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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 
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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 
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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-
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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 
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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-
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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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