck (Darmstadt, FRG). All drugs were dissolved in distilled water 

and kept frozen prior to use, except for isoprenaline, for which solutions were freshly 

prepared prior to the experiments. 

Results 

Animal and vessel characteristics 

The gain in body weight of the L-NAME-treated animals was comparable to that of 

the control rats. However, the mean daily water intake was significantly smaller in the 

L-NAME group (75 ± 4 ml/kg/day vs. 93 ± 4 ml/kg/day, L-NAME vs. control, n = 5, p 

< 0.05). The mean intake of L-NAME was 15.6 ± 0.7 mg/kg/day or 58 ± 3 mmol/kg/ 

day (n = 5). 

Both systolic and diastolic blood pressure, as measured in the femoral artery, were 

significantly increased in the L-NAME group, after 6 weeks of treatment. As to be ex

pected, the calculated mean arterial pressure (MAP) was also higher than in control 

rats. However, no significant change in heart rate was observed in the L-NAME-
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Figure 1. Concentration-response curves for the effects of phenylephrine in carotid arteries 
(A), and in mesenteric arteries (B), in L-NAME-treated (•) and control (O) arteries. 
Data are presented as means ± SEM, n = 5. 

treated rats. The relative wet heart and wet lung weights were not different between 

both groups (Table 1). 

The calculated individual optimal lumen diameter (Lino) as derived from the normali

sation procedure, was significantly decreased for the carotid artery preparations ob

tained from the L-NAME-treated animals, when compared to the control preparations. 

However, the calculated L90 did not differ for the mesenteric arteries (Table 1). 

Pharmacological studies 

Potassium chloride 

The increase in wall tension (N/m) of the isolated left common carotid artery in re

sponse to a high potassium chloride concentration (100 mM) was the same in prepa

rations obtained from the L-NAME and the control groups: 5.3 ± 0.3 N/m vs. 4.7 ± 0.3 

N/m, L-NAME vs. control, n = 10. Neither did chronic inhibition of NO synthesis al

ter the high K+-induced responses in the mesenteric arteries: 4.3 ± 0.3 N/m vs. 3.6 ± 

0.3 N/m, L-NAME vs. control, n = 10. 

Phenylephrine 

The maximal cci-adrenoceptor-mediated response to phenylephrine was significantly 

increased in carotid arteries taken from L-NAME-treated rats (3.4 ± 0.2 N/m vs. 2.7 ± 

0.2 N/m,p < 0.05, L-NAME vs. control, n = 10). However, when the absolute increase 

in wall tension in response to phenylephrine was related to the response to a high po

tassium chloride concentration, this response was not different between both groups: 

63.5 ± 2.2% vs. 57.9 ± 2.7%, L-NAME vs. control, n = 10. It appeared that the sensi

tivity of the carotid artery preparations to phenylephrine was not altered in the L-

NAME rats when compared with the control animals (pD2 = 6.8 ± 0.1 vs. 6.7 ± 0.2, L-

NAME vs. control, n = 5). In addition, the maximal contractile response (Emax) to 

phenylephrine was the same in both groups (Fig. 1 A). 
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Figure 2. Concentration-response curves for the effects of methacholine in carotid arteries 
(A), and in mesenteric arteries (B), in L-NAME-treated (•) and control (O) arteries. Pre-
contraction with phenylephrine (PhE). 
Data are presented as means ± SEM, n = 5. *: p< 0.05 versus control artery. 

Chronic NO synthesis blockade did not influence the ai-adrenoceptor-mediated re

sponse in mesenteric arteries: 4.5 ± 0.3 N/m vs. 3.9 ± 0.3 N/m, L-NAME vs. control, n 

= 10 (i.e. 106.0 ± 1.6% vs. 104.4 ± 2.2%, respectively). The sensitivity to phenyleph

rine was also comparable between the two groups: pD2 = 5.4 ± 0.1 vs. 5.4 ± 0.1, L-

NAME vs. control, n = 5 (Fig. IB). 

U46619 (TP-receptor agonist) 

The increase in wall tension (N/m) after exposure to the thromboxane A2 (TP)-

receptor agonist U46619 was comparable for the L-NAME-treated and control groups. 

This holds for the carotid artery (3.7 ± 0.4 N/m vs. 3.3 ± 0.1 N/m, L-NAME vs. con

trol, n = 5) as well as for the mesenteric artery preparations (4.0 ± 0.6 N/m vs. 3.5 ± 

0.3 N/m, L-NAME vs. control, n = 5). 

Methacholine 

Endothelium-dependent vasodilator responses of carotid artery preparations to metha

choline proved significantly altered in the L-NAME-treated animals. After precon-

traction with phenylephrine (10 mM) the relative vasodilator responses were 

diminished in these arteries: 30.9 ± 7.9% vs. 64.6 ± 2.0%, /K0.05, L-NAME vs. con

trol, n = 10. However, the CRC characteristics indicated that the sensitivity for metha

choline was not changed in the carotid arteries of the L-NAME-treated animals: pD2 = 

6.4 ± 0.2 vs. 6.7 ±0 .1 , L-NAME vs. control, n = 5 (Fig. 2A). 

The methacholine-induced responses of mesenteric artery preparations appeared not 

to be influenced by L-NAME treatment: 70.5 ± 3.6% vs. 79.5 ± 4.8%, L-NAME vs. 

control, n = 10. 

The sensitivity for methacholine also proved unchanged: pD2 = 7.0 ± 0.1 vs. 7.1 ± 0.1, 

L-NAME vs. control, n = 5 (Fig. 2B). 
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Figure 3. Concentration-response curves for the effects of isoprenaline in carotid arteries 
(A), and in mesenteric arteries (B), in L-NAME-treated (0) and control (O) arteries. Pre-
contraction with U46619. 
Data are presented as means ± SEM, n=5. *: p < 0.05 versus control artery. 

Isoprenaline 

Chronic inhibition of NO synthesis appeared to lead to significant alterations in the ß-

adrenoceptor-mediated responses in the carotid and mesenteric artery preparations. 

CRC for isoprenaline showed a reduction in sensitivity (pD2) and in maximal vasodi

lator response (Emax) of carotid arteries from the L-NAME group: pD2 = 6.7 ± 0.2 vs. 

7.4 ± 0.1./K0.05 & Emax = 36.1 ± 9.4% vs. 65.9 ± 6.0%, p<0.05, L-NAME vs. con

trol, n = 5 (Fig. 3 A). 

In the mesenteric arteries of this group, the sensitivity was also decreased, but not the 

maximal response: pD2 = 7.7 ± 0.0 vs. 8.0 ± 0.0, p<0.05 & Emax - 93.1 ± 1.9% vs. 

96.3 ± 2.0%, L-NAME vs. control, n = 5 (Fig. 3B). 

Forskolin 

Forskolin (10'5 M) induced almost complete relaxation in all individual carotid artery 

preparations after isoprenaline-induced vasorelaxation (89.7 ± 1.7% & 93.1 ± 0.9%, 

L-NAME vs. control, n = 4). 

Discussion 

Chronic inhibition of NO synthesis led to significant elevation of the systolic and dia

stolic blood pressure, thus confirming several earlier observations (Ribeiro et al. 1992, 

Numaguchi et al. 1995, Arribas et al. 1997, Khalil et al. 1998, Liu et al. 1998). In the 

present study, no differences in heart rate, body weight gain, (relative) wet heart 

weight or (relative) wet lungs weight were observed, whereas other investigations re

ported significant changes in these parameters for L-NAME-treated rats (Ribeiro et al. 

1992, Morton et al. 1993, Delacrétaz et al. 1994, Numaguchi et al. 1995, Liu et al. 
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1998). This discrepancy may be explained by the moderate dose of L-NAME used in 

the present study. 

Chronic L-NAME treatment decreases the optimal lumen diameter (Lioo) as measured 

in the carotid artery preparations, although the L90 of the mesenteric arteries was the 

same for the treated and control animals. It has been demonstrated that chronic inhi

bition of NO synthesis induces vascular remodelling due to increased blood flow. The 

vessel wall may become thickened as NO's capacity to inhibit vascular smooth mus

cle cell growth is blocked by the chronic L-NAME treatment (Garg and Hassid 1989). 

As a consequence, the lumen diameter may decrease, although no changes in lumen 

diameter have been described as well (Morton et al. 1993, Numaguchi et al. 1995, 

Moreau et al. 1995, Arribas et al. 1997). In the present model, chronic inhibition of 

NO synthesis may lead to inward remodelling of conduit arteries, whereas resistance 

arteries appear to remodel without changes in lumen diameter. 

The vasoconstrictor responses to high potassium levels, to the cci-adrenoceptor ago

nist phenylephrine and to thromboxane A2 (TP)-receptor agonist U46619 were not 

influenced by chronic L-NAME treatment in both type of arteries. Indeed, Khalil et al. 

also showed that chronic inhibition of NO synthesis did not alter the high potassium-

or phenylephrine-induced responses in rat aorta strips (Khalil et al. 1998). This obser

vation may suggest that hypertension due to inhibition of NO synthesis does not lead 

to alterations in cti-adrenergic function of both conduit and resistance arteries. In ad

dition, the deterioration of cti-adrenoceptor function in rat carotid arteries with neoin-

tima is not associated with the loss of endothelium-dependent NO synthesis 

(Heijenbrok et al. 1998). 

The endothelium-dependent vasodilator responses to methacholine were significantly 

diminished in the carotid artery preparations from the L-NAME rats, whereas the iso

lated mesenteric arteries showed similar responses as the control preparations. Differ

ent reasons could explain these findings. 

Methacholine induces its vasodilator effects through the endothelial muscarinic Ma-

receptors (Hendriks et al. 1992). Subsequent activation of calcium-dependent NO 

synthase enzymes leads to the production of NO, or EDRF (endothelium-derived re

laxing factor). In smooth muscle cells, cGMP production is increased by NO, leading 

to vasorelaxation (Ignarro and Kadowitz 1985, Ignarro 1991, Moncada et al. 1991). 

During L-NAME treatment NO synthase will be chronically inhibited. It should be 

realized that our pharmacological experiments were performed without the presence 

of L-NAME in the organ baths. Apparently, chronic inhibition of NO synthesis by 

treatment with L-NAME results in stable impairment of the endothelium-dependent 

NO system in rat conduit arteries even in the absence of L-NAME. In rat resistance 
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arteries, however, this system appears to be less influenced by chronic inhibition with 

L-NAME. 

In addition to the synthesis of nitric oxide, coupling of methacholine to its endothelial 

muscarinic receptors may also lead to the synthesis of EDHF, i.e. endothelial-derived 

hyperpolarizing factor. This factor mediates vasorelaxation through membrane hyper-

polarization of vascular smooth muscle cells (Feletou and Vanhoutte 1988, Komori 

and Vanhoutte 1990, Chen and Cheung 1992). This pathway of endothelium-

dependent, but NO-independent vasorelaxation has been described for the resistance 

arteries of normal and of hypertensive (SHR) rats (Hendriks et al. 1993, Randall et al. 

1997). The observed differences in methacholine-induced vasorelaxation between the 

conduit and resistance arteries in the present study may be explained by the absence 

and presence of the above mentioned pathway, respectively. 

A further cause of the decreased response to methacholine in the carotid artery prepa

rations taken from L-NAME rats may not be necessarily related to the chronic inhibi

tion of NO synthesis itself, but rather to the resultant increase of blood flow, which 

itself may have deteriorating effects on the function of the endothelium. Indeed, in 

spontaneously hypertensive rats (SHR) the cholinergic endothelium-dependent vaso

relaxation appeared significantly decreased in conduit arteries (Liischer and Van

houtte 1986, Koga et al. 1989, Hüsken et al. 1994b). Results of the investigations 

concerning the influence of hypertension on the methacholine-induced vasorelaxation 

in resistance arteries are less consistent. Some investigators report that there were no 

alterations (Hüsken et al. 1994a), whereas others found significant decreased re

sponses in the cholinergic endothelium-dependent vasorelaxation in SHR (Dohi et al. 

1990, Fu-Xiang et al. 1992). Our present findings confirm the data as presented by 

Hüsken et al. (Hüsken et al. 1994a). 

The ß-adrenoceptor-mediated responses to isoprenaline are also significantly modu

lated by chronic inhibition of NO synthesis. The mesenteric artery became less sensi

tive for isoprenaline, whereas its maximal vasodilator response was not influenced. 

The carotid artery preparations from chronically L-NAME-treated rats were not only 

less sensitive to isoprenaline, but their maximal vasodilator responses to isoprenaline 

were also significantly impaired. However, the preparations were able to fully dilate 

after subsequent addition of forskolin, an adenylate cyclase activator, indicating that 

the ß-adrenoceptor-mediated responses in rat conduit arteries are partially dependent 

on the endothelium-dependent NO pathway. This is confirmed by others (Graves et al. 

1993, Wang YX et al. 1993, Toyoshima et al. 1998). The discrepancies observed be

tween the carotid and mesenteric artery preparations may be related to the recovering 

capacity of the NO synthase enzymes in both preparations, or to the impaired endo

thelial function due to increased blood flow, as already discussed for methacholine 

(see above). 
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It is also apparent from the present data that the observed enhancement of ß-

adrenoceptor function in rat carotid arteries with neointima is not inversely related to 

the abolishment of the endothelium-dependent NO system (Pfaffendorf et al. 1998). 

In summary, the present study has shown that inhibition of NO synthesis with subse

quent hypertension does not impair the vasoconstrictor responses to a high potassium 

concentration, to the oti-adrenoceptor agonist phenylephrine and to the thromboxane 

A2 (TP)-receptor agonist U46619 in both small resistance and large conduit arteries of 

the rat. However, the endothelium-dependent vasodilator responses to cholinergic Ma-

receptor stimulation with methacholine and the ß-adrenoceptor-mediated vasorelaxa

tion with isoprenaline appear to be significantly impaired by chronic L-NAME treat

ment. These effects are more pronounced in large conduit arteries than in resistance 

vessels. Accordingly, although inhibition of NO synthesis may play a role in the for

mation of neointimal tissue in the balloon-denuded rat carotid artery, it is not involved 

in the enhancement of the ß-adrenergic responses (Pfaffendorf et al. 1998). 
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CHAPTER 8 

General Discussion And Conclusions 



Vascular proliferative diseases such as atherosclerosis, postangioplasty restenosis, ve

nous graft disease, and transplant vasculopathy, have as a common feature the pres

ence of an extensive neointima. Numerous animal and human studies have dealt with 

the morphological characteristics of the process of neointima formation after inflicting 

injury upon the artery. Subsequently, investigations have been performed to elucidate 

the mechanisms involved and to attempt and find therapeutic means to prevent these 

diseases after vascular intervention. Although animal studies have indicated the sub

stantial positive actions of currently available drugs in the prevention of various vas

cular proliferative diseases, no beneficial effects of such compounds could be 

demonstrated under clinical conditions. 

The rat carotid artery model is an established method to study the processes that occur 

during the formation of neointima after mechanical injury of the artery with an in

flated balloon catheter. This model proved reproducible, and easy to perform. 

Morphological analysis, protein and DNA content measurements of the isolated in

jured artery segments at different time points postinjury showed that mechanical rub

bing of the complete artery leads to removal of the endothelium with no significant 

medial tissue loss. A significant neointima, existing of anti-a-actin+ cells, that were 

morphologically distinct from the medial smooth muscle cells, and of extracellular 

matrix components, could be observed from 2 weeks postinjury onwards. The maxi

mal mass of neointima was reached at 8 weeks postinjury. During these stages of 

neointima formation, the protein and DNA contents also appeared significantly in

creased. Apparently, endothelial denudation per se may lead to considerable neoin

tima formation within the artery. In addition, the neointima formation appears to 

involve the process of dedifferentiation of "contractile" medial smooth muscle cells to 

"synthetic" neointimal smooth muscle cells. With the reappearance of anti-vWf" cells, 

i.e. endothelial cells, at 12 weeks postinjury the neointimal thickening process had 

stopped and even seemed to reverse. Re-endothelialization of the injured artery was 

even more pronounced at 16 weeks postinjury. These findings indicate that the rat ca

rotid artery has a strong endothelium-regenerating potency after arterial injury. Fur

thermore, this regenerated endothelium appears to be involved in the maturation, i.e. 

«differentiation, of neointimal smooth muscle cells and in the degradation processes 

of extracellular matrix occurring in the injured artery. Since the ratio between protein 

and DNA contents did not change during the process of neointima formation, it may 

be concluded that the increase in neointimal mass in rat carotid artery after balloon 

injury is largely attributable to hyperplasia instead of hypertrophy of vascular smooth 

muscle cells. 

Pharmacological studies have shown that balloon injury and subsequent neointima 

formation in the rat carotid injury did neither influence its contractile responses (re

ceptor-independent) nor the vasodilator effects (endothelium-independent). Appar-
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ently, the medial structure and function per se are not altered in arteries with neoin-

tima. In contrast, the receptor-dependent functions appear to be largely influenced by 

the morphological changes that occur in the injured rat carotid arteries. 

The muscarinic M3-receptor-dependent vasorelaxation became abolished, since me

chanical injury of the artery had completely removed the endothelium. However, 

since this endothelium-dependent function recovered with re-endothelialization of the 

injured artery, it can be concluded that the rat carotid artery possesses potent endothe

lial cell-regenerating capacity after arterial injury, not only morphologically (as de

scribed above) but also in a functional respect. 

The cti-adrenergic contractile responses, evoked by phenylephrine, proved signifi

cantly reduced after balloon injury. However, recovery of this function could be ob

served during neointima formation. 

These alterations in cti-adrenoceptor-mediated function might be related to changes in 

receptor density and/or to shifts in ai-adrenoceptor subtype populations in the injured 

rat carotid artery. Indeed, the cti-receptor density proved significantly decreased in 

these arteries, whereas the cti-adrenoceptor subtype did not change (mainly OIIB). 

However, at 16 weeks postinjury a discrepancy between cti-adrenergic function and 

ai-adrenoceptor density emerged, indicating that a reduced cti-adrenoceptor receptor 

density alone cannot fully explain its impaired function. Furthermore, arterial injury 

of the rat carotid artery does not lead to changes in the ai-adrenoceptor subtype 

population. 

It is generally assumed that the ai-adrenoceptor, the serotonergic 5-HT2A-receptor, 

and the thromboxane TP-receptor are directly coupled to the phospholipase C-

cascade. Activation of phospholipase C leads to formation of inositol phosphates (e.g. 

IP3) and diacylglycerol. Subsequently, the intracellular calcium ion concentration is 

raised and proteinkinase C is activated, leading to activation and sensitization of the 

contractile machinery in the vascular smooth muscle cell. Functional studies with the 

corresponding receptor agonists in injured rat carotid arteries revealed that the cti-

adrenoceptor and 5-HT2A-serotonergic functions were similarly impaired, whereas the 

thromboxane TP-receptor-mediated responses remained intact. Apparently, the TP-

receptor-mediated effects are not exclusively mediated via the activation of phospho

lipase C and subsequent inositol phosphate formation in rat carotid artery. Since direct 

stimulation of proteinkinase C activity and high concentrations of potassium chloride 

caused unaltered contractile responses in injured artery preparations, it can be con

cluded that the contractile apparatus in these arteries has remained intact. However, 

when phospholipase C was stimulated with phenylephrine, IP3 formation was in

creased in injured rat carotid arteries at 2 weeks postinjury. The fact that the injured 

rat carotid artery showed higher stimulated phospholipase C activity, despite a re-
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duced (Xi-adrenoceptor density and a basically unaltered function of the contractile 

apparatus, leads to the conclusion that the DVinduced release of activator calcium 

from the sarcoplasmatic reticulum may be impaired in these arteries. At 16 weeks 

postinjury, this impaired release of calcium proved to be restored. 

The isoprenaline-induced vasodilator responses proved age- and endothelium-

dependent in the normal rat carotid artery. This function was mainly ß2-adrenoceptor-

mediated and nitric oxide (NO)- but not prostanoid-dependent. However, when in

jury-induced neointima had developed, the ß-adrenoceptor function was significantly 

enhanced. This effect proved both ß r and ß2-adrenoceptor-dependent. We supposed 

that in the injured rat carotid artery the ß-adrenoceptor vasodilator function was en

hanced because the endothelium-dependent NO system was absent. However, studies 

in isolated carotid arteries taken from rats chronically treated with a nitric oxide syn

thase inhibitor could not confirm an inverse relationship between both systems. Addi

tional experiments revealed that during neointima formation the enhanced 

isoprenaline-induced vasorelaxation was mainly NO-mediated. Apparently, in injured 

rat carotid artery the neointimal nitric oxide system is responsible for the enhanced ß-

adrenoceptor function. 

The present investigation indicates that arterial injury with subsequent neointima for

mation not only provokes significant morphological alterations, but also causes im

portant pharmacological changes, in particular with respect to the oci- and the ß-

adrenoceptor systems. In contrast, the contractile apparatus as such remained fully 

preserved. These modifications of receptor-mediated functions are not only the result 

of changes in receptor density and in receptor subtype populations, but also involve 

the signal-transduction pathway. In addition, important changes in second messenger 

systems may emerge in the damaged vessels that have developed neointima. 
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SUMMARY 



Chapter 1 

Mechanical injury of the mammalian artery leads to formation of neointimal tissue 

within the artery. In humans, vascular proliferative diseases such as atherosclerosis, 

postangioplasty restenosis, venous graft disease, and transplant vasculopathy, have as 

a common feature the presence of an extensive neointima. In order to understand the 

changes that may occur after inflicting arterial injury, the morphology and normal and 

(patho)physiology of the mammalian artery are discussed. Subsequently, the proc

esses that are known to occur in animal arteries after injury and subsequent neointima 

formation are described. Finally, several pharmacological strategies for the prevention 

of neointima formation have been reviewed. 

Chapter 2 

To study the morphological and pharmacological changes that occur in arterial prepa

rations during neointima formation after mechanical injury, the rat carotid artery 

model was used. This method of arterial injury proved to be reproducible, and easy to 

perform. 

Pharmacological alterations were studied in isolated vessels by means of the isometric 

wire-myograph technique. Since this set-up was originally developed for arterial seg

ments with a diameter of less than 400 urn, adaptations have been made with respect 

to the mounting of the carotid artery preparations (with a diameter larger than 1000 

um) and with respect to the measurements of the vascular responses. To be able to 

compare the pharmacological responses of injured carotid artery segments with their 

contralateral sham-operated controls, additional pharmacological studies have been 

performed in normal healthy left and right rat carotid arteries. 

Chapter 3 

The influence of neointima formation on functional characteristics was investigated in 

rat carotid artery preparations. The process of neointima formation in the injured carotid 

arteries was followed in time both morphologically and morphometrically Simultane

ously with the loss of endothelial cells due to the balloon injury procedure, the vasodila

tor responses to methacholine were abolished. The sensitivity for the cti-adrenoceptor 

agonist phenylephrine appeared to be increased only immediately after injury. The bal

loon injury method led to significant neointima formation in the rat left common carotid 
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artery 2 weeks after the intervention. Eight weeks postinjury, the neointimal mass 

reached its maximum. Parallel to the formation of neointima, the ai-adrenoceptor-

mediated vasoconstrictor responses to phenylephrine were significantly impaired. After 

12 weeks of observation, reoccurrence of mature endothelial cells on the luminal surface 

of the neointima could be observed. Simultaneously, the vascular responses to phenyl

ephrine and methacholine recovered. The vasoconstrictor responses to high potassium 

concentrations (100 mM) as well as the vasodilator effects of sodium nitroprusside ap

peared to be uninfluenced by balloon injury throughout the period of observation. From 

this study we conclude that both the receptor-mediated contractile responses to cti-

adrenoceptor stimulation and the endothelium-dependent vasodilator responses to 

methacholine become severely impaired as a consequence of balloon catheter injury 

followed by neointima formation. However, these pharmacological responses may fully 

recover upon a prolonged period of endothelial regeneration. 

Chapter 4 

Balloon injury of the rat carotid artery leads to significant alterations in oci-adrenergic 

contractile function. At 2 and 8 weeks after balloon injury, the responses to the ai-

adrenoceptor agonist phenylephrine were significantly decreased. However, at 16 

weeks postinjury, these responses recovered. As the contractile responses of the ca

rotid artery to high potassium chloride concentration (100 mM) were not influenced 

by balloon injury, it was speculated that these alterations in phenylephrine-induced 

effects may be related to changes in cti-adrenoceptor density and/or subtype. The den

sity of oci-adrenoceptors in balloon-injured and sham-operated contralateral carotid 

arteries was estimated by means of radioligand-binding studies with [3H]-prazosin 

(300 pM). To characterize the ai-adrenoceptor subtypes, the effects of single concen

trations of (+)-niguldipine (30 nM; i.e. aiA-adrenoceptor-selective ligand), BMY7378 

(3 nM; aiD-adrenoceptor-selective ligand) and chloroethylclonidine (100 uM during 

30 min; an irreversible ais/iD-adrenoceptor antagonist) on specific binding in the 

presence of 300 pM [3H]-prazosin were evaluated. Specific binding of [3H]-prazosin 

in balloon-injured arteries was significantly reduced at 2, 8, and 16 weeks postinjury. 

Subtype analysis data showed that the high affinity binding sites for prazosin con

sisted of a uniform population of am-adrenoceptor, both in the balloon-injured as well 

as in the sham-operated carotid arteries at all points in time investigated. From these 

data, it may be concluded that the reduction of ai-adrenoceptor density per se does 

not explain the impaired function. Adaptations in the signal-transduction pathway 

may play an additional role in the initial impairment and subsequent recovery of oti-
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adrenoceptor-mediated contraction. It has been demonstrated that changes in cti-

adrenoceptor subtype populations are not implicated. 

Chapter 5 

Balloon injury of the rat carotid artery is known to lead to a significant deterioration 

of cti-adrenergic contractile function at 2 and 8 weeks postinjury. These effects may 

be partially explained by the concomitant reduction of oci-adrenoceptor (cti-

adrenoceptor) density. However, at 16 weeks postinjury the ai-adrenoceptor density 

was still reduced, whereas the contractile function had recovered. The contractile ap

paratus per se was not damaged by balloon injury, since high concentrations of potas

sium chloride (100 mM) induced comparable contractions in injured and control 

carotid artery preparations for all time points measured. The present study was un

dertaken to investigate whether these phenomena may be related to alterations in the 

signal-transduction pathway following cti-adrenoceptor stimulation. 5-

Hydroxytryptamine (5-HT) and the thromboxane A2 (TP)-receptor agonist U46619 

were used as tools because these agonists are thought to share the same signal-

transduction pathway with the cti-adrenoceptor agonist phenylephrine in vascular 

smooth muscle. Formation of inositol phosphates (IP) was measured to study the ac

tivity of phospholipase C, and phorbol myristate acetate (PMA) was used to measure 

the activity of proteinkinase C; both enzymes are involved in ai-adrenoceptor-

mediated functions. 5-HT-induced contractile responses showed the same time-related 

pattern as observed for phenylephrine. Balloon injury did not influence thromboxane 

A2 (TP)-receptor agonist U46619-induced contractile responses. IP formation after 

stimulation with phenylephrine (30 uM) was significantly increased at 2 weeks 

postinjury; at other time points postinjury, IP formation in the injured preparations 

was the same as in the controls. PMA induced comparable contractile responses in 

injured and control carotid artery preparations at all time points measured. The fact 

that the vessels showed a higher stimulated PLC activity at two weeks postinjury, in 

spite of a reduced oti-adrenoceptor density, and a basically unaltered function of the 

contractile apparatus, leads us to the conclusion that in injured carotid artery the IPs-

induced release of activator calcium from the sarcoplasmatic reticulum may be im

paired. At 16 weeks postinjury, this release of calcium from the sarcoplasmatic re

ticulum appears to be restored. In contrast to earlier assumptions, thromboxane A2-

induced contractile responses appear not to be mediated exclusively via activation of 

phospholipase C and subsequent IP formation. 
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Chapter 6 

The objective of the present study was to investigate the influence of balloon injury 

and subsequent neointima formation in the rat carotid artery on the ß-adrenoceptor 

function. Rat left common carotid artery was subjected to balloon injury with an arte

rial embolectomy catheter; the contralateral artery was sham-operated. Immediately, 

and at 2, 8 and 16 weeks postinjury, both the injured and the sham-operated carotid 

arteries were isolated and mounted in a isometric wire-myograph set-up. Subse

quently, concentration-response curves (CRC's) were constructed for the ß-

adrenoceptor agonist isoprenaline after precontraction with the thromboxane A2 (TP)-

receptor agonist U46619 (30 nM) of the injured and sham-operated artery prepara

tions. To evaluate the involvement of the ßi- and the ß2-adrenoceptor subtypes, 

CRC's were constructed in the presence of CGP 20712A (100 pM, a ßradrenoceptor-

selective antagonist) and ICI 118,551 (10 nM, a ß2-adrenoceptor-selective antagonist). 

L-NAME (100 uM) and indomethacine (10 uM) were used to evaluate the influence 

of nitric oxide (NO) or prostanoids, respectively. Immediately postinjury, isopren-

aline-induced vasorelaxation was impaired in the injured carotid artery preparations. 

However, from 2 weeks postinjury onwards, this response appeared enhanced in the 

injured preparations. In addition, the sensitivity for isoprenaline was increased in 

these preparations. The ß-adrenoceptor population in both types of preparations con

sisted mainly of the ß2-adrenoceptor subtype, although at 8 and 16 weeks postinjury, 

the ßi-adrenoceptor subtype appeared to be present as well in the injured artery prepa

rations. Inhibition of NO synthesis led to significant decreases of ß-adrenoceptor-

mediated vasorelaxation both in injured and in sham-operated artery preparations for 

all time points, except at 16 weeks. Cyclo-oxygenase inhibition had no influence on 

isoprenaline-induced vasorelaxation in injured and sham-operated preparations. From 

this, it is concluded that ß-adrenoceptor-mediated vasorelaxation in rat carotid artery 

is partially NO-dependent and occurs mainly via activation of the ß2-adrenoceptor 

subtype. Balloon injury and subsequent neointima formation in the rat carotid artery 

leads initially to an impairment, but subsequently to an enhancement of the ß-

adrenoceptor-mediated vasorelaxation. The impairment is attributable to the removal 

of endothelium, whereas the enhanced ß-adrenoceptor-mediated function may be re

lated to the occurrence of a NO system in the neointimal smooth muscle cells. 
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Chapter 7 

Balloon denudation with subsequent formation of neointima in the rat carotid artery 

leads to an enhancement of the ß-adrenergic function. However, this increase in re

sponse disappears with the same time course as the reappearance of functionally ac

tive endothelium. It was therefore speculated that the endothelium-dependent nitric 

oxide synthesis may suppress the ß-adrenoceptor system on vascular smooth muscle. 

To investigate this hypothesis male Wistar rats were treated with the L-arginine ana

logue A^-nitro-L-arginine methyl ester (L-NAME) to inhibit the synthesis of nitric 

oxide (i.e. 15 mg/kg/day or 0.06 mmol/kg/day for six weeks p.o.). Prior to the ex

periments the mean arterial blood pressure (MAP) was significantly elevated in the L-

NAME-treated rats. The functional properties of the isolated vessel preparations were 

established by isometric force measurement in a classical organ bath set-up, in the ab

sence of L-NAME. The maximal contractile responses to a high potassium chloride 

solution (100 mM), to the ai-adrenoceptor agonist phenylephrine, and to the throm

boxane A2 (TP)-receptor agonist U46619, were not influenced by chronic L-NAME-

treatment in the carotid and mesenteric artery preparations. The vasodilator responses 

to methacholine were significantly impaired in the carotid arteries, but not in the mes

enteric arteries, of L-NAME-treated animals. In addition, chronic inhibition of NO 

synthesis caused significant deterioration of the ß-adrenoceptor-mediated vasodilator 

responses in the carotid arteries. In the mesenteric arteries isolated from the L-NAME-

treated animals, the sensitivity for isoprenaline was significantly decreased. From 

these data, it may be concluded that chronic L-NAME treatment results in a stable im

pairment of the endothelium-dependent NO system in the rat carotid but not mesen

teric arteries. This difference may be due to the presence of endothelium-dependent 

hyperpolarizing factor (EDHF) in the resistance arteries. Chronic inhibition of the NO 

synthesis does not increase isoprenaline-induced relaxation of conduit and resistance 

arteries. Furthermore, the impairment of the vasodilator responses points towards a 

contribution of NO synthesis in the ß-adrenoceptor-mediated effects. 
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SAMENVATTING 



Hoofdstuk 1 

Mechanische beschadiging van een arterie leidt tot de vorming van neointima-weefsel 

binnen dit bloedvat. Het ontstaan van een neointima is een gemeenschappelijke com

ponent van proliferatieve vaataandoeningen, zoals athérosclérose, restenose na per

cutané transluminale coronaire angioplastiek (PTCA), en vaatlijden na 

vaattransplantaties. Voor een beter begrip van de processen die optreden na een arteri-

ele vaatwandbeschadiging worden in dit hoofdstuk de morfologie en fysiologie van de 

arterie besproken. Vervolgens worden de vasculaire veranderingen beschreven die het 

gevolg zijn van de beschadiging zelf en van de daarop volgende neointimavorming. 

Tot slot worden de diverse farmacologische therapieën voor de preventie van neoin

timavorming nader belicht. 

Hoofdstuk 2 

Het model van de Arteria carotis van de rat is gebruikt voor de bestudering van de 

morfologische en de farmacologische veranderingen, die in de arterie voorkomen ge

durende het proces van neointimavorming na mechanische vaatwandbeschadiging. 

Deze methode van arteriole beschadiging is goed reproduceerbaar en eenvoudig uit te 

voeren. 

De farmacologische veranderingen in geïsoleerde vaten werden bestudeerd met be

hulp van de isometrische draad-myograaftechniek. Aangezien deze methode eigenlijk 

ontwikkeld is voor arteriële preparaten met een diameter kleiner dan 400 u.m, zijn 

voor de carotiden van de rat (met een diameter groter dan 1000 urn) aanpassingen ver

richt wat betreft de preparatiemethodiek en de metingen van de vasculaire effecten. 

Om de functionele responsen van de beschadigde met die van de contralaterale 

'sham'-geopereerde arteriële preparaten te kunnen vergelijken zijn controle

experimenten uitgevoerd in preparaten van gezonde linker en rechter carotiden. 

Hoofdstuk 3 

In dit hoofdstuk wordt de invloed van neointimavorming op de functionele eigen

schappen van de Arteria carotis van de rat beschreven. De ontwikkeling van neointi

ma werd als functie van de tijd in beschadigde carotiden zowel morfologisch als 

morfometrisch gevolgd. 

Het vaatverwijdende effect van methacholine bleek tegelijkertijd met de verwijdering 

van het endotheel door mechanische beschadiging te zijn verdwenen. De gevoeligheid 
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voor de ai-adrenoceptoragonist fenylefrine bleek direct na de interventie toegenomen 

te zijn. Twee weken na het aanbrengen van de beschadiging trad significante neointi-

mavorming op in de linker A. carotis van de rat. Na acht weken bleek de neointimale 

massa maximaal te zijn. Parallel aan de ontwikkeling van intimale hyperplasie trad 

een significante vermindering van de via ai-adrenoceptorstimulatie opgewekte res

pons op fenylefrine op. Twaalf weken na het aanbrengen van de beschadiging konden 

nieuwe endotheelcellen op het luminale oppervlak van de neointima worden waarge

nomen. Op hetzelfde moment bleken de vasculaire responsen van fenylefrine en me-

thacholine te zijn hersteld. Op alle gemeten tijdspunten na beschadiging bleken de 

vasoconstrictieve responsen op een hoge concentratie kaliumchloride (100 mM) en de 

vaatverwijdende effecten met natriumnitroprusside onveranderd te zijn. 

We kunnen uit de resultaten van deze studie concluderen dat als gevolg van de me

chanische beschadiging en neointima zowel de receptorgemedieerde contractiele res

ponsen na ai-adrenoceptorstimulatie als de van het endotheel afhankelijke 

vaatverwijdende effecten met methacholine in belangrijke mate verslechteren. Echter, 

op langere termijn blijken deze farmacologische effecten zich volledig te herstellen 

gelijktijdig met de regeneratie van het endotheel. 

Hoofdstuk 4 

Beschadiging van de A. carotis met een balloncatheter leidt tot significante verande

ringen in de oti-adrenerge contractiele functie. De responsen op de ai-

adrenoceptoragonist fenylefrine bleken twee en acht weken na vaatwandbeschadiging 

duidelijk verminderd te zijn. Echter, na zestien weken was een herstel van deze ef

fecten waarneembaar. Gezien het feit dat de contractiele responsen van de A. carotis 

op een hoge concentratie kaliumchloride (100 mM) onveranderd bleven na beschadi

ging, zou verondersteld kunnen worden dat de verslechtering van de respons met fe

nylefrine gerelateerd is aan veranderingen in de dichtheid en/of de subtypen van de 

ai-adrenoceptor. 

De dichtheid van oti-adrenoceptoren in de beschadigde en 'sham'-geopereerde con

tralaterale carotiden werd gemeten door middel van bindingsstudies met de radioac

tieve ligand [3H]-prazosine (300 pM). Voor de karakterisering van de cci-

adrenoceptorsubtypen is de invloed van een enkelvoudige concentratie (+)-

niguldipine (30 nM; d.i. een aiA-adrenoceptor selectieve ligand), BMY7378 (3 nM; 

een ctiD-adrenoceptor selectieve ligand), en chloorethylclonidine (100 uM gedurende 

30 min; een irreversibele ctiB/iD-adrenoceptorantagonist) op de specifieke binding van 

[3H]-prazosine bepaald. Twee, acht en zestien weken na beschadiging bleek de speci-
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fieke binding van [3H]-prazosine in de behandelde arteriën significant verlaagd te zijn. 

Onderzoek naar de receptorsubtypen liet zien dat zowel in de beschadigde als in de 

'sham'-geopereerde carotiden de bindingsplaatsen met hoge affiniteit voor prazosine 

bestonden uit een uniforme populatie van aiB-adrenoceptoren. Dit gold voor alle be

studeerde tijdspunten. Uit deze resultaten wordt geconcludeerd dat de verlaging van 

ai-adrenoceptordichtheid als zodanig de verslechterde functie niet kan verklaren. 

Aanpassingen in de signaaltransductie spelen mogelijk een additionele rol bij de aan

vankelijke vermindering en later optredende verbetering van de door cti-

adrenoceptorstimulatie ontstane contractie. Wij hebben aldus aangetoond dat ver

schuivingen in cti-adrenoceptorsubtype populaties niet ten grondslag liggen aan de 

waargenomen processen. 

Hoofdstuk 5 

Mechanische beschadiging van de A. carotis van de rat leidt tot een significante ver

slechtering van de oti-adrenerge contractiele functie in de periode van twee en acht 

weken na de interventie. Dit effect kan gedeeltelijk verklaard worden door de gelijk

tijdige afname in cci-adrenoceptordichtheid. Echter, zestien weken na mechanische 

beschadiging was de cti-adrenoceptordichtheid nog verlaagd, terwijl de contractiele 

functie hersteld was. De contractiemechanismen zelf waren niet beschadigd door de 

ingreep, daar voor alle bestudeerde tijdspunten een hoge concentratie kaliumchloride 

(100 mM) vergelijkbare contracties veroorzaakte in zowel de beschadigde als in de 

controlepreparaten. Wij hebben onderzocht of de bovengenoemde waarnemingen het 

gevolg zijn van veranderingen in de signaaltransductie na stimulatie van de a r 

adrenoceptor. Hiervoor zijn 5-hydroxytryptamine (5-HT) en de thromboxaan A2 (TP)-

receptoragonist U46619 gebruikt, omdat deze agonisten in vasculair gladspierweefsel 

dezelfde signaaltransductie mechanismen zouden bezitten als die van de ai-

adrenoceptoragonist fenylefrine. Voor de bepaling van phospholipase C werd de vor

ming van inositolfosfaten (IF) gemeten. Phorbol myristaat acetaat (PMA) werd ge

bruikt om de proteïnekinase C activiteit te bepalen. Beide enzymen zijn betrokken bij 

de via cti-adrenoceptor veroorzaakte functies. Door 5-HT opgewekte contractiele res

ponsen lieten hetzelfde tijdsgerelateerde patroon zien als dat van fenylefrine. Mecha

nische beschadiging had geen invloed op de door de thromboxaan A2 (TP)-

receptoragonist U46619 opgewekte vasoconstrictie. IF-vorming na stimulatie met fe

nylefrine (30 uM) was significant verhoogd twee weken na beschadiging; op de ande

re tijdstippen was de IF-vorming in de beschadigde vaten vergelijkbaar met die in de 
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controlevaten. PMA induceerde vergelijkbare contracties in de beschadigde en con

trolepreparaten op alle bestudeerde tijdstippen. 

Uit het feit dat twee weken na beschadiging een hogere PLC-activiteit in de bescha

digde vaten te zien was, ondanks een verlaagde cti-adrenoceptordichtheid en een on

veranderde functie van de contractiemechanismen, kan geconcludeerd worden dat in 

de beschadigde A. carotis de door inositoltrifosfaat geïnduceerde afgifte van de acti

vator calciumionen vanuit het sarcoplasmatisch reticulum mogelijk belemmerd is. 

Zestien weken na beschadiging bleek deze calciumafgifte vanuit het sarcoplasmatisch 

reticulum hersteld te zijn. In tegenstelling tot eerdere veronderstellingen, blijkt de 

contractiele respons op thromboxaan A2 niet uitsluitend via activering van het phosp-

holipase C gevolgd door IF-vorming tot stand gekomen te zijn. 

Hoofdstuk 6 

In dit hoofdstuk wordt het onderzoek beschreven naar de invloed van mechanische 

beschadiging en de daarop volgende neointimavorming op de ß-adrenoceptor functie 

in de A. carotis van de rat. De linker Arteria carotis van de rat werd beschadigd met 

een arteriole embolectomie balloncatheter; de contralaterale arterie werd 'sham'-

geopereerd. Onmiddellijk en vervolgens twee, acht en zestien weken na deze inter

ventie werden zowel de beschadigde als de 'sham'-geopereerde carotiden geïsoleerd 

en opgehangen in een isometrische draad-myograaf. Vervolgens werden de concen

tratie-respons curven (CRC-en) gemaakt voor de ß-adrenoceptoragonist isoprenaline, 

na precontractie met de thromboxaan A2 (TP)-receptoragonist U46619 (30 nM) voor 

zowel de beschadigde als de 'sham'-geopereerde preparaten. Voor het vaststellen van 

mogelijke rol van de ßi- en ß2-adrenerge subtypen werden CRC-en gemaakt in de 

aanwezigheid van CGP 20712A (100 pM, een ßi-adrenoceptor selectieve antagonist) 

en ICI 118,551 (10 nM, een ß2-adrenoceptor selectieve antagonist). L-NAME (100 

uM) en indomethacine (10 uM) werden gebruikt om de invloed van respectievelijk 

stikstofmono-oxide, NO, of van Prostanoiden te bepalen. Onmiddellijk na de inter

ventie bleek de door isoprenaline opgewekte vaatverwijding in de beschadigde A. ca

rotis preparaten verminderd te zijn. Echter, vanaf twee weken na beschadiging bleken 

deze responsen versterkt te zijn in de beschadigde preparaten. Bovendien was de ge

voeligheid voor isoprenaline in deze preparaten verhoogd. De ß-adrenoceptor popula

tie in beide typen preparaten omvatte voornamelijk het ß2-adrenerge subtype, 

alhoewel acht en zestien weken na de interventie het ßi-adrenerge subtype ook aan

getoond kon worden in de beschadigde vaten. Remming van het enzym NO-synthase 

leidde tot een significante vermindering van door ß-adrenoceptor opgewekte vaatver-
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wijding, zowel in de beschadigde als in de 'sham'-geopereerde preparaten voor alle 

tijdspunten, behalve zestien weken na de interventie. Remming van het enzym cyclo-

oxygenase veroorzaakte geen veranderingen in de door isoprenaline opgewekte vaat-

verwijding noch in de beschadigde noch in de 'sham'-geopereerde preparaten. 

Hieruit kan geconcludeerd worden dat de via ß-adrenoceptor-stimulatie opgewekte 

vaatverwijding in de A. carotis van de rat gedeeltelijk van NO afhankelijk is en tot 

stand komt via activering van voornamelijk ß2-adrenoceptoren. Mechanische bescha

diging en de daarop volgende neointimavorming in de A. carotis van de rat leidden tot 

een aanvankelijke verslechtering, maar vervolgens tot een versterking van de via ß-

adrenoceptoren ontstane vaatverwijding. De verslechtering is te wijten aan de verwij

dering van het endotheel, terwijl de toegenomen functie (via ß-receptoren) gerelateerd 

lijkt te zijn aan het voorkomen van een NO-systeem in de neointimale gladde spier

cellen. 

Hoofdstuk 7 

Mechanische denudatie met daarop volgend neointimavorming in de A. carotis van de 

rat leidt tot een versterking van de ß-adrenerge functie. Echter, deze toename in res

ponsen verdwijnt met de regeneratie van functioneel endotheel. Deze resultaten zou

den mogelijk wijzen op een onderdrukking door het endotheel afhankelijke NO-

systeem van het ß-adrenerge systeem in het vasculaire gladspierweefsel. 

Voor het testen van deze hypothese werden mannelijke Wistar ratten chronisch be

handeld met het L-arginine-analogon NG-nitro-L-arginine methyl ester (L-NAME) om 

de synthese van NO te remmen (d.i. 15 mg/kg/dag of 0.06 mmol/kg/dag gedurende 

zes weken po) . Vlak voor de functionele experimenten bleek de gemiddelde arteriole 

bloeddruk (MAP) significant verhoogd te zijn in de met L-NAME behandelde ratten. 

De functionele eigenschappen van de geïsoleerde preparaten werden bepaald door 

isometrische krachtmetingen in een klassieke orgaanbadopstelling, in afwezigheid van 

L-NAME. De maximale contractiele responsen op een hoge concentratie kaliumchlo-

ride (100 mM), op de ai-adrenoceptoragonist fenylefrine, en op de thromboxaan A2 

(TP)-receptoragonist U46619 in de carotiden en in de mesenteriale arteriën bleken 

niet beïnvloed te worden door de chronische behandeling met L-NAME. De vaatver-

wijdende effecten met methacholine waren significant verminderd in de carotiden, 

maar niet in de mesenterièn, van met L-NAME behandelde dieren. Daarnaast veroor

zaakte chronische remming van NO-synthase een significante verslechtering van de 

door ß-adrenoceptor opgewekte vaatverwijdende respons in de A. carotis. In de me-
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senteriale arteriën van de met L-NAME behandelde dieren bleek de gevoeligheid voor 

isoprenaline significant verminderd. 

Hieruit kan geconcludeerd worden dat chronische behandeling met L-NAME leidt tot 

een stabiele onderdrukking van het endotheel afhankelijke NO-systeem in de caroti-

den maar niet in mesenteriale arteriën van de rat. Dit verschil zou het gevolg kunnen 

zijn van de aanwezigheid van een endotheel afhankelijke hyperpolarizerende factor 

(EDHF) in de weerstand s vaten. Chronische remming van de NO-synthese leidt niet 

tot een versterking van de door isoprenaline opgewekte vaatverwijding in geleidings-

en weerstandsvaten. Verder lijkt de verslechtering van de vaatverwijdende responsen 

te wijzen op een bijdrage van het NO-systeem tot de door ß-adrenoceptorstimulatie 

opgewekte effecten. 
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