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A b s t r a c t

The injury response associated w ith coronary angioplasty causes 25-50%  

of patients to develop restenosis at the site of their original lesion, due to 

the migration and proliferation of smooth muscle cells and failure of 

compensatory expansion of the arterial wall. Cell migration across matrix 

boundaries is a major component in the formation of neointimal hyperplasia 

follow ing vascular injury, and is dependent on the alteration of the 

proteolytic balance w ith in  the arterial wall towards matrix breakdown. This 

study investigated the hypothesis that this change is mediated in part by 

the matrix metalloproteinases, (MMPs) and might be prevented by their 

inhibition, either by pharmacological means or by their natural inhibitors the 

tissue inhibitors of metalloproteinases (TIMPs).

Initial studies of a pharmacological inhibitor, CT1746, showed no reduction 

in neointimal hyperplasia after balloon injury in the rat carotid artery and 

highlighted problems w ith  reliable delivery of this compound. Adenoviral 

and herpes gene transfer approaches were, therefore, developed and 

characterized in detail both in vivo and in vitro  using a marker gene. A 

novel adenoviral vector, A v I.T IM P I, containing the TIMP1 cDNA was 

characterized, purified, and propagated. An increase in expression of 

biologically active and immunoreactive TIMP1 was seen in vitro  in response 

to infection of smooth muscle cells (SMCs) w ith A v I.T IM P I. Infection of 

SMCs w ith  Av1 .TIMP1 reduced SMC invasion in vitro by 27%  compared to 

control virally infected cells. The adenoviral vector was delivered to the rat 

carotid artery follow ing balloon injury and four days later immunoreactive 

protein was identified and migration of smooth muscle cells reduced by 

60%. The transmural expression of TIMP1 was associated w ith a 30% 

reduction in neointimal area tw o weeks after angioplasty. These studies 

support the hypothesis that arterial balloon injury involves MMP-dependent 

smooth muscle cell migration which can be attenuated in vivo by 

adenoviral gene transfer of TIMP1.
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C h a p t e r  1 . In t r o d u c t io n .

1 .1  Ba c k g r o u n d

The properties and regulation of the matrix metalloproteinase (MMP) family 

of matrix breakdown enzymes and their inhibitors were initially studied in 

tumour metastasis and arthritis (Basset et al. 1990; Brinckerhoff, 1991; 

Greenwald at al. 1992; Greenwald, 1994; Mignatti and Rifkin, 1993; 

Melchiori at a!. 1992; Urbanski at a!. 1992). Their powerful role in these 

diseases led others to study their expression in the vasculature in normal 

and atherosclerotic arteries and in balloon injured arteries (Strauss at al. 

1996; Nikkari at al. 1995; Bendeck ef a/. 1994; Zempo at al. 1994; Nikkari 

at al. 1994; Southgate at al. 1996; Galis at al. 1995b; Galis at al. 1994b; 

Henney at al. 1991; Webb at al. 1997; Vine and Powell, 1991). Parallels 

can be drawn between wound healing and the response to vascular injury 

and between the liberation of metastatic malignant cells into the blood 

stream and the migration of smooth muscle cells from the intima to the 

media in an injured artery (Doliery at al. 1995). Evidence for MMP 

upregulation after vascular injury led to the hypothesis under investigation 

in this study that inhibition of MMPs may attenuate the stenotic response 

to vascular injury.

The vessel wall is an integrated functional component of the circulatory 

system which is continually remodeling in response to haemodynamic 

conditions and disease states. The endothelium releases locally active 

hormones, such as nitric oxide and endothelin, which have immediate 

vasoactive properties and longer term trophic effects on the medial smooth 

muscle cells (Moncada, 1997). The medial smooth muscle cells are also 

exerting a longer term effect on the physical properties of the vessel wall 

by controlling the synthesis of its major structural components such as the 

collagens (Type I, III, IV andjVl , elastin, proteoglycans, and glycoproteins 

(Murphy and Reynolds, 1993). The smooth muscle cells (SMCs) synthesize 

these structural components and control matrix turnover via the matrix
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metalloproteinase (MMP) enzymes, the plasmin/plasminogen system and 

their inhibitors. The matrix composition determines the physical elastic 

properties of the vessel wall, while its breakdown can release growth 

factors stored in the matrix, changing the cellular components of the wall. 

The matrix, therefore, rather than being merely a system of scaffolding for 

the surrounding cells, is central to the control of vascular remodeling.

1 .2  T he M a t r ix  M e t a l l o p r o t e in a s e s

MMPs are a fam ily of Zn dependent enzymes which have the capacity 

to degrade virtually all of the constituents of the extracellular matrix (Galis 

et a!. 1994a). They are important in the resorption of extracellular matrices 

in both normal physiological processes and pathological states. There are 

four potential areas of importance for the MMPs in vascular biology: 

atherogenesis, the development of the unstable plaque, migration and 

proliferation of SMC after angioplasty, and vascular remodeling.

Sixteen metalloproteinases have been identified, cloned, and sequenced. 

They can be divided into four groups: Firstly the Collagenases that degrade 

structural type l-lll collagens only; secondly the type IV 

Collagenases/Gelatinases which act on the basement membrane and 

partially degraded collagen; and thirdly the Stromelysins which have a 

broad substrate specificity (proteoglycans, laminin, fibronectin, gelatin, and 

basement membrane collagens) (see Table 1: The Matrix

Metalloproteinases ). The newest group in the MMP family are an integral 

part of the plasma membrane, rather than secreted proteins, and have 

been named the membrane type MMPs (MT-MMPs 1-4) (Sato et al. 1994; 

Takino et ai. 1995; Puente et ai. 1 996; Will and Hinzmann, 1 995).

Taken together the MMPs, once activated, can degrade all extracellular 

matrix components. It is important, therefore, that the activity of these 

enzymes is kept under tigh t control, and this operates at three levels: 

transcription, activation of the latent proenzymes and inhibition of 

proteolytic activity (see Figure 1) (Matrisian, 1990).



SUBGROUP NAME M M P NUMBER MOLECULAR W EIGHT KD 
datent form)

SUBSTRATE REGULATOR IN HUMAN 
VSMC

NATIVE INHIBITOR

COLLAGENSASES Interstitial Coilagenase 

Neutrophil Coilagenase 

Coilagenase 3

1

8

13

55

75

Collagen type IIP, I, II.VII.X, gelatin 
and proteoglycans

Collagen tvoe I, III, II, nroteoglvcans

IL-1, TN Fa, PDGF, Phorbol TIMP 1 and 2

GELATINASES Gelatinase A 2 72 Collagen type IV, V, VII, X, gelatin Constitutiye TIMP 2 and 1

Gelatinase B 9 92 Collagen type IV, V, VII, X,
IL l and TNFa TIMP 1 and 2

STROMELYSINS Stromelysin 1 3 57 Collagen type III, TV, V, DC, Laminin, 
fibronectin, elastin, gelatin, 

proteoglycans, Progelatinase B, 
Procollagenase

TIMP la n d  2

Stromelysin 2 1 57 As for stromelysin 1. TIMP 1 and 2

Stromelysin 3 11 51 Gelatin, fibronectin, proteoglycans TIMP 1 and 2

PUMP-1 7 28 Gelatin, fibronectin, laminin, collagen 
type TV, procollagenase, proteoglycan 

core protein

TIMP 1 and 2

Metalloelastases 12 57 Elastin TIMP 1 and 2

M EM BRANE TYPE MMPs MTl-M M P

MT2-MMP

MT3-MMP

MT4-MMP

14

15

16 

17

66

64

50

70

Collagen type TV. gelatin, casein, 
fibronectin, progelatinase A 

progelatinase A

TIMP 1 

TIMP 1 and 2

MMP-18 18

MMP-19 19 60 ?similar to stromelysin Not Known TIMP-2

Table 1 The Matrix Metalloproteinases

Underlined words denote a potent interaction between the MMP enzyme and the substrate or inhibitor indicated.
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Positive Effects

IL-1,TNF, 
PDGF, Phortx)!

TNF
Activation

PAI-1PAI-2

uPA, /Piasmin 

MTMMP

Positive Feedback

MMP GENES

TRANSCRIPTION

ZYMOGENS

Pro-Stromelysin 
Pro-Gelatinase A 
Pro- Gelatinase B 
Pro- Coilagenase

ACTIVATION

ACTIVE ENZYMES

Extracellular Matrix

Stromelysin 
Gelatinase A 
Gelatinase B 
Coilagenase

t > ■ ■ ■

PROTEOLYSIS

Negative Effects

TGF\̂ , Retinoids, 
Heparin, 
Corticosteroids

TIMP GENES

TiMP 1,2 and 3

TiMP 1 and 2 
Tetracyciines 
Anthracyciines 
Synthetic inhibitors

Low Molecular Weight 
Peptides

Figure 1 Regulation of the MMPs.
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1.2.1 Transcriptional regulation

A number of cytokines and growth factors have been shown to induce or 

stimulate the synthesis of MMPs, including interleukin-1, platelet derived 

growth factor (PDGF) and tumour necrosis factor a (TNF-a), whilst others, 

such as transforming growth factor 8 (TGF8), heparin, and corticosteroids 

have an inhibitory effect (Galis at ai. 1995a; Galis at al. 1994a; Lee at ai. 

1996; Kenagy at ai. 1994; Fabunmi at ai. 1996). Studies of the 

Coilagenase and Stromelysin gene promoters have identified a number of 

consensus sequences for nuclear binding proteins, including TPA- 

responsive elements and activator protein-1 (API) sites (Curran and 

Franza, 1988). In addition, the proto-oncogenes c-Fos and c-Jun act as 

transcription factors (Birkedal-Hansen at ai. 1993). Recently tw o groups 

have demonstrated that TNF-a, is regulated by the MMPs. TNF-a a potent 

proinflammatory and immunoregulatory cytokine is synthesized as a 

zymogen which is cleaved to the active form (Black at ai. 1 997). It has 

been demonstrated that metalloproteinases inhibitors can prevent this post 

translational activation, and that the addition of Coilagenase, Stromelysin, 

Matrilysin and the Gelatinases w ill restore its activ ity (McGeehan at ai. 

1994; Gearing at ai. 1994). It is unlikely that MMPs are the major 

converting enzyme of TNFa but their ability to activate TNF may be 

important where focalized proteolysis is occurring at the cell surface 

(Basbaum and Werb, 1996; Black at ai. 1996). The MMPs are, therefore, 

capable of regulating cytokine activ ity and may, at least in local areas of 

enhanced MMP activity, initiate cellular processes as well as participate in 

them.

1.2 .2  Proenzyme activation

The second level of control of the MMPs is in the activation of latent 

proenzymes. Although some plasmin-independent pathways exist (Sperti at 

ai. 1992), piasmin is a potent activator of most MMPs, promoting cleavage
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of the latent propeptides to the active molecule (Nagase et al. 1990). 

There are similarities between this proteolytic system and the clotting 

cascade; for example while piasmin cleaves and therefore activates 

Stromelysin the resultant active enzyme can activate other proenzymes 

forming a positive feedback loop. This type of positive feedback also exists 

between the MMP enzymes themselves. When the Collagenases are 

cleaved at the carboxy terminal by Stromelysin there is a 5-8 fold increase 

in their proteolytic activ ity (Goldberg et ai. 1992). The membrane type-1 

MMP (M Tl-M M P) is an integral membrane protein and an activator of pro- 

Gelatinase A (Gao et ai. 1996). This combination allows localization of the 

proteolytic process to the cell surface and controls its activation, thus 

mirroring the plasminogen/plasmin activator system.

1.3 In h ib it o r s  of  MMPs- T he TIMPs

Inhibitors of the MMPs include naturally occurring tissue inhibitors of 

metalloproteinases (TIMPs) 1,2,3 and 4, a2 macroglobulin, and exogenous 

substances such as heparin. The contribution of a2 macroglobulin is, 

however, limited by the large size of the molecule. The TIMPs are relatively 

small, heavily glycosylated, proteins which are classified based on their 

structural similarities and their ability to inhibit MMPs (Denhardt et ai.

1993). See Table 2.

TIMP1 is synthesized by most types of connective tissue cells, as well as 

macrophages, and acts against all members of the Coilagenase, 

Stromelysin, and Gelatinase classes of enzyme. It forms high-affinity 

irreversible {in vivo), noncovalent complexes w ith the active forms of the 

enzymes. It is highly expressed in actively resorbing tissues, and its role is 

to regulate enzyme activ ity tightly, at the level of both activation of MMPs 

from their latent form and their catalytic activity. TIMP2, however, has a 

dual inhibitory action binding to proGelatinase A and stabilizing this 

inactive form of the enzyme while the same 'stabilization site ' in the active 

Gelatinase A molecule makes this form more susceptible to inhibition.
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Independent of their anti-proteolytic properties the TIMPs also act as 

growth factors for erythroid precursors, but this function as yet has no 

known application to atherosclerotic processes (Hayakawa et at. 1992; 

Bertaux et al. 1991; Docherty ef a/. 1985; Hayakawa et ai. 1994).

In general, TIMP1 is inducible in response to stimuli while TIMP-2 and 3 are 

constitutively expressed at low  levels. To complicate the picture there are 

some situations in which this is reversed; for example, the responses of 

TIMP1 and TIMP2 to TGF-a are opposite in a numberof human cell types, 

that is TIMP1 is constitutive and TIMP2 inducible (Stetler Stevenson et ai.

1996). These differences may be important in allowing divergent local 

regulation of proteolysis. In both rabbit and human vascular smooth muscle 

cells TIMPs 1 and 2 are constitutive ly expressed but appear unaltered by 

chemicals and cytokines such as Phorbol, TNFa, TGFB, IL18, and IL l8 

(Galis et ai. 1994a; Fabunmi et ai. 1996). PDGF mildly increases TIMP1 but 

does not effect TIMP2. In contrast, TIMPS is expressed at low levels in 

unstimulated cells and induced by PDGF and TGF8, which have a 

synergistic effect when added simultaneously (Fabunmi et dl. 1996). 

Differential regulation of the different TIMPs also exists when smooth 

muscle cells are stimulated w ith FGF-2. TIMP1 is mildly increased, TIMP2 

repressed, and TIMPS unaffected (Pickering et ai. 1997). TIMP1 is known 

to have AP-1 and polyoma enhancer A binding factor S (PEA-S) binding 

sites close to the major transcription sites of its gene, which are likely to 

be responsible for its basal expression (Clark et ai. 1997). These motifs are 

also found close to the promoters of the inducible MMPs Coilagenase and 

Stromelysin 1. There is, therefore, a potential molecular mechanism for 

simultaneous regulation of the MMPs and their inhibitors. The close 

relationship between TIMPs and MMPs is also seen in the interactions 

between Gelatinase A, M T l-M M P  and TIMP2. Activated M T l-M M P acts as 

a cell surface receptor for TIMP2 and the resultant complex is a receptor 

for Gelatinase A^which is activated by M Tl-M M P. TIMP1 does not inhibit 

M T l-M M P while it is susceptible to TIMP2 and TIMPS (reviewed by 

(Basbaum and Werb, 1996)).
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TIMPS TiMP 1 TIMP 2 TIMP 3 TIMP 4

Protein 28 kD 21 kD 24 kD 23 kD

mRNA 0.9 kB 3.5 kB 4.5 kB 1.1 kB

Major Sites Ovary, testis, Lung, brain. Kidney, Heart, brain

bone testis decidua, lung

Expression Inducible Largely Cell cycle ?

constitutive regulated

Table 2. The Tissue Inhibitors of Metalloproteinases.
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The role of the most recently discovered TIMP, TIMP4, in the vasculature is 

largely unknown but it is known to be predominantly expressed in the 

heart (Greene et al. 1996). The MMPs and their inhibitors thus form a 

potentially linked cascade w ith  a parallel and tightly regulated system, w ith 

numerous permutations, controlling the overall composition of the 

extracellular matrix.

1 .4  MMPs AND TIMPs In C a r d io v a s c u l a r  D is e a s e

1.4.1 Atherosclerosis A nd Aneurysm Formation

The importance of MMPs and their inhibitors in the vasculature was first 

identified in the study of atherosclerosis (Henney et ai. 1991). Connective 

tissue remodeling is a key feature of the development of the 

atherosclerosis. One of the earliest events in the formation of the 

atherosclerotic plaque is the adherence of circulating monocytes to the 

vascular endothelium through which they gain entry to the sub-intimal 

tissue. Once there, a series of complex cell-cell interactions takes place 

over a long period, involving the secretion of a wide variety of growth 

factors and cytokines (Hansson et ai. 1989). These include TNF-a, 

Interleukin 1 (IL-1), and PDGF, which are known to stimulate MMP 

synthesis in human aortic smooth muscle (Galis et ai. 1994a; Yanagi et ai.

1991). With time, the matrix of the vessel wall becomes modified through 

the migration and proliferation of cells and the deposition of extracellular 

matrix, eventually resulting in the formation of a plaque. The process of 

cellular migration has been studied in vitro using rat vascular smooth 

muscle cells, and confirms that 72 kD Gelatinase A is essential for cells to 

cross a basement membrane barrier (comprised of type IV collagen) (Pauly 

et ai. 1994). Unless other cellular events can breach the basement 

membrane of the vessel wall this appears to be a limiting step in plaque 

formation which is governed by the MMPs.
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Metalloproteinases are known to be expressed in human atherosclerotic 

plaques by both SMC and foam cells; this has been demonstrated by both 

in situ  zymography and in situ  hybridization (Henney et ai. 1991; Galis et 

ai. 1994b). Stromelysin mRNA transcripts were localized to both SMC and 

macrophages in frozen sections of both fibrous and lipid-rich 

atherosclerotic plaques. The accumulation of large numbers of 

macrophages and foam cells is not a feature of the normal vessel wall, and 

it is likely that the extensive synthesis of Stromelysin observed in these 

specimens is a pathological event. It is possible that cytokines, such as 

TNF-a, induce the production of Stromelysin and other MMPs in a localized 

area of mechanical stress, which then activates the proteolytic cascade 

described above and then results in plaque rupture and vascular occlusion. 

Studies of degenerative aortic disease and aneurysm formation also 

suggest a role for the MMPs and TIMPs. Gelatinase A and Gelatinase B are 

both upregulated in aneurysmal aortic disease (Vine and Powell, 1991; 

Herron et ai. 1991; McMillan et ai. 1995; Knox et ai. 1997; Freestone et 

ai. 1995). Gelatinase B is detectable at significantly greater levels than in 

normal aortas and appears at highest levels in large aneurysms (McMillan 

et ai. 1995; Freestone et ai. 1995). While Gelatinase A was shown to be 

upregulated in small aneurysms by one study (Freestone et ai. 1995). 

Another group showed an increase in MMP1 ,-3 and -2 in aneurysmal and 

atherosclerotic aortas compared w ith normal but no significant difference 

between the tw o disease groups (Knox et ai. 1997). Studies of the TIMPs 

have also been made and these have shown direct and indirect evidence of 

high levels of TIMP activity in normal and diseased vessels (Knox et ai. 

1997; McMillan et ai. 1995; Freestone et ai. 1995). in situ  zymography 

revealed a marked increase in the proteolytic activity in human aortic 

disease specimens compared w ith normal vessels, but was not able to 

detect any difference between aneurysmal and atherosclerotic disease 

(Knox et ai. 1997). These studies point to the importance of proteolysis in 

these diseases but also emphasize the difficu lty of interpreting results from
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scarce human tissue, that may often be obtained only after the pathology 

is long standing.

7.4 .2  Angioplasty Restenosis.

Coronary artery disease is the major cause of death in the United Kingdom 

and angina pectoris due to atheromatous coronary lesions is a cause of 

significant morbidity. Percutaneous transluminal coronary angioplasty 

(PTCA) has become a w idely used treatment for angina in which the 

atheromatous narrowing is compressed into the vessel wall using a balloon 

catheter. Initially this procedure has a greater than 80% technical success 

rate, but the usefulness of angioplasty is limited by the fact that 25 -50% 

of patients have a recurrence of their symptoms w ithin 6 months due to 

restenosis at the original site (Editorial, 1987; Landau at at. 1994). The 

process of restenosis has been the focus of research, as the appeal of 

angioplasty to both the patient and the physician are clear, but to date it 

has been resistant to multiple therapeutic interventions (reviewed by 

(Landau at at. 1994)).

Vascular injury initiates a combination of events. Initially, vascular smooth 

muscle cells (VSMC) from the media migrate into the neointima, and then 

rapid growth of these cells produces a characteristic lesion of fibrocellular 

intimai hyperplasia (Editorial, 1987; Waller at a/. 1990). As the resultant 

lesion matures there is a greater preponderance of extracellular matrix. 

Animal models suggest that this process is regulated by grow th factors, 

w ith basic fibroblast growth factor (bFGF) controlling smooth muscle cell 

replication and PDGF regulating cell migration (discussed in (Libby at aL 

1992)). Despite the current state of catheter technology and clinical 

expertise, histology of the rare postmortem human coronary arteries after 

angioplasty reveal a significant injury to the vessel wall. Recent studies 

suggest that the injury and resultant repair processes are transmural, w ith 

clinical evidence from intravascular ultrasound demonstrating a change in 

total vessel dimensions after angioplasty (Glagov, 1994; Mintz at aL



26

1996). Laboratory studies of porcine coronary arteries have shown 

proliferative changes in the adventitia in response to medial balloon injury 

(Andersen et aL 1996). Restenosis probably represents an imbalance in the 

normal healing and repair processes w ith in the blood vessel in response to 

injury, and raises the possibility that manipulation of the healing processes 

in the vessel wall could be used to prevent restenosis.

There is considerable evidence to suggest that a wide range of cellular 

components of both normal and diseased vessel wall such as smooth 

muscle cells, macrophages, and fibroblasts can degrade extracellular matrix 

(Galis at aL 1994a; Tyagi at aL 1997; Rajagopalan at aL 1996; Halpert at 

aL 1996). Vascular smooth muscle cells are capable of producing enzymes 

which will degrade both basement membranes and the extracellular matrix, 

in response to stimulation by many of the cytokines known to be released 

in response to vascular injury (Galis at aL 1994a; Yanagi at aL 1991; 

Fabunmi at aL 1996; Libby at aL 1992). Vascular smooth muscle cells 

have been shown to produce MMPs 1 , 2 , 3 ,  and 9, three of the MT-MMPs 

(1-3), and TIMPs 1-3 (Galis at aL 1994a; Yanagi at aL 1991; Fabunmi at 

aL 1996; Shofuda at aL 1997). In vitro studies have demonstrated that 

mechanical injury can induce Collagenase and Stromelysin gene expression 

in vascular smooth muscle cells (James at ai. 1993).

Animal models are now supplying further information. In the rat carotid 

model, 72 kD Gelatinase A is constitutively expressed w ith an increase in 

the active form of the enzyme four to five days after balloon injury 

(Bendeck at aL 1994; Zempo at ai. 1994; Webb at aL 1997). 92 kD 

Gelatinase B was induced w ith in six hours of injury and remained elevated 

for seven days (Bendeck at aL 1994; Zempo at aL 1994; Webb at aL

1997). It has been suggested that active Gelatinase B may, therefore, be 

controlling the migration of smooth muscle cells from the media to the 

intima. In support of this hypothesis the early in vivo migration of smooth 

muscle cells into the intima in the rat model was reduced by 97%  by a 

metalloproteinase inhibitor (Bendeck at aL 1994). The pig has the same 

pattern of enzyme activ ity on zymography, w ith the 92 kD Gelatinase
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induced at three days and the 72 kD Gelatinase at seven days. Both 

enzymes persist at elevated levels for up to 21 days (Southgate et aL 

1996). In the rabbit model, however, no increase was observed in 92 kD 

Gelatinase but there was early induction of Gelatinase A which gradually 

decreased over twelve weeks (Strauss et aL 1996). Further evidence 

comes from studies of the plasminogen activator system post balloon injury 

in both the rat and rabbit models, which show acute upregulation of 

urokinase plasminogen activator (uPA) activ ity (Clowes et aL 1990; More 

et aL 1995) which could activate the MMP cascade.

The level of TIMPs in the vessel wall after injury w ill also clearly influence 

the overall proteolytic balance in the arterial wall. Two studies have shown 

evidence of upregulation of TIMP1 after vascular injury in rat and rabbit 

tissues (Webb et a!. 1997; Wang et a!. 1996). Another study in the rat 

model could not identify TIMP1 but found that plasminogen activator 

inhibitor (PAI-1) (6hours-3 days) and then TIMP2 (24 hours-7 days) were 

increased in response to injury (Hasenstab et aL 1997). It is clear that the 

smooth muscle cell can alter its surrounding matrix if stimulated by the 

appropriate cytokines. The ability of the medial smooth muscle cell to 

migrate into the intima and then proliferate appears to depend on the cells 

extricating themselves from the extracellular matrix. The MMPs, and in 

particular the early expression of Gelatinase B, are induced after balloon 

injury, and may be a molecular 'on-off sw itch ' in the cascade of post-injury 

restenosis.

1 .5  A n im a l  M o d els  of V a s c u l a r  In j u r y .

As indicated in the examples above, a number of different animal models 

of vascular injury exist, and frequently display differences in their response 

to balloon injury. The ideal situation is to study the human disease, but this 

is particularly d ifficu lt as angioplasty fortunately has a low  mortality rate 

(0-2%, reviewed in (Landau et a!. 1994)). Human pathology specimens of
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coronary arteries are thus scarce and may only be obtained long after the 

procedure.

The main animal models used are the rat carotid, the rabbit iliac, the pig 

coronary and carotid models and less frequently the dog coronary and 

primate saphenous or iliac models (reviewed in (Muller et a!. 1992)). More 

recently, mouse vascular injury models have been developed for use in 

transgenics or knockouts (Carmeliet et a!. 1997; Lindner et a!. 1993). A 

healthy level of skepticism exists about many of these animal models 

follow ing the success of angiotensin converting enzyme inhibitors in the rat 

model and their failure to prevent human restenosis (Powell et aL 1989; 

Anonym ousi 992). Each model has a particular suitability to investigate 

different aspects of atherosclerosis. Smooth muscle cell migration and 

proliferation, lipid rich unstable plaques and vascular remodeling are all 

important factors of the atherosclerotic and restenotic processes. In 

addition, the ability of the model to reflect clinically practical means of 

human local drug delivery is important, for example in gene transfer 

studies, and the model used w ill influence the distribution of drug (Feldman 

et aL 1995).

The rat model is perhaps the most commonly used and has the advantage 

of being extensively studied. Rat arteries are dissimilar to the human 

arteries in having no vasa vasorum, a smaller subintimal layer, and a low 

elastin content. Its main advantages are availability, low cost, and the 

ability to develop a rapid reproducible response to balloon injury. 

Proliferation reaches its peak approximately tw o days after injury, and 

migration can be assessed at four days (Clowes et aL 1983; Clowes and 

Clowes, 1986). Thus the lesion in this model is likely to equally reflect 

proliferation and migration (Clowes and Schwartz, 1985). Its disadvantages 

include the overestimation of the ability of pharmacological inhibitors to 

influence lesion development, which may partially be due the higher doses 

used in rodent studies. The model may also overemphasize the role of 

proliferation which peaks at tw o  days after injury compared to sixteen days 

in man (Schwartz et aL 1996). The rat model also fails to reflect the
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influences of lipids and vascular remodeling on vascular injury and does not 

result in an occlusive lesion. However, for many investigators the rat model 

is a starting point before moving to more complex models.

The rabbit iliac artery model can be studied in normocholesterolaemic 

rabbits, cholesterol fed rabbits, or Watanabe heritable hyperlipidaemic 

rabbits. The lesions in cholesterol fed rabbits are highly lipid rich, but may 

overestimate the role of lipids. The rabbit is suitable for double injury 

protocols which may more accurately reflect restenosis, where an 

occlusive narrowing develops at the site of ballooning of a preexisting 

lesion (Faxon et a!. 1984). The rabbit iliac artery is of a similar size to the 

human coronary and can be used to test delivery devices (Willard et aL

1994). The rabbit models share the advantages of cost and reproducibility 

of the rat but have been principally used in studies of delivery of therapy 

rather than the biology of the restenotic process.

Dog models are resistant to the development of atherosclerosis and show 

medial rather than intimai thickening after balloon injury (Muller et aL

1992). In addition they have a highly active fibrinolytic system that is 

dissimilar to humans. Their main advantage is that the coronary 

vasculature can be studied but since the development of swine models 

their use has declined. For those studying gene therapy, canine cells also 

express high endogenous levels of 8-Galactosidase, making this marker 

gene unsuitable for use in this species (Lim et aL 1991). Non-human 

primate models show species differences but can develop lesions that 

mimic atherosclerosis on an atherogenic diet and seem to reflect recoil, 

intimai hyperplasia, and remodeling (Geary et aL 1996). Studies of the 

effect of heparin on restenosis suggest that the baboon model is a more 

accurate predictor than the rat (Clowes and Clowes, 1986; Clowes et aL 

1991; Geary et aL 1995). The use of primates is limited by their expense 

and specific regulations which reflect ethical concerns and their poor 

response to captivity.

Swine models are most similar to humans in their cardiovascular 

morphology and susceptibility to atherosclerosis. The size of pig coronaries
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corresponds closely to the human, and they can therefore be used to 

model therapeutic devices such as stents and gene delivery strategies 

(French et a!. 1994; Post at a!. 1997). Disadvantages, particularly in 

atherosclerotic swine, relate to the large cost of their maintenance and the 

d ifficu lty in handling an animal that may grow to 400kg. Smooth muscle 

cell proliferation, migration, matrix accumulation and remodeling are all 

seen in pig coronary models (Post at aL 1997; Carter at aL 1994). 

However, they do not perfectly model human disease, for example, the 

peak proliferation in the pig coronary occurs 6 days after injury rather than 

16 in the human coronary. Swine can be used to study occlusive lesions, 

although the degree of injury required to produce a stenosis is substantial 

and does not reflect the trauma occurring in human angioplasty (Andersen 

at aL 1996). The use of these so-called double injury strategies to create 

an initial lesion, which can then be ballooned using the same techniques 

that are applied clinically, may be the final testing ground for future 

therapies.

In the work described in this thesis the rat model was used because it is 

well characterized and reproducible. It was the aim of this study to study 

neointimal hyperplasia and smooth muscle cell migration in this model. 

Promising strategies would then be suitable for assessment in the pig 

coronary model.

1 .6  M M P  In h ib it io n

Possible mechanisms of MMP inhibition include: 1) increasing the levels of 

natural inhibitors (TIMPs) either by exogenous administration of 

recombinant TIMPs or increasing their local production; 2) administration of 

synthetic inhibitors and 3) decreasing the production of MMPs.

Exogenously administered TIMPs are liable to rapid metabolism, and 

dénaturation. They tend to aggregate and adhere to surfaces therefore 

limiting tissue penetration. They have been used in mouse models of
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arthritis but could not be shown conclusively to be effective (Carmichael et 

at. 1989). The upregulation of TIMPs might be achieved w ith 

administration of cytokines such as TGFB or retinoids, but it is likely that 

these compounds w ill have numerous side effects as they are active in 

many cellular processes. A number of synthetic inhibitors have been 

investigated, namely tetracycline-derived antibiotics, anthracyclins, and 

synthetic peptides (Greenwald, 1987; Karakiulakis et a!. 1990). Inhibition 

of enzyme synthesis may be approached from both a conventional and a 

molecular standpoint. TGFI5, retinoids, and corticosteroids all down- 

regulate MMP transcription. Corticosteroids have, however, already proven 

ineffective in the treatment of human restenosis (Pepine et aL 1990). 

Heparin has been shown to inhibit the production of Stromelysin, 92 kD 

Gelatinase and Collagenase and already has an established place in 

angioplasty protocols (Kenagy et aL 1994). It does not, however, eliminate 

the activity of these MMPs or influence the others and it does not prevent 

atherosclerosis or restenosis. A t a molecular level the local application of 

antisense oligonucleotides to the MMP genes is possible but is unlikely to 

be successful where transcription is upregulated, for example, Gelatinase B 

after vascular injury. The antisense field remains controversial w ith 

problems of reproducibility, access of oligonucleotides to the cells and the 

specificity of its effects (Bennett and Schwartz, 1995).

The vascular system is a tempting target for MMP inhibitors (both 

molecular and pharmacological), because it offers opportunities for direct 

local transluminal delivery, which would eliminate many of the problems 

encountered in other disorders such as arthritis. Continued improvement in 

gene transfer techniques makes a molecular approach to overexpress the 

TIMP genes themselves more attractive than targeting common cellular 

processes. I have chosen to characterize and investigate both 

pharmacological and molecular approaches to the inhibition of MMPs in 

vascular injury.



32

1 .7  G ene T r a n s fe r  A p p r o a c h e s  T o M M P  In h ib it io n

Gene transfer has been extensively studied as a means of modifying 

cardiovascular responses to therapy and disease. It may be used to 

achieve diverse aims, from the replacement of an absent or defective gene 

to restore cell function, to the transfer of a gene w ith a cytotoxic product 

to cause cell death. The clinical application of this technology has been 

termed "gene therapy" and may be defined as the introduction of foreign 

genetic material (usually Deoxyribonucleic acid, DNA) into somatic cells, in 

order to modify their genetic content and achieve a therapeutic end point. 

Gene therapy has developed rapidly because the technology to transfer 

genes has improved in parallel w ith the identification of new genes which 

have therapeutic potential. There are now more than 100 clinical protocols 

for human gene therapy approved in the United States (Anonymous 1997) 

including tw o clinical trials investigating plasmid-mediated gene transfer of 

vascular endothelial growth factor to promote angiogenesis and prevent 

restenosis (Isne re fa /. 1996a; Isner ef a/. 1996b).

1.7.1 Principles of Gene Transfer

Once a gene has been selected to be transferred, the DNA must be 

recombined into a form which is likely to be expressed in the target cell. To 

this end a number of different techniques have been developed to transport 

the DNA and these transport systems are called vectors. The entry of the 

DNA in the target cell is governed by the efficiency of delivery of the gene 

to the target cell, the physical properties of the vector and the time of 

exposure to the target. The vector carrying the DNA must first attach to 

and then cross the cell membrane, traverse the cytoplasm evading 

lysosomal digestion, and enter the nucleus where initiation of transcription 

of the DNA strand takes place. Current vectors used to aid DNA transport 

include those that make use of naturally occurring systems which insert 

foreign DNA into cells in disease states, i.e. the viral vectors, and man- 

made transfer systems such as the cationic liposomes (See Figure 2).
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0.1
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expression in 

vivo

S afety Insertional Clinical trials

mutagenesis risk approved

1 2 months 93

Adenovirus 100 2 -4  weeks

Liposomes 1-5 2-4  weeks 16

Plasmids 2 -4  weeks

Adeno no comparative 2 -4  weeks -t- -k -t- 1

associated virus data

Table 3 Relative Advantages and Disadvantages of Gene Therapy Vectors.
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The adenovirus, for example, has a specific receptor which enables entry 

into the cell, and viral coat proteins which disrupt the intracellular host 

defenses that normally cause destruction of the viral DNA and the gene of 

interest. Liposomes fuse w ith the cell membrane and release sufficient 

DNA into the cytoplasm, so that even w ithout a protective transfer 

mechanism ample DNA reaches the nucleus. All viral vectors used in gene 

therapy have been rendered replication deficient so that they can infect the 

host cell but cannot then replicate. This is accomplished by cutting specific 

genes out of the viruses which are essential for their replication. The 

replication deficient vector is then grown in cells which have been modified 

to express the deficient genes, i.e. they are complementary to the deleted 

virus. This allows large amounts of the vector to be produced but once it is 

separated from the complementing cells it can no longer replicate. Once 

DNA reaches the nucleus it is only transcribed if it has the appropriate 

initiation signals. In addition, the gene of interest can be combined w ith a 

powerful promoter, so that a therapeutic effect may be achieved w ith 

lesser amounts of the vector and a potential reduction in toxicity. Tissue 

specific promoters are also being investigated, e.g. an actin promoter when 

targeting smooth muscle cells, but they often achieve specificity at the 

expense of efficiency. The duration of expression of a gene may also 

determine its uses, and is often governed by the vector used to administer 

it. Genes delivered using liposomes or adenoviruses do not integrate into 

the host genome and therefore have a limited life span, w hilst retrovirally- 

administered genes are inserted into the genome and are, in theory, limited 

only by the life of the infected cell or its progeny. There is, however, no 

external control of the genomic site into which the DNA is inserted, raising 

the theoretical risk of insertional mutagenesis, where a native gene may be 

disrupted or separated from its normal control elements. The properties of 

some of the commonly used gene transfer vectors which have governed 

their usage are shown in Table 3. In addition to the vectors shown, viral 

conjugate vectors have been used, which aim to utilize the low toxic ity of
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liposomes w ith the efficiency of the viral vectors by linking these 

components using polylysine 'bridges'.

1.7.2 The Adenoviruses

Adenoviruses are the most w idely used viral vector in vascular biology. 

The adenovirus genome is very well characterized and is relatively easy to 

manipulate. This has led to the development of a number of different 

adenoviral vectors which have been made replication incompetent by 

removal of essential genes (Graham and Prevec, 1991). Adenoviruses 

deleted in this way can accommodate the insertion of relatively large genes 

(8.3 kilobases), and high viral stocks can readily be grown in the laboratory 

(Brett et aL 1994). They also are efficient at infecting many different cell 

types in many species. An important advantage over the retroviruses is 

their ability to infect quiescent non-dividing cells. They are highly efficient 

in transferring genes due to their cell surface receptor and endosomal 

disrupter. Their efficiency is superior to retroviruses and liposomes in 

normal, uninjured and atherosclerotic blood vessels (Lemarchand et aL 

1993; Guzman et aL 1993; Feldman et aL 1995). Adenoviruses also have 

a safety advantage over retroviral vectors in that they do not insert their 

DNA into the host chromosomes, and while this reduces their duration of 

action, it also reduces the chances of insertional mutagenesis. Insertion of 

viral genes into the host genome can occur but is rare (Ali et aL 1994).

Use of live adenoviruses as vaccines over some years has not revealed an 

increased frequency of malignancy and is safe even in 

immunocompromised subjects (Rhoads et aL 1991). The principal problem 

w ith adenoviruses is their ability to provoke a humoural and cellular 

immune response which may result in destruction of the infected cell. This 

limits expression of the transferred gene. In addition they cause production 

of circulating neutralizing antibodies which prevent successful repeat 

administrations (Wilson, 1996).
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1.7.3 Making A Recombinant Adenovirus.

Adenoviruses are linear double stranded DNA viruses of about 36 ,000 base 

pairs (20-25 x 10® Daltons). The adenovirus virion is assembled from 13 

viral polypeptides and the viral DNA genome, in an icosahedral structure 

(see Figure 3) about 70 nm in diameter, w ith  an external capsid and inner 

core consisting of viral DNA and at least tw o basic proteins. Adenoviral 

infection of human cells can produce 1000-10,000 virus particles per cell 

(i.e. plaque forming units), w ith the virus remaining concentrated in the cell 

once maximal yield has been achieved, until the point of cell death and 

rupture due to overwhelming infection. There are tw o stages of expression 

of the adenoviral genome, 'early ' 6-7 hours after infection before viral DNA 

replication has occurred and 'la te '. The early genes (El A, E1B, E2, E3 and 

E4) are transcribed by enzymes in the host cell and encode proteins 

important in viral DNA replication and regulation of transcription. Late 

genes encode the structural proteins of the virion. Wild type (replication 

competent) adenoviruses are commonly grown on He La cells.

43 adenoviral serotypes capable of infecting human cells have been 

described and the most extensively characterized include types 2, 5, and 

12, These viruses have been rendered replication deficient by the removal 

by deletion or substitution of early genes essential for viral replication. To 

date the most w idely used vectors have been the so called first generation 

adenoviruses which have El a and El b genes deleted to prevent replication 

(Graham and Prevec, 1991). Now, however, further research is being 

concentrated on second and third generation vectors. These newer vectors 

are rendered more genetically deficient by deletion of viral genes such as 

those encoding the adenoviral DNA polymerase or the DNA binding protein 

(Amalfitano et a!. 1996; Engelhardt et a!. 1994). These deletions further 

lim it transcription of antigenic structural virion protein, ultimately 

minimizing the inflammatory response and improving the duration of 

transgene expression (Engelhardt et aL 1994).
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Figure 3 Av1.LacZ4 Vector.

Panel A shows an electron micrograph of the recombinant adenoviral vector containing the X-Gal 
gene encoding the enzyme fi- Galactosidase which is readily identifiable as a marker of gene 
transfer because it converts X-Gal substrate to a blue pigment.

Panel B shows the genomic organization of the Av1.LacZ4 vector, modified from Lee et al, 1993.
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A firs t generation adenovirus was used in this study because of its 

availability, efficiency at infecting non-dividing smooth muscle cells, and its 

transient gene expression which becomes an advantage in modifying the 

response to a single procedural insult. The three regions which most 

readily accept DNA insertions or substitutions are in E l, E3, and a short 

region between E4 and the end of the genome (see Figure 3). The basic 

principles of generating a recombinant vector are outlined below: 

the gene of interest e.g. TIMP1, is inserted into a shuttle plasmid, which is 

a bacterial plasmid already containing a subsegment of the viral genome. 

Usually this subsegment already contains the necessary early gene deletion 

to prevent replication. The resultant chimera is then cotransfected into 

cells, and homologous recombination occurs producing the desired 

recombinant virus. Any recombinants that contain an early gene e.g. El a 

deletion, w ill be incapable of replication in normal mammalian cells and 

therefore a facultative cell line is used in which the relevant early gene has 

been stably overexpressed. For the E1A deleted virus used in this study 

293 cells were used. These are human embryonic kidney cells that were 

transformed by exposure to sheared fragments of adenovirus type 5 DNA 

and express El A (Graham et aL 1977). The products of recombination 

need to be distinguished from the original cotransfected plasmids, which 

can be achieved by a number of methods. One commonly used method 

involves the insertion of a 4 .4  kb insert into a circularized piece of 

adenoviral DNA, modified to allow propagation in E.Coli and to encode 

ampicillin resistance. The resultant deleted adenoviral plasmid, pJM17, is 

then too large to be packaged into infectious virions. Thus the only 

infectious virions, produced from cotransfection of pJM17 w ith a shuttle 

plasmid, containing a gene of interest, w ill be successful recombinants. It 

is also possible to simply cotransfect the adenoviral DNA, containing 

appropriate deletions of replication genes, in linear or circularized form with 

the shuttle plasmid, under agar, and individually pick and screen the 

resultant plaques, as described in this study.
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1.7.4 Other Viral Vectors

A number of other viruses are now being investigated for use in gene 

therapy. Herpes viruses have been used in the cardiovascular system in 

experimental animals (Mesri et ai. 1995) and adeno associated virus has 

been approved for clinical trials but has not been used extensively in the 

heart or the vasculature (Wagner and Gardner, 1997; Flotte and Ferkol, 

1997; Rubenstein et ai. 1997).

Herpes virus vectors were originally developed to target the nervous 

system where they are able to remain latent for long periods (Coffin and 

Latchman, 1996). Herpes simplex 1 vectors can be divided into tw o types: 

disabled viruses and defective viruses or amplicons. The former fo llow  the 

principles described for adenoviral vectors. They have genes deleted to 

make them unable to replicate (either in all cells or in neurons) and are 

grown on complementing cell lines. The latter are short sequences of the 

HSV genome, encoding replication and packaging signaling sequences and 

the gene of interest, but little else. They cannot replicate unless a helper 

virus is present.

Herpes simplex virus 1 (HSV1) is a neurotrophic virus but can infect a wide 

variety of cell types. Use of herpes viruses in myocytes has been limited to 

skeletal muscle (Huard et ai. 1995). Disabled HSV vectors have been used 

to express a marker gene in cardiac myocytes in culture and in vivo (Coffin 

et ai. 1996). Amplicon vectors encoding VEGF have been used ex vivo to 

infect fibroblasts in cultures. Infected cells were re-implanted in vivo where 

they elicited a brisk angiogenic response (Mesri et ai. 1995). The 

reluctance to apply herpes vectors to the vasculature may reflect not only 

their development by those w ith  specific interests in neuronal gene transfer 

but also concerns about possible associations between viral infection and 

atherogenesis (Raza-Ahmad et ai. 1995; Datta et ai. 1993; Kaner et ai. 

1993). I have studied the transfer of a marker gene using three novel 

disabled HSV vectors.
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1 .8  G ene T r a n s fe r  T o Pr e v e n t  A n g io p l a s t y  Re s t e n o s is .

A number of different strategies briefly outlined below have been used to 

target the processes which are activated by vascular injury. Current results 

suggest that adenoviral vectors are the most efficient gene transfer 

vectors, 20 to 100 fold better than liposomes, while liposomes are likely to 

be the safest (French et al. 1994). The most efficient gene delivery devices 

for smooth muscle cells in the media of an artery are those which cause 

the most injury to the artery, but multiple strategies are being adopted to 

over come this. There are also differences in susceptibility to gene transfer 

between normal and atherosclerotic arteries and between injured and 

uninjured arteries. In general, regardless of the vector used, it is easier, 

although not essential, to transfer genes after arterial injury to actively 

dividing cells such as smooth muscle cells (Li at a!. 1995). Atherosclerotic 

vessels are relatively resistant to gene transfer unless this is accompanied 

by balloon injury (Feldman at a!. 1995).

The trigger event in angioplasty restenosis is the procedural insult, which 

then gives rise to a cascade of growth factor release, smooth muscle cell 

migration and proliferation, extracellular matrix deposition and finally 

reendothelialization. There seems little doubt, however, that cell 

proliferation has some role to play, and this has led several groups to 

target the common pathways of cell cycle regulation and DNA replication 

(Chang at a!. 1995a; Simari at a!. 1996; Chang at a!. 1995b).

1.8.1 Gene Transfer To Inhibit Ceii Proliferation.

Guzman at a! used gene transfer of a prodrug activator to kill all 

proliferating cells expressing the transgene. They incorporated the gene for 

herpes simplex thymidine kinase (HSV-tk) in an adenoviral vector and 

delivered the gene to rat carotid arteries, porcine iliofemoral arteries and 

rabbit hyperlipidaemic arteries (Chang at al. 1995a; Simari at ai. 1996; 

Guzman at ai. 1994). The animals were then given ganciclovir 

systemically, which is harmless unless phosphorylated by HSV-tk. The
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phosphorylation product, however, is incorporated into the DNA of 

replicating cells and causes DNA chain termination and cell death. The 

phosphorylation product is able to diffuse into adjacent dividing cells, 

therefore a bystander effect is seen which improves the efficiency of this 

approach. In all the species tested, neointimal formation was limited by the 

cytotoxic effect of gene transfer, by 50-87%  in porcine and by 39-61%  in 

atherosclerotic rabbit iliofemoral arteries.

A number of cytostatic approaches to inhibiting cell proliferation have been 

used. Chang et a! investigated the retinoblastoma (Rb) gene product to 

inhibit cell proliferation (Chang et sL 1995b). This protein is usually 

phosphorylated in dividing cells, while the active nonphosphorylated form 

of the protein binds to cellular transcription factors, arresting the cell cycle. 

The gene for a constitutively active nonphosphorylatable form of the Rb 

gene product was incorporated into an adenoviral vector, and using the 

double balloon catheter, administered to porcine iliofemoral arteries 

immediately after angioplasty. This significantly reduced SMC proliferation 

and reduced neointimal hyperplasia by 40-50%  (Chang et al. 1995b). The 

same group, using an adenoviral vector, has subsequently overexpressed 

p21, which is an inhibitor of cyclin/cyclin-dependent kinase (Yang et ai. 

1996). The cyclin/cyclin-dependent kinase complex is thought to be 

essential for the phosphorylation of the Rb gene product, and therefore its 

inhibition w ill cause cell cycle arrest. The p21 protein also binds to PCNA 

to inhibit cell cycle progression. Transfer of the gene encoding p21 after 

balloon injury in the rat carotid model inhibited neointimal formation by 

46%  (Yang et ai. 1996). Diverse methods from antisense to both cytotoxic 

and cytostatic gene transfer strategies have all managed to achieve similar 

degrees of inhibition of restenosis (Chang et ai. 1995b; Yang et ai. 1996; 

Chang et ai. 1995c; Bennett et ai. 1994; Abe et ai. 1994; Morishita et ai. 

1994; Simons et ai. 1994; Chang et ai. 1995a; Simari et ai. 1996; Guzman 

et ai. 1994).
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An interesting new manipulation of the molecular biology of the 

vasculature has been the use of a DNA decoy. Morishita et a! have 

investigated inhibiting the transcription factor E2F, by introducing double 

stranded DNA containing the E2F binding site which can then decoy E2F 

and prevent it interacting w ith other genes (Morishita et al. 1995). E2F is 

pivotal in the activation of genes such as c-myc, cdc2, and the gene 

encoding PCNA. A conjugate of haemagglutinating virus of Japan and 

liposomes (HVJ-liposome complex) has been used to introduce the double 

stranded DNA into injured rat carotid arteries. Mean intimal/medial ratio 

was reduced from 1.12 to 0.29 and the effect was maintained 8 weeks 

after the single administration. This technique has drawn on our knowledge 

of transfer of single stranded antisense oligonucleotides and gene transfer 

vector developments, but unlike the other gene transfer experiments 

discussed here there is no requirement fo r the DNA encoding an mRNA and 

producing a protein product.

1.8.2 Gene Transfer To Prevent Thrombosis.

An alternative strategy has been to target local throm botic mechanisms. 

The gene encoding human cyclooxygenase 1 has been incorporated in a 

firs t generation adenoviral vector and instilled into previously injured 

porcine carotid arteries, in order to increase prostacyclin synthesis and 

thus reduce thrombosis (Zoldhelyi et ai. 1996). Recombinant hirudin, a 

highly potent and specific inhibitor of thrombin, has also been transferred 

into cells and into injured rat carotid arteries using an adenoviral vector. 

Increased hirudin production was seen in the arteries and a 35% reduction 

in neointimal formation was detected (Rade et ai. 1996). This may reflect 

the known ability of thrombin to cause VSMC migration and proliferation 

via the release of growth factors from the extracellular matrix. These 

approaches, which appear to target thrombosis in fact have multiple 

effects on the arterial wall.
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1.8.3 Gene Transfer To Restore Endothelial Function.

Both accelerating the reendothelialization of the vessel after balloon injury 

and restoring its function by replacing nitric oxide have been used to 

ameliorate restenosis. VEGF is a potent and specific mitogen for endothelial 

cells. The recombinant VEGF protein has been applied to rat carotid 

arteries after injury and been shown to reduce neointimal formation and 

accelerate the restoration of endothelial continuity (Asahara et sL 1995). 

Transfer of the gene encoding VEGF has not however been used in this 

setting, but the results obtained in the rat model have contributed to the 

gene transfer work w ith VEGF currently being applied to peripheral 

vascular disease both in angiogenesis and restenosis (Isner et al. 1996a; 

Isner et ai. 1996b). Restenosis is likely to be triggered by the early release 

of mitogens and chemotactic factors after endothelial denudation. It has 

been suggested that under normal conditions the endothelium may supply 

inhibitory factors to keep this process in check (von der Leyden et ai.

1995). The ability of nitric oxide (NO) to inhibit platelet aggregation and 

VSMC migration and proliferation in vitro implicates it in this process. The 

firs t demonstration of ability to transfer genes w ith potential therapeutic 

use to the vasculature used the HVJ-liposome complex of the gene for 

endothelial cell nitric oxide synthase (ecNOS) to overexpress nitric oxide 

synthase and hence nitric oxide after balloon injury in the rat (von der 

Leyden et ai. 1995). The investigators were able to demonstrate restored 

NO production and vascular reactivity, in addition to a 70%  reduction in 

neointimal formation.

Both antisense and gene transfer techniques have been used w ith success 

to suppress neointimal formation in animal models of angioplasty restenosis 

in normal and atherosclerotic vessels. A fter the failure of pharmacological 

agents such as angiotensin converting enzyme inhibitors to alter restenosis 

in man, despite favorable results in small animals, more groups are now 

testing gene transfer methods in porcine peripheral and coronary models. 

A t present, no one gene or antisense molecule has been shown to be
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superior to another, and apart from marker gene studies comparing vectors 

or delivery devices there is a paucity of comparative data. It seems 

possible that a combination of several strategies may be needed to 

overcome the considerable biological redundancy in the restenotic cascade.

I have therefore chosen to investigate whether containment of smooth 

muscle cells and growth factors w ithin the matrix of the arterial media by 

the overexpression of TIMP1 will alter the response to vascular injury.
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C h a p t e r  2 . A im s  O f T h is  T h e s is .

Matrix metalloproteinase enzymes are known to be upregulated after 

vascular injury and may be an essential step in liberating smooth muscle 

cells from the arterial media to migrate and proliferate forming a neointima 

and narrowing the vessel. The aim of this project was to study the effects 

of inhibiting matrix metalloproteinase activ ity in vitro  in smooth muscle 

cells and in vivo at the site of balloon catheter injury (utilizing a rat model 

of angioplasty) by systemic administration of a pharmacological inhibitor 

and by local overexpression of tissue inhibitor of metalloproteinases 1 

(TIMP1) using a replication deficient adenoviral vector. These studies were 

expected to give insights into the possible physiological functions of the 

MMPs and TIMPs in vivo in the arterial wall. The principcu^ aim was to 

investigate the potential for MMP inhibition, via effects on migration and 

proliferation of smooth muscle cells, to prevent the development of a 

neointimal lesion after vascular injury.

2 .1  H y p o t h e s is

The hypothesis investigated in this thesis is that inhibition of MMP activity 

by pharmacological means or by gene transfer of human TIMP1 will inhibit 

intimai hyperplasia after vascular injury.

2 .2  S pec if ic  a im s

1) Assessment of the pharmacokinetics and effects on lesion development 

of a pharmacological inhibitor of the metalloproteinases in vivo in the rat 

carotid balloon injury model.

2) Assessment of the efficiency of gene transfer using a first generation 

adenoviral vector encoding a marker gene, 15-Galactosidase, in primary
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and SV40 transformed smooth muscle cells and optimization of in vivo 

gene delivery techniques.

3) Assessment of the efficiency of gene transfer using four herpes virus 

vectors, encoding 15-Galactosidase, in primary and SV40 transformed 

smooth muscle cells and investigation of the effects of in vivo gene 

delivery of one of the vectors.

4) Development of a novel gene transfer vector encoding human tissue 

inhibitor of metalloproteinase 1 (AvI .TIMP1 ) and assessment of its 

ability to produce functional protein in vitro.

5) Investigation of the effect of overexpression of TIMP1 using the vector, 

Av1 .TIMP1, on smooth muscle cell migration and proliferation in vitro.

6) Investigation of the ability of the vector A v I.T IM P I to express TIMP1 

in vivo in the injured rat carotid and assessment of its effects on 

neointimal development, smooth muscle cell proliferation and migration, 

medial cell numbers, and matrix composition in comparison w ith  a vector 

encoding 8-Galactosidase.
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PART 1. PHARMACOLOGICAL INHIBITION OF

THE MMPs.
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C h a p t e r  3 .  Ph a r m a c o l o g ic a l  In h ib it io n  O f T h e  MMPs

3 .1  In t r o d u c t io n

Pharmacological inhibitors of the MMPs have been developed principally for 

use in the prevention of tumour metastasis where they may act to contain 

the tumour cells and exert an antiangiogenic effect on the tissue around 

the tumour (Talbot and Brown, 1996). A number of different inhibitors 

have been evaluated from antibiotic derivatives, such as tetracyclines, to 

synthetic peptides (Karakiulakis et al. 1990; Anderson et ai. 1996; 

Greenwald, 1987). The action of the tetracyclines is unrelated to their 

antimicrobial activ ity and may be due to their action as zinc chelators 

(Greenwald, 1994). While the tetracyclines are moderately potent inhibitors 

of Collagenase in vitro their action in animal models is less impressive 

(Vincenti et ai. 1994). Clinical trials in arthritis have failed to show a 

benefit when compared w ith placebo (Greenwald, 1987). This chain of 

events from initial promise in vitro to a lack of clinical effect w ill be familiar 

to cardiologists w ith an interest in angioplasty restenosis. Several synthetic 

peptides are being investigated by different groups particularly in the 

prevention of tumour metastasis (Wang et ai. 1994; Watson et ai. 1995; 

Watson et ai. 1996; Ecoles et ai. 1996; Chirivi et ai. 1994; Anderson et ai. 

1996). in vitro  they are the most potent inhibitors identified to date 

(Brown, 1994; Anderson et ai. 1996). Some are hampered in clinical use 

by poor bioavailability, rapid hepatic and renal metabolism and possible 

toxic systemic effects (An et ai. 1997; Stetler Stevenson et ai. 1996). 

CT1746, N I -[2-(s)-3,33-dirr^hylbytanamidyl)-]-N4-hydroxy-2- (R ) -[3-(4- 

chlorophenyl)-propyl]succinamide, (kind g ift of Celltech Ltd.) is a synthetic 

peptide inhibitor of the matrix metalloproteinases w ith broad substrate 

specificity for all the MMPs (see Figure 4). It incorporates a zinc chelating 

hydroxamic acid group within a structure that resembles a peptide 

substrate. The principle of its action is that it has a peptide framework 

which will bind to the substrate binding site of the matrix metalloproteinase
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and the ion chelating group will inactive the zinc dependent enzyme. 

CT1746 has Ki's  against human Gelatinase A, Gelatinase B, Stromelysin 1, 

Collagenase, and Matrilysin of 0.04, 0.17, 10.9, 122, and 136nM 

respectively (Anderson et at. 1996). It has negligible activ ity against other 

metalloproteinases such as angiotensin converting enzyme. In work 

undertaken by Dr. Karen Webb prior to the start of this project the 

effective concentration of CT1746 against rat Gelatinases was determined. 

Gelatinases from rat vascular smooth muscle cells were assayed by 

zymography w ith pretreatment w ith 1 ,1 0 , and lOOnM CT1746. 10, and 

100 nM CT1746 (0 .004-0.04 pg/ml) reduced the Gelatinase activity to a 

negligible level, closely paralleling the results in mice (Anderson et a/.

1996). The use of CT1746 was developed principally in mice and therefore 

it was necessary to characterize its pharmacokinetics in the rat (An et at. 

1997; Anderson et at. 1996). In order to establish optimal dosage and 

plasma levels were measured after single doses of CT1746 using 3 

formulations and 4 doses.
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The effect of CT1746 administration on the formation of a neointimal 

lesion after balloon injury in the rat carotid artery was then assessed using 

the optimal formulation. In initial experiments CT1746 was given by oral 

gavage and applied locally to the carotid artery in a pluronic gel and 

subsequently it was administered by continuous subcutaneous infusion into 

the carotid artery bed.

3 .2  M a t e r ia l s  a n d  M e t h o d s

3.2.1 Pharmacokinetics

Animal surgery

Male Wistar rats (300-350g) were used throughout. For short studies of 0- 

12 hours animals were anaesthetized using intraperitoneal 

fentanyl/fluanisone (Hypnorm Jansson) 0.025 mg per IOOg/0.8 mg per 

100 g respectively, and midazolam (Hypnovel, Roche) 0.42 mg/ lOOg. Oral 

administration of CT1746 was carried out by gavage. The femoral vein of 

the rat was canulated and used for serial sampling. An incision was made 

over the right femoral vein. A short segment of vein was isolated w ith 2 

silk ligatures and a small incision made. Fine curved forceps were 

introduced into the vein and a 2 French gauge cannula inserted between 

the blades of the forceps. The cannula was secured w ith tw o sutures and 

connected to a syringe to allow aspiration of blood samples. The wound 

was then partially sutured and the heavily sedated animal placed in a 

I restraining cage for the duration of the experiment. For time points greater 

I then 12 hours animals were gavaged while conscious and at the 

j appropriate time points anaesthetized w ith halothane to allow

percutaneous tail vein blood samples to be taken.

Gavage protocols

Three formulations were tested as below:
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a) Formulation 1: CT1746 1 5mg/ml in propylene glycol (PG)

b) Formulation 2: CT1746 10 mg/ml in hydroxypropylmethylcellulose 

(HPMC)

c) Formulation 3: CT1746 30 mg/ml in propylene glycol 

Protocols were as follows:

a) Experiment 1: Gavage 100 mg/kg Formulation 1. (6 rats)

b) Experiment 2: Gavage 100 mg/kg and 30mg/kg Formulation 2. (4 rats)

c) Experiment 3: Gavage 100 mg/kg Formulation 3. ( 2 rats)

Venous sampling

Samples were taken initially at 5, 10, 15, and 30 minutes post gavage and 

then at 1, 2, and 3 hours thereafter samples were taken alternately from 

pairs of rats at hourly intervals up to 8 hours to give a maximal number of 

time points. A t later time points samples were taken by tail vein puncture 

as described above. 300 pi of venous blood was taken for each sample 

into a tube containing 20 units (4pl of 5000 units/ml) of heparin and 1 5 pi 

of 1 M potassium fluoride. Samples were kept at 4 ° C until being spun at 

5000 rpm in a microfuge for 2 minutes. Plasma was then collected from 

the tube and stored at -20 °C until assayed by high pressure liquid 

chromatography. All assays for CT1746 were kindly carried out by Ola 

Epemolu at Celltech Ltd. Validation studies carried out by Celltech showed 

a linear range for this assay of 0-20 pg/ml w ith a minimum quantifiable 

lim it of 200ng/ml.

3.2.2  Balloon Catheter Injury Of The Carotid Artery.

Male Wistar rats weighing 300-350g were anaesthetized w ith an 

intraperitoneal injection of fentanyl/fluanisone (Hypnorm Jansson) 0.025 

mg per 10Og/0.8 mg per 100 g respectively, and midazolam (Hypnovel, 

Roche) 0.42 mg/ lOOg. The left common carotid, external and internal 

carotid arteries were exposed by blunt dissection at the bifurcation of the 

common carotid (The branches of the common carotid artery are illustrated 

in Figure 5.
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Figure 5 Rat Carotid Artery Balloon Injury Technique.

Panel A shows a rat carotid artery removed from the animal and photographed under dark 
ground microscopy to illustrate the branches of the common carotid artery (EC external carotid, 
CC common carotid, 1C internal carotid, and SB side branch). Panel B shows the tips of fine 
curved forceps inserted into an arteriotomy in the external carotid, an embolectomy catheter is 
being introduced into the external carotid by passing it between the blades of the forceps. The 
balloon will then be inflated within the lumen of the common carotid artery. Panel C illustrates 
the nature of the balloon injury delivered to the common carotid artery peroperatively by 
showing the embolectomy balloon inflated adjacent to the common carotid artery.



54

A loose 3-0 silk sling (Davies and Geek) was placed proxinnally around the 

common carotid artery and a suture loosely secured around the external 

carotid artery as close to the bifurcation as possible. The external carotid 

artery was then ligated at the most distal extent of the dissection and the 

artery place under slight tension by weighting the distal external carotid 

suture. A Diffenbach arterial clip was then placed on the external carotid 

artery immediately distal to the bifurcation to occlude flow . Iris scissors 

were used to make a small arteriotomy in the external carotid artery. The 

blades of a pair of fine curved forceps were then introduced into the 

arteriotomy and a Fogarty Balloon Embolectomy catheter (2 French gauge) 

(Baxter Healthcare) was passed between the blades of the forceps into the 

lumen (see Figure 5).The catheter was then passed down the common 

carotid artery into the Aorta. The proximal external carotid suture was 

loosely tightened to prevent hemorrhage at the arteriotomy site. The 

embolectomy balloon was then inflated w ith 0.03 ml of sterile saline (0.9%  

w /v), and pulled up the common carotid artery w ith a small tw isting 

motion, in order to denude the endothelium and stretch the media of the 

arterial wall. This procedure was repeated tw ice, and the catheter was 

then removed, having secured haemostasis by reapplying the Diffenbach 

arterial clip. The external carotid artery was ligated proximal to the 

arteriotomy. Pluronic gel delivery was then performed as described below 

and the wound closed using surgical clips.

3.2 .3  CT1746 Administration By Orai Gavage And Piuronio Gei 

A dministration

In each group 10 rats received oral gavage w ith the vehicle/diluent only 

and 10 rats received CT1746. In each case the volume of gavage fluid 

administered was the same in the control and the CT1746 groups.

Gavage dosing regime:
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Day 0 nocte Gavage 1 ml formulation 3 i.e. 100 mg/kg/ control

Day 1 mane Carotid injury surgery

nocte Gavage 1 ml formulation 3 i.e. 100 m g/kg/ control 

Day 2-14 mane Gavage 1 ml formulation 3 i.e. 100 mg/kg/ control

nocte Gavage 1 ml formulation 3 i.e. 100 mg/kg/ control

In order to ensure that the local concentration of CT1746 was optimal 

throughout the oral gavage study, and at high local concentration 

immediately after injury, CT1746 was also applied locally to the carotid 

artery bed using a pluronic gel during the surgical procedure. Pluronic FI 27 

polyol (BASF Corporation) was used in a 20% solution w ith CT1746 25 

mg/ml (filter sterilized). A t this concentration Pluronic F I27 is a mildly 

viscous liquid at room temperature and rapidly forms a gel at 37°C. 200 pL 

of pluronic gel was applied along the exposed length of common carotid 

artery using a sterile tipped Gilson pipette. A gel was seen to form and the 

animal's neck was closed w ith surgical clips.

3.2.4 CT1746 Administration By Minipump.

3 .2 .4 .1  Ex p e r im e n t a l  Pr o t o c o l

Thirteen rats were treated w ith CT1746 and thirteen w ith vehicle only. All 

rats were killed and tissues harvested fourteen days after surgery.

3 .2 .4 .2  P r e p a r a t i o n  A n d  I n s e r t i o n  Of M i n i p u m p s .
' Sigma

CT1746 25 mg/ml in 50% v/v DMSG () and 33% 2-Hydroxypropyl-B- 

cyclodextrin (Sigma) or vehicle were sterilized by autoclaving. 2ml osmotic 

minipumps (Charles River, Alzet model 2ML2) were prepared in a sterile 

field and, under strict aseptic conditions, filled w ith either CT1746 or 

vehicle alone (control group). The pumps were incubated in sterile saline at 

37°C for 4 hours prior to insertion to ensure immediate delivery of the 

contents after insertion. The carotid balloon injury procedure was 

performed as described above. Under the same anesthetic, the ventral and 

dorsal aspects of the rat's neck were cleaned w ith 70% ethanol and an
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incision made in the dorsum of the rat. A 5-7 cm length of plastic cannula 

was attached to the minipump dispensing port. A clamp was then inserted 

in the subcutaneous tissue of the rat from the original ventral neck 

incision. The clamp was advanced using blunt dissection through the 

subcuticulum until its tips protruded from the dorsal incision. The distal end 

of the minipump cannula was then drawn through the resulting track until 

its tip reached the carotid bed in the ventral aspect of the neck. The 

cannula was sutured to underlying muscle anteriorly and posteriorly. The 

tw o wounds were then closed w ith surgical clips.

3 .2 .4 .2  B l o o d  S a m p l i n g  F o r  CT1746 L e v e l s .

Samples of arterial blood were taken from all rats receiving CT1746 and 2 

control rats at time of sacrifice and analyzed for plasma CT1746 level as 

described above.

3 .2 .5  Fixation

14 days after the initial injury rats were anaesthetized w ith intraperitoneal 

injection of fentanyl/fluanisone (Hypnorm Jansson) 0.025 mg per IOOg/0.8 

mg per 100 g respectively, and midazolam (Hypnovel, Roche) 0.42 mg/ 

lOOg. The descending aorta exposed by blunt dissection via a midline 

abdominal incision. The aorta was then retrogradely canulated w ith a 20G 

cannula (Vigon Venflon) secured w ith a silk suture. The rats were 

exsanguinated (5-10 ml of blood) and the blood reserved for further 

analysis. 1 % w /v  paraformaldehyde and 2% w /v  glutaraldehyde fixative 

solution was infused retrogradely, through the aortic cannula, at a constant 

pressure of 120 mm Hg (using a pressure bag). Fixation was continued in 

situ  for 10 minutes.

3 .2 .6  Processing For Morphometry

5 mm sections of artery were taken from the mid portion of the right and 

left carotid arteries and placed in the fixative solution described above



57

overnight at 4°C . The sections of artery were then washed in 2 changes of 

0.1M phosphate buffer pH 7.4 and left overnight at 4°C . They were then 

fixed in 1 % w /v  osmium tetroxide (Johnson Matthey) in 0.1M phosphate 

buffer pH 7.4 for 2 hours at 4°C. The samples were washed in phosphate 

buffer and dehydrated sequentially for 15 minutes in each of the following 

solutions; 25% , 50%, 70%, 90%, and 100% ethanol. The samples were 

then washed in 4 changes of propylene oxide (BDH analar) for 10 minutes 

each and placed in a mixture of 40%  v/v propylene oxide and 60% v/v 

epoxy resin overnight w ith agitation.

The epoxy resin was prepared w ith:

47 parts araldite CYC12

47 parts dodecenyl succinate anhydride (DDSA)

8 parts dibutyl phthalate (Dpth)

2 parts benzyldimethylamine (BDMA)

(all Agar Scientific)

The samples were placed in 100% epoxy resin for 8 hours, the resin 

solution was then changed and the samples left overnight w ith  agitation. 

The samples were then transferred to fresh resin and placed in moulds in 

which they were baked at 6 0 °C overnight.

Semithin (2pm) sections of each were cut w ith  a microtome and dried onto 

uncoated slides on a hot plate. The sections were stained w ith 1 % w /v 

toluidine blue (BDH)/1% w /v sodium tetraborate (BDH) in distilled water 

and heated for 30-60 seconds enabling the stain to penetrate the resin. 

The slide was then washed in distilled water, dried and mounted in DPX 

(Gurr).

3.2.7  Morphometry

Sections were viewed at x40 magnification and the images digitized using 

a JVC-MC280 TV camera connected to a Context Visual Gop-302 image 

analysis system. The lumen area, area w ithin the internal elastic lamina, 

and area w ith in the external elastic lamina were traced , and the intimai 

and medial areas were calculated by subtraction.



Schedule of animal experiments

1) CT1746 Pharmacokinetics See Page 52

2)C T 1746  Administration By Oral Gavage And Pluronic Gel 

Administration.

10 rats were included in each group.

3) CT1746 Administration By Minipump.

13 rats were included in each group.
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3 .3  Re s u l t s

3.3.1 Pharmacokinetics

All animals tolerated the surgical and gavage procedures well. Experiment 

1 showed adequate plasma concentrations of CT1746 in the majority of 

animals, which were maintained for up to 24 hours (see Figure 6).

The volumes of CT1746 and propylene glycol administered in order to 

reach this dose were approximately 2 ml per rat (as a single dose). If this 

volume of propylene glycol were administered daily over a 2 week period it 

is likely to be toxic to rodents. Formulation 2 was therefore evaluated 

using a less toxic vehicle, HPMC, in 2 doses, 100 mg/kg and 30 mg/ kg. 

This resulted in widely varying blood levels w ith 1 animal at each dose 

showing no measurable CT1746 in the plasma. The 30mg/kg dose showed 

diminishing levels at six and eight hours, while the higher dose showed no 

drug present in one animal and 2.94 pg/ml in the other. This high result 

was confirmed by repeat testing in the analysis laboratory. The drug levels 

achieved w ith this compound were highly unpredictable, (see Figure 6)

This formulation was, therefore, unsuitable for use in the animal model 

and formulation 3 was investigated. This used PG as a vehicle for the 

CT1746, but the concentration of CT1746 was 30 mg/ ml allowing only 

half the volume of PG to be administered to achieve similar plasma 

concentrations of CT1746 to formulation 1. The results are shown in 

Figure 6 and show sustained blood levels w ith some variability.
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Figure 6 Pharmacokinetics of CT 1746

The graphs above show the mean plasma levels of CT 1746 from two rats at each time point 
gavaged at time 0 with the indicated formulation of CT1746. 0.2mcg/ml is the minimum 
measurable inhibitory concentration of CT 1746 using this assay. The two formulations in PG 
(propylene glycol) show the most consistent plasma levels while the formulation in HPMC 
shows variable results. The results shown in the lower panel show the best plasma levels to 
allow once daily oral gavage with a minimum quantity of potentially toxic vehicle.
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3.3.2 The effect of CT1746 administered by oral gavage and pluronic gei 

on neointimal hyperplasia in the rat carotid model.

4 rats (2 CT1746 and 2 control) died w ithin 24 hours of operation. The 2 

CT1746 group rats and one control rat became asystolic peroperatively, 

one control rat died overnight after operation, probably as a complication 

of anesthesia. 4 animals required repair of their neck wounds. 1 at 5 hours 

post procedure (CT1746 group), 2 at 24 hours post procedure (1 CT1746 

group, 1 control group) and 1 at 72 hours. The requirement for neck repair 

was unusually high, but was evenly distributed between the CT1746 and 

control groups.

In Figure 7 the mean intimai area + /-  1 standard error and mean 

intimal/medial ratio + /- 1 standard error are shown. While both the intimai 

area and the intimai medial ratio indicated a greater degree of neointimal 

response in the CT1746 treated group than the controls, this difference did 

not achieve statistical significance in the intimai medial ratio measurement 

(p = 0.06 and 0.16 respectively). In the analysis of mean intimai medial 

ratio the CT1746 group showed a mean of 1.27 + /-0 .25, while the control 

group had 0.72 + /-  0.27. The lack of statistical significance in this data 

reflects the wide degree of variability in the degree of intimai hyperplasia, 

particularly in the control group, where 3 rats had no neointima detected at 

all.
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Figure 7 The Effect of CT1746 Orally and by Pluronic Gel on Neointimal Hyperplasia 14 Days After 
Balloon Injury.

8 rats received CT 1746 ( 10Omg/kg per day) by oral gavage and a local application of CT1746 in 
pluronic gel peroperatively while the 8 control rats were gavaged with vehicle only and received 
pluronic gel with no additive. All animals were killed 14 days after surgery and the carotid arteries 
fixed at arterial pressure. The Mean Intimai area and Intimai Medial ratios (+ SEM) for sections of 
the arteries are shown above and show no significant difference between intimai medial ratio but an 
increase in the intimai area in the CT1746 treated group. |4 rats died 24 hours post operatively , 2 
from each group.
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3.3.3  The effect of CT1746 by subcutaneous minipump on neointima 

formation in the rat carotid artery modei of neointima formation after 

baiioon injury.

There were no specific complications of surgery. In 3 rats receiving 

CT1746 a yellow /w hite semisolid substance was seen at the tip of the 

cannula in the anterior aspect of the neck. In one animal it was also seen 

at the exit point from the minipump. Samples of this substance were 

cultured but showed no sign of bacterial growth. Crystals were visualized 

by microscopy, suggesting that the CT1746 had precipitated on discharge 

from the pump in these animals. Plasma CT1746 was measurable in 5 rats 

follow ing the local delivery to the carotid bed. Levels were 0.68, 0.25, 

0.57, 0.25, and 0.46 pg/ml in five animals and undetectable in all the 

others.

Mean intimai area was reduced from 0 .1 1+ /-0 .01  mm^ to 0.08 + /-0.01 

mm^ but this trend did not achieve statistical significance (p = 0.12) (Figure 

8). When the intimai area was normalized to the size of the artery, i.e. the 

medial area and expressed as intimal/medial ratio, the results showed a 

significant 27%  reduction in intimai medial ratio from 1 .1 + /-0 .1 8  to 

0.8 + /-0.11 (p = 0.03)(Figure 8). Medial areas were 0.11 + /-0 .0 0 4  and 

0 .10 + /-0 .004 mm^ in CT1746 treated and control animals respectively and 

showed no significant difference (p = 0.1 5). The area w ith in the external 

elastic lamina was, however, significantly different in the tw o groups 

(CT1746 0.31 + /-0 .0 2 , and control 0.25 + /-0 .02, p = 0.04), suggesting 

expansive remodeling.
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Figure 8 The Effect of CT1746 by Minipump on Neointimal Hyperplasia 14 Days After Balloon 
Injury.

13 rats in each group received either CT1746 (50mg over 2 weeks) or vehicle by minipump 
locally into the carotid bed following balloon injury. All animals were killed and fixed at arterial 
pressure 14 days after balloon injury and histomorphometric analysis carried out. The graphs 
above show the mean and SEM for Intimai area and Intimai Medial ratio for each group.
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3.4  D is c u s s io n

3.4.1 Pharmacokinetics

The results of initial pharmacokinetic experiments in this species showed 

inadequate or unreliable blood levels of drug in the firs t 2 formulations 

tested. These studies were limited by the minimum quantifiable limit of the 

HPLC assay for CT1746 which is 200ng/ml. The preliminary studies 

described above had shown that CT1746 can inhibit Gelatinases in rat 

vascular smooth muscle cells at a concentration of 40 ng/ml. Undetectable 

levels of CT1746 could therefore still have had a biological effect. 

Variability of the results is unlikely to be due to failure of drug 

administration, as rats which appeared to poorly tolerate the gavage 

procedure or regurgitate the drug were not sampled. Sampling of blood 

from a large vein such as the femoral vein is likely to be subject to fewer 

errors than peripheral vein sampling. The third formulation achieved 

adequate levels and was, therefore, used in the subsequent gavage and 

pluronic gel experiments.

3.4.2  The Effect Of CT1746 Administered By Orai Gavage And Pluronic 

Gei On Neointimai Hyperplasia in The Rat Carotid Modei

In the gavage experiment the four perioperative deaths were unexpected 

and unusual. They may reflect aspiration of gavage fluid, following the 

administration of a general anesthetic to a rat that has had a gavage 

procedure performed tw ice w ith in 24 hours of anesthesia. The rat's airway 

is unprotected during surgery, and for this reason the gavage on the 

morning of surgery was omitted and pluronic gel administered. Post 

mortem did not reveal overt evidence of regurgitation or aspiration of the 

viscous gavage solution but this cannot be excluded. When gavaged fully 

conscious the rats interm ittently regurgitated a small amount of gavage
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fluid. The high incidence of neck wound breakdown in this group of rats is 

unlikely to have been due to any alteration in wound healing associated 

w ith the administration of the inhibitor CT1746. It was evenly distributed 

between the active treatment and control groups. It was probably due to 

the mechanical trauma to the neck caused by 'scru ffing ' the rats in order 

to perform the gavage procedure.

There was a non-significant trend towards a greater degree of intimai 

hyperplasia in the CT1746 group than in the control group. This result may 

indicate that CT1746 has no effect on intimai hyperplasia. It is consistent 

w ith the findings of tw o  other groups using another pharmacological 

inhibitor of the MMPs, Galardin (GM6001) (Bendeck et al. 1996; Strauss et 

al. 1 996). Bendeck et a! showed in the rat model that while smooth muscle 

cell migration was profoundly inhibited (97% reduction) by Galardin there 

was a late phase of 'catch up' growth which removed any early difference 

in neointimal area between control and inhibitor groups. The inhibition of 

smooth muscle cell migration by MMP inhibitors has also been 

demonstrated by Kenagy et a! (using batimastat) in a baboon aortic explant 

model (Kenagy et ai. 1996). Studies of the alterations in collagen 

synthesis, degradation, and content 7 days after balloon injury have been 

carried out in the rabbit iliac artery model of balloon injury w ith and 

w ithout Galardin (Strauss et ai. 1996). They demonstrated a significant 

reduction in collagen synthesis and content in response to Galardin and a 

nonsignificant trend towards reduction in collagen breakdown. These 

changes were associated w ith  a 25% reduction in neointimal area in the 

Galardin treated group which did not achieve statistical significance. At 

this relatively early time point this result may have reflected a change in 

smooth muscle cell migration as demonstrated in the rat model.

The trend towards increased neointimal area seen in the current study may 

indicate an effect that is not demonstrable using this number of animals 

(n = 8 in each group). It m ight also indicate a lack of reproducibility in the 

drug administration. The pharmacokinetic data from experiment 3 

suggested that while the drug was still detectable at 12 hours following
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gavage there was a variation in drug level. This formulation represented 

the most effective oral formulation that could be given over a sustained 

period w ithout significant tox ic ity . The oral effect of this compound may 

be limited by its poor solubility and unreliable absorption in this species and 

therefore in further experiments different delivery methods were explored.

3.4 .3  The Effect Of CT1746 By Subcutaneous Minipump On Neointima 

Formation in The Rat Carotid Artery Mode! Of Neointima Formation After 

Balloon injury.

Subcutaneous administration of drugs using osmotically regulated 

minipumps can be achieved w ith  constant rates of subcutaneous infusion 

over periods of 2 weeks in rats. The volume of infusate that can be 

accommodated in a subcutaneous pump in small mammals such as rats is 

limited (2ml), and the poor solubility of CT1746 limits the concentration of 

solution that can be administered. The administration of CT1746 by 

minipump was therefore localized to the carotid artery, by placement of a 

cannula from the pump site on the dorsum of the rat into the carotid artery 

bed. A larger number of rats was studied to facilitate the detection of a 

statistically significant difference between the tw o groups.

The results showed no significant difference between the intimai area in 

the treated and control animals, but did show a significant reduction in 

neointima to medial ratio in response to CT1746 administration. 

Methodological problems in drug delivery were again encountered w ith this 

compound. The presence of precipitate in the neck of 3 of the treated 

animals is likely to be due to the poor solubility of CT1746, this may have 

lead to a failure of adequate delivery. It is possible, however, that the 

precipitate reflected a high local concentration of CT1746 in the carotid 

bed.

The results are only partially consistent w ith the findings of Bendeck et a! 

who saw no difference in neointimal area 14 days after injury using a 

Galardin in the same model (Bendeck et al. 1996). They worked w ith a
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different but also nonspecific inhibitor of MMPs which was administered 

systemically by daily intraperitoneal injection, blood levels confirmed 

systemic absorption in a subset of animals.

The results of this study of CT1746 showed a lack of effect on neointimal 

area but a reduction in intimai medial ratio at 14 days. This reflects a 

difference in the external size of the artery in the tw o groups. The 

statistical analysis suggested that this difference was unlikely to have 

occurred by chance. A change in the external elastic lamina was unlikely to 

be accounted for by the mechanisms investigated by Bendeck et al, 

although it is probable that reduced migration and compensatory 

proliferation occurred in the rats in this experiment, as the inhibitors have 

similar profiles (Bendeck et ai. 1996).

Overall change in arterial size is usually accounted for by vascular 

remodeling, which has been highlighted by studies using intravascular 

ultrasound in patients undergoing angiography (Mintz et ai. 1994). It was, 

however, originally highlighted by animal studies such as those of Lafont et 

a! and Post et a! (Post et ai. 1994; Lafont et ai. 1995). A change in favour 

of expansion of the external elastic lamina in response to MMP inhibition is 

unexpected. Studies of aneurysm development suggest that MMPs are 

upregulated in aneurysmal tissue (Vine and Powell, 1991; Herron et ai. 

1991). The differences may, however, reflect the animal model used in our 

study, which does not involve restriction of flow  or reduction in the final 

lumen size after injury. The rat carotid balloon injury model is generally 

regarded as a model principally involving proliferation and migration of 

smooth muscle cells (Schwartz et ai. 1996; Muller et ai. 1992). One recent 

publication has confirmed a negative proteolytic balance in aneurysmal 

human tissues compared w ith normal tissues, despite upregulation of both 

the TIMPs and the MMPs (Knox et ai. 1997). The technique of in situ  

zymography was used by Knox et ai in this study but they were unable to 

identify a difference between occlusive and aneurysmal disease (Knox et 

ai. 1997).
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It is d ifficu lt to explain the decrease in neointimal medial ratio observed in 

this study as it occurred independently of neointimal area, and cannot be 

be attributed to inhibition of smooth muscle cell migration.

In the initial studies of orally administered CT1746 the control group 

showed a lack of reproducibility of neointima formation suggesting poor 

reproducibility of the injury to the vessel wall. This w ill have reduced the 

power of the study to identify any difference between the tw o  groups. A 

formal study of the reproducibility of the technique would have addressed 

these questions. There was also, however, a lack of consistent absorption 

of the inhibitor w ith widely varying blood levels. In addition the assay of 

CT1746 hampers interpretation of the data because, as already discussed 

above, the lower lim it of its detection is substantially greater than the 

concentration of compound required to inhibit gelatinases //? v/fro. As a 

result, many animals w ith undetectable blood levels may still be w ithin the 

inhibitory range of the compound for the MMPs. In addition animals w ith 

measurable levels of the drug may be subject to non specific effects that 

are not related to its ability to inhibit MMPs.

Use of minipumps in vivo gives a more reliable delivery method for the 

drug but was also subject to substantial technical d ifficu lty . As discussed 

on page 66 the formation of precipitates at the delivery sites of these 

pumps indicated inadequate delivery and was associated w ith oedema 

formation. It is unclear however if this resulted in low  or high local levels of 

the compound making it impossible to attribute differences observed 

between the groups to inhibition of MMP activity.

The poor solubility and continued problems w ith reliable and reproducible 

delivery of CT1746 limited its usefulness in studying the effects of MMP 

inhibitors on intimai formation. More specific molecular techniques allowing 

increased expression of one naturally occurring inhibitor of the MMPs, 

TIMP1, were therefore employed.
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PART 2 MARKER GENE TRANSFER
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C h a p te r  4 .  In  Vitr o  C h a r a c te r iz a t io n  O f  A v 1 .L a c Z 4 :  

M e th o d s  F o r  A d e n o v iru s  P ro p a g a tio n  A n d  P u r if ic a t io n  

A n d  C h a r a c te r iz a t io n  In V a s c u la r  S m o o th  M u s c le  

C e lls .

4 . 1  In t r o d u c t io n

The adenovirus used in initial studies was a replication deficient E1-, E3- 

deletion mutant expressing a nuclear-targeted 8-Galactosidase reporter 

under the control of the Rous sarcoma virus long terminal repeat (RSV-LTR) 

promoter (Lee et al. 1993; Yei at si. 1994). The virus was constructed by 

Genetic Therapy Incorporated.

Figure 3 shows the structure of the recombinant vector as described by 

Lee at a! (Lee at ai. 1993). The pAvS6nLacZ plasmid was linearized and 

cotransfected into human embryonic kidney-derived 293 cells w ith the 

35kb Cia ! fragment of Ad-dl327. The use of this cotransfection technique 

promotes homologous recombination between the regions of each molecule 

corresponding to Adenovirus type 5 sequences 3328-6241, w ith resultant 

generation of infectious virus. Recombinant plaques were picked and 

propagated in 293 cells. The recombination events were confirmed using 

Southern analysis. A liquots of the resultant virus were the kind gift of GTI, 

and were subsequently propagated and purified as described below.

In order to assess the success of gene transfer by a recombinant 

adenoviral vector, and identify how much virus can be used before 

significant inflammation or cytopathic effect outweighs the benefit of gene 

transfer, it is essential to be able to assess the in fectiv ity or titre of the 

virus. An objective method of virus concentration can be obtained by
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assessing the number of virions in a fixed volume using electron 

microscopy. It may be possible to identify incomplete virions if they do not 

form full icosahedrons, but the particle number, while accurate and 

reproducible, cannot determine how many of the observed virions are 

capable of infecting cells. In this study tw o methods were used to assess 

infectivity. The first, the end-point cytopathic effect assay, was used to 

approximately assess the success of any one batch of virus while the 

second, the plaque assay is a more classical virological technique to 

quantitate infectivity.

The plaque assay was originally developed for use w ith type two 

adenovirus (Green et al. 1967). A plaque is a cluster of infected nonviable 

cells produced by infection of a single cell by one virus particle w ith 

secondary infection of surrounding cells by progeny virus. If a plate is 

stained w ith neutral red the uninfected viable cells around a plaque will 

stain red, and there w ill be a zone of clearing in the plaque area. In order to 

prevent dissemination of virus when infected cells lyse, plaque assays are 

performed under a layer of agar which localizes any released virus to the 

cells contiguous w ith the original infected cells thus allowing a plaque or 

cluster of dead cells to be seen. The plaquing efficiency of purified virus 

varies w ith adenoviral serotype as does the size and time of appearance of 

the plaques. Adenovirus 5 plaques are 2-3 mm across and appear from 8- 

14 days after infection. The end-point cytopathic effect assay is based on 

the appearance of a cytopathic effect visible on a cell monolayer at 3-4 

days after infection.

Stocks of virus titred by these methods can then be used to test the ability 

of this vector to transfer genes. In order to determine a reproducible 

relationship between 'dose' or titre of virus and duration of exposure, and 

the success of gene transfer in rat vascular smooth muscle cells, initial 

experiments were carried out in vitro. In initial experiments a wide range of 

multiplicities of infection of Av1.LacZ4 were used to approximate the 

amount of transgene expression, but more importantly to demonstrate 

toxic ity, and therefore identify a dose range of virus to use in future
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experiments. An SV40 transformed rat aortic smooth muscle cell was 

initially employed, and subsequently primary cultured rat aortic vascular 

smooth muscle cells at passage 4-6 were studied.

4 . 2  M e t h o d s

4.2.1 Materials And Methods For Adenovirus Propagation And Purification.

4.2.1.1 293 C e l l s : T r a n s f o r m e d  H u m a n  E m b r y o n i c  K i d n e y  C e l l s

1) High passage number cells (passage 5 0 -f). The cells increase their rate 

of division w ith increasing passage number but do not appear to lose their 

permissiveness for adenovirus i.e. lose Ela. These cells are appropriate for 

propagation of virus where rapid expansion of cell numbers is required but 

not for recombination and plaque assays. Higher passage number is likely 

to be associated with an increased chance of spontaneous recombination 

resulting in a 'replication deficient' recombinant reacquiring the El a gene 

from the host cell and becoming replication competent (Lochmuller et al. 

1994). This is still a very rare event but all viral stocks grown on high 

passage cells were screened for wild type contamination or reversion prior 

to further use.

2) ATCC CRL-1573:Passage 32 293 cells, slow growing, suitable for 

plaque assays and recombinations.

4 .2 .1 .2  M e d i a

Complete media: Dulbecco's Modified Eagle's Medium w ith 0.11 M Na 

Pyruvate (Gibco), 10% Foetal Bovine Serum (50 ml in 500 ml), 1% 

Penicillin/Streptomycin (2.5 ml in 500 ml)



73

Infection media: Dulbecco's Modified Eagle's Medium w ith 0.11 M Na 

Pyruvate (Gibco), 2% Foetal Bovine Serum (10 ml in 500 ml), 1 % 

Penicillin/Streptomycin (2.5 ml in 500 ml)

Cytopathic effect assay media: Dulbecco's Modified Eagle's Medium w ith 

0.11 M Na Pyruvate (Gibco), 1% Foetal Bovine Serum (5 ml in 500 ml), 

1 % Penicillin/Streptomycin (2.5 ml in 500 ml)

4 .2 .1 .3  C e l l  C a r e

293 cells are delicate and poorly adherent. Media and wash solutions were 

added to the side of the dish, w ith  the dish tilted, and mechanical 

manipulation minimized. All media and solutions were prewarmed to 3 7 °C.

4 .2 .1 .4  C e l l  G r o w t h  f o r  P r o p a g a t i o n

Up to 200 10 cm plates were handled w ithout loss of cells due to 

dehydration etc.

Cells were propagated in 10 cm dishes for ease of harvesting cells.

Cells were trypsinized and diluted 1 in 10 in complete medium, 72 hours 

before infection. Cells were split by removing the covering full growth 

media and discarding it into Virkon containing solution. The cells were 

washed carefully w ith  sterile phosphate buffered saline which was then 

discarded, and 1 ml of Trypsin Versene, pre warmed to 37 °C, was added 

to each plate and the plate tilted to fu lly cover the cells w ith  liquid. The 

plates were then left to incubate at 37 °C for approximately 3 minutes or 

until cells began to round up and detach. 2 ml of complete medium was 

added to each plate to inactivate the trypsin, and the media and cells were 

removed and pooled in a 50 ml sterile tube. The cells were briefly vortexed 

and then resuspended in complete medium to dilute the cells 1 in 10 from 

the original volume (i.e. 100 ml of media per 10 cm plate in the original 

stock). 10 ml of media was then dispensed to each 10 cm dish and the
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dish tipped gently to cover the surface evenly w ith the cell solution. Cells 

were placed in 37°C, COg 5%, incubator until cells were 90% confluent. It 

was rarely necessary to feed the cells during this period and this was 

avoided where possible, due to the potential for damage to the monolayer.

4 .2 .1 .5  P r e p a r a t i o n  O f  V i r u s  F o r  I n f e c t i o n

Virus stocks were stored at -7 0 °C and rapidly thawed in a 37°C  water 

bath and then placed on ice until required. All virus stocks were kept in 

small aliquots ( e.g. 100 ]i\ dependent on titre) to avoid loss of titre due to 

recurrent freeze thawing. Each 10 cm dish was infected at an approximate 

m ultip licity of infection (MCI i.e. plaque forming units per cell) of 10. Cell 

counts using a haemocytometer showed that 10 cm dishes usually contain 

2-5 X 10^ cells. The total volume of infection medium required to infect 

each plate w ith 10 ml of infection medium containing 2-5 xIO^ virions per 

ml was made up to ensure even distribution of virus and that all plates 

would show a cytopathic effect at similar time points.

4 .2 .1 . 6  I n f e c t i o n  P r o c e d u r e

Complete growth media was aspirated from the dishes to be infected. 10 

ml of virus containing infection media was added to each plate. One plate 

was used as a control plate and infection medium (i.e. 2% PCS) w ithout 

any virus was added because prolonged serum deprivation can result in 

detachment of cells and rounding up which may be mistaken for a 

cytopathic effect (CPE). Dishes were incubated at 3 7 °C for 48-72 hours. 

The cells were inspected tw ice a day for cytopathic effect, w ith  typical 

'bunch of grapes' appearance, but were usually ready to be harvested at 

48-56 hours (see Figure 9).
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Figure 9 Photomicrographs of 293 Cells Showing Typical Cytopathic Effect.

Panel A shows a confluent monolayer of 293 (transformed human embryonic kidney cells 
expressing the E1A fragment of the adenoviral genome immediately prior to infection with 
Av1.LacZ4. Panel B shows cells 48 hours after infection illustrating the typical ‘bunch of grapes’ 
cytopathic effect.
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4.2 .1 .7  C e l l  H a r v e s t

Cells were harvested when most of the monolayer was beginning to show 

CPE and some cells had detached. Adenovirus is produced in the nucleus 

and stored intracellularly. The aim of harvesting is therefore to minimize 

cell trauma and to harvest before the cells have lysed due to on going 

infection. The cells were harvested by gently pipetting the media across 

the monolayer of each dish until all the cells had detached. Cells showing 

significant cytopathic effect readily detached from the tissue culture dish 

w ith minimal manipulation. The cell jsuspension was centrifuged at 1500 

rpm, 4°C , for 10 minutes and the supernatant discarded into a Virkon 

containing waste beaker. Cell pellets containing virus were resuspended in 

1.5-2 ml of resuspension solution dependent on the time of planned 

centrifugation:

Resuspension solutions:

1) Supernatant from cells (this can be stored at -20 °C until ready for use 

but this should only be stored for 2-3 days).

2) PBS containing 10% glycerol (Can be stored at -70°C until required)

3 )1 0  mM Tris-CI, pH 8. (Can be stored at -70°C until required)

4 .2 .1 .8  C r u d e  V i r a l  L y s a t e

The virus/cell suspension was exposed to three cycles of freezing and 

thawing in liquid nitrogen and a 37°C water bath. The cells were vigorously

vortexed between each freeze thaw  cycle. This process lyses the cells and 

liberates the virus into the surrounding liquid. The resultant crude viral 

lysate was placed in Beckman ultracentrifuge tubes which had previously 

been sterilized by spraying w ith 70% ethanol and allowing the tubes to dry 

completely. These were centrifuged in a precooled rotor for 5 minutes at

7000 rpm 4°C. The supernatant was retained and Virkon added to the

cell pellet prior to disposal.
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4.2 .1 .9  P u r i f i c a t i o n  O f C r u d e  V i r a l  L y s a t e

The crude viral lysate was purified to remove empty capsids by 

centrifugation on tw o cesium chloride gradients.

Cesium chloride solutions:

1.25 g/ml buoyant density, Add 100 ml PBS to 36.2 g CsCI.

1.26 1.35 g/ml buoyant density, Add 100 ml PBS to 51.2 g CsCI

1.27 1.4 g/ml buoyant density. Add 100 ml PBS to 62.0 g CsCI 

These solutions were autoclaved prior to use.

Ultraclear ultracentrifuge tubes (Beckman) were presterilized w ith  70 %

ethanol and allowed to dry fully in a tissue culture hood prior to use. 3 m l

of 1.25 g/ml CsCI was added to each tube. 3 ml of 1.4 g/ml CsCI was then

'underlaid' w ith a 5 ml pipette w ithout disturbing the interface. 6 m l of 
crude viral lysate was then layered on the preformed gradient and

centrifuged in an ultracentrifuge at 30,000 rpm, 20 °C, for 1.5 hours.
A tube was then clamped vertically to a retort stand above a beaker of

Virkon solution. A band of viral material was visible at the interface

between the tw o densities of cesium chloride. This band was harvested

using a 1 ml syringe and 20 G needle. The needle was slow ly inserted 3

mm below the band using a rotational motion to 'd rill' through the side of

the tube w ithout disturbing the gradient. The band was harvested by

aspirating the syringe, and the needle was then slow ly w ithdrawn so that

any solution dripping from the tube fell into the Virkon solution.

The collected band was overlaid onto a centrifuge tube containing 10 ml of

1.35g/ml CsCI and spun at 40 ,000 rpm, 2 0 °C, for 18 hours. Under these

conditions a continuous gradient forms in the cesium solution and a band

will be visible. When centrifugation was complete the lower opalescent

band was harvested as described above in as small a volume as possible of

cesium chloride and glycerol was added to a final concentration of 10%.
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4 .2 .1 .10  D i a l y s i s

The cesium chloride/virus solution was then dialyzed to remove the cesium 

chloride which would be cytopathic. Dialysis cassettes were used 

according to the manufacturers instructions { Slide-A-Lyser dialysis kit ). 

The solution was dialyzed at 4°C  for 1 hour against 1 I of dialyzate (10% 

glycerol, 10 mM Tris Chloride pH 7.4, 1 mM Mg Clg, in sterile phosphate 

buffered saline) and this was repeated three times allowing the last dialysis 

cycle to continue overnight. The virus was recovered from the cassette 

and frozen at -70° C in lOOpI aliquots until required.

4.2.1.11 P l a q u e  A s s a y

Plaque assays were carried out in 6 well plates. Low passage (<  passage 

40) 293 cells were seeded into these plates in complete medium until they 

reached 80-90%  confluence. The medium was then aspirated and the cells 

washed w ith  PBS. Serial 10 fold dilutions of virus samples were made in 

infection medium and added in triplicate to the 6 well plates (1 ml per well 

commencing w ith 1 pi of virus per ml). The cells were exposed to the 

infection medium for 1 hour after which the medium was removed and 1.5 

ml of agar overlay was added. Overlay was prepared immediately prior to 

use. Overlay contained: 10% 10X DMEM (Gibco), 2% sodium bicarbonate 

(Gibco), 2% fetal calf serum (Gibco), 1% Penicillin, 1% stretomycin, 1 % 

amphotericin, and 0.5%  agar (2% agar Gibco) in sterile water. The 2% 

agar was heated until melted and allowed to equilibrate w ith the overlay at 

44° C. The overlay was allowed to harden at room temperature prior to 

return of the plates to the incubator. On day five an additional 0.5 ml of 

overlay per well was added. On day seven 1 ml of overlay containing 1 ml 

of 0.2%  w /v  neutral red (filter sterilized) per 100 ml of overlay was added 

to each well. Plaques were visible on day 8-11 (See Figure 10).
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Figure 10 Plaque Assay.

Panels A and B show plaques in monolayers of 293 Cells stained with neutral red. Panel 
A shows a photograph taken using a dissecting microscope with a lucent area in the 
middle of the field where cells have become cytopathic and died giving the appearance 
of a plaque. Panel B shows the plaque photographed at higher power (x40).
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4.2 .1 .12  E n d - P o i n t  C y t o p a t h i c  E f f e c t  (CPE) A s s a y

lOOpI aliquots of DMEM w ith 0.5 % fetal calf serum were placed in the 

wells of a 96 well tissue culture plate. 10 fold dilutions of virus were 

added in triplicate, and control wells prepared that received no virus. 100^1 

of 293 cells in DMEM w ith 0.5 % fetal calf serum were added at a 

concentration of 3 x 10^ cells/ml to each well and incubated for 3 days. 

Microscopy was used to identify those wells that showed a 50% 

cytopathic effect, and an estimate of viral titre was obtained.

4 .2 .1 .13  S c r e e n i n g  F o r  R e p l i c a t i o n  C o m p e t e n t  A d e n o v i r u s

There is a theoretical chance of a recombinant adenoviral vector 

reacquiring the El A region of the adenoviral genome by homologous 

recombination w ith w ild-type adenovirus, or the El A region expressed in 

293 cells. In practice this is a rare event, but stocks may also become 

contaminated w ith w ild type adenovirus from the environment. All stocks 

were therefore screened by plaque assay w ith 10 fold dilutions on HeLa 

cells which support the growth of wild type but not replication deficient 

adenoviruses. The protocol used was identical to that used to titra te the 

virus as above (4.2.1.11 Plaque Assay) but HeLa cells were used in place 

of 293 cells. HeLa cells are grown and passaged under the same 

conditions and in the same media as 293 cells. Wild type adenovirus was 

used as a positive control in these experiments.

4 .2 .1 .14  A d e n o v i r a l  S t o c k s

A single stock of Av1.LacZ4 w ith a titre of 1.3 x1 0 ’° pfu/ml was used for 

all experiments described in this chapter.
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4 .2 .2  Smooth Muscle Ceil Line Culture

SV40 transfected rat abdominal aortic smooth muscle cells SV40LT-SMC 

Clone HEP-SA (ATCC No 2018) were used. Cells were cultured in 

Dulbeccos modified Eagle's medium, (DMEM) w ith sodium pyruvate and 

10OOg/l glucose (Gibco No 31885-03) supplemented w ith 10% foetal calf 

serum (Gibco) and 200 pg/ml geneticin (G418, Gibco 066-0181 IB) and 

50mg/ml penicillin w ith  50 mg/ml streptomycin. Flasks were seeded at 3.5 

X 10® cells/ml. Culture fluid was renewed 2-3 times per week. Once cells 

reached confluence when viewed by light m icroscopy they were 

subcultured as follows. The medium was aspirated and the monolayer 

washed w ith 5ml of phosphate buffered saline. This was removed and 3 ml 

of trypsiniEDTA (Gibco No 45300-019) added and the flask incubated at 

3 7 °C until the cells detached (5-10 minutes). Fresh medium was then 

added, aspirated, and the cell suspension dispensed to new flasks w ith 

dilution of 1:3 to 1:6.

4 .2 .3  Primary Vascuiar Smooth Muscle Cell Culture

Primary rat aortic smooth muscle cells were cultured using a modification 

of the method of Rennick et al (Rennick et al. 1988). 300-350g male 

Wistar rats were killed by COg asphyxiation and their throats cut to allow 

partial exsanguination. A midline abdominal incision was then made using 

sterile technique and the aorta was exposed by blunt dissection from the 

renal arteries to the aortic arch. The adherent fa t was removed from the 

aorta, which was then excised and placed in RPMI (Gibco) supplemented 

w ith 1% Penicillin/streptomycin and 1% transferrin (serum free RPMI). The 

aorta was then transported to a primary culture laboratory, and placed in a 

sterile petrie dish, on a ground glass plate, and covered w ith RPMI 

supplemented as above. Using a Prior S2000 dissecting microscope (Prior 

Scientific Instruments) and iridectomy scissors, the aorta was cut 

longitudinally, so that it rested intimai side uppermost. A sterile cotton bud 

was used to wipe the aorta to remove any endothelium. Using
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watchmakers forceps (size 7), the media of the artery was removed in thin 

horizontal strips, by securing the edge of the vessel w ith  a second pair of 

forceps. Strips were placed in a container of RPMI as above. The RPMI 

was then aspirated from the pooled strips of media from three arteries 

using a narrow bore pipette, and the tissue placed in 3ml of 3mg/ml 

Collagenase (Sigma C0130) in serum free RPMI (i.e. 1 ml per aorta) at 

37 °C for 1 hour. This was carried out in a 37 °C oven or water bath w ith 

gentle shaking to aid digestion. The Collagenase solution was then 

removed and the tissue resuspended in 3ml of elastase 1 mg/ml (Sigma 

type III elastase E l250) in serum free RPMI and incubated at 37°C  w ith 

gentle shaking for 1 hour. 1 ml of fresh Collagenase solution was added to 

the elastase solution, and incubation w ith shaking continued until all the 

tissue had dispersed into single cells (1-2 hours). The cell suspension was 

then centrifuged at 1000 rpm for 5 minutes and the supernatant discarded. 

The cell pellet was resuspended in RPMI supplemented w ith 5% fetal calf 

serum (Gibco) and 1% penicillin/streptomycin, at a concentration of 1-3 x 

10® cells/ml. The cell concentration was determined using a 

haemocytometer after initial resuspension in 4mI of RPMI supplemented as 

above. The cells were placed in a humidified incubator at 3 7 °C, 5% COg 

and handling avoided for 72 hours. The media was then changed and 

renewed at 72 hourly intervals.

Cells were passaged when found under light m icroscopy to be confluent. 

The medium was aspirated and the monolayer washed w ith 5ml of 

phosphate buffered saline. This was removed and 3 ml of trypsin:EDTA 

(Gibco No 45300-019) and the flask incubated at 37 °C until the cells 

detached (5-10 minutes). Fresh RPMI medium was then added, aspirated to 

resuspend the cells, and the cell suspension was dispensed to new flasks 

w ith dilution of 1:3 to 1:6.

Each batch of smooth muscle cells were tested at 72 hours or more to 

ensure that 98% of cells present stained positively for anti a smooth 

muscle actin (Sigma A2547).
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4 .2 .4  Media

4.2.4.1 SV40LT-SMC C l o n e  HEP-SA (ATCC No 2018)

Culture Media: Dulbeccos modified Eagle's medium, (DMEM) w ith sodium 

pyruvate and 10OOg/l glucose (Gibco No 31885-03) supplemented w ith 

10% foetal calf serum (Gibco) and 200 pg/ml geneticin (G418, Gibco 066- 

01811B) and 50mg/ml penicillin w ith 50 mg/ml streptomycin (Gibco). 

Infection/serum free Media: Dulbeccos modified Eagle's medium (DMEM) 

w ith sodium pyruvate and 10OOg/l glucose (Gibco No 31885-03, 200 

pg/ml geneticin (G418, Gibco 066-0181 IB ), and 50mg/ml penicillin w ith 

50 mg/ml streptomycin (Gibco).

4 . 2 . 4 . 2  P r i m a r y  R a t  A o r t i c  V a s c u l a r  S m o o t h  M u s c l e  C e l l s :

Culture Media: RPMI supplemented w ith 5% fetal calf serum and 1% 

penicillin/streptomycin (all Gibco).

Infection/Serum Free Media: RPMI supplemented w ith 1 % transferrin, and 

1 % penicillin/streptomycin (all Gibco)

4 .2 .5  immunohistochemistry For a Smooth Muscle Actin

In order to confirm that primary cultures contained 98% smooth muscle 

cells, immunohistochemistry for a smooth muscle actin was carried out. 

Initially a range of concentrations of primary antibody was tested using the 

protocol below in order to optimize the protocol for use on all batches of 

cells.

Primary vascular smooth muscle cells were cultured in 8 well chamber 

slides (Nunc No 177445) w ith one well containing the SV40 transformed 

SMCs as a positive control. Cells were fixed for 10 minutes w ith ice cold 

methanol. This was aspirated and replaced w ith 0.3%  hydrogen peroxide 

in methanol for 30 minutes to quench endogenous peroxidase activity. The 

cells were then rinsed tw ice in PBS for 10 minutes. All incubation steps
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after this point were carried out in a humidification chamber. 2.5 % horse 

serum in PBS, a source of nonspecific blocking antibody, was added and 

the cells incubated for 20 minutes. The primary antibody, in this case anti 

a smooth muscle actin (Sigma A2547), was added in dilutions of 1:100, 

1:200, 1:400, 1:500, and 1:1000 in PBS containing 2% bovine serum 

albumin (BSA) and incubated for 30 minutes. The cells were washed tw ice 

in PBS containing 1:100 triton x-100 and once in PBS (10 minutes each). 

The cells were then incubated for 20 minutes in second antibody; 

biotinylated goat anti-mouse immunoglobulins (Sigma Mouse extravidin 

peroxidase staining kit) were diluted 1:100 in PBS containing 2.5%  horse 

serum to reduce background staining. The cells were washed tw ice in PBS- 

triton and once in PBS as previously. Extravidin peroxidase (Sigma Mouse 

extravidin peroxidase staining kit) was then diluted 1:50 in PBS w ith 2% 

BSA and incubated w ith the cells for 20 minutes. The cells were then 

washed three times in PBS. The chromagen 3-amino-9-ethyl carbazole 

(ABC) was used to localize the peroxidase. 20 mg of ABC (sigma A-6926) 

was added to 2.5 ml of dimethylformamide (Sigma D-4254) and the 

solution retained as a stock stored at 4°C . 0.2 ml of this stock solution 

were then added to 3.8 ml of 0.05 M acetate buffer (pH 5.0) (Sigma 325-

4) and 20 \i\ of hydrogen peroxide added immediately before use. The cells 

were incubated w ith this chromagen for approximately 5 minutes or until 

red staining was visible under light microscopy.

The lowest concentration of primary antibody at which readily detectable 

staining occurred was 1:500 (see Figure 11), and therefore this dilution 

was used for all other experiments.
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Figure 11. Primary Cultured Rat Vascular Smooth Muscle Cells After 
Immunohistochemical Staining With Anti-Smooth Muscle Actin Primary Antibody 1:500.

Photomicrograph of primary cultured rat aortic vascular smooth muscle cells fixed with 
methanol and immunohistochemically stained using an antibody to smooth muscle actin. 
The chromagen is 3-amino-9-ethyl-carbazole (AEC) giving a red/brown colour to the 
positive cells. In all cultures greater than 95% of cells stained positively for smooth 
muscle actin.
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4.2 .6  Assessment Of Gene Transfer Efficiency By 5-Bromo-4-Chioro-3- 

indoyi-B-D-Gaiactopyranoside (X-Gai) Staining.

The efficiency of gene transfer follow ing virus infection was estimated by 

staining transduced cells w ith 5-bromo-4-chloro-3-indoyl-fi>-D- 

Galactopyranoside (X-Gal). This chromagen changes from a yellow to a 

blue colour in the presence of 8-Galactosidase allowing localization of the 

transgene.

Tissue culture media was removed from the cells to be stained and the 

monolayer was washed w ith PBS. The cells were then fixed in 0.05%  

Glutaraldehyde in PBS for 10 minutes. X-Gal buffer was prepared as 

follows:

X-Gal buffer: 0.07g Potassium ferrocyanide K^FelCNlg.SHgO 

0.05g Potassium ferricyanide KgFelCNlg.

1.852 ml 4M Sodium chloride 

50pl 1M Magnesium chloride 

made up to 50 ml w ith  PBS.

X-Gal buffer was then heated to 3 7 ° C in a water bath. 25pl of 1 50mg/ml 

5-bromo-4-chloro-3-indoyl-8-D-Galactopyranoside (X-Gal) in dimethyl 

sulphoxide (DMSO) was added per 1 ml of X-Gal buffer, and then 

immediately applied to the cell monolayer. All reagents were warmed to 

37 °C to ensure minimal precipitation of X-Gal but X-Gal solution was 

filtered prior to application to the cells. The cells were incubated in the X- 

Gal solution for 2-4 hours, monitoring the colour change using a light 

microscope, and the reaction terminated by removal of the X-Gal solution, 

washing in PBS and storage under 70% glycerol. This allowed a visual 

assessment of gene transfer efficiency. Because visualization of vascular 

smooth muscle cell nuclei not expressing the transgene was difficu lt, and 

may allow selection bias on the part of the observer, trypsinized cells were 

also assessed. If cells were incubated for long periods in X-Gal endogenous 

8-Galactosidase could react w ith the X-Gal, causing a colour change
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unrelated to gene transfer (see Figure 12). Short incubation periods of 2-4 

hours in cells, or 18 hours in arterial tissue, did not give rise to background 

or endogenous staining. Control samples not exposed to Av1.LacZ4 were 

used in X-Gal incubation procedures.
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Figure 12 X- Gal Staining Of Vascular Smooth Muscle Cells.

Panel A shows blue cells 48 hours after infection with Av1.LacZ4 encoding nuclear 
localized beta Galactosidase. The cells have been fixed and incubated for 2 hours with X- 
Gal chromagen. Panel B illustrates the diffuse cytoplasmic staining due to endogenous 
beta Galactosidase activity in a clump of cells on a control plate. Successful gene transfer 
and endogenous activity of beta galactosidase can clearly be differentiated.
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4.2 .7  Quantitation Of Gene Transfer

Selection bias was eliminated using trypsinized cells (Guzman at al. 1993). 

Prior to X-Gal staining smooth muscle cells were detached from the culture 

plate or chamber slide by incubating w ith trypsin:EDTA (Gibco No 45300- 

019) for approximately 5 minutes at 37 °C. An equal volume of 0.1M 

glutaraldehyde was then added to each trypsin/cell suspension and the 

cells fixed for 5 minutes prior to centrifugation at 1000 rpm for 5 minutes. 

The cell pellet was then resuspended in X-Gal solution for 3-4 hours. 

Stained cell suspensions were loaded into a haemocytometer and those in 

the counting chamber only were counted. Total cells and cells w ith  nuclear 

localized blue staining were counted.

4.2 .8  Assessment Of Toxicity And Transgene Expression in VSMC Line 

infected With Av1.LacZ4

SV40 transformed VSMC s were grown to confluence and then placed in 

infection media for 24 hours prior to viral infection. Virus stocks were 

diluted in fresh infection media to infect cells at MOIs of 3 xIO^, 3 x 10^, 

30, 3, and a control well was not infected. A further well was infected 

w ith  A v I .null virus at MOI 3x10^, a replication deficient adenovirus lacking 

the {^-Galactosidase expression cassette, to establish that viral infection 

itself did not cause 8-Galactosidase up-regulation. Infection solutions were 

incubated w ith  the cells at 37 °C for 1 hour. The cells were then returned 

to fresh serum free media, and fixed and stained w ith X-Gal 48 hours after 

infection as described on page 86. Sections were then photographed using 

phase contrast microscopy at a magnification of xIO . Toxicity was 

indicated by disruption of the cell monolayer and detachment of cells.
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4.2.9  Gene Transfer Efficiency Of AvI.LacZ4 in Smooth Muscle Cell Line 

And Primary Vascular Smooth Muscle Cells : Dose-Response

The relationship between transgene expression and m ultip licity of infection 

was explored in primary vascular smooth muscle cells at passage 4-6 and 

in the SV40 transformed smooth muscle cells. VSMCs were grown to 

confluence and then placed in infection media for 24 hours prior to viral 

infection. Trypsinisation of confluent monolayers and counting in a 

haemocytometer showed 3x10" ^  cells per well of an 8 well chamber slide 

and 2.5 x 10^ cells per well in a 24 well plate. Virus stocks were diluted in 

infection media to infect cells at MOIs of 6.25, 12.5, 25, 50, 100, and 

200. In 8 well chamber slides a volume of infection solution of 0.15 ml 

was used per well, and in 24 well plates 0.5 ml per well. Infection 

solutions were incubated w ith the cells at 37 °C for 1 hour. The cells were 

then returned to fresh serum free media and fixed and stained w ith X-Gal 

48 hours after infection as described on pages 86 and 89. Gene transfer 

efficiency was expressed as the percentage of the total cell number that 

showed nuclear blue staining. Cytotoxic effect was assessed by inspection 

of monolayers under light microscopy.

4.2.10 Gene Transfer Efficiency Of Av1.LacZ4 In Smooth Muscle Cell Une: 

Time Course

Primary and SV40 transformed VSMCs were grown to confluence and then 

placed in infection medium for 24 hours prior to viral infection. Virus 

stocks were diluted in infection medium to infect cells at an MOI of 100. 

Infection solutions were incubated w ith the cells at 3 7 °C for 0 (control), 5, 

15, 30, 45, 60 and 120 minutes. The cells were then returned to serum 

free medium, and fixed and stained w ith X-Gal, 48 hours after infection as 

described on pages 86 and 89. Gene transfer efficiency was expressed as 

the percentage of the total cell number that showed nuclear blue staining.
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4.2.11 Duration Of Transgene Expression After Primary Smooth Muscie 

Ceii infection

Primary VSMC s were grown to confluence and then placed in serum free 

media for 24 hours prior to viral infection. Virus stocks were diluted in 

infection media to infect cells at an MOI of 100 for 1 hour. The cells were 

then returned to serum free media and the medium was changed every 

four days. Three wells were fixed and stained w ith  X-Gal 48 hours, 14 

days and 28 days after infection as described on page 86. Wells were 

photographed under a light microscope at x 100 magnification.

4 .3 .  R e s u lts

4.3.1 in Vitro Toxicity Of Adenovirus in VSMCs

Figure 13 shows the photomicrograph of the cells infected at MOI s of 3 

xIO^, 3 x 1 0 ^ ,  30, 3, and control. Significant cellular tox ic ity  was observed 

at MOI of 3 X 10^, w ith  disruption of the monolayer and vacuolation of the 

cells when viewed at higher power. Transgene expression was seen to 

increase w ith increasing MOI. In some cells the production of chromagen 

was sufficient to cause leakage into the cytoplasm. No blue staining was 

seen w ith control cells or cells infected w ith a null virus. The null virus was 

used to infect cells at MOI 3 x 1 0 ^ ,  and showed a similar degree of toxicity 

for the smooth muscle cells to the B-Galactosidase expressing virus.
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Figure 13 Dose Response/ Toxicity After Infection With Av1.LacZ4.

The photomicrographs above show (A) Control, uninfected cells, and (B)-(E) cells infected with 
Av1.LacZ4 at MOIs of 3, 30, 3x10^, and 3x10^, and (F) Cells infected with AvI.null at MOI 3x1 OT 
Cells were fixed and stained with X-Gal chromagen 48 hours after infection. The higher 
multiplicities of infection clearly demonstrate toxic effects such as rounding up of the cells and 
detachment from the plate.
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4.3.2  Relationship Between Transgene Expression And Muitipiicity Of 

infection.

Figure 14 and Figure 15 show the percentage transgene expression in cells 

infected at different multiplicities of infection in the SV40 transformed 

smooth muscle cells and the primary cells. The number of blue cells 

counted as a percentage of the total cells sampled was used to quantify 

transgene expression. The mean of three experiments is shown, and the 

standard error of the observations is shown in each case. There is a clear 

titre to response relationship between transgene expression and m ultiplicity 

of infection. The greatest increase in blue cells appeared from an MOI of 

50 to 100 in the smooth muscle cell line. In the primary cultures a 

substantial increase in transgene expression was seen at MOTs greater 

than 6.25, but results at MOI 12.5 were highly variable. In the primary 

cells there was a highly variable response to infection at MOI 12.5 but a 

progressive increase in transgene expression w ith  increasing MOI 

thereafter, w ith 80% of the cells expressing the transgene at MOI of 200. 

Photomicrographs of the cell monolayers did not reveal overt tox ic ity  but 

some increase in vacuolation of the cells was seen at MOI of 200 (see 

Figure 16 and Figure 17).
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Figure 14Transgene Expression With Av1.LacZ4 in SV40 Transformed VSMC Line After 
Infection at MOI 0-200.

The mean +SEM of three experiments are shown. Cells were infected with the 
concentration of virus indicated and fixed and stained with the chromagen X-Gal 48 
hours later.
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Figure 15 Transgene Expression With Av1.LacZ4 in Primary Cultured Vascular Smooth 
Muscle Cells After Infection at MOI 0-200.

The mean 4-SEM of three experiments are shown. Cells were infected with the 
concentration of virus indicated and fixed and stained with the chromagen X-Gal 48 
hours later.
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Figure 16 Photomicrographs of SV40 Transformed Rat VSMC Line Infected With Av1.LacZ4 at 
MOI 6.25-200.

The photomicrographs above show (A)-(F) cells infected with Av1.LacZ4 at MOIs of 6.25, 12.5, 25, 
50,100, and 200 respectively. Cells were fixed and stained with X-Gal chromagen 48 hours after 
infection. (x40)
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Figure 17 Photomicrographs of Primary Cultured Rat VSMCs Infected With Av1.LacZ4 at MOI 0- 
200.

The photomicrographs above show (A)-(F) cells infected with Av1.LacZ4 at MOIs of 6.25, 12.5, 25, 
50, 100, and 200 respectively. Cells were fixed and stained with X-Gal chromagen 48 hours after 
infection. At higher MOIs the pigmented product of the X-Gal reaction is seen to leak out of the 
nucleus into the cytoplasm of the cells. (xlOO)
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4.3.3 Relationship Between Transgene Expression And Time Of Exposure 

To Virus

The mean percentage transgene expression and time of exposure to virus 

are shown in Figure 18 and Figure 19. Figure 20 shows photomicrographs 

of the infected primary cells. A progressive increase in mean percentage 

transgene expression was seen w ith time, and no tox ic ity  was observed in 

the monolayers. Near maximal transgene expression was seen at all times 

of 30 minutes or greater. In both cell types a greater percentage of blue 

cells was seen w ith 30 minutes of virus infection time than at 45 or 60 

minutes.

4.3.4  Duration Of Transgene Expression After Optimized Virus infection

The results are shown in Figure 21. Transgene expression was consistent 

w ith the results above at 48 hours but fell progressively w ith  time, until 

approximately 5-10% of cells were expressing the transgene at 28 days.



99

8 0

c_o
V)
QJu
Ph
X
CD
CD
C
CD
50
sc5u

H

6 0

4 0

20

0 -

0

TT

'V '

5 15 30 45 60 120

V ira l Incuba tion  T im e /  m in

Figure 18 Transgene Expression With Av1.LacZ4 in SV40 Transformed VSMC Line After 
Viral Incubation for 0-120 Minutes

The mean +SEM of three experiments are shown. Cells were incubated with Av1.LacZ4 
for the times indicated and 48 hours later, stained with the chromagen X-Gal.
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Figure 19 Transgene Expression With Av1.LacZ4 in Primary Cultured VSMCs After Viral 
Incubation for 0-120 Minutes

The mean +SEM of three experiments are shown. Cells were incubated with Av1.LacZ4 
for the times indicated and 48 hours later, stained with the chromagen X-Gal.
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Figure 20 Photomicrographs of Primary Cultured Vascular Smooth Muscle Cells After Incubation 
With Av1 la c Z 4  for 0-120 Minutes.

The photomicrographs above show (A)-(F) cells incubated with Av1.LacZ4 for 0, 5, 15, 30, 45, 60, 
and 120 minutes respectively. Cells were fixed and stained with X-Gal chromagen 48 hours after 
infection. (xlOO)
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Figure 21 Photomicrographs Showing The Duration Of Transgene Expression 2, 14, And 28 Days 
After Infection With Av1.LacZ4

The photomicrographs (A)-(C) above show cells infected with Av1.LacZ4 at MOIs of 100 for 30 
minutes. Cells were fixed and stained with X-Gal chromagen two days (A), 14 days (B), and 28 
days after infection. Panel D shows cells 28 days after sham infection procedure with a solution 
containing no virus. (x40)
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4 .4  D is c u s s io n

4.4.1 Adenoviral Propagation And Purification

The techniques described allow propagation and purification of high titre 

stocks of virus. The plaque assays were reproducible w ith in the triplicates 

in any one assay but showed a significant degree of variability between 

assays on the same batch of virus. This may be to be due to the adherence 

of virus to plastic ware, such as pipette tips which can vary w ith  the speed 

of the operator. Despite standardizing pipetting techniques this variability 

could not be completely eliminated and may reflect the complex biological 

events required for plaque formation. The difficulties of accurate plaque 

titration of viruses has been noted by others (Mittereder et sL 1996). For 

all subsequent experiments a large volume of virus was grown. Where 

comparisons were made the control virus and active virus were assayed 

together in a single experiment. A single stock of virus was then used for 

all the experiments.

4.4.2 in Vitro Toxicity Of Adenovirus in VSMCs

In this preliminary experiment MOIs of 3 to 3x10^ were used. An MCI of 

3x10^ and above caused toxic ity  in smooth muscle cells. This toxicity 

occurred at slightly lower MCI than published by another group using the 

same virus and primary smooth muscle cells (Lee et a!. 1993). In their 

study an MCI of 5x10^ caused tox ic ity  while maximal (approximately 80% 

) transgene expression was seen at an MCI of 5 x 10^ . The difference 

observed may reflect the different cell types (primary compared w ith an 

SV40 transformed cell line), but the results also highlight the d ifficu lty of 

accurate titration of adenoviruses. Plaque assays most accurately reflect 

infectivity of the virus, but results from identical protocols can vary up to 

ten fold, when titration of the same virus is carried out by different
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individuals or at different times. Spectrometry, to determine DNA content, 

or electron microscopy, to count particles, are alternatives but neither 

reflect the activity of the virus.

The w ork of Clesham et a! has shown that comparing viruses w ith different 

promoters is problematic, as variations may reflect the properties of the 

promoter rather than the vector or receiving cell type (Clesham et a!. 

1996). They studied the expression of 8 Galactosidase in VSMC following 

adenoviral gene transfer using a vector containing the human 

cytomegalovirus immediate early promoter (CMV-IEP), and another w ith the 

RSV- long terminal repeat (RSV-LTR) (Clesham et a!. 1996). Both the RSV- 

LTR and CMV-IEP are regarded as being constitutively active in many cell 

types because they use a number of different cellular transcription factors. 

It has been shown, however, that stimulation of enhancer elements w ithin 

the CMV-IEP can increase transgene expression after infection w ith a 

CMV-8-Galactosdase adenoviral vector, suggesting that there is limited 

constitutive expression from this promoter (Clesham et a/. 1996). In these 

studies it has been suggested that low level transgene expression could, 

therefore, reflect failure of transcription rather then gene transfer. 

Comparison of results is likely to be further hampered by the possibility 

that adenoviral infection itself may enhance the CMV-IEP activity, via an 

NF-kB dependent mechanism. RSV-LTR dependent transgene expression is 

not influenced by phorbol or forskolin in VSMCs which stimulate NF-kB and 

CREB respectively (Clesham et a/. 1996). Clesham et a! found that 

constitutive expression from the RSV-LTR was lower than w ith  the CMV- 

IEP and have, therefore, hypothesized that it may also have limited activity 

in vascular smooth muscle cells. To date there is no evidence to suggest 

that the activity of the RSV-LTR is altered by viral infection.

No endogenous 8-Galactosidase activity was seen in the control cells in 

this experiment or those infected w ith the null virus, suggesting that all 

blue colour seen was due to transgene expression. Despite the nuclear 

localization signal used to aid differentiation of the transgene from 

endogenous 8-Galactosidase, known to exist in smooth muscle cells
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(Guzman et al. 1993; Lim et ai. 1991; Flugelman et ai. 1992),some 

cytoplasmic staining in the bluest cells was seen. The cytoplasmic staining 

is likely to represent leakage of the blue pigment out of the nucleus along a 

concentration gradient, when multiple copies of the transgene are 

expressed in a single cell infected by more than one virion. A maximum 

MOI of 200 was used in all subsequent experiments because of the toxic 

response observed at high titre.

4.4 .3  Relationship Between Transgene Expression And Multiplicity Of 

infection

These results suggest that 60% of cells in this smooth muscle cell line will 

express the transgene after 1 hour of incubation w ith 100 plaque forming 

units of virus per cell. Observing the monolayers under light microscopy 

suggests that the transgene expression may in fact be slightly higher than 

this, but as stated, this technique is subject to selection bias and the non­

blue nuclei are d ifficu lt to quantify even under high power magnification. 

Using the trypsinisation technique, blue cells were seen to adhere to 

plastics such as pipette tips when they were resuspended prior to X-Gal 

incubation and transferred to the haemocytometer. It is thus also possible 

that selective loss of transgene positive cells during pipetting may have 

caused the discrepancy between the photomicrograph appearance and the 

quantification technique. It is unlikely, however, that non-blue cells would 

have been visible aggregating in a pipette tip, so the apparent loss of blue 

cells may represent selection bias. Overall these results suggest, that an 

MOI of 100 is the optimal 'dose' of virus in these SV40 transformed cells 

to achieve maximal transgene expression and minimal toxic ity.

Transgene expression was greater in primary cultured cells than in the 

vascular smooth muscle cell line, particularly at lower MOIs. These results 

were the mean of three separate experiments on different cell preparations. 

Using a I  Student's t test the results at MOI 100-200 did not achieve a
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statistically significant difference between primary and SV40 transformed 

cells.

These results can be compared w ith the study of Lee et a! who, using 

primary cultured VSMCs, found only 30.4 + /-  5.6%  of cells stained 

positively for 8-Galactosidase at an MOI of 5 x 10^ (Lee et at. 1993). A 

number of differences may explain this lower level of transgene expression. 

Lee et a! used the same trypsinisation technique to quantify their results, 

but infected their cells at an MOI of 5 x 10^ for 90 minutes in media 

containing 2% fetal calf serum (Lee et a!. 1993). It is thus possible that 

some virions were inactivated by antibodies present in the serum. The cells 

used by Lee et a! were never deprived of serum to render them quiescent 

while the cells in this study were quiescent. Guzman et a!, however, used 

a first generation RSV-B-Gal virus to infect smooth muscle cells and saw 

no difference between quiescent and proliferating cells (Guzman et al. 

1993). Interestingly, their results more closely parallel those presented 

here, w ith 70% positive cells using an MOI of 100 and an incubation time 

of 60 minutes (Guzman et al. 1993).

The results presented in this thesis showed lower levels of transgene 

expression in the experiments where the trypsinisation technique was used 

for quantitation than might be expected from the photomicrographs. In one 

recent report where transgene expression was quantified by microscopy, a 

first generation adenovirus w ith a CMV-LacZ expression cassette caused 

100% positive cells at an MOI of 200 (Baker et af. 1996). Two other 

techniques of quantifying transgene expression have been adopted. 

Enzyme-linked immunosorbent assays have shown 610 pg or 40 pU of 8- 

Galactosidase per 10  ̂ transduced cells (Lee et ai. 1993).

Chemiluminescent assays of 8-Galactosidase activ ity are also available, but 

this method, while accurate, only reflects total blue pigment produced by 

B-Galactosidase and does not give any information about the amount of 

pigment in each cell.
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In both SV40 transformed and primary cells, high levels of transgene 

expression were achieved w ith MOIs of 100 w ithout significant toxicity, 

and therefore this titre was used in future experiments.

4.4.4  Relationship Between Transgene Expression And Tinte Of Exposure 

To Virus

The time of exposure of a cell to virus may lim it the entry of the virus into 

the cell if it is unable to bind to its receptor, or if only one virion is bound 

rather than a cell importing multiple virions. The uptake of virions, which is 

one determinant of the transgene expression, is likely to be subject to 

fewer limitations in vitro than in vivo, because antibodies in the serum and 

other cellular immune responses are not present. In addition, transgene 

expression in vivo may require times of exposure to virus solutions at least 

as long as those which are optimal in vitro.

In this study, percentage transgene expression (estimated as number of 

blue cells) was 35% and 45%  after virus exposure of five minutes in the 

cell line and primary cells respectively. Optimal transgene expression was 

seen from 30 minutes of virus exposure onwards in both cell types, w ith 

approximately 60% and 70% maximal transgene expression at that time. 

These results are consistent w ith other groups (Guzman at ai. 1993), who 

showed 80% of maximal transgene expression after a 30 minute 

incubation time and maximal values at 120 minutes. In one study of human 

umbilical vein endothelial cells (Lemarchand at ai. 1993), an adenoviral 

vector containing an RSV B-Gal expression cassette gave 75% percent 

positive cells at 120 minutes and 95% positive cells at 24 hours (MOI 

100). Most investigators have not examined the effects of incubation 

periods longer than 120 minutes as these are unlikely to be practical in the 

arterial system in vivo. The results suggest that 30 minutes is optimal for 

achieving gene transfer in these cell types.
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4.4 .5  Duration Of Transgene Expression

The duration of transgene expression is likely to lim it the effectiveness of a 

gene transfer-based therapy. In restenosis, the time of triggering of the 

pathological response can be accurately pinpointed. The aim of gene 

transfer is to transiently alter the normal cellular response to injury until re- 

endothelialization and other cellular events have returned the artery to its 

physiological state. In the rat model of vascular injury this is likely to take 

approximately 2 weeks. The duration of transgene expression in vivo is 

governed by the host immune response to both the vector used and the 

foreign transgene itself (Forough et ai. 1996a). Duration studies in vitro, 

therefore, offer a limited preliminary insight into transgene duration of 

expression.

The duration of transgene expression was studied at 2 days, 2 weeks, and 

4 weeks. The results suggested that transgene expression could be 

maintained for 2 weeks at a relatively high level but decreases substantially 

after that time. This is consistent w ith the episomal nature of adenoviral 

gene transfer. The smooth muscle cells were kept for a protracted period in 

serum free medium w ithout visible change in the condition of the 

monolayer. Loss of cells due to prolonged serum deprivation cannot be 

excluded.
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C h a p te r  5 : In  Viv o  C h a r a c te r iz a t io n  O f  T ra n s g e n e  

E xpress ion  By A v 1 .L a c Z 4  In The R a t  C a r o t id  M o d e l O f  

V a s c u la r  In ju r y .

5 .1  In t r o d u c t io n

A number of different gene transfer techniques have been used in vivo to 

deliver genes to smooth muscle cells in the arterial wall. Some have 

employed delivery devices that deliver the vector under pressure while 

others isolated segments of the lumen to allow a prolonged dwell time of 

the virus w ith the smooth muscle cells. In the rat carotid model, the small 

size of the artery has limited delivery techniques to luminal dwell in 

surgically isolated segments of artery, and adventitial applications in 

pluronic gel or collars that enclose the artery. In the studies described in 

this thesis the luminal dwell technique was employed. The experiments 

described below were used both to optimize gene delivery and eliminate 

unwanted side effects of the delivery procedure such as arterial 

thrombosis. The effect of the components of the optimized technique on 

lesion size in this model were assessed and the reproducibility of the lesion 

confirmed. The techniques described have been published, w ith minor 

variations, by a number of authors but were new to this laboratory at the 

start of this project (Lee et ai. 1993; Guzman et ai. 1993). It was the 

intention of these experiments to validate these techniques in my hands, 

rather than to develop novel delivery procedures for gene delivery, which 

would have necessitated usage of larger numbers of animals.
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5.2. M e t h o d s

5 .2 .1 1ntraluminalDeiivery O f A v I.L ac Z 4

The left carotid artery of 300-350g male Wistar rats was balloon injured as 

described on page 52 and illustrated in Figure 5. A fter balloon injury, a 

segment of artery approximately 1.5 cm long was isolated using 2 arterial 

clamps, one placed on the proximal common carotid artery and the other 

on the proximal internal carotid artery (see Figure 22). A Portex cannula (2 

French gauge) was inserted into the external carotid artery using the same 

arteriotomy that was used to insert the balloon catheter. The artery was 

flushed w ith saline to remove any remaining blood. For each rat a volume 

of 100 pi of infection solution was instilled into the artery, using a catheter 

inserted in the artery via the external carotid arteriotomy. 50pl of 

Av1.LacZ4 containing 5 x 1 0 ®  pfu and 50 ml of RPMI medium was used in 

three rats and 100 pi of RPMI used in the control rat. The catheter was 

secured using a 3-0 silk suture and the artery was distended by the 

infusate for the duration of the instillation. 20 minutes of luminal dwell time 

was used, after which the vector-containing solution was aspirated and the 

external carotid artery ligated. The arterial clamps were then removed and 

the circulation restored through the common and internal carotid arteries. 

The animal was then allowed to recover and the tissue harvested 48 hours 

later.

The rats were anaesthetized prior to exsanguination and fixation using the 

retrograde perfusion technique described on page 56. 2% formaldehyde,

0.2%  glutaraldehyde in PBS was used as a fixative and after a 10 minute 

in situ  perfusion period the artery was washed extensively in PBS and 

placed in X-Gal solution overnight at 32 °C. The artery was then 

transferred to 2% formaldehyde, 0.2%  glutaraldehyde in PBS for 18-24 

hours to complete fixation. It was then paraffin embedded, sections taken
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at 10Opm intervals through the entire artery, and stained w ith  nuclear fast 

red (see Appendix 1 Histological Staining Protocols.)
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Figure 22 Rat Carotid Artery Virus Delivery Technique.

Panel A shows a rat carotid artery removed from the animal and photographed under dark ground 
microscopy. Clamps have been placed on the internal carotid artery distally (top) and 1 cm below 
on the common carotid. Panel B shows a Portex Cannula being introduced into the isolated 
segment of common carotid artery via the external carotid between the the tips of fine curved 
forceps inserted into an arteriotomy in the external carotid. Panel C illustrates the cannula secured 
in position with all side branches ligated. Virus or control solution has been instilled into the 
isolated segment of the common carotid artery as shown. It is allowed to dwell for 20 minutes 
within the lumen before being aspirated and the external carotid ligated before restoring flow in the 
common carotid artery.
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5.2.2 Optimization Of Virai Titre And Deiivery Procedure.

In five rats the rat common carotid arteries were balloon injured as 

described in the previous method. A fter balloon injury of the artery and 

before the luminal dwell of virus/control solution a systemic dose of 

anticoagulant was administered. The right internal jugular vein was 

exposed by blunt dissection, a distal suture was placed around the vein 

and tied off and a loose suture placed proximally. A small incision was 

made in the vein and a Portex cannula (2 French gauge) inserted. Heparin 

100 iu/kg in lOOpI of normal saline was given and the cannula was 

w ithdrawn. The vein was then ligated proximally and the virus or control 

solution instilled into the common carotid artery as described above. Two 

rats received 5x 10® pfu of Av1.LacZ4 and tw o received 5x 10^ pfu of 

Av1.LacZ4, in both cases the virus was diluted to a final volume of lOOpI 

w ith RPMI. One rat received 100 pi of RPMI only. Tissue was harvested 

and prepared as described in the previous section.

5.2.3 Reproduoibiiity Of Carotid injury After Baiioon, Baiioon And Systemic 

Heparinisation And Sham intraiuminai Deiivery

Five rats were used in each reproducibility experiment. In the first group 

simple balloon injury as described above ( page 52) was carried out. This is 

shown schematically in Figure 23 panels 1-3. In the second group a 

systemic dose of anticoagulant was administered via the internal jugular 

vein, and lOOpI of RPMI instilled into the common carotid artery using the 

luminal dwell technique ( Figure 23, panels 4-6). Arteries were harvested 

14 days after surgery and fixed w ith  2% formaldehyde and 0.2%  

glutaraldehyde in PBS by retrograde perfusion at 120 mm Hg. In the 

balloon only rats from group one, 5 mm of the mid section of the common 

carotid artery was embedded and sectioned. Figure 23 shows the sampling 

sites in the sham delivery group and in the balloon plus heparin group.
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A sample was taken from the distal section which had been ballooned and 

exposed to the sham delivery procedure. A second sample was taken 

in the proximal portion of the artery 5mm distal to the aortic arch, i.e. not 

w ith in the segment of artery that had been distended w ith RPMI. Sections 

were cut from each block and stained w ith Haematoxylin and Eosin prior to 

morphometry.

5.2 .4  Duration Of Gene Expression in Vivo

In order to assess the duration of gene delivery in vivo four rats were 

subjected to balloon injury followed by adenoviral gene delivery of 5 x 

10®pfu of Av1.LacZ4 using the tw enty minute luminal dwell technique. All 

received peroperative systemic heparin via the internal jugular vein. Tissue 

from tw o  rats was harvested at tw o days after injury and gene delivery 

and from the others fourteen days after gene delivery. The tissue was 

incubated in X-Gal prior to sectioning as described above.



1. Rat Common Carotid 
artery prior to ballooning

2. Rat Common Carotid 
artery during balloon 

procedure

3. Rat Common Carotid is 
balloon injured along its full 

 length_______

4. Heparin given via jugular vein

5. Arterial segment isolated
by clamps

6. Distal segment distended 
with RPMI 

(sham ’ delivery)

Sample site for Sham
delivery

Sample site for balloon plus 
anticoagulation

Figure 23 Schematic Representation Of Methods And Sample Sites For 
Reproducibility Experiment
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5.3 Re s u lts

5 .3 .1 1n Vivo Gene Delivery Of By Av1.LacZ4 Using Luminai Dweii.

Transgene expression was seen in the arteries of all rats that received virus 

and none was seen in the control artery (see Figure 24). Isolated islands of 

blue staining cells were seen under light microscopy. All left carotid 

arteries had thrombosed while the right carotid arteries remained patent.

5.3.2 Optimization Of Virai Titre And Deiivery Procedure

Using this technique no arteries thrombosed. One rat had a small 

haematoma observed in the anterior aspect of the neck at the time of 

collection of the arteries, but no significant haemorrhage occurred. X-Gal 

staining results in whole arteries and sections are shown for one animal 

which received 5x 10® pfu of Av1.LacZ4 and one which received 5x 10^ 

pfu of Av1.LacZ4 in Figure 25. No blue cells were seen in the rat which 

received RPMI only while there was an improvement in gene transfer w ith 

5x10® pfu of virus compared w ith 5x10^ pfu of at least 10 fold. A t both 

doses, results were similar in the duplicate animals.
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Figure 24 !n k^'wGene Transfer to the Rat Carotid Artery.

Panel A shows a section of rat carotid 2 days after balloon injury and in vivo delivery of 
Av1.LacZ4. The artery has been fixed and stained in X-Gal. Blue staining is seen in the 
media of the artery indicating successful transgene expression but extensive thrombus is 
seen in the lumen. Panel B shows a control artery which received RPMI in place of the viral 
solution.
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Figure 25 In l//Vc’ Av1.LacZ4 Dose Response.

Panels A-C show a rat carotid artery which received 5X10®pfu of Av1.LacZ4 virus after balloon 
injury photographed under a dissecting microscope, and at magnifications of x40 and x200 
respectively. The artery was harvested 48 hours later and fixed and stained in X-Gal. Panels D-E 
show comparative photographs of an artery from an animal which received 5X10^pfu of Av1.LacZ4. 
Transgene expression is clearly greater using the higher titre of virus.
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5.3.3 Reproducibility Of Carotid injury After Balloon, Balloon And Systemic 

Heparinisation And Sham Intraluminal Delivery Of Virus

The mean intimai area mm^ and the mean intimal/medial ratio are shown in 

Figure 26. The intimai area was significantly higher in the balloon injury 

only group (0.21 + /-0 .02)than  in the group receiving heparin and balloon 

injury or the sham . delivery procedure (0.13 + /-0 .02 and 0 .1 2 4 - /-0 .04 

respectively, p = 0.03 and 0.02 respectively when each group was 

compared w ith balloon only). The intimai medial ratios showed the same 

effect, w ith  significant reductions in the heparin-treated animals compared 

w ith balloon only (p = 0.03 and 0.02 respectively). There was no 

significant difference between the sections of the arteries which received 

sham delivery and those which were only exposed to the heparin and 

balloon aspects of the procedure.

5.3.4 Duration Of Gene Expression.

The blue cells stained per section was qualitatively equivalent to the 

previous experiments at four days. A t fourteen days staining was still 

visible in sections taken along the length of the artery but showed more 

isolated positive cells and fewer large plaques of transgene expressing cells 

The number of blue cells per section ranged from 0 to 20 

(approximately 0-6% of the cells).
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Figure 26 Reproducibility Study.

The graphs above show the mean and SEM of histomorphometric measurements of sections from 
5 animals in each group. The upper panel shows the intimai area and the lower panel intimai 
medial ratio, 14 days after balloon injury. On each graph animals that had progressively more of 
the steps involved in the gene transfer technique are shown. The balloon only animals had a 
simple carotid balloon injury procedure, the heparin and balloon animals had an intravenous dose 
of heparin after balloon injury but the sample shown was taken from an arterial segment that did 
not undergo the sham delivery technique. The final group of animals demonstrate the effects 
of balloon, heparin and arterial distention for 20 minutes in the sham virus delivery technique.
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Figure 27. Rat Carotid Artery 14 Days After Gene Transfer With Av1.LacZ4. 
Photomicrograph of a section of a rat carotid artery 14 days after arterial gene transfer 
using 5X10®pfu of Av1.LacZ4. The artery was fixed and incubated with X-Gal prior to 
embedding and sectioning. Transgene expression is indicated by blue nuclei and is seen 
only in the media of the artery. The level of transgene expression has reduced slightly 
compared to arteries harvested at 2 days.
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5 .4  D is c u s s io n

5 .4 .1 1n Vivo Gene Delivery Of By AvI.LacZ4 Using Luminai Dweii.

Successful in vivo gene transfer was achieved using this technique which 

is a m odification of that described by Lee et ai using the same viral vector 

(Lee at si. 1993). Semi quantitative analysis of the results were 

comparable but further quantitation was not undertaken because the 

luminal dwell technique used was associated w ith  an unacceptably high 

incidence of thrombosis. Thrombosis effected the control animals as well 

as those given viral solutions and therefore was not associated w ith a 

systemic inflammatory response to virus delivery. It did not effect the right 

carotid artery, and had not occurred in studies using the balloon injury 

technique alone.

Thrombosis appeared to be associated w ith the prolonged haemostasis, 

occurring during 20 minutes of interruption of flow , which is an integral 

part of this technique. The ideal gene delivery technique for these studies 

would offer minimal haemostasis and maximal gene delivery. In larger 

animals gene transfer devices have been used to maintain perfusion in all 

but the isolated arterial segment but the small size of the target artery in 

the rat prevented their use in these studies (Willard at ai. 1994; Ohno at ai. 

1994; Nabel at ai. 1990; Feldman at ai. 1995; French at ai. 1994). 

Comparative studies in rabbits also support the use of luminal dwell 

techniques despite the possible thrombotic risk. They have shown that 

luminal dwell techniques are a more efficient means of delivering adenoviral 

vectors than double balloon catheters, perforated catheters, and hydrogel- 

coated catheters (Willard at ai. 1994).

It was not, therefore, possible to substantially alter the delivery technique 

to prevent thrombosis, in vitro studies described in this thesis suggested 

that a significant loss of gene transfer might occur if the luminal dwell time 

was reduced. This has since been confirmed by Feldman at a i who used an
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adenoviral vector encoding luciferase in the rat carotid and found a 75% 

reduction in luciferase activity if the dwell time was reduced from tw enty 

minutes to ten minutes (Feldman et al. 1997). The use of anticoagulation 

w ith a single dose of heparin was, therefore, adopted.

5.4.2 Optimization Of Virai Titre And Delivery Procedure

The administration of a single dose of intravenous heparin successfully 

prevented thrombosis of the left common carotid artery. No bleeding 

complications resulted. The results of the X-Gal staining for 8 -

Galactosidase are consistent w ith published reports, showing the number 

of positive cells per section of about 2-10 at a viral titre of 5 x 10® pfu 

(Feldman at ai. 1997). Some authors have quantitated their findings by 

examining arterial extracts using an ELISA to detect B-Galactosidase or a 

chemiluminescent assay for luciferase (Schulick at ai. 1995; Li at ai. 1995; 

Lee at ai. 1993; Feldman at ai. 1997). The most detailed studies of the 

relationship between viral titre and transgene expression have shown an 

optimal dose of 5 x 10® pfu per artery (1 x 10^° pfu/ml) w ith  variable low 

levels of expression at 5x 10^ pfu (Lee at ai. 1993; Schulick at ai. 1995). It 

was also shown that the toxic ity produced by adenoviral infection at 5 x 

10® pfu per vessel (1x 10^^ pfu/ml) reduced transgene expression, and 

caused a loss of smooth muscle cells in the neointima (Schulick at ai.

1995). This smooth muscle cell, loss was accompanied by a neutrophil

infiltrate. The authors attributed the loss of transgene expression to

selective tox ic ity  and cell death in the infected cells.

Despite efforts to reliably quantitate results of in vivo gene delivery, 

different investigators have found varying results (Li at ai. 1995; Schulick 

at ai. 1995; Guzman at ai. 1993). For example, tw o early studies in the rat 

have shown that lower transgene expression is seen if gene delivery is 

combined w ith  a balloon injury procedure than if the gene transfer is 

delayed by seven days (Lee at ai. 1993; Guzman at ai. 1993). Another 

study in the rabbit showed no difference in transgene expression w ith
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delayed gene transfer (Li et a!. 1995). As suggested by Guzman at a! it 

seems likely that the physical barriers to the virus in the arterial wall, in 

particular the internal elastic lamina, underlie many of the variations in 

transgene expression (Guzman at a/. 1993). It is therefore critical to 

vascular injury gene delivery experiments that the amount of injury to the 

arterial wall is reproducible as this may determine the efficiency of 

subsequent gene delivery. It is also possible that minor differences in 

titration protocols for the adenoviruses may explain differences in 'dose- 

response' results.

5.4.3 Reproducibility Of Carotid injury After Baiioon, Balloon, Systemic 

Heparlnlsatlon And Sham intraluminal Delivery Of Virus

This study validated the reproducibility of the model used, but does 

highlight the disadvantage of the 20 minute luminal dwell technique 

requiring the administration of heparin. The results showed little difference 

in lesion size or reproducibility between the arterial segments exposed to 

the sham virus delivery (including heparin) and those exposed to balloon 

injury and systemic heparin. There was, however, a 39% reduction in 

intimai area or intimai medial ratio in those animals receiving heparin 

compared to those that had no anticoagulant. The use of heparin in clinical 

angioplasty, often given by both the intracoronary and intravenous routes, 

is standard. Other authors, whose results were published while these 

protocols were being refined, have incorporated use of a similar dose of 

heparin (Schulick at aL 1995).

Heparin is, however, known to reduce neointimal hyperplasia in the rat 

model (Au at ai. 1993; Clowes at a/. 1992; Clowes at ai. 1991; Clowes 

and Clowes, 1986; Clowes and Clowes, 1985). Prevention of migration 

and proliferation of smooth muscle cells in the arterial wall is the likely 

mechanism of this change in lesion size (Clowes and Clowes, 1986; 

Clowes and Clowes, 1985). Heparin has also been shown to inhibit the 

induction of Stromelysin, Gelatinase B, and Collagenase in smooth muscle
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cells in culture (Kenagy et aL 1994) and the expression of tissue 

plasminogen activator in the rat carotid artery in vivo. It does not, 

however, inhibit intimai hyperplasia in all animal models, for example the 

baboon model shows no change in lesion size (Geary et ai. 1995).

The use of heparin in these studies is likely to have less effect than the 

continuous infusion of heparin over 7-14 days in the studies mentioned 

above (Clowes and Clowes, 1986; Clowes and Clowes, 1985; Clowes et 

ai. 1992; Au et ai. 1993; Clowes et ai. 1991). It is likely that the lesions 

studied will be 30% smaller than arterial lesions resulting from the same 

protocol w ithout heparin. In addition, the effects of the metalloproteinase 

enzymes may be diminished. The use of heparin did not, however, alter the 

reproducibility of the lesion. Control groups, which also receive heparin, 

were included in all the studies relating to TIMP1 gene transfer which are 

described in Part 3 of this thesis. Brief anticoagulation should, if anything, 

mask the effects of a metalloproteinase inhibitor but it is unlikely to 

produce false positive data. In the studies of TIMP1 gene transfer, 

therefore, a single dose of intravenous heparin was used, and the overall 

amount of neointima was reduced by this part of the technique.

5.4.4  Duration Of Gene Expression in Vivo

The persistence of gene expression at a reduced level at 14 days after 

injury is consistent w ith the findings of Lee et ai (Lee et ai. 1993). They 

documented 210 mU/mg total protein of A-Galactosidase activ ity in rat 

carotid arteries 3 days after gene transfer, which was sustained to 7 days 

but fell to 3.9 mU/mg by 14 days. This duration of gene expression has, 

however, been accompanied by a successful effect of the transgene on 

neointimal development in both the rat and other species (Yang et ai. 

1996; Chang et ai. 1995c; Chang et ai. 1995a). In studying TIMP1 gene 

transfer an early effect on migration of smooth muscle cells, w ithout 

prolonged inhibition of matrix breakdown in the second week after 

angioplasty, would be desirable.
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C h a p te r  6 . In  Viv o  A n d  In  Vitr o  A s s e s s m e n t O f  H erpes  

V iru s  Gene D e liv e ry  T o  V a s c u la r  S m o o th  M u s c le  C e lls  

A n d  T h e  R a t  C a r o t id  A r t e r y .

6 .1  In t r o d u c t io n

This study explores the use of 3 herpes viruses which have mutations 

which render them replication deficient in vascular smooth muscle cells. 

This work was done in collaboration w ith Professor D Latchman, whose 

post doctoral fellows supplied the viruses and invaluable advice on their 

usage. The most frequently used method of rendering these viruses 

replication deficient is deletion of the immediate early genes (e.g. ICP27), 

which are responsible for viral replication soon after infection. Inactivation 

of the VMW 65 gene, which transactivates immediate early genes after 

infection, w ill also prevent replication (reviewed by (AN et a/. 1994) and 

(Coffin and Latchman, 1996). In addition, removal of the ICP34.5 gene 

prevents replication in some fully differentiated cell types (such as neurons 

and cardiocytes). The herpes virus genome and position of the deletions in 

the viruses used in this study are shown schematically in Figure 28.



ICP34.5 VMW65 ICP27 ICP34.5

TRL UL IRL 1RS US TRS

Figure 28. Schematic representation of the HSV1 genome.

The positions of the long and short repeat elements are shown as internal (1RS, IRL) and temiinai (TRL, TRS). UL and US denote 
the long and short unique regions respectively. The positions of the genes deleted or modified in the viruses used are also shown. 
ICP34.5 deletion prevents viral replication in terminally differentiated ceils. ICP27 is an immediate early gene essential to ail viral 
replication. VIVIW65 encodes an essential structural protein of the virus but can be inactivated by a small insertion which 
selectively removes its ability to transactivate immediate early genes.
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The disabled viruses used in the studies described in this thesis had been 

modified to express the marker gene 8-Galactosidase. Two viruses were 

deleted for both copies of ICP34.5 (1716/LacZ and 1764/LacZ). In 

addition, 1764/LacZ had an insertional mutation in the gene for VMW 65. 

An expression cassette, containing the chimaeric herpes latently active 

transcript (LAT)- Moloney murine leukaemia virus long terminal repeat 

(MoMLVLTR) promoter controlling the LacZ gene, was inserted in the UL43 

region of the HSV1 genome in both these viruses. No nuclear localization 

signal was incorporated in this vector. In the 27-LacZ virus an ICP6 

promoter/LacZ insertion was put into the gene encoding the essential 

immediate early protein ICP27. A non disabled virus w ith a LacZ insertion 

was used as a positive control (BEB). For in vivo experiments only the 27- 

LacZ virus was used.

6 .2  H erpes G ene D eliver y  T o V a s c u l a r  S m o o t h  M u sc le  C e l l s .

6.2 .1 Methods

SV40 transformed vascular smooth muscle cells and primary cultured rat 

aortic vascular smooth muscle cells were prepared and infected w ith 

herpes virus using the same protocol described on page 90. Cells were 

exposed to infection media for one hour. In initial experiments MOI 0, 1, 

2.5 and 5 of the 27-LacZ virus was used to determine toxic ity. An MOI of 

5 was used in subsequent experiments using all four viruses ( BEB, 

1716/LacZ, 1764/LacZ, and 27-LacZ) and control uninfected cells of both 

cell types. Fixation and X-Gal staining was performed 24 hours after 

infection as described on page B6. Gene transfer efficiency was 

determined by qualitative examination by light microscopy.
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6.2.2 Results

In the SV40 transformed cells a small cluster of blue cells was seen in the 

replicating positive control virus (BE8), which may reflect infection of a 

single cell followed by viral replication. No blue cells were seen in the 

SV40 transformed cells w ith any of the other viruses, regardless of the 

MOI applied (see Figure 29).

The primary rat aortic smooth muscle cells were more readily infected. 

They showed an increase in transgene expression in response to increasing 

MOI of the 27-LacZ virus in initial experiments (see Figure 30). However, 

even at an MOI of 5, only about 1 % of cells were expressing the transgene 

and toxic ity  was visible in a small number of cells, which became rounded 

and detached from the plate. When the different viruses were compared 

less than 1 % of cells showed transgene expression when infected w ith 

1716-LacZ or 1764-LacZ. 27-LacZ gave the best results, while BE8 caused 

gene expression and tox ic ity  (see Figure 31).
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Figure 29. Photomicrographs of SV40 Transformed Rat VSMCs Infected With BE8 (Replication 
Competent) Herpes Virus (A) and ICR 27 Deletion Mutant (27-LacZ) (B).

Cells were infected with the virus indicated and fixed and stained with the chromagen X-Gal 48 
hours later. No transgene was detected using the 27-LacZ, 1716-LacZ and 1764-LacZ 
viruses. (x40)
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Figure 30. Photomicrographs of Primary Rat VSMCs Infected With 27-LacZ Herpes Viral Vector at 
MOIS of 0 ,1 , 2.5, And 5 (A-D respectively).

Cells were infected with the concentration of virus indicated and fixed and stained with the 
chromagen X-Gal 48 hours later. A progressive increase in transgene expression was seen with 
increasing viral concentration with a small number of cells detaching from the plate at an MOI of 5, 
indicating viral toxicity (x40)
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Figure 31. Photomicrographs of Primary Rat VSMCs Infected With 1716-LacZ, 1764-LacZ, 27- 
LacZ, and BE8 (Replication Competent Virus) at an MOI of 5(A-D respectively). Cells were infected 
with the virus indicated and fixed and stained with the chromagen X-Gal 48 hours later. (x40)
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6.2.3 Discussion

The herpes viruses tested showed no transgene expression in the SV40 

transformed cell line and very low  levels of expression in the primary 

smooth muscle cells. The difference in in fectiv ity between the cell line and 

primary cells is not unexpected as it is known that primary vascular 

smooth muscle cells from rats of different ages may show w idely differing 

responses to herpes viridiae (Kaner et a!. 1993). The multiplicities of 

infection used were lower than those employed w ith  the adenoviral 

vectors, but mild tox ic ity  was seen at an MOI of 5 preventing further 

increases. The levels of transgene expression were poor when compared 

w ith  cardiomyocytes infected w ith  the same viruses (Coffin et aL 1996). In 

these experiments the promoter controlling the transgene was different to 

that used in the adenoviral constructs (RSV), which prevents direct 

comparison of the relative efficiency of the different components of the 

viruses. The tox ic ity  and efficiency of gene delivery of these herpes virus 

vectors in vitro  was poor when compared to the adenoviral vectors tested. 

The 27-LacZ vector showed the greatest transgene expression among the 

herpes vectors, and was therefore tested in a limited pilot study in vivo.

6 .3  H erpes  g en e  d e l iv e r y  t o  t h e  r a t  c a r o t id  a r t e r y  in  v ivo  

6 .3 .1 1ntroduction

The in vitro  efficiency of gene delivery to vascular myocytes of these 

herpes viruses was substantially less than the adenovirus Av1.LacZ4, 

although the MOI of virus used was lower due to greater tox ic ity  of the 

herpes viruses. These results precluded use of the 1764-, and 1716-LacZ 

viruses in vivo. The 27 -LacZ virus was tested in vivo in the pilot study 

described below.



134

6 .3 .2  Methods

The rat model of vascular injury described in section was used. Briefly 2 

rats were anaesthetized and the left carotid artery balloon injured. The 

animals were then heparinized and the 27-LacZ virus administered using 

the 20 minute luminal dwell procedure already described. In one rat a titre 

of 2x10^ pfu was used, and in the second 2x10® pfu. 48 hours after gene 

transfer the arteries were perfusion fixed in situ  and stained w ith X-Gal. 

The arteries were then examined under a dissecting microscope and fixed. 

Sections were cut at 100pm intervals through the artery and 

counterstained w ith nuclear fast red (see page 263).

6 .3 .3  Results

Figure 32 shows the macroscopic results of herpes virus infection. 7 

clusters of blue cells were seen in the 1.5 cm of artery infected w ith 2x10® 

pfu and none in the artery infected w ith 2x10^ pfu. Microscopic 

examination of the sections taken revealed no evidence of transgene 

expression at either titre of virus.

6 .3 .4  Discussion

The efficiency of gene delivery using this virus and promoter-LacZ cassette 

was very poor. Microscopy did not reveal any transgene expression in 

either artery, but the small areas identified macroscopically may not have 

been sampled w ith  the 100pm intervals studied. In addition it is known 

that use of the X-Gal technique to identify the transgene product of LacZ 

underestimates gene transfer when compared w ith immunohistochemical 

techniques using beta galactosidase antibodies (Couffinhal et ai. 1997). in 

vivo gene delivery to the arterial wall using herpes virus vectors has not 

previously been published and therefore these results could not be 

compared w ith other studies. The efficiency of gene transfer and 

expression using the herpes vector was very poor when compared w ith
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Av1.LacZ4. The use of these herpes virus vectors for in vivo gene delivery 

to the arterial wall is inappropriate and the limited pilot study was not 

extended.



136

te À ^

Figure 32. Rat Carotid Artery 2 Days After Gene Transfer With Replication Deficient 
Herpes Virus Vector 27- LacZ Using 2X10^ and 2X10® pfu (A and B respectively).

The artery was fixed and incubated with X-Gal and then cut longitudinally. The luminal 
surface has been exposed and photographed using darkground illumination under a 
dissecting microscope. Transgene expression, indicated by small islands of blue 
staining, is seen only at the higher titre (B).
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PART 3: GENE TRANSFER OF TIMP1
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C h a p te r  7 : S c re e n in g  A n d  In  Vitr o  A s s e s s m e n t O f  A n  

A d e n o v ir a l  V e c t o r  F o r  T r a n s fe r  O f  H u m an  T IM P 1  

( A v I . T IM P I ) .

7 .1  In t r o d u c t io n

In this study adenoviral gene transfer was employed to inhibit matrix 

metalloproteinases to gain the advantages of a specific and local effect and 

to overcome the difficulties associated w ith  the currently available 

pharmacological inhibitors.

The basis of the generation of the adenoviral vector was cloning of the 

TIMP1 cDNA w ith the Rous Sarcoma Virus (RSV) promoter and 

polyadenylation signals into a shuttle plasmid (pAVS6A) downstream of the 

extreme left hand end of the adenoviral genome. The viral sequences 

comprise an intermediate terminal repeat (ITR), package signal and the El A 

enhancer (Ad5 ITR-Pkg) see Figure 3. The shuttle plasmid is then 

cotransfected onto 293 cells w ith gel-purified Adenovirus dl327 large Cla I 

fragment (this modified adenovirus lacks E3). Recombinant DNA is then 

replicated and packaged into infectious particles which form plaques under 

agar and are then picked as outlined below (plaque purification page 152). 

The human TIMP1 cDNA was ligated into a shuttle vector pAVS6A.MAP 

from the bluescriptKS plasmid by Dr. Karen Webb using Bam HI and Hind 

III restriction sites to remove the TIMP1 cDNA from the bluescript plasmid 

(both plasmids are shown schematically in Figure 33). These restriction 

sites were blunt ended w ith Klenow and the TIMP1 run on a low melting 

point gel to obtain the correct fragment. A double blunt ended ligation was 

then performed into pAVS6A which had been linearized w ith EcoRV 

resulting in pAVSBA.TIMPI (shown schematically in Figure 34). 1 pg of 

DNA from pAVS6A and PAVS6ATIMP1 were then digested using BamHI,
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NCOI, Pst I, Ava II, and Ava I to confirm correct insertion and orientation. 

The pAVS6ATIMP1 shuttle vector was cotransfected on 293 cells w ith the 

large Cla I adenoviral fragment to form 32 potentially recombinant plaques 

(shown schematically in Figure 35). This work was carried out by Dr. Sue 

Stevenson and Ms Michelle Rollence under the guidance of Dr. Alan 

McClelland at Genetic Therapy Incorporated. The 32 plaques were then 

picked and used to infect 293 cells (i.e. a limited propagation) and the cells 

were harvested and frozen for transfer to the author for screening.
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Figure 33. Schematic Representations of the Adenoviral Shuttle Vector (PAVS6A.MAP) and 
Bluescript KS Plasmid From Which TIMP1 Was Removed.

A: Adenoviral shuttle vector containing adenoviral intermediate terminal repeat and packaging 
signal (Ad5ITR-Pkg), the Rous S arcoma Virus promoter (RSV), Terminal polylinker (TPL), 
Polyadenylation signal (Poly A), Fragment of the adenoviral genome to promote homologous 
recombination (FIRF), and the ampicillin resistance gene (Amp-r). The EcoRV restriction enzyme 
site is illustrated, this site was used to linearise the shuttle vector prior double blunt ended ligation 
with the TIMP1 cDNA excised from the bluescript plasmid shown in panel B.

B: Bluescript plasmid containing the cDNA for human TIMP1 with the restriction sites used to 
excise the TIMP1 cDNA illustrated.
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Figure 34. Schematic Representations of the Adenoviral Shuttle Vector Containing the Human 
TIMP1 cDNA, PAVS6A.TIMP1.

Adenoviral shuttle vector contains the adenoviral intermediate terminal repeat and packaging 
signal (Ad5ITR-Pkg), the Rous Srarcoma Virus promoter (RSV), Terminal polylinker (TPL), 
Polyadenylation signal (Poly A), Fragment of the adenoviral genome to promote homologous 
recombination (HRF), and the ampicillin resistance gene (Amp-r) as shown in figure 33. The 
TIMP1 cDNA has been ligated into the shuttle vector upstream of the homologous recombination 
fragment.
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Figure 35. Schematic Representations of the Calcium Phosphate Cotransfection of the Adenoviral 
Shuttle Vector Containing the Human TIMP1 cDNA, PAVS6A.TIMP1 and the Large Cla1 Fragment 
of the E1A and E3 Deleted Type 5 Adenovirus (Ad5dl327).

The adenoviral shuttle vector containing the TIMP1 cDNA is cotransfected with the large Cla1 
fragment of the deleted adenovirus into 293 cells using calcium phosphate. The 293 cells are 
human embryonic kidney cells stably expressing the E1A fragment of the adenoviral genome 
which allows replication of viruses deleted in this region. A layer of agar gel a culture medium is put 
on the cell monolayer to localize the cytolytic effects of replication of individual virions. Homologous 
recombination then occurs and plaques appear over 7-14 days. A plaque indicates the presence of 
replicating virus which may be a successful recombinant which has incorporated the TIMPl cDNA 
or be due to the Ad5dl327 Clal fragment.
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This section of this thesis deals w ith four specific aims of the project. 

Firstly to identify an adenoviral vector containing the TIMP1 cDNA, 

secondly to confirm that the vector could accomplish expression of an 

immunoreactive transgene product, thirdly to confirm that this protein 

product of the transgene was functionally active, and lastly to investigate 

its biological effects.

Screening of candidate viral plaques at DNA and protein level, was 

accomplished by Southern and western analysis respectively. The resultant 

virus incorporating the cDNA for human TIMPl and the rous sarcoma virus 

LTR was plaque purified and is referred to as A v I .T IM P l.

In order to determine a reproducible relationship between m ultip licity of 

virus infection, the amount of TIMPl protein produced in response to 

infection w ith A v I.T IM P I, and its biological activity initial experiments 

were carried out in vitro. SDS polyacrylamide gel electrophoresis was used 

to identify secreted MMP's and TIMP's from conditioned media of smooth 

muscle cells. Western analysis was used to confirm immunoreactivity of 

the transgene product. To identify rat Gelatinase A and B and TIMP's 1-3, 

to which antibodies are not readily available, substrate gels which assay 

biological activ ity were employed. Investigation of the effect of adenoviral 

infection and overexpression of TIMPl on smooth muscle cell migration 

and proliferation utilized primary cultured smooth muscle cells.

7 .2  M e t h o d s

7 . 2 . 1 Screening Recombinant Plaques

Candidate recombinant plaques were screened for presence of the human 

TIMPl cDNA as outlined below by limited propagation on 293 cells. 

Southern analysis and subsequent western analysis for production of 

protein from vascular smooth muscle cells.
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7.2.1.1 I n f e c t i o n  O f  293 C e l l s  T o  P r e p a r e  F r e s h  C r u d e  V i r a l  L y s a t e .

293 Cells were grown to 50% confluence in 6 well plates. 50 pi of the 

candidate recombinant crude viral lysates were freeze thawed three times 

to release the virus and diluted in 550pL of infection medium and one 

lysate was used to infect each well. In addition to the candidate 

recombinants one well was infected w ith Ad5dl327 and one well was not 

infected to serve as negative controls. The infection medium was removed 

after 90 minutes and replaced w ith fresh complete medium. Cytopathic 

effect was observed 36 hours after infection and the cells were harvested 

in their media. An aliquot of the cell suspension was then spun slowly for 

five minutes until a pellet formed. The supernatant was aspirated and the 

pellet stored at 70°C.

7 .2 .1 .2  E x t r a c t i o n  Of G e n o m i c  DNA.

Each cell pellet was resuspended in 0.5 mg/ml proteinase K, 0.5%  SDS, in 

lOmM Tris, Im M  EDTA, pH 7.5 (TE) and incubated overnight at 37 °C. The 

DNA was extracted w ith 250pl of water equilibrated phenol and the tube 

was vortexed. The tube was then spun for five minutes at 5 ,000 rpm and 

the top aqueous layer removed for further extraction. This process was 

repeated extracting w ith 250pl of phenol-chloroform and then 200pl of 

chloroform. To the final extract 1/10 volume 3M sodium acetate and 2.5 

volumes ethanol was added, mixed, and allowed to stand for five minutes. 

The samples were centrifuged for ten minutes at 5000 rpm. A DNA pellet 

was then visible, the ethanol was removed, and the pellet briefly dried in a 

vacuum for ten minutes before being resuspended in 100 pi of TE and 

allowed to rehydrate overnight.

7 .2 .1 .3  S p e c t r o p h o t o m e t r i c  E v a l u a t i o n  Of N u c l e i c  A c i d s
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Quantification of DNA extracts was performed by spectrometry. Nucleic 

acids absorb light maximally at 260 nm. A t this wavelength 50pg/ml of 

DNA has an absorbance of 1. The presence of contaminating protein can 

be measured at 280 nm. Calculation of the ratio of absorbance at 260 and 

280 nm was then used to estimate sample purity w ith  ideal ratios of 1.8 or 

more.

7 . 2 . 1 . 4  R e s t r ic t io n  D ig e s t io n

Restriction enzyme PST I in React 2 buffer was used to digest lOpI of each 

genomic DNA sample overnight at 37 “ C and the bluescriptKS plasmid 

containing human TIMPl was used as a positive control. This was 

expected to result in fragments of 29, 27, 121, 353, 430, 733, 767, and 

5140 kb in viral recombinants and 39, 121, and 3432 kb in the bluescript 

plasmid (see Figure 36).

7.2.2 Southern Analysis

7 .2 . 2 . 1  S a m p l e  Pr e p a r a t io n

Samples of potential recombinant DNA and DNA from Ad5dl327 infected 

and uninfected 293 cells (negative controls) and bluescript KS TIMPl 

(positive control) were digested as above. For each sample 10 pi of DNA 

was added to 2pl of 6x Gel loading buffer ( 0 .25%  bromophenol blue, 

0 .25%  xylene cyanol FF, and 40%  sucrose in dHgO).
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PstI, 1040Ad50TR-M%0 RSV

TPL
PstI, 1393,1422 
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pAVS6ATIMPl Poly A

PstI, 2310,2337
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Figure 36. Schematic Representations of the Adenoviral Shuttle Vector Containing The TIMP1 
cDNA (A)and Bluescript KS Plasmid (B) Illustrating the PstI Restriction Sites.

Digestion with the PstI restriction enzyme was expected to result in fragments of 29, 27, 121, 353, 
430, 733, 767, and 5140 kb in viral recombinants and 39, 121, and 3432 kb in the bluescript 
plasmid
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7 . 2 . 2 . 2  DNA ELECTROPHORESIS

A IX  TBE (0.045M Tris-borate, 0.001 IV) EDTA), 1% agarose gel w ith 0.5 

ug/mi of ethidium bromide was prepared by heating the TBE, agarose 

suspension in a microwave oven until the agarose had fu lly  dissolved. 

Ethidium bromide was then added from a 10mg/ml stock and the gel 

allowed to cool to 6 0 ° C before pouring. The gel was then allowed to set 

for 30 minutes.

The gel was immersed in 1 x TBE, samples and DNA ladder loaded, and a 

30 mV voltage applied overnight. The gel was photographed under an 

ultraviolet light transilluminator.

1 .2 .2.3 C a p i l l a r y  B l o t t i n g  a n d  F i x a t i o n

The DNA was denatured to allow binding of the radiolabeled probe to the 

single DNA strands by washing in 0.5M NaOH; 1.5M Na Cl for 90 minutes 

w ith gentle shaking. The gel was then neutralized by immersion in 1M Tris; 

1.5M Na Cl pH 7.0 for one hour.

A capillary blot was set up to transfer the DNA to Hybond N membrane 

according to the manufacturers instructions. Four sheets of Whatmann 

3MM filter paper were cut to the exact size of the gel and placed in a dish 

on top of an inverted gel casting tray. The contents of the dish were 

saturated w ith 20 X SSC ( 3M NaCI, 0.3M NagCitrate). The gel was gently 

slid into position on the filter paper. A sheet of clingfilm was then placed 

over the gel and a w indow  the exact size of the gel cut in the film w ith a 

razor blade. A piece of Hybond N membrane was cut to the exact size of 

the gel, soaked in water and then transfer buffer for 5 minutes, and placed 

on top of the gel. A pipette was gently rolled across the surface to remove 

any air bubbles. Three pieces of Whatman 3MM filter paper the size of the 

gel were then wetted w ith blotting buffer and placed on top of the
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membrane. A 5cm stack of absorbent towels was then placed on top of 

the filter paper and a 1kg weight placed on top of the stack.

Transfer was allowed to proceed overnight. The membrane was then 

removed having lightly marked the lanes in pencil on the side of the 

membrane to which DNA had been transferred. The membrane was briefly 

washed in 2X SSC. The membrane was then placed on a sheet of 

Whatmann filter paper and placed in an ultra violet transilluminator to cross 

link and therefore fix  the DNA to the membrane (program AutoXlink).

7 . 2 . 2 . 4  P r e h y b r i d i z a t i o n

The membrane was placed in a hybridization tube w ith 25 ml of 5 X SSC, 

5 X Denhardt's solution (100 X Denhardt's solution: 2% Bovine serum 

albumin, 2% Ficoll, 2% polyvinylpyrrolidone), 0.5%  w /v SDS. 0.5 ml of 

1 mg/ml herring sperm (non homologous) DNA was denatured by heating to 

100° C, chilled on ice, and added to the prehybridization solution which 

was incubated for 1 hour at 65 °C.

7.2.2.5 M a k i n g  A R a d i o l a b e l e d  P r o b e .

A radiolabeled probe which would hybridize selectively w ith  part of the 

TIMPl sequence was made as follows. The TIMPl cDNA in the bluescript 

plasmid was used to generate a fragment of DNA to be radiolabeled. 1 pi of 

the plasmid was digested for 1 hour w ith Ava I at 37° C and the digest was 

run on a 1 % low melting point agarose gel containing 0.05 pg/ml ethidium 

bromide. The 587 kB fragment was cut out under brief exposure to 

ultraviolet light, weighed and diluted in 3 ml of distilled water per gram of 

gel slice (see Figure 37).

The mixture was then heated to 65 °C for 2 minutes to melt the agarose. 

25pl of the solution was prepared for labeling by heating to 100° C for 7 

minutes and then incubation at 37 °C for 10 minutes, briefly centrifuged 

and allowed to cool to room temperature. The DNA was then labeled using
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dCTP and the Ready.To.Go DNA labeling kit (Pharmacia Biotech) 

according to the manufacturers instructions. The principle behind this kit is 

the random labeling of denatured DNA. When the DNA is mixed w ith the 

random oligomers they anneal to the DNA and serve as primers for DNA 

synthesis by DNA polymerase. When radiolabeled nucleotides are present 

highly labeled DNA should result. A tube of reaction Mix was reconstituted 

w ith 20pl of dHgO w ithout mixing and placed on ice for 5 minutes. To this 

m ixture was added 25pl of denatured DNA, and 5pl of [a-^^P] dCTP (3000 

Ci/mmol) and the tube incubated at 37 °C for 45 minutes.
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pBluescriptKSTIMPl
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Figure 37. Making a Probe for Human TIMP1.

A: Schematic representation of the Bluescript KS Plasmid illustrating the Aval restriction enzyme 
sites. B: Low melting point agar gel photographed under ultraviolet light: Lane 1 1kb ladder, Lane 
2 and 3 Ava I restriction digest of Bluescript KS TIMP1, and Lane 4 undigested Bluescript KS 
TIMP1. The single TIMP1 fragment was excised from the gel and used to make a radiolabelled 
probe for southern analysis of candidate recombinant viral plaques.
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In order to remove unincorporated nucleotides spun columns were made by 

filling 1 ml syringe barrels w ith a glass wool bung in the neck and Sephadex 

G-50 DNA grade (Pharmacia Biotech) equilibrated in 1x TE buffer ( lOmM 

Tris Cl, pHS.O, Im M  EDTA, pH 8.0, and lOOmM NaCI) and spinning the 

column for periods of 3 minutes at IBOOrpm and refilling w ith  Sephadex. 

The column was placed in a 15ml falcon tube w ith an eppendorf tube at 

the neck. 1 50pl of TE and the probe mixture was added to the column and 

spun at IBOOrpm for 3 minutes. A Geiger counter was used at each stage 

to ensure that no radioactive spillage had occurred and to confirm that the 

majority of the activity had moved through the column to the eppendorf 

tube below.

7 . 2 . 2 . 6  H y b r i d i z a t i o n

The radiolabeled probe was then denatured by heating to 100°C for 5 

minutes, cooled on ice for 10 minutes and added to the prehybdridization 

buffer and incubated at 65°C  overnight. A fter hybridisation the membrane 

was washed in 2 X SSC, 0.1%  SDS tw ice at room temperature for 10 

minutes, in 1 X SSC, 0.1%  SDS at 65 °C for 15 minutes, and then 0.1 X 

SSC, 0.1 % SDS for 10 minutes. Autoradiography was then performed and 

filters exposed to film for 24 hours at 70°C.

7.2.3 Screening Virai Recombinants For Production Of TiMPI Protein by 

infection Of Vascular Smooth Muscle Ceils With Crude Virai Lysate

The SV40 transformed vascular smooth muscle cell line was used to 

assess the ability of these cells to produce human TIMPI in response to 

viral infection w ith A v I.T IM P I. VSMCs were grown to 90% confluence 

and rendered quiescent by placing them in serum free medium for 24 hours.

This medium was then removed and replaced w ith one of the following: 1 

ml of fresh serum free medium plus 1 pi of crude viral lysate from 2 of the
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positive plaque results from Southern analysis, 1pl crude viral lysate from 

Ad5dl327, 1]al of serum free medium. This media was replaced w ith fresh 

serum free medium after 1 hour of incubation at 37 °C. The medium was 

harvested at 72 hours, and centrifuged at 1500rpm for 5 minutes to 

remove cell debris. Conditioned media were analyzed by western analysis 

as described below to confirm the presence of immunoreactive TIMPI 

protein.

7.2,4 Plaque Purification

In order to ensure that the candidate plaques originally picked were not 

mixed a process of small scale viral amplification, plaquing under agar, 

picking plaques, reamplifying, and screening the amplified plaques must be 

undertaken. 2 cycles of plaque purification were carried out in order to 

ensure purity of the virus. A single virus was chosen that showed positive 

results on both the Southern and Western analysis and the crude viral 

lysate used to infect 293 cells under agar as described on page 78. When 

plaques become visible they are marked in ink on the under surface of the 

well. A wide bore 200 ]i\ pipette tip is then inserted into the agar above 

the mark and a 50 ]i\ agar plug aspirated including the cell monolayer but 

not disturbing surrounding cells. The tip of the pipette containing the agar 

plug was cut o ff using sterile scissors into 500^1 of infection medium (see 

page 72) and kept at 4°C  overnight. The medium was then aspirated and 

freeze thawed 3 times and used to infect a fresh 293 cell monolayer. Once 

cytopathic effect was visible Western analysis was used to screen the 

conditioned medium for human TIMPI using uninfected cells as a negative 

control. The process was then repeated once more before large scale 

amplification. The resultant virus is referred to as A v I .T IM P I.
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7 .2 .5  Assays of M M Ps and TIMPs

7 . 2 . 5 . 1  C o n c e n t r a t i o n  O f  C o n d i t i o n e d  M e d i a .

Samples of conditioned media were concentrated by centrifugation through 

filters using the centricon-3 system (Amicon cat no 4203) according to the 

manufacturers instructions. The concentration is achieved by ultrafiltration 

through an anisotropic membrane. Using this system all proteins above 

3,000 Daltons are retained by the filter. The media were placed in the 

concentrators sample reservoir above the filtrate vial taking care not to 

touch the filter w ith the tip of the pipette. The apparatus was then spun at 

7,500 rpm at 4°C  for 3.5 hours. The filtrate was discarded and the 

contents of the sample reservoir were inverted into the retentate cup and 

spun for 3 minutes at 2000 rpm to collect the concentrated medium.

7.2 .5 .2  B r a d f o r d  A s s a y .

Protein content of the samples was analyzed using the method of Bradford 

(Bradford, 1976). For each set of samples to be analyzed a set of 

standards was prepared diluting bovine serum albumin to give final 

concentrations of 0.2, 0.5, 1, 2, 3, 5, 7.5, and 10 ug/ml. A volume of 

sample diluent equal to that of the samples e.g. 5 lag RPMI medium was 

added to each of the standard solutions. Samples were prepared in a 

similar fashion and the total volume made up to 0.5 ml w ith distilled water. 

0.5 ml of Bradford reagent, 0.06 % coomassie blue w /v  in 3% perchloric 

acid, was added to each standard sample and the reaction allowed to 

proceed for 5 minutes prior to measurement of absorbance at 595 nm 

using a spectrophotometer. The standards were then used to create a 

standard curve and regression line from which the protein content of the 

samples was calculated. Sodium dodecyl sulphate and Triton X-100 can 

both interfere w ith this assay and therefore when it was used to analyze 

tissue extracts 1-2]al volumes of sample were used. All gels were run with 

sample volumes adjusted to equalize protein loading.
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7 . 2 . 5 . 3 .  S a m p l e  P r e p a r a t i o n  F o r  S o d i u m  D o d e c y l  S u l p h a t e  P o l y a c r y l a m i d e  

G e l  E l e c t r o p h o r e s i s  ( S D S - P A G E )

Equal samples of protein were prepared and diluted w ith dHgO to a total 

volume of lOpl. To this was added 2X loading buffer containing lOOp M 

TrisCI (pH 6.8), 4%  SDS, 0.1%  bromophenol blue, 10% glycerol and 5% 8 

mercaptoethanol. All samples were heated to 100° C for 10 minutes prior 

to electrophoresis in order to denature the proteins and then spun at 3,000 

rpm for 1 minute prior to loading.

7 . 2 . 5 . 4  S o d i u m  D o d e c y l  S u l p h a t e  P o l y a c r y l a m i d e  G e l  E l e c t r o p h o r e s i s  

(SDS-PAGE)

Samples were separated on SDS-polyacrylamide gels according to the 

method of Laemmli (Laemmli, 1970). Polyacrylamide gels were prepared 

between clean glass plates using the Biorad Mini Gel system according to 

the manufacturers instructions. Running gels were made to a concentration 

of 10% and overlaid w ith  water saturated butanol while setting. This was 

removed, the upper surface of the gel briefly washed w ith dHgO, and 

stacking gels (3% acrylamide) were poured on top of the polymerized 

running gel to a depth of 25mm. Loading wells were formed using a 12 

tooth comb inserted into the stacking gel prior to polymerization. Samples 

and molecular weight markers (Rainbow coloured protein molecular weight 

markers, Amersham) were loaded and the gel mounted in the 

electrophoresis apparatus. Tri-glycine electrophoresis buffer ( 25 mM Tris, 

250 mM glycine (pH 8.3), and 0.1 % SDS ) was then added to the top and 

bottom of the reservoirs. A current of 25 mA was then passed through the 

gel until the samples had entered the running gel when the current was 

increased to 55mA. All gels were run in a cold room at 4°C  using pre­

cooled electrophoresis buffer.
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7.2.6 Western Analysis

Western blotting involves the transfer of proteins from SDS-polyacrylamide 

gels to solid supports and subsequent immunological detection of 

immobilized proteins. This technique was used to identify the transgene 

product human TIMPI after viral infection using a specific anti human 

TIMPI antibody (kind g ift of CellTech Ltd.).

7.2.6.1 W e s t e r n  B l o t t i n g

Proteins were then transferred from the gels to nitrocellulose membranes 

(Hybond C, Amersham) using the Protean minigel system (Biorad). The 

blotting buffer used was 39mM glycine, 49 mM Tris base, 0.037%  SDS, 

and 20% methanol. Two pieces of Whatman 3mm filter paper were cut to 

the size of the gel and one piece of Hybond C. The anode plate (Black) in 

the Protean minigel system was submerged in a dish containing blot buffer 

and the foam lining and first piece of filter paper placed on it. The gel was 

then place on the filter paper and the Hybond C, which had been briefly 

soaked in blot buffer, placed on top of it, followed by the second filter 

paper. A glass rod was rolled across the layers to remove air bubbles and 

the cathode plate was opposed to the second filter paper and the 

apparatus closed before transfer to the tank for blotting. Proteins were 

transferred for 1 hour at 4 “ C at 300mA. Transfer was confirmed by 

visualization of rainbow markers on the membrane.

7 .2 .6 .2  I m m u n o d e t e c t i o n  o f  TIMPI

Non specific binding to the membrane was blocked by incubation w ith 

shaking for 1 hour at room temperature in 5% non-fat milk powder 

(Marvel) and 0.1%  tween in PBS. Primary antibody (Celltech MAC15 

1.76pg/ml) was diluted 1 in 1000 in blocking solution and incubated for 2 

hours w ith shaking at room temperature. The membrane was then washed 

for 15 minutes in 1% non-fat milk powder (Marvel) and 0.1 % tween in
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PBS. An horseradish peroxidase (HRP) conjugated rabbit anti-mouse 

antibody (Sigma) was diluted 1 in 1000 in blocking solution and incubated 

w ith the membrane for 1 hour. The membrane was then washed for 30 

minutes in 1 % non-fat milk powder (Marvel) and 0.1%  tween in PBS. 

Recombinant human TIMPI (kind g ift of CellTech limited) was used to 

confirm the sensitivity of this technique, 1 ng of Human TIMPI could be 

readily detected. 5ng of rTIMPI was used as a positive control in all 

experiments.

7 . 2 . 6 . 3  E n h a n c e d  C h e m i l u m i n e s c e n c e  D e t e c t i o n  ( E C L )

Protein bands were then visualized using the ECL (Amersham) 

chemiluminescence system which employs a nonradioactive light emitting 

reaction. Luminol, is oxidized by the horseradish peroxidase covalently 

bound to the second antibody, in the presence of hydrogen peroxide. 

Oxidized luminol is excited and decays to a stable state via a light emitting 

pathway. Membranes were incubated w ith ECL reagents for 1 minute prior 

to wrapping in cling film.

The light emitting signal was detected by autoradiography using Hyperfilm 

ECL (Amersham, UK). Exposure times between one and fifteen minutes 

were used.

7.2 .7  Zymography

To detect the Gelatinases gelatin zymograms identify proteolytic activity of 

the enzymes which have been separated in the polyacrylamide gels under 

non reducing conditions (Kleiner and Stetler Stevenson, 1994). Gelatin was 

copolymerized w ith the acrylamide during casting of the running gel and 

the enzymes are separated under denaturing but non-reducing conditions. 

0.1 % sodium dodecyl sulfate (SDS), 10 % polyacrylamide gels were made 

(Sambrook et a!. 1989) and 1 mg /ml gelatin (sigma) was added prior to 

addition of polymerizing agents (10% ammonium persulfate and TEMED)
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and heated in a water bath to 60° C for 10 minutes. A fter the gelatin had 

dissolved the solution was allowed to cool to room temperature before 

polymerization was initiated and the gel cast as described on page 1 54. 

Samples were loaded in 5X sample buffer consisting of 0 .4  M Tris, pH 6.8, 

5% SDS, 20% glycerol, and 0.03%  bromophenol blue w ithout reducing 

agent (i.e. mercaptoethanol is omitted and samples are not heated). 

Electrophoresis was carried out as previously described but samples were 

not exposed to heat prior to electrophoresis. The gel was removed and 

washed in 2.5%  triton X-100 for 30 minutes. Triton X-100 detergent was 

used to remove the denaturing agent, sodium dodecyl-sulfate. The gel was 

incubated for 18 hours in 50 mM Tris-CI pH 7.5 and 5mM calcium chloride 

at 37 °C w ith gentle shaking. Gels were stained w ith 2.5 mg/ml Coomassie 

brilliant blue R-250 in 10% acetic acid, 30% isopropanol, and for 3 hours 

and then destained in the above solution w ithout coomassie blue until 

optimal contrast was achieved. The gel was then rehydrated in distilled 

water and dried between cellulose sheets using the Biorad gel drying 

system.

7.2.8 Reverse Zymography

The principle of reverse zymography is very similar to zymography except 

in this case the inhibitor is detected and therefore the basis of the bioassay 

is to combine both Gelatinase and gelatin in the same gel. The samples 

were electrophoresed at 4 ° C to minimize Gelatinase activ ity as the gel is 

running. The gel was incubated and stained as for zymograms. If an 

inhibitor is present the digestion of gelatin by Gelatinase w ill be inhibited in 

that area of the gel and therefore blue bands reflecting the amount of 

inhibitor present appear on a pale or clear gel.

Reverse zymography was carried out using Reverse zymography kit (UTI) 

(Leco et al. 1994). This supplied a source of T IM P I,2, and 3 positive 

controls and Gelatinase A conditioned medium from stably transfected BHK
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cells. 0.1 % sodium dodecyl sulfate (SDS), 10 % polyacrylamide gels were 

made omitting 1 ml of water per 15ml total volume and 1 mg /ml gelatin 

(sigma) was added prior to addition of polymerizing agents (10% 

ammonium persulfate and TEMED) and heated in a water bath to 60° C for 

10 minutes. A fter the gelatin had dissolved the solution was allowed to 

cool to room temperature. 1 ml of solution A (conditioned media from cells 

overexpressing Gelatinase A) per 15ml of total volume was added before 

polymerization was initiated and the gel cast. Samples were loaded and 

electrophoresis carried out as described above (see page 154 and page 

156) The gel was then washed in 2.5%  triton X-100, 50 mM Tris -Cl pH

7.5 and 5mM CaClg for 30 minutes. It was incubated for 16 hours in 50 

mM Tris-CI pH 7.5 and 5mM calcium chloride at 37 °C w ith gentle shaking. 

Staining and drying of the gel was carried out as described above 

(pagel 56)

7.2.9 Densitometry

All zymograms, reverse zymograms and autoradiographs of western blots 

were quantified using densitometry and the results expressed as a 

percentage of the positive control in each case. For zymograms 

transmission rather than density was used. Gels and blots were scanned 

using a Biorad model 620 video densitometer and peak area integration 

carried out using Biorad ID  Analyst software.

7.2.10 in Vitro Assessment Of A v I .TiMPI in SV40 Transformed Vascuiar 

Smooth Muscie Ceiis And Primary Vascuiar Smooth Muscie Ceiis.

SV40 transformed VSMCs and primary VSMCs at passage 4-6 were grown 

to confluence and then placed in serum free medium for 24 hours prior to 

viral infection. Virus stocks were diluted in serum free medium to infect 

cells w ith A v I .TIMPI at MOIs of 0 (i.e. control) 0.5, 5, 50, and 100, and 

w ith Av1.LacZ4 (MCI 100) to control for the effects of viral infection.
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Infection solutions were incubated w ith the cells at 37 °C for 1 hour. The 

cells were then returned to serum free medium and the medium was 

harvested 48 hours after infection. The media was spun at 1200 rpm, 4°C, 

for 5 minutes and the supernatant removed for quantitation of transgene 

product and TIMPI bioactivity by Western analysis and reverse 

zymography respectively. The supernatants from the primary cells were 

also analyzed by zymography and densitometry performed on the reverse 

zymography bands corresponding to the molecular weight of TIMP2 . Each 

experiment was performed in triplicate.

7.2.11 The Effect Of infection With A vI.T iM P I On Proiiferation Of 

Vascuiar Smooth Muscie Ceiis

7.2.11.1 VSMC I n f e c t i o n  A n d  S t i m u l a t i o n .

Primary cultured vascular smooth muscle cells were infected according to 

the protocol above at MOIs of 0.5, 5 , 50, 100 (A v I.T IM P I) and control 

wells were either infected w ith  Av1.LacZ4 at MOI 100 or not infected. 8 

replicates of each well were studied. 12 control wells were used. 24 hours 

after infection 10 ng/ml of basic fibroblast growth factor (bFGF) was added 

to half the wells and 4 of the control wells had fetal calf serum added to a 

final concentration of 20%  as a positive control. The experiment was 

carried out three times.

7 . 2 . 1 1 . 2  [^ H ]  T h y m i d i n e  L a b e l i n g

48 hours after infection IpC i of thymidine was added. The cells were 

incubated for 2 hours and then washed tw ice in PBS. The cells were left at 

-2 0 °C for 2 hours in ice cold 10% trichloroacetic acid. All this solution was 

removed by initial aspiration w ith a fine tipped glass pipette and then 

tipping plates for 10 minutes and aspirating the remaining liquid. The cell
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precipitate was dissolved in 200 pi of 0.5M NaOH (plates were shaken for 

30 minutes).

7 . 2 . 1 1 . 3  S c i n t i l l a t i o n  C o u n t i n g

800 pi of distilled HgO was added and after mixing a 500 pi sample from 

each well was added to 5ml of echoscint and the thymidine

incorporation determined in a scintillation counter. A 200pl sample was 

used to determine the protein content of the well using the method of 

Bradford. 2 vials containing 200pl of 0.1M NaOH (i.e. blank) were counted 

in the scintillation counter.

7 . 2 . 1 1 . 4  D a t a  A n a l y s i s

The mean counts measured from the tw o 'b lanks' or negative controls was 

subtracted from the final scintillation count for each sample. The result for 

each sample was then normalized to the protein content of the well to 

allow for unequal seeding. Students t test was used to compare samples.

7.2.12 The Effect Of Infection With A vI.T iM P I On Migration And invasion 

Of Vascuiar Smooth Muscie Ceiis.

The use of chemotaxis cell culture inserts of the type described here was 

new to this laboratory. In initial experiments it was necessary to establish 

the optimal cell seeding density, concentration of chemoattractant required 

for migration and invasion and the time course of cell movement in order to 

determine sampling times in future studies. The migration and invasion of

cells in conditioned media from cells infected w ith A v I.T iM P I and of cells 

infected w ith A v I.T iM P I was then studied.

7 . 2 . 1 2 . 1  C h a r a c t e r i z a t i o n  O f T h e  M i g r a t i o n  A n d  I n v a s i o n  O f V a s c u l a r  

S m o o t h  M u s c l e  C e l l s  T o w a r d s  A  C h e m o a t t r a c t a n t .
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7.2.12.1.1 insert preparation

Control (i.e. non matrige! coated) inserts of a Biocoat Matrigel invasion 

chamber (Becton Dickinson) were coated w ith  10Otig/ml type 1 collagen 

and 5pg/ml fibronectin and air dried. The matrigel inserts were rehydrated 

w ith serum free RPMI for 2 hours prior to use according to the 

manufacturers instructions.

7.2.12.1.2 Cell Preparation

Primary vascular smooth muscle cells were trypsinized at 80% confluence 

and centrifuged at 1200 rpm for 5 minutes at 4 “ C. They were then used

to study the parameters outlined below:

7.2.12.1.3 Cell Density Studies

Cells were then resuspended in serum free RPMI at densities of 2X10®/ml 

or 2X10^/ml. The control (i.e. non-matrigel coated) inserts were then 

placed in 0.75 ml of 300ng/ml platelet derived growth factor -BB (PDGF-BB 

R&D systems) in a cell culture companion plate (24 wells) and 0.5 ml of 

the cell suspension was immediately added to the insert. Cells were 

incubated at 37 °C for 24 hours before staining and quantitation as outlined 

below.

7.2.12.1.4 Chemoattractant Concentration

Cells were resuspended in serum free RPMI at 2X10®/ml. Control (i.e. non 

matrigel coated) inserts were placed in 0.75 ml of platelet derived growth 

factor -BB (PDGF-BB) in a cell culture companion plate (24 wells) at 

concentrations of 10 ng/ml, 30 ng/ml and 300 ng/ml. 0.5 ml of the cell 

suspension was immediately added to the insert. Cells were incubated at 

37 °C for 24 hours before staining and quantitated as outlined below.

7.2.12.1.5 Time course o f migration/invasion:

In this experiment both matrigel coated and uncoated wells were used. 

Cells were resuspended in serum free RPMI at 2X10^/ml. Control (i.e. non 

matrigel coated) inserts and matrigel inserts were placed in 0.75 ml of
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300ng/ml platelet derived growth factor -BB (PDGF-BB) in serum free RPMI 

in a cell culture companion plate (24 wells). Cells were incubated at 3 7 °C 

and stained and counted at the following times: 17, 20, 24, 25, 26, 28, 

42, 48, 50, and 52 hours.

7 .2 .12 .2 Q u a n t i t a t i o n  O f  M i g r a t i o n / I n v a s i o n

After incubation the cells adherent to the upper surface of the insert 

membrane were removed by firm ly wiping the surface tw ice w ith a cotton 

wool swab. The membranes were then stained using the Prodiff kit (Baxter) 

allowed to dry and removed from the insert. The membranes were 

mounted using a water soluble mountant (Aqua Polymount). Cells were 

counted from the central area of the membrane. Sections were viewed at 

x40 magnification using a Labphot 2A microscope (Nikon) and the images 

digitized using a JVC-TK 1281 video camera connected to a Lucia M colour 

image processing system. Only cells in which the nuclei were visible were 

considered to have fully migrated. The image analysis program was then 

used to count the number of cells per high power field (see.
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PDGF

Figure 38. Assessment of Migration/Invasion of Smooth Muscle Cells.

The upper panel shows a schematic representation of the cell culture insert apparatus used in 
these experiments. Smooth muscle cells were seeded into the upper chamber and migrated 
across the microperforate membrane towards the chemoattractant PDGF. For invasion 
experiments inserts coated in a uniform layer of matrigel were used.

The lower panel shows a photomicrograph of a section of a membrane showing the smooth muscle 
cells that have successfully reached the lower surface of the membrane. The cells have been fixed 
with methanol and stained with Diff Quick reagents. All the cells on the upper surface have been 
removed with a cotton bud so that all stained cells are successful migrants (x40).
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7.2 .12.3 T he Effect  O f C o n d it io n e d  M e d ia  O n M ig r a t io n / I n v a s io n  of 

VSMCs.

Primary VSMCs were infected w ith A v I.T iM P I or Av1.LacZ4 (MCI 100) 

and control wells exposed to serum free media for one hour. 48 hours later 

the media were harvested and stored prior to use in the subsequent 

experiments. Primary VSMCs were resuspended in each conditioned 

medium at a density of 2x10®/ml and seeded into uncoated or matrigel 

coated cell culture inserts.

7 .2 .12 .4  T he Effect  O f Prior  In f e c t io n  O f V S M C s W ith  A v 1 .L a c Z 4  O r 

A v I . T iM P I  O n M ig r a t io n / I n v a s io n .

Primary VSMCs were infected w ith A v I.T iM P I or Av1.LacZ4 (MOI 100) 

and control wells were exposed to serum free media for one hour. 24 

hours after infection the cells were trypsinized and resuspended in fresh 

serum free media at a density of 2X10®/ml.

Aliquots of the cell suspensions were placed in 24 well cell culture plates 

for 48 hours before fixation and X-Gal staining. The results were quantified 

microscopically by counting the number of blue cells w ith predominant 

nuclear staining in three high power fields.

The remaining resuspended cells were seeded into cell culture inserts in 

empty companion culture plates (i.e. they were not exposed to 

chemoattractant). The cells in inserts were allowed to adhere to the plates 

and condition the media in which they were suspended for 24 hours. The 

inserts were then moved to companion plates containing 0.75 ml of PDGF- 

BB 300 ng/ml.

7 .2 .1 2 .5  M ig r a t io n / I n v a s io n  A s s a y .
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Cells were allowed to migrate towards 300ng/ml PDGF-BB for the 24 hours 

for uncoated wells and 48 hours for matrigel coated wells. The cells were 

then fixed and counted as described above.

7 . 3 .  Re s u lts

7.3.1. Southern Analysis O f Candidate Piaques

Figure 39 shows the Psti restriction enzyme digest results for the 

candidate plaques. The autoradiograph in Figure 40 shows radiolabeling of 

the expected fragments of the positive control plasmid at 121 and 3432 bp 

in lane 3. In the lanes corresponding to the samples dense bands were 

seen at 353 and 767 bp in lanes 5, 8-15, 17 and 18. Hybridization w ith 

the 29 bp fragment was only seen in the positive control and w ith the 121 

bp fragment in lane 8. Bands at higher molecular weights may represent 

nonspecific labeling in genomic DNA due to hybridization w ith short 

segments of the probe which is labeled throughout its length. The negative 

controls from cells infected w ith Ad5dl327 and uninfected cells in lanes 19 

and 20 showed no bands. A similar pattern is seen in Lanes 6 and 7 

suggesting that these plaques were due to Ad5dl327 rather than 

successful recombination. Incomplete digestion of the samples was seen in 

lanes 8 and 16. These results confirm that at least 11 of the candidate 

plaques show successful recombination to generate A v I .T IM P I.
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Lanes 10 15 20

Figure 39. Restriction Digest of Genomic DNA Extracted From Rat Smooth Muscle Cells Infected 
With Candidate Recombinant Viral Plaques.

Agar gel photographed under ultraviolet light: Lane 1 Ikb  ladder, Lane 2 Empty. Lane 3 Psti 
restriction digest of Bluescript KS TIM PI, and Lane 4 Empty. Lanes 5-18 DNA extracted from cells 
infected with potential recombinant viral plaques and digested with Psti. Lanes 19 and 20 show 
digests of DNA from smooth muscle cells infected with empty replication deficient adenovirus used 
in recombination (Ad5dl327) and uninfected cells respectively. Lanes 8 and 16 show only partial 
digestion by the restriction enzyme P s ti.
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3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 40. Autoradiograph of Southern Analysis for Human TIMPI of DNA From Smooth Muscle 
Cells Infected With Candidate Plaques.

Lane 1 Ikb  ladder, Lane 2 Empty, Lane 3 Psti restriction digest of Bluescript KS TIM PI, and Lane 
4 Empty. Lanes 5-18 DNA extracted from cells infected with potential recombinant viral plaques 
and digested with Psti. Lanes 19 and 20 show digests of DNA from smooth muscle cells infected 
with empty replication deficient adenovirus used in recombination (Ad5dl327) and uninfected cells 
respectively.

This illustrates radiolabelling of the expected fragments of the positive control Bluescript KS TIMPI 
(121kB and 3430 KB) in Lane 3. No TIMPI is present in the negative controls (uninfected cells and 
Ad5dl327 infected cells) in lanes 19 and 20. The expected fragment size from TIMPI 
adenoviruses detectable with this probe are 29, 121, 353, and 767. In the lanes corresponding to 
the possible TIMPI viruses dense bands were seen at 353 and 767 bp in lanes 5, 8-15,17 and 18. 
Hybridization with the 29 bp fragment was only seen in the positive control and with the 121 bp 
fragment in lane 8 which may reflect a larger amount of DNA loaded in those lanes. Lanes 8 and 
16 showed only partial digestion by the restriction enzyme Psti. This confirmed that at least 10 of 
the plaques tested contained viral recombinants that had incorporated the TIMPI cDNA.
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7 .3 .2  Western Analysis O f Candidate Plaques

The results are shown in Figure 41 w ith clear bands seen in the lanes 

corresponding to the positive control and candidate A v I.T iM P I infected 

cells. No bands resulted from infection of VSM C s w ith the Ad5dl327 (Null 

virus).

7 .3 .3  In Vitro Assessment O f A v I.T iM P I in SV40 Transformed Vascuiar 

Smooth Muscle Cells A nd Primary Vascular Smooth Muscle Cells.

Figure 42 shows examples of a western blot and a reverse zymogram 

performed on samples from the SV40 transformed cells. The mean TIMPI 

band densities and standard errors from 3 experiments are shown in Figure 

43. Western analysis using the anti human TIMPI antibody demonstrates 

the transgene product only and therefore no TIMPI was seen in the control 

or Av1.LacZ4 infected cells. A progressive increase in TIMPI secretion 

was seen w ith near maximal levels reached at MOI of 50. This was 

confirmed using reverse zymography which detects the bioactivity of rat 

TIMP in addition to that of the human TIMPI resulting from gene transfer 

(see Figure 43B).
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30 kD marker

5ng rTIMP-1

Empty lane

VSMC infected w ith crude viral 
lysate from candidate plaque

VSMC infected w ith  crude viral 
lysate from candidate plaque 7

VSMC infected w ith Null 
virus (AvI .Null)

Uninfected VSMC

Figure 41. Western Analysis of Conditioned Media From Rat Vascular Smooth Muscle Cells 
Probed With Anti Fluman TIMPI Antibody.

Lanes 1 and 2 show 30kD molecular weight marker and 5ng of rTIMPI (positive control) 
respectively. Lanes 4-5 contain conditioned media from uninfected cells and cells infected with null 
virus and show that neither the conditions of the experiment or viral infection itself causes secretion 
of immunoreactive human TIMPI. Lanes 6 and 7 show contain media from cells infected with 
crude viral lysate from two plaques which contained TIMPI by Southern analysis (7 and 37), both 
these lanes contain protein which reacts with human TIMPI antibodies.
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A

TIMP-1

Con LacZ 0.5 5 50 100 rTIMP-1

Avl.TTMP-1 (MOI)

45 kDa

30 kDa TIMP-1

T IM P -2

Con LacZ 0.5 5 50 100
 ►

Pos control

Av 1.TIM P-1 (MOI)

Figure 42. Sample (A) Western Blots and (B) Reverse Zymograms of Conditioned Media From 
SV4G Transformed Rat Vascular Smooth Muscle Cells 48 Flours After Exposure to Control 
Solutions or Increasing Amounts of TIMP1 Virus (Av1.TIMP1) (n=3).

Cells were infected with either increasing multiplicities of infection of Av1.TIMP1 (0.5-100), with 
control virus (LacZ), or with serum free media containing no virus (Con). 48 hours later conditioned 
media were harvested and concentrated. Western analysis using an antihuman TIMPI antibody 
shows increasing amounts of the transgene product in response to higher viral titres but does not 
detect secretion of endogenous rat TIMPI. Recombinant TIMPI was used as a positive control and 
to normalize results for densitometry (see figure 42). The bioassay, reverse zymography, illustrates 
that the transgene product maintains its biological activity and that activity is related to the amount 
of virus used and greater than in uninfected or Av1.LacZ4 infected cells. Blue bands on reverse 
zymograms reflect increased TIMP activity, the gelatinase in the gel has been inhibited where 
TIMP is present and is therefore unable to breakdown the gelatin which is stained with coomassie 
blue, giving the final colour. The upper band is TIMPI and the lower TIMP2, the intermediate band 
is likely to represent a partially glycosylated form of TIMPI.
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Figure 43. Densitometry of (A) Western Blots and (B) Reverse Zymograms of Conditioned Media 
From SV40 Transformed Rat Vascular Smooth Muscle Cells 48 Hours After Exposure to Control 
Solutions or Increasing Amounts of TIMP1 Virus (AvlTIMPI) (Mean +SEM are shown, n=3).

Cells were infected with either increasing multiplicities of infection of Av1.TIMP1 (MOI 0.5-100), 
with control virus Av1.LacZ4, or with serum free media containing no virus (Control). 48 hours later 
conditioned media were harvested and concentrated. Western analysis using an antihuman 
TIMPI antibody shows increasing amounts of the transgene product in response to higher viral 
titres but does not detect secretion of endogenous rat TIMPI. The bioassay, reverse zymography, 
illustrates that the transgene product maintains its biological activity and that activity is related to 
the amount of virus used and greater than in uninfected or AvI .LacZ4 infected cells.
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Figure 44 shows examples of a western blot, a reverse zymogram, and a 

gelatin zymogram performed on samples from the primary VSMCs. These 

results confirmed the findings in the smooth muscle cell line, w ith an 

increase in immunoreactive protein and biological activ ity w ith  increasing 

MOI of A v I .TIMPI Both western blots and reverse zymograms show an 

additional band at a lower molecular weight than expected for TIMPI 

(28kD) which is also proportional to the m ultip licity of infection. The mean 

density of the bands corresponding to TIMPI in the western analysis and 

reverse zymograms were analyzed by densitometry and are shown in 

Figure 45. The mean bioactivity of TIMP-2 was not altered by infection 

w ith either virus (see Figure 46). Figure 47 shows the results of the 

mean transmission seen by zymography for each m ultip licity of infection as 

a reflection of Gelatinase activity. Bands at the molecular weights 

corresponding to Gelatinase A and B were analyzed and plotted separately. 

There was no significant change in the levels of Gelatinase expression in 

response to infection w ith  A v I .LacZ4 or A v I .T IM P I.
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0.5 5 50 100

Uninfected VSMC

VSMC infected w ith  VSMC infected with 
control virus (AvI.LacZ) A v I.T iM P I at MOI shown

above.

5ng rTIMP-1

30 kD
TIMP-1

TIMP-2

0.5 5 50 100

Uninfected VSMC /  Conditioned media from
VSMC infected w ith VSMC infected w ith CHO cells expressing 

control virus (AvI .LacZ) A v I .TIMPI at MOI shown TIMP 1 and 2
above.

C

97 kD

50 100

Uninfected VSMC

VSMC infected with VSMC infected with 
control virus (AvI .LacZ4Av1 .TIMPI at MOI shown

above.

Conditioned media from 
CHO cells expressing 

Gelatinase A (lower band) 
and B (upper band)

Figure 44. Sample (A) Western Blot, (B) Reverse Zymogram, and (0) Gelatin Zymogram of 
Conditioned Media From Primary Rat Vascular Smooth Muscle Cells 48 Hours After Exposure to 
Control Solutions or Increasing Amounts of TIMP1 Virus (Av1.TIMP1).

Western analysis using an antihuman TIMP1 antibody shows increasing amounts of the transgene 
product in response to higher viral titres. The bioassay, reverse zymography, also illustrates this 
‘dose response’ effect. Blue bands on reverse zymograms reflect increased TIMP activity. The 
Gelatin zymogram shows lucent areas where the substrate has been digested by gelatinase in the 
conditioned media.
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Figure 45. Densitometry of (A) Western Blots and (B) Reverse Zymograms of Conditioned Media 
From Primary Rat Vascular Smooth Muscle Cells 48 Hours After Exposure to Control Solutions or 
Increasing Amounts of TIMP1 Virus (Avl.TIMPl) (Mean +SEM are shown, n=3).

Cells were infected with either increasing multiplicities of infection of Avl.TIMPl (MOI 0.5-100), 
with control virus Av1.LacZ4, or with serum free media containing no virus (Control). 48 hours later 
conditioned media were harvested and concentrated. All densitometry results are shown as a 
percentage of the positive control used. Western analysis using an antihuman TIMP1 antibody 
shows increasing amounts of the transgene product in response to higher viral titres but does not 
detect secretion of endogenous rat TIMP1. The bioassay, reverse zymography, illustrates that the 
transgene product maintains its biological activity and that activity is related to the amount of virus 
used and greater than in uninfected or Av1.LacZ4 infected cells.
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Figure 46. Densitometry of TIMP2 Band of Reverse Zymograms of Conditioned Media From 
Primary Rat Vascular Smooth Muscle Cells 48 Hours After Exposure to Control Solutions or 
Increasing Amounts of TIMP1 Virus (Avl.TIMPl) (Mean +SEM are shown, n=3).

Cells were infected with either increasing multiplicities of infection of Avl.TIMPl (MOI 0.5-100), 
with control virus Av1.LacZ4, or with serum free media containing no virus (Control). 48 hours later 
conditioned media were harvested and concentrated.

Reverse zymography is a bioassay that will detect activity of any of the four TIMPs. Some reverse 
zymograms had suggested that there might be a compensatory decrease in TIMP2 in response to 
infection with Avl.TIMPl and elevated levels of TIMP1. densitometric analysis of reverse 
zymograms shown above did not reveal an overall change in the TIMP2 bioactivity in primary cells.
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Figure 47. Densitometry of Gelatinase Activity on Zymograms of Conditioned Media From Primary 
Rat Vascular Smooth Muscle Cells 48 Hours After Exposure to Control Solutions or Increasing 
Amounts of TIMP1 Virus (Avl.T IM P l). ( Mean +SEM Transmission Is Shown, n=3).

Cells were infected with either increasing multiplicities of infection of A v l.T IM P l (MOI 0.5-100), 
with control virus Av1.LacZ4, or with serum free media containing no virus (Control). 48 hours later 
conditioned media were harvested and concentrated.

Bands at the molecular weights corresponding to Gelatinase A and B were analyzed and plotted 
separately. There was no significant change in the levels of Gelatinase expression, with low levels 
or absence of Gelatinase B and baseline expression of Gelatinase A. Active and inactive 
gelatinases were analyzed together but showed no change when separate densitometry was 
performed. Zymography of conditioned media separates TIMPs and Gelatinases and therefore is 
not influenced by the increased levels of TIMPs already demonstrated.
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7.3.4 The Effect Of Infection With A vI.T iM P I On Proliferation Of Vascular 

Smooth Muscle Cells

The mean [^H] thymidine incorporation normalized to the protein content of 

each well and standard error of the mean are shown graphically in Figure 

48. All cells responded to bFGF or serum w ith an increase in [^H] thymidine 

incorporation of at least 50%. In quiescent cells no significant change in 

DNA synthesis was seen in A v l.T IM P l infected cells compared w ith 

uninfected or Av1.LacZ4 infected cells (p all NS). There was a small 

reduction in proliferation in response to both Av1.LacZ4 and A v l.T IM P l 

but this was not statistically s ign ificant

However cells stimulated to actively proliferate w ith bFGF and infected 

w ith higher multiplicities of infection of A v l.T IM P l (5, 50, and 100) 

showed significantly greater proliferation compared w ith cells infected w ith 

Av1.LacZ4 (MOI 100)(p = 0.02, 6 x 1 0 and 0.03 respectively for MOIs 5, 

50, and 100). Comparison of A v l.T IM P l infected stimulated cells w ith 

uninfected cells showed no significant change in DNA synthesis.
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Figure 48: DNA Synthesis by Primary Smooth Muscle Cells After Infection With A v l.T IM P l.
DNA synthesis is expressed as the uptake of pH] thymidine per well, normalized to the protein 
content of the cells within the well to remove any effect of unequal seeding (Mean +SEM are 
shown, n=4). Cells were infected with MOI 0.5-100 of A v l.T IM P l or Av1.LacZ4 or exposed to 
serum free media with no added virus (control) and 24 hours later half the wells were stimulated to 
proliferate with bFGF 10 ng/ml. 48 hours after initial infection pH] thymidine was added and 
incorporation into the cells assayed by scintillation counting. The above graph shows inhibition of 
DNA synthesis by Av1.LacZ4. In contrast DNA synthesis after A v l.T IM P l infection is not 
significantly different from uninfected cells. This may reflect an inhibitory effect of beta 
galactosidase on the cell cycle or a mild proliferative effect of TIMP1 which returns DNA synthesis 
to the baseline state.
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7.3.5 The Effect Of Infection With A v I.T iM P I On Migration and invasion 

Of Vascular Smooth Muscle Cells

7 . 3 . 5 . 1  O p t i m i z a t i o n  o f  M i g r a t i o n / I n v a s i o n  A s s a y s

Table 4 shows the results of different cell densities, concentrations of 

chennoattractant, and times of migration. Cells were seen on the lower 

surface of the membranes only in the presence of PDGF-BB 300ng/ml. 

Optimal results occurred w ith a seeding density of 2x10® cells/ml. 

Relatively long incubation times were required to observe 

migration/invasion (24 and 48 hours respectively).
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Migration,

Number of cells/ high power 

field

Cell density 2x10®/ml 118 95

Cell density 2X10®/ml 9 20

PDGF-BB 10 ng/ml 0 0

PDGF-BB 30 ng/ml 0 0

PDGF-BB 300 ng/ml 87 135

Time of Incubation, 

hours

M igration,

Cells per high power field

Invasion,

Cells per high power field

17 21 0 15 0 0 0 0

20 43 66 58 0 0 0 0

24 214 170 190 0 0 0 0

25 177 190 230 0 0 0 0

26 227 225 241 0 0 0 0

28 1 0 0 0

42 2 5 0 0

48 50 53 60 48

50 22 35 30 40

Table 4 Optimization Of In vitro Migration Assay.
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7.3 .5 .2  C o n f i r m a t i o n  o f  t r a n s g e n e  e x p r e s s i o n  i n  M i g r a t i o n / i n v a s i o n  s t u d i e s  

78% of cells showed blue staining for B-Galactosidase after the 

trypsinisation and reattachment protocol used to assess migration in 

previously infected cells suggesting that continued transgene expression is 

possible under the experimental conditions used.

7.3 .5 .3  M i g r a t i o n / I n v a s i o n  R e s u l t s  

Migration of VSMCs.

Cells resuspended in conditioned media showed a 45%  reduction in 

migration when suspended in conditioned medium from Av1.LacZ4 

infected cells compared w ith control but a 91 % reduction in those in 

conditioned medium from A v l.T IM P l infected cells (see Figure 49A) 

(n = 9). This comparison controls for the nonspecific effects of virus 

infection compared w ith the actions of the TIMPI secreted after infection 

w ith the A v l.T IM P l virus. In cells directly infected migration was reduced 

w ith Av1.LacZ4 (60% reduction) and A v l.T IM P l (90% reduction)(see 

Figure 49B ) (n = 9). All these results showed a high degree of statistical 

significance (p<0.01  through out).

invasion of VSMCs.

When cells suspended in conditioned media were allowed to invade 

through a basement membrane barrier there was, however, no significant 

effect of either virus (p>  >0 .05 ) (see Figure 50A) (n = 1 2). In contrast cells 

directly infected w ith A v l.T IM P l showed a 27% reduction in invasion but 

there was no effect of infection w ith Av1.LacZ4 (see Figure 50B) (n = 12).

The chemoattractant used through out the chemotaxis experiments was 

PDGFBB.
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Figure 49 Migration of VSMCs.
A: Vascular smooth muscle cells were suspended in conditioned media from cells infected with 
Avl.TIMPl or Av1.LacZ4 (MO1100) or from uninfected control cells. They were then encouraged 
to migrate through collagen coated microperforate membranes by exposure to PDGF using a cell 
culture insert system. The cells on the lower side of the membrane were then stained and the 
number of cells per high power microscope field counted.
B: Vascular smooth muscle cells infected with Avl.TIMPl, Av1.LacZ4 and control uninfected cells 
were allowed to condition their own media for 24 hours prior to exposure to PDGF and migration 
(as above). Cells showed a 45% reduction in migration in response to Av1.LacZ4, which may 
represent a toxic or adhesive effect of the virus but a 90% reduction in response to Avl.TIMPl 
suggesting that TIMPI inhibits migration, results were the same in conditioned media or infected 
cells suggesting a paracrine effect for both TIMPI and Av1.LacZ4. (Mean +SEM are shown, n=9)
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Figure 50 Invasion of VSMCs.
A: Vascular smooth muscle cells were suspended in conditioned media from VSMCs infected with 
Avl.TIMPl or Av1.LacZ4 (MO1100) or from uninfected control cells. They were then exposed to 
PDGF to promote invasion through matrigel coated microperforate membranes. The cells on the 
lower side of the membrane were then stained and the number of cells per high power microscope 
field counted.
B: Vascular smooth muscle cells infected with Avl.TIMPl, Av1.LacZ4 and control uninfected cells 
were allowed to condition their own media for 24 hours prior to exposure to PDGF and invasion of 
a matrigel barrier (as above).
Exposure to conditioned media from either virus did not alter invasion compared with media from 
untreated cells. In contrast cells directly infected with Avl.TIMPl showed a 27% reduction in 
invasion compared with either control or Av1.LacZ4 infected cells. (Mean +SEM are shown, n=12).
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7.4 Discussion

7 .4 .1 Screening Of Candidate Recombinant Plaques By Southern And 

Western Analysis

32 potential recombinant plaques resulted from the calcium phosphate 

cotransfection of the shuttle vector pAVS6ATIMP1 and the large Clal 

fragment of the deleted type 5 adenovirus performed at Genetic Therapy 

Incorporated. 18 of these were screened for the presence of the TIMPI 

cDNA by using crude viral lysate to infect VSM C s after limited 

propagation of each of the plaques. A t least 11 of the plaques screened 

hybridized w ith  the TIMPI cDNA probe. Controls for presence of the 

TIMPI cDNA in 293 cells or the Ad5dl327 (deleted adenovirus used for 

recombination) showed no evidence of hybridization w ith  the TIMPI probe. 

The viruses were not screened at RNA level. It has been shown that the

cDNA was present and resulted in production of immunoreactive protein.

Plaque purification of one of the viruses studied by western analysis was

therefore carried out and the resultant virus is referred to as A v I .T IM P I.

7.4.2 in Vitro Assessment Of A vl.T IM P l in SV40 Transformed Vascular 

Smooth Muscle Cells And Primary Vascular Smooth Muscle Cells

In SV40 transformed and primary cultured vascular smooth muscle cells 

infection w ith A v l.T IM P l results in secretion of immunoreactive human 

TIMPI and this protein is biologically active. Reverse zymograms showed a 

major band of activity at 28 kD, the expected size for rat and human 

T IM PI, in cells infected w ith A v l.T IM P l and also showed minor bands at 

28 kD in media from uninfected or Av1.LacZ4 infected cells. The bands in 

the control lanes are likely to represent constitutively secreted rat T IM PI. 

These bands are absent in the western analysis because rat TIMPI is not
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detected by the anti human TIMPI antibody used. Viral infection w ith 

Av1.LacZ4 (MOI 100) does not appear to effect TIMPI bioactivity. The 

increase in TIMPI seen using reverse zymography is similar to that seen by 

Western analysis. Comparison of the Western analysis and reverse 

zymography suggests that there has been little change in the baseline 

secretion of rat TIMPI despite overexpression of human TIMPI and that 

most of the human TIMPI is biologically active. RNA analysis would be 

required to compare the true levels of expression of the human and rat 

TIMPI but reverse zymography of conditioned media reflects the overall 

inhibition of MMP activity (Leco et aL 1994; Hawkes et al. 1996). At 

higher multiplicities of infection of A v l.T IM P l an additional band was seen 

below the characteristic 28kD TIMPI band. This band showed both 

immunoreactivity and biological activity proportional to viral titre, 

suggesting that it represents partially glycosylated biologically active 

TIMPI produced by the transgene. This may indicate that at these levels of 

TIMPI production the glycosylation pathway becomes saturated.

One of three gels suggested a compensatory decrease in TIMP-2 in 

response to TIMPI overexpression but this was not born out by 

densitometric analysis of the triplicate experiments. Zymograms suggested 

that Gelatinase activity was unchanged by infection w ith  A v l.T IM P l. 

Zymography is accurate to picogram levels and efficiently separates the 

Gelatinases from TIMPI and 2 during electrophoresis of conditioned media 

(Kleiner and Stetler Stevenson, 1994).

Baker et a! have published similar in vitro results to those above using an 

adenovirus containing a CMV-TIMP1 expression cassette to infect rabbit 

smooth muscle cells (Baker et ai. 1996). In addition to studying bioactivity 

by reverse zymography they quantified secreted TIMPI using an ELISA for 

total TIMPI (i.e. bound and free). They were able to achieve higher levels 

of TIMPI by infecting cells at an MOI of 1000: 1243 ng/10"^cells/24 hours 

compared w ith 0.75 ng/1 O^^cells/24 hours at an MOI of 3. These data 

suggest that these cells can continue to increase the amount of TIMPI 

produced up to this high level. However it is unlikely that such high titres
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of virus would be applicable in vivo where tox ic ity  of the vector may 

become the limiting factor.

In summary a recombinant adenovirus has been screened and 

characterized which expresses human TIMPI at high levels in rat VSM Cs 

producing a protein which is both immunoreactive and has biological 

activity.

7.4.3 The effect of infection with A vl.T IM P l on proliferation of vascular 

smooth muscle ceils

Previous studies have supplied evidence that MMP inhibition may inhibit 

proliferation while TIMPs may stimulate it (Southgate et ai. 1992; 

Hayakawa et ai. 1992; Bertaux ef a/. 1991; Hayakawa et ai. 1994). It was 

the intention of these studies to address both questions by comparing 

baseline proliferation (which might be induced) and FGF stimulated 

proliferation (which might show some degree of inhibition). 

Pharmacological inhibitors of MMPs have been shown to inhibit 

proliferation assessed by [^H] thymidine incorporation in a concentration 

dependent manner (Southgate et ai. 1992). These results were obtained in 

a rabbit explant model where the extracellular matrix surrounding the cells 

may play a more important part in regulation of proliferation than in 

enzyme dispersal studies used here. It should be noted that this effect is 

not seen in all species (Kenagy et ai. 1996).

TIMPI is known to be a mitogen in some cell types, deriving its original 

name from its erythroid potentiating activity (Docherty et ai. 1985; Bertaux 

et ai. 1991; Hayakawa et ai. 1992). The mechanism of this mitogenic 

effect appears to be distinct from the ability to inhibit MMPs but is poorly 

understood. The proliferative effect of TIMP2 has been shown to be due to 

activation of adenylate cyclase stimulating cAMP dependent protein kinase 

but this mechanism has not been demonstrated for TIMPI (Corcoran and 

Stetler Stevenson, 1995). The most systematic study was undertaken in a 

Burkitt Lymphoma cell line. Free TIMPI and inactive reductively alkylated
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TIMPI caused increased proliferation but TIMPI-ProGelatinase B complexes 

(which retain MMP inhibitory activity) did not (Hayakawa et al. 1994). Less 

detailed studies of human aortic smooth muscle cells have been 

undertaken but showed a relatively small proliferative response to 

lOOng/ml of TIMPI compared w ith other cell types (Hayakawa et al. 

1992).

A further consideration in these studies is the role of the adenoviral vector. 

Wild type adenoviruses are known to influence the proliferation of host 

cells both by inducing them to enter S phase and by blocking apoptosis 

(Debbas and White, 1993). These are properties usually associated w ith 

the El A region of the adenoviral genome which interacts w ith a number of 

transcription factors including the retinoblastoma protein and E2F . This 

region is, however, deleted from the replication deficient viruses studied 

here. To confirm this the viruses used were screened for the ability to 

replicate by the absence of plaques on HeLa cells. It is clearly important to 

the study of proliferation that screening either by this method or by 

polymerase chain reaction for El A be carried out (Zhang et ai. 1995). In 

these studies of proliferation there was no evidence of an alteration in the 

DNA synthesis in quiescent cells in response to A v l.T IM P l (p all NS) or 

Av1.LacZ4 (p = 0.06) infection (n =4).

In cells stimulated to proliferate w ith bFGF a significant 58% reduction in 

DNA synthesis was seen in Av1.LacZ4 infected cells compared w ith 

uninfected control cells (p=  0.045). This reduction was not expected but 

has been described at higher multiplicities of infection in endothelial cells 

by other authors (Quax et ai. 1996). The control vector was chosen 

because it has identical deletions to the TIMPI vector and the gene 

expressed is under the control of the same promoter. This vector should 

therefore control for the effects of adenoviral infection, which are not 

related to TIMPI gene expression. If the A v l.T IM P l infected cells are 

compared w ith the viral control (Av1.LacZ4) a significant increase in DNA 

synthesis is seen at higher multiplicities of infection of A v l.T IM P l. The 

most relevant comparison is between the cells receiving MOI of 100 of
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either Av1.LacZ4 or A v l.T IM P l cells and a 45%  increase in proliferation 

was seen (p = 0.03). Clearly any proliferative effects of TIMPI are 

undesirable in a gene therapy vector. An additional control vector 

containing a scrambled or reversed TIMPI sequence would be of use in 

interpreting these results as it is unclear whether the most important effect 

here is of the Av1.LacZ4 virus to inhibit DNA synthesis or the secreted 

product of A v I .TIMPI to stimulate it.

Quiescent cells were not stimulated to proliferate by A v l.T IM P l but did 

respond to serum stimulation. Synergism between FGF and TIMPI has not 

been described and could potentially be excluded by repeating this study 

w ith a different mitogen. The stimulation of differentiated cells to 

proliferate is, however, known to increase expression of Gelatinase A, 

TIMP2 and reduce TIMPI (Pauly et al. 1994). The amount of TIMPI 

complexed to proGelatinase B, or possibly to Gelatinase A, may be critical 

to any mitogenic effect. There was no change in proliferation in these 

experiments when A v l.T IM P l infected cells were compared w ith 

uninfected cells.

In contrast to these results, which show constant or increased DNA 

synthesis, retroviral gene transfer of TIMPI is associated w ith a reduction 

in cell number from 6 to 10 days after gene transfer compared to cells 

infected w ith a control retrovirus (Forough et ai. 1996b). The difference 

may reflect the tw o parameters measured. [^H] Thymidine incorporation 

measures entry of the cells into S phase of the cell cycle when DNA 

synthesis occurs while an increase in cell number reflects mitosis 

(Kirschenlohr et ai. 1995). In studies of human VSMCs the tw o measures 

of proliferation appear to parallel each other, but this assumes that the 

conditions of study cause a constant loss of cells (Kirschenlohr et ai. 

1995). Cell number will increase as cells divide but could also be 

influenced by either necrosis or apoptosis. In this study DNA synthesis was 

measured. It was unchanged by A v l.T IM P l infection in quiescent cells. In 

bFGF stimulated cells receiving the TIMPI gene DNA synthesis was



189

increased when compared to adenovirus infected cells but not when 

compared to uninfected controls.

7.4.4 The Effect Of Infection With A v l.T IM P l On Migration and invasion 

Of Vascuiar Smooth Muscle Cells

The hypothesis underlying this study is that neointimal hyperplasia may be 

inhibited by preventing the migration of smooth muscle cells into the 

neointima by the overexpression of TIM PI. Inhibition of both migration and 

invasion of a basement membrane barrier by TIMPI gene transfer was 

demonstrated. Studies of pharmacological inhibitors of MMPs have 

revealed that they suppress invasion of smooth muscle cells in vivo 

(Bendeck et ai. 1994; Zempo et ai. 1996) and in vitro  (Pauly et ai. 1994). 

72 kD Gelatinase has been shown to be essential for the migration of cells 

through a basement membrane barrier (Pauly et ai. 1994). It has also been 

shown that phenotypic changes in vascular smooth muscle cells may alter 

their ability to migrate. Proliferating cells show enhanced migration 

compared to differentiated cells. It has therefore been suggested that one 

means of upregulating Gelatinase A activity after vascular injury may be 

the change of smooth muscle cells from a quiescent to a proliferating 

motile phenotype (Pauly et ai. 1994).

The experiments described in this thesis show tw o unexpected results. 

Firstly migration of smooth muscle cells is nonspecifically inhibited by 

adenoviral infection. Secondly migration is inhibited by TIMPI both in 

conditioned media and when cells were infected w ith A v l.T IM P l.

The inhibition of migration which accompanied adenoviral infection may 

represent a toxic effect of the virus but was only seen in the migration 

experiments not in the invasion studies. The effect was similar whether the 

cells were infected directly w ith the virus or had been resuspended in 

conditioned media. This raises the possibility that the effect could be 

mediated by a paracrine factor. Previous studies have shown that infection 

w ith Av1.LacZ4 does not alter the activities of the Gelatinases or TIMPs
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suggesting that they do not have a role in this effect of Av1.LacZ4 on 

migration. The mechanism appears to be related to an interaction between 

the cells and the collagen coated filter as it was not seen when the cells 

were seeded on to matrigel. It is possible that the expression of leukocyte 

adhesion molecules in response to adenoviral infection may make the cells 

adhere firm ly to the upper surface of the PET membranes and prevent 

migration (Newman et al. 1995). The induction of adhesion molecules by 

adenoviruses has, however, only been described in vivo and is usually 

attributed to infiltration of surrounding leukocytes rather than a direct 

effect on smooth muscle cells (Newman et ai. 1995). Further investigation 

of this effect w ith  lower viral titres, immunohistochemical staining for 

ICAM and VCAM, and different filter coatings might address these 

questions.

TIMPI significantly reduces migration in its own right, whether it is 

compared w ith controls or cells infected w ith  Av1.LacZ4. The ability of 

smooth muscle cells to invade a membrane barrier is clearly influenced by 

MMP inhibition (Forough et ai. 1996b; Pauly et ai. 1994). The mechanisms 

of inhibition of migration through plastic membranes are less obvious. 

Using peptide inhibitors and antisera Pauly et ai have observed no 

difference in migration through a collagen coated membrane in response to 

MMP inhibition (Pauly et ai. 1994). Results of experiments manipulating 

MMP activity using the TIMPs do not, however, always parallel those using 

pharmacological inhibitors. The experiments described in this thesis 

suggest that TIMPI can inhibit migration. This has also been observed in 

studies of B16F10 cells transfected w ith w ild type and deletion mutants of 

TIMPI (Walther and Denhardt, 1996). Deletion mutants that retained anti 

collagenolytic activity were able to inhibit either migration or invasion of 

the cell line.

The mechanism of this effect is unclear. Interactions between MMPs and 

integrins may play a part. MMP 2 is known to block adhesion to vitronectin 

but not to laminin and its inhibition by TIMPI might block adhesion rather 

than migration itself (Brooks et ai. 1996). It seems probable that cell-cell
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and cell-matrix interactions are important in the m otility of smooth muscle 

cells and in vitro  models that look only at the ability of a cell to digest a 

hole in a matrix layer are informative but overly simplistic.

A 30% reduction in invasion of a matrigel barrier was seen in the 

A v l.T IM P l infected cells compared w ith control or Av1.LacZ4 infected 

cells. These results parallel those of Pauly and Forough (Forough et ai. 

1996b; Pauly et ai. 1994). Pauly et ai used a number of strategies to study 

this process in vitro  including a comparison of inhibition of MMPs using 

MMP propeptides, thiol-based inhibitory peptides, and antisera to the 

MMPs (Pauly et ai. 1994). They found that invasion through a matrigel 

barrier was reduced by 80% when Gelatinase A activ ity was inhibited. 

Recent results show that cleavage of laminin 5, a likely component of 

matrigel (Kleiner and Stetler Stevenson, 1994), by Gelatinase A stimulates 

migration (Giannelli et ai. 1997). This may be an additional component in 

the results of Pauly et ai. Forough ef a/show ed a similar 75% reduction in 

invasion of retrovirally transfected smooth muscle cells overexpressing 

TIMPI using a thick basement membrane barrier (Forough et ai. 1996b). 

The greater degree of inhibition of invasion seen by these investigators 

compared w ith the results presented in this study is likely to be due to the 

presence of a higher concentration of T IM PI. The concentration of MMP 

inhibitors used in Pauly's study reduced the MMP activity in media by more 

than 99%. Retrovirally transduced cells used by Forough et ai were 

selected to ensure 100% of the cells express the transgene TIM PI. In 

addition the transgene was under the control of the CMV promoter, known 

to give higher levels of transgene expression than RSV. It is likely, 

therefore, that a higher level of MMP inhibition explains the greater 

inhibition of invasion in the studies discussed above compared to the 

results presented in this thesis.

Invasion of VSMCs resuspended in conditioned media was the same in the 

three experimental groups. This may reflect the long time course of the 

invasion experiments (48 hours). It is possible that TIMPI in conditioned 

media for 48 hours at 37 “ C may lose its biological activity. Forough et ai
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studied the effect of conditioned media from retrovirally transduced cells 

over four hours and showed a 60% inhibition of invasion (Forough et al. 

1996b). These results were however obtained using media that had been 

concentrated ten fold and a matrigel layer substantially thinner than that in 

the inserts used in this thesis. The higher concentrations of TIMPI which 

may occur w ith the retroviral selection system (discussed above) may also 

explain these divergent results.

Overall these results support the hypothesis that A v l.T IM P l may prevent 

the invasion of smooth muscle cells through a basement membrane barrier 

and therefore reduce neointimal development.
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C h ap ter 8. In  Vivo  Assessm ent Of A v I .TIMPI

8 .1  In t r o d u c t io n

The onset of a proteolytic state associated w ith increased MMP and 

plasminogen expression after vascular balloon injury appears to promote 

proliferation and migration of smooth muscle cells and the development of 

a neointima. The A v l.T IM P l virus inhibits migration in vitro . This would 

suggest that local overexpression in vivo may reduce neointimal 

hyperplasia although in vitro  there is little effect on proliferation of primary 

vascular smooth muscle cells. However there are difficulties w ith gene 

delivery in vivo, such as prolonged vessel occlusion and most importantly 

the systemic inflammatory response to viral infection. Newman et ai have 

shown that infection w ith replication deficient adenoviral vectors causes 

both inflammation of the vessel wall and development of neointimal 

hyperplasia (Newman et ai. 1995). Immune responses can also be 

provoked by the product of the transgene as well as the vector. This has 

been demonstrated by overexpression of baboon TIMPI in the rat resulting 

in neutralizing antibody production which prevented any biological effect 

on second administration of the same transgene (Forough et ai. 1996b). 

Therefore it is not possible to fully predict the success of a gene transfer 

strategy in vivo from in vitro  results.

The results of in vitro experiments discussed above have demonstrated 

that overexpression of TIMPI by adenoviral gene transfer can inhibit 

migration of smooth muscle cells w ithout altering proliferation. In this 

study A v l.T IM P l virus was used to express human TIMPI in vivo in the 

injured rat carotid. Immunohistochemistry and western blotting have been 

used to demonstrate successful gene transfer and histomorphometry used 

to assess the effect on the lesion formed after balloon injury. Proliferation, 

migration and collagen staining were studied to investigate the effect of 

TIMPI on the different components of the response to vascular injury.
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The aim of this study was to examine the effect of TIMPI expression, 

using the virus already characterized above, on the development of a 

neointima in the balloon injured rat carotid artery.

8 . 2  M e t h o d s

8.2.1 Animal Surgery.

300-350g male Wistar rats underwent balloon injury to the left carotid 

artery under general anesthesia as described on page 52. lOOpI of 

A v l.T IM P l diluted in RPMI medium (Gibco) was instilled into the carotid 

artery w ith a 20 minute luminal dwell period as described on page 123. 

Control rats received lOOpI of diluted Av1.LacZ4. Tissue was harvested 

tw o, four, and fourteen days after injury.

8.2.2 Isolation Of Arterial Protein And Western Analysis For TiMPI.

Western analysis of protein extracted from the arteries after gene transfer 

allowed assessment of optimal dosing for morphometric experiments. 

Surgery was carried out on 4 rats as described above. Two concentrations 

of virus were used for A v l.T IM P l and Av1.LacZ4 (5pl and 50pl of 

A v l.T IM P l (1x10^^ pfu/ml) and 5pl and 50pl of Av1.LacZ4 (1x10’°) each 

made up to lOOpI total volume for gene delivery w ith RPMI. The arteries 

were harvested 2 days after injury and the fresh tissue snap frozen in liquid 

nitrogen and homogenized in 0.05 mol/l Tris (pH 7.6), 1% SDS, 100 pg/ml 

leupeptin, and Ipm ol/I phenyl methyl sulphonyl fluoride (PMSF) (Webb et 

sL 1997). The homogenate was vigorously vortexed and centrifuged at 

12000 rpm for 5 minute. The supernatants were then assayed for protein 

concentration using the method of Bradford and western analysis for 

human TIMPI carried out.
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8.2.3 Zymography of Arterial Extracts.

Aliquots of the extracts of the arterial tissue prepared for western analysis 

described above were used for gelatin zymography to assess the biological 

activity of the Gelatinases. The samples had equal protein content and 

zymography was carried out as described on page 156.

8.2.4 Immunohistochemical Demonstration Of in Vivo TiMPI Gene 

Transfer.

Tissues harvested after pressure perfusion fixation at 120mmHg in 4% 

formaldehyde, 4 days after balloon injury, were embedded in paraffin. 5pm 

sections were cut onto poly-L-lysine coated microscope slides and heated 

at 60° C for one hour. The sections were deparaffinized in xylene for 3 

minutes and rehydrated in a graded alcohol series as follows: 100 % 

ethanol 30 seconds, 95 % ethanol for 30 seconds, 75 % ethanol for 30 

seconds and HgO for 10 seconds. Immunohistochemistry for human TIMPI 

was carried out as described on page 83 using monoclonal anti- human 

TIMPI antibody at a dilution of 1:1000. Sections were lightly 

counterstained w ith Haematoxylin to delineate the areas which did not 

demonstrate positive immunostaining (see page 261).

8.2.5 Morphometry.

Fourteen days after surgery tissues were fixed by 10 minute retrograde 

perfusion w ith 2% formaldehyde, 0.2%  glutaraldehyde at 1 20mmHg. The 

carotid arteries were harvested and paraffin embedded. 5pm serial 

histological sections were stained w ith Haematoxylin and Eosin and 

Verhoeff's -van Gieson and viewed at x40 magnification using a Labphot 

2A microscope (Nikon) and the images digitized using a JVC-TK 1281 

video camera and a Lucia M colour image processing system. The luminal 

area, area w ith in the internal elastic lamina, and area w ith in the external
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elastic lamina were traced and the intimai and medial areas were 

calculated by subtraction.

8.2.6  In Vivo SMC Migration

Migration of vascular smooth muscle cells was assessed by counting the 

number of cells which had migrated beyond the internal elastic lamina in 

samples perfusion fixed four days following gene transfer. This method is 

based on observations that the cells w ithin in the neointima at this time 

point are largely the result of migration and not proliferation (Clowes et sL 

1989). 20 Haematoxylin and Eosin stained sections were assessed per 

artery. Serial sections were stained w ith Verhoeff's-van Gieson's stain to 

confirm the site of the internal elastic lamina.

8.2.7 Measuring DNA Synthesis And Ceii Number.

Proliferation was assessed tw o days after injury in arterial sections 

perfusion fixed w ith 4% formaldehyde. Immunohistochemistry for the Ki 67 

antigen using rabbit polyclonal anti Ki 67 antibody at a dilution of 1:25 

(Dako) according to the principles described on page 83 was used. Prior to 

immunohistochemistry antigens were revealed by placing slides in 0.01 M 

Citrate buffer (0.01 M Citric Acid brought to pH 6.0 w ith 2M NaOH) at 

60 X ,  covering the container and microwaving the slides at 20% power 

for 2 periods of 5 minutes. The level of citrate buffer in the container was 

replenished as required to keep the slides immersed. The container was 

then rapidly cooled to 40° C by addition of distilled water. Following 

immunohistochemistry the reaction was developed using diaminobenzidine 

(Sigma fast DAB). Sections were lightly counterstained w ith  Haematoxylin 

to determine the percentage of positive nuclei.

The cell number w ith in the media and neointima was quantified four days 

after injury by counting nuclei in three Haematoxylin and Eosin stained 

sections taken at 100pm intervals.
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8.2.8 Picrosirius Red Staining For Collagen

Collagen studies used picrosirius red staining of paraffin embedded 

sections. Sections were dewaxed and rehydrated thoroughly. They were 

then incubated for tw o minutes in 0.2%  phosphomolybdic acid prior to 

staining in a 0.1%  solution of Sirius red F3BA in saturated aqueous picric 

acid pH2 for 90 minutes. Saturated aqueous picric acid was made by 

dissolving 6 g of picric acid in 200 ml dHgO w ith  heating. The PSR staining 

solution was saturated w ith picric acid such that crystals were visible. 

Sections were washed in 0.01 M HCI for tw o minutes prior to dehydration 

and mounting. The image analysis system described above was used to 

compare this measure of collagen content by calculating the integral 

density of the staining in the media and neointima of each section (Coats, 

Jr. e ra /. 1997). Where comparative density measurements were required 

all slides for a single experiment (control and intervention) were stained 

together.
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8 . 3  Re s u l t s .

8.3.1 Western Analysis For TiMPI

Figure 51 shows the western blot of the arterial extracts from the arteries 

infected w ith A v l.T IM P l. No human TIMPI immunoreactivity was seen in 

the samples from right carotid arteries of animals infected w ith A v l.T IM P l 

or those from Av1.LacZ4 infected arteries (not shown). The A v l.T IM P l 

infected arteries showed a clear band w ith 5x10® pfu but no band was 

seen when the higher concentration of virus (5x10®pfu) was used.

8.3.2 immunohistochemistry For TiMPI

Positive immunostaining was seen through out the media and adventitia of 

the left carotid arteries which received the A v l.T IM P l virus w ith similar 

results at tw o and four days after injury (see Figure 52). No staining was 

seen in the Av1.LacZ4 left or right carotid arteries or in the right carotid 

arteries of the A v I .TIMPI rats.
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Figure 51. Western Analysis of Arterial Extracts Probed With Anti Human TIMP1 Antibody.

Lanes 1 shows the 30kD molecular weight marker. Lane 2 is empty. The other lanes contain the 
samples of protein extracted from rat arteries 2 days after balloon injury or media from cells known 
to stably overexpress human TIMPl (positive control). In each case virus was administered to the 
left carotid artery (LCA) of the animal and the right carotid artery (RCA) is used as a control.

Immunoreactive protein is only seen in the lanes containing extracts from the LCA which received 
the lower concentration of virus, 5x10® pfu, and the positive control.
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Figure 52 Photomicrographs of Anti-Human TIMPl Immunostaining of Rat Carotid Arteries 
Two Days After Injury and Viral Gene Delivery.

Panels A and C show Av1.TIMP1 infected arteries at x40 and x400 magnifications and 
panels B and D show arteries exposed to Av1.LacZ4 at the same magnification. The 
tissue was perfusion fixed in situ with paraformaldehyde and immunostained with anti 
human TIMPl antibody prior to light counterstaining with haematoxylin.

Immunohistochemistry of Av1.TIMP1 and Av1.LacZ4 infected arteries confirms the 
transmural distribution of human TIMP1 with the majority of immuostaining in the media. 
No staining was seen in the Av1.LacZ4 sections.
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Figure 53. Zymogram of Arterial Extracts

Lanes 1 shows the molecular weight markers. Lane 2 is empty. The other lanes contain the 
samples of protein extracted from rat arteries 2 days after balloon injury or media from a cell line 
which constitutively expresses Gelatinase A and has been stably transfected to overexpress 
Gelatinase B (positive control). In each case balloon injury and virus administration has been 
carried out on the left carotid artery (LCA) of the animal and the right carotid artery (RCA) is used 
as an uninjured control.

Only the injured left carotid arteries show detectable Gelatinase B (92kD) which is known to be 
induced by vascular injury. No difference in the levels of Gelatinase A (72kD) and B was seen in 
the AvI.T IM PI and Av1.LacZ4 treated arteries.
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8.3.3 Zymography Of Arterial Extracts

Figure 53 shows the zymogram of the arterial extracts from the arteries 

infected w ith Av1.LacZ4 and A v I.T IM P I. All samples from left carotid 

arteries, which had been balloon injured, showed the presence of 

Gelatinase B w ith equal activity in both A v I.T IM P I and Av1.LacZ4 treated 

arteries. No Gelatinase B was seen in samples from the right carotid 

arteries. Levels of Gelatinase A were equal in all the arteries.

8.3.4 Morphometry Of AvI .  TIMPl And Av1.LacZ4 Infected Arteries

To determine the effect of TIMPl expression on neointimal development, 

histomorphometric analysis of arterial cross sections from 28 animals, 14 

days after vascular injury and gene delivery was carried out. Three animals 

(one from the Av1.LacZ4 group and tw o from the A v I.T IM P I group) had 

thrombosed left carotid arteries and were therefore excluded from the 

analysis. A 32% reduction in neointimal area in the A v I.T IM P I infected 

arteries was seen compared w ith Av1.LacZ4 infected arteries. The 14 

animals in the Av1.LacZ4 showed mean neointimal areas of 0 .14  + /-  0.01 

mm^ compared to 0.09 + /-0.01 mm^ in the 14 A v I.T IM P I infected arteries 

( p =  0.02, see Figure 54). Similarly, neointima to medial ratio was 27% 

less in the A v I.T IM P I group compared w ith the Av1.LacZ4 group (p = 

0.04) (see Figure 55). In order to assess overall vessel wall remodeling the 

area w ithin the external elastic lamina in each group was also calculated. 

This showed a mean area of 0.448 + /- 0.02 cm^ in the Av.LacZ4 infected 

arteries and 0.403 + /- 0.01 cm^ in the A v I.T IM P I infected arteries 

(p = NS). Figure 56 shows representative sections from the A v I.T IM P I and 

Av1.LacZ4 treated groups stained w ith Haematoxylin and Eosin, 

Verhoeff's-van Gieson, and Picrosirius red.
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Figure 54 Intimai Area 14 Days After Gene Delivery.

Neointimal area in AvI.T IM PI and Av1.LacZ4 infected arteries is shown, fourteen days after injury 
and gene delivery. Data shown are mean + SEM, (n=14). A 30 % reduction in the area of the 
neointima formed is seen in the AvI .TIMPl treated arteries.



204

p=0.04

.2
CL)

§
CD

0.16 y

0.14 -  

0.12 -  

0.1 _ _

I  pv 0.08 4-

0.06 -  

0.04 -  

0.02 -  

0

Avl.LacZ4 AvI.TIMPI

Figure 55 The Ratio of Intimai Area to Medial Area in AvI.T IM PI and Av1.LacZ4 Infected Arteries, 
Fourteen Days After Injury and Gene Delivery.

Data shown are mean +SEM, (n=14). Intimai Medial ratio shows a 27% reduction in the AvI.T IM PI 
group compared to the Av1.LacZ4 group. This method standardizes the size of the intima in each 
animal to the size of the media and therefore allows for variations in the original size of the artery.
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Figure 56 Photomicrographs of sections of AvI.T IM PI and Av1.LacZ4 infected arteries fourteen 
days after injury, illustrating the reduction in neointimal thickening.

Panel A and B show AvI.T IM PI and Av1.LacZ4 sections stained with Haematoxylin and Eosin 
Panel C and D show AvI.T IM PI and Av1.LacZ4 stained with VerhoefTs-van Gieson which stains 
elastin black and Collagen I red. Panel E and F show AvI.T IM PI and Av1.LacZ4 sections stained 
with Picrosirius Red which stains all collagen fibres red. (Magnification x40)
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8.3.5 Smooth Muscle Cell Proliferation, Migration And Collagen 

Accumulation.

Smooth muscle cell proliferation was assessed using immunoreactivity to 

the Ki 67 antigen tw o days after balloon injury and showed no significant 

difference in the A v I .TIMPl infected arteries compared w ith  the

Av1.LacZ4 (Ki 67 labeling index: 19.5 + /-  5.3 versus 19.2 + /- 3.3, p =

NS) (see Figure 57). The total cell number w ithin the external elastic 

lamina, counted four days after injury, in three sections taken at 100pm 

intervals along the length of each artery was compared in five animals 

treated w ith A v I.T IM P I and five w ith Av1.LacZ4. The cell number in the 

Av1.LacZ4 treated arteries was 40%  greater than in the A v I.T IM P I 

infected arteries ( 434 + /- 56 compared w ith 260 + /- 36, p =  0.048) (See 

Figure 58 and Figure 59).

It has been previously established that the great majority of cells seen 

w ithin the internal elastic lamina four days after balloon injury of the rat 

carotid artery have migrated in from the media of the artery and are not 

the result of proliferation in the intima (Clowes and Schwartz, 1985). 

These have been quantitated using morphometric and en face 

immunohistochemical techniques (Clowes and Clowes, 1986; Jackson et 

ai. 1993). In vivo migration was assessed in this study by counting the

number of cells present w ithin the internal elastic lamina of 20 sections

taken at 100 pm intervals in each artery (See Figure 60). A highly 

significant difference was seen between the A v I.T IM P I and Av1.LacZ4 

arteries of 5.2 + /- 0.5 versus 12.8 + /-1 .5 cells per section (p=  5x10'®) 

(See Figure 61).

Collagen accumulation is seen in the late stages of the response to balloon 

injury, and collagen content m ight be increased after gene transfer of a 

matrix breakdown inhibitor. Collagen content was assessed by 

densitometric analysis of picrosirius red stained sections. The integral 

density of picrosirius red staining in the neointima and media of A vI.T IM P I
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infected arteries was in fact significantly lower than in Av1.LacZ4 arteries 

(2483 + /- 171 versus 3161 + /-  187, p = 0.01 ) suggesting that no increase 

in total collagen content of the sections had occurred (see Figure 62). The 

apparent decrease in total collagen staining in the A v I.T IM P I arteries is 

likely simply to reflect the smaller area of the arteries. When the PSR 

staining is expressed per unit area of artery measured the results are not 

significantly different (A vI.T IM P I 12900 + /-  780 versus Av1.LacZ4 

13400 + /-490 densitometry units mm^).
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Figure 57 Prolifération of Smooth Muscle Cells In Vivo.

A: Smooth muscle cell proliferation assessed using immunoreactivity to the Ki 67 antigen two days 
after balloon injury and showed no significant difference in the AvI.T IM PI infected arteries 
compared with the Av1.LacZ4 (Mean +SEM are shown, n=14). Panel B shows an example of a 
section stained with antiKi67 antibody showing positive immunostaining of nuclei that are actively 
proliferating. Ki 67 index indicates ratio of the number of stained nuclei to the total number of 
nuclei in the media and intima of the section. (Magnification x400)
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Figure 58 Photomicrographs Illustrating Cell Loss In AvI.T IM PI Arteries Compared With 
Av1.LacZ4.

Panels A and B show AvI.T IM PI and Av1.LacZ4 sections respectively, harvested four days after 
vascular injury and stained with Haematoxylin and Eosin (Magnification x40). Panel C and D 
show AvI.T IM PI and Av1.LacZ4 sections respectively, photographed at higher magnification 
(x400).

The media of the AvI.T IM PI infected arteries shows a 40% reduction in the cell number with large 
areas in the arterial wall devoid of nuclei.
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Figure 59 Medial And intimai Ceii Number Four Days After Arterial injury And Gene Delivery.

Data shown are mean +SEM, (n=5). The total cell number within the external elastic lamina, was 
counted in arteries harvested four days after injury. The cell number in the Av1.LacZ4 treated 
arteries was 40% greater than in the Av1 .TIMP1 infected arteries.
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Figure 61 !n l//Vo Smooth Muscle Cell Migration.
Data shown are mean +SEM, (n=5). Migration of smooth muscle cells was assessed in AvI.TIMPI 
and Av1.LacZ4 infected arteries, four days after injury, by counting cells within the internal elastic 
lamina in 20 sections from each artery. Five arteries were studied in each group and the mean and 
SEM are shown. A 60 % reduction in migration is seen in the Avl .TIMP1 treated group.
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Figure 60 In Vivo Assessment of Migration of Smooth Muscle Cells.

Panels A and B show sections harvested four days after vascular injury and stained with 
Haematoxylin and Eosin at magnifications of x 100 and x 400 respectively. Both photomicrographs 
represent arteries exposed to Avl .LacZ4 at the time of vascular injury and show a number of cells 
which have migrated beyond the internal elastic lamina.
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Figure 62 Collagen Content Assessed by Densitometric Analysis of Picrosirius Red Stained 
Sections.

A shows the mean and SEM of the integral density o f picrosirius red staining in the neointima and 
media of AvI.T IM P I infected arteries. This was significantly lower in the A vI.T IM P I arteries than 
in Av1.LacZ4 arteries.

B shows the mean and SEM of the integral density of picrosirius red staining per unit area of the 
arterial wall, that is the data shown in panel A have been Normalised to allow for the difference in 
area of the arteries.
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8.4 D is c u s s io n .

The results presented above represent the firs t demonstration that in vivo 

arterial gene transfer of TIMPl attenuates the development of a neointima 

after vascular injury w ith a marked reduction in smooth muscle cell 

migration, in vitro  experiments showed that the secretion of biologically 

active TIMPl which follows A v I.T IM P I infection inhibits the migration of 

vascular smooth muscle cells and this was confirmed by a 60% reduction 

in migration of smooth muscle cells in vivo. In this study both in vivo and 

in vitro  analysis of DNA synthesis and proliferation showed no reduction in 

proliferation in response to T IM P l. This study confirms that the inhibition 

of matrix breakdown in vivo alters neointimal formation and presents the 

first direct in vivo evidence of attenuation of the response to vascular 

injury by altered smooth muscle cell migration (Forough et ai. 1996b).

8.4.1 Transgene Expression After in Vivo Gene Delivery Of Avl .  TiMPI.

Western analysis confirms the successful transfer of the human TIMPl 

cDNA and production of the transgene at the expected molecular weight 

w ithin tw o days of balloon injury. In addition the data from infection w ith 

Av1.LacZ4 and A v I.T IM P I suggest that 5x1 O^pfu is the optimal amount of 

virus to infect a 1.5 cm segment of artery. The reduction in gene product 

at the higher dose of A v l .TIMPl is likely to be explained by tox ic ity  of the 

virus causing direct cytopathic effects and an increased immune response. 

This then results in the death of the infected cells and an overall reduction 

in TIMPl protein. The toxic effects of adenoviral coat proteins are likely to 

be sufficient to cause cell death w ithout infection and transgene 

expression when higher doses are used (Schulick at si. 1995). In all 

subsequent experiments 5x1 O^pfu of virus in lOOpI of RPMI was used. 

Immunohistochemistry revealed transmural immunoreactive human TIMPl 

protein w ith the strongest immunostaining seen in the medial smooth
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muscle cell layer. These results confirm successful gene transfer in vivo 

and demonstrate the 'bystander e ffect' which can be seen when the gene 

for a secreted protein is transferred. The previous studies, transferring a 

nuclear localized form of the Lac Z gene, showed a low transfer efficiency. 

The results above show diffusion of the TIMPl protein throughout the 

arterial wall. Similar results were seen at tw o and four days after balloon 

injury.

8.4.2 Morphometry Of A v l .TIMPl And A v l .LacZ4 Infected Arteries.

Neointimal area and neointimal medial ratio results both confirm that in 

vivo gene delivery of A v I.T IM P I reduces the formation of a neointima 

after vascular balloon injury. A 32% reduction in neointimal area and a 

27% reduction intimai medial ratio occurred in the A v I.T IM P I infected 

arteries was seen compared w ith Av1.LacZ4 infected arteries. These 

results closely parallel those of Forough et a! who saw a 40 % reduction in 

neointimal area 14 days after balloon injury in the same animal model when 

retrovirally transduced smooth muscle cells expressing TIMPl were seeded 

into the carotid artery. The slightly greater reduction observed using 

retroviral gene transfer is unlikely to be significant as the variability in the 

retroviral gene transfer experiments was greater than that observed in this 

study (standard error 0.049mm compared w ith 0.01mm in the retroviral 

and adenoviral experiments respectively).

The results presented in this thesis support the hypotheses put forward in 

previous observational studies that the upregulation of matrix 

metalloproteinases after vascular injury indicates an important role for them 

in the formation of a neointima (Bendeck et si. 1994; Zempo at si. 1994; 

Webb at si. 1997).
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8.4.3 Smooth Muscle Cell Migration, Proliferation And Coiiagen 

Accumuiation

Migration of smooth muscle cells in vivo is d ifficu lt to quantify and 

methods which are based on en face immunohistochemistry and electron 

microscopy have been described (Jackson et ai. 1993; Bendeck et ai.

1994). Both techniques are based on the observation that smooth muscle 

cells first appear in the neointima 3-4 days after injury and that up to 96% 

of these cells appear to be the result of migration and not proliferation 

(Jackson et ai. 1993; Clowes et ai. 1989). The en face technique relies on 

an anti-histone antibody which identifies, nonspecifically, any cell w ithin 

the internal elastic lamina. The en face technique benefits from the ability 

to observe the full length of an artery but is only reliable if no damage to 

the internal elastic lamina is sustained during preparation of the artery for 

immunohistochemistry and the absence of endothelial regrowth. In this 

thesis, rather than adopting the en face technique, intimai cells were 

counted in 20 transverse sections taken at 100pm intervals along the 

length of infected arteries. A 60% reduction in A v I.T IM P I infected arteries 

compared to those infected w ith Av1.LacZ4 was observed. This 

approaches relies on counting a large number of sections to gain a 

representative selection of the whole artery.

The 60% reduction in migration seen in vivo is greater than that observed 

in vitro. One would anticipate that a higher local concentration of TIMPl 

was achieved around transfected smooth muscle cells of the arterial wall 

than in the conditioned media of cells in culture. In addition to possible 

higher concentrations of TIMPl it may also be secreted in more important 

sites at the perimeter of the cell. Several groups have highlighted the 

importance of focalizing proteolysis, via the MMPs, to the leading edges of 

a cell, often via integrin interactions (Ward et ai. 1994; Brooks et ai. 1996; 

Basbaum and Werb, 1996). It has been shown that Gelatinase A is 

localized to the surface of invasive cells via the avB3 integrin which can 

also act as a cell surface receptor for adenoviruses (Brooks et ai. 1996). It 

is therefore possible that adenoviral gene delivery may localize transgene
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expression to potentially invasive cells because the virus can use the 

integrins expressed on these cells to gain entry. In theory, at least, gene 

transfer strategies may have functional advantages over pharmacological 

MMP inhibitors because they would be better able to harness these normal 

cellular processes.

In vivo detection of cell proliferation was carried out using a Ki 67 antibody 

which reacts w ith cells at all stages of the cell cycle but not w ith cells in 

Go or early (Brown and Gatter, 1990). The most commonly used 

immunohistochemical methods of assessing cellular proliferation utilize 

antibodies to bromodeoxyuridine (BrdU), Ki 67, and proliferating cell 

nuclear antigen (PCNA) (Yu et ai. 1992). BrdU is a thymidine analogue 

which is incorporated into the cells during S phase and, therefore, 

demonstrates active DNA synthesis. BrdU is administered in vivo , usually 

over a 24 hour period, when proliferation is to be assessed and then 

detected in tissue sections using monoclonal anti-BrdU antibodies. PCNA is 

a nuclear antigen which is essential for DNA synthesis, acting as an 

auxiliary protein for DNA polymerase 5 (Bravo et ai. 1987). PCNA 

immunostaining may, however, overestimate rates of proliferation. Ki 67 is 

a non-histone protein which is expressed at all stages of the cell cycle but 

not w ith  cells in Ggor early G^. It has been shown in a number of studies to 

correlate w ith flow  cytom etry, thymidine labeling, and bromodeoxyuridine 

labeling, reviewed by (Yu et ai. 1992). A disadvantage of Ki 67 based 

techniques has been the sensitivity of the antigen to fixation but a subset 

of anti-Ki 67 antibodies can be used in paraffin embedded tissue (Leers et 

ai. 1997).

in vivo detection of cell proliferation using Ki 67 antibodies showed no 

difference between A v l LacZ4 infected arteries and A v I.T IM P I arteries. 

There was, however, a decrease in cell number in the media and neointima 

of the A v l .TIMPl infected arteries four days after vascular injury. The total 

number of cells w ill not be influenced by migration differences between the 

tw o groups because both neointima and media were counted. The in vitro 

results and the in vivo proliferation indexes measured using Ki 67 in this
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study (and using BrdU labeling in the study of Forough et a! using retroviral 

gene transfer (Forough et a!. 1996b)) do not suggest a reduction in DNA 

synthesis. There appears to be a selective loss of cells in the A v l .TIMPl 

treated group which may possibly be due to necrosis or apoptosis.

The inhibition of the matrix metalloproteinase enzymes could result in the 

early onset of matrix accumulation after vascular injury and therefore be 

associated w ith adverse remodeling of the vessel wall. No negative 

remodeling could, however, be identified when the area subtended by the 

external elastic laminae in the A v I.T IM P I and Av1.LacZ4 arteries were 

compared. A modification of the method described by Coats et a! to 

investigate the collagen content of the vessels 14 days after gene transfer 

was used (Coats, Jr. et a!. 1997).

Collagen content is most frequently measured by analysis of 

hydroxyproline content (Laurent, 1997). This method can however prove 

unreliable when applied to small samples, such as the rat carotid artery. A 

number of authors have investigated methods which allow estimation of 

collagen content using digital image analysis of histochemical sections 

(Whittaker ef a/. 1994; Coats, Jr. et al. 1997; Karim et al. 1995; Pickering 

and Boughner, 1990). Picrosirius red is a histochemical stain for collagen 

which is more specific than Masson's trichrome (Whittaker et at. 1994). 

Digital subtraction image analysis has been employed to optimize the 

brightness contrast between collagen and surrounding structures. Two 

approaches have been used, the first relies on the birefringence of PSR 

stained collagen under polarized light (Pickering and Boughner, 1990), and 

the second on the chemical elimination of cytoplasmic staining using 

phosphomolybdic acid (Dolber and Spach, 1987). Background yellow 

staining using picrosirius red is of particular importance in the myocardium 

where collagen fibrils may be obscured by myoplasmic staining. This is 

successfully eliminated in arterial specimens by phosphomolybdic acid 

treatment (Dolber and Spach, 1987). Quantitative comparison of polarized 

light image analysis and hydroxyproline has only been applied to rabbit 

arteries and showed only moderate correlation (r = 0.65) (Karim et al.



219

1995) when compared w ith myocardial specimens (r = 0.98) (Pickering and 

Boughner, 1990). This may reflect the small size of the arteries and 

thickness of sections (5pm) which is not suited to analysis w ith circularly 

polarized light which highlights fiber orientation. The specimens analyzed in 

this thesis were examined visually under circularly polarized light w ith dark 

ground microscopy but the light levels produced poor images which were 

beyond the lim it of detection of the Lucia image analysis system. Analysis 

of integral density of the picrosirius red staining was therefore employed 

(Kratky et al. 1996).

The picrosirius red stained sections are translucent apart from the red 

collagen staining which varies in density according to the amount of 

collagen present (see Figure 56). Integral density of the medial and 

neointimal layers of picrosirius stained sections thus reflects the total 

amount of collagen present in that area of a section. This unexpectedly 

showed a higher total collagen staining in the Av1.LacZ4 treated group 

than in the A v I.T IM P I group. When these results were normalized to the 

area measured, the density of picrosirius red staining per mm^ was the 

same in both groups. This suggests that while the absolute amount of 

collagen is greater in the Av1.LacZ4 group than the A v I.T IM P I group 

there is no difference in the collagen content per unit area. The lower 

collagen content in the A v I.T IM P I group reflects the reduced area of 

neointima present. These results are similar to those found using a 

nonspecific pharmacological MMP inhibitor (GM6001) in the rabbit iliac 

double injury model where radiolabeled hydroxyproline was assayed 

(Strauss et ai. 1996). In this study a nonsignificant 25% reduction in 

neointimal area was accompanied by a significant 33% reduction in 

collagen content in the inhibitor treated group compared w ith placebo. 

Both collagen synthesis and degradation were reduced by MMP inhibition.

In another study using the rat model of vascular injury the same MMP 

inhibitor (GM6001) reduced in vivo smooth muscle cell migration by 97% 

four days after injury (Bendeck et ai. 1996). The final lesion was not 

altered by this pharmacological inhibitor when neointimal areas were
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compared at 14 days and this has been explained by a phase of 'catch up' 

growth which was measured between ten and fourteen days after injury. 

One interpretation of the results from pharmacological inhibitors of the 

MMPs in the vascular system, was that inhibiting smooth muscle cell 

migration in this way was not sufficient to inhibit lesion growth.

The results presented in this thesis show that inhibition of migration of 

smooth muscle cells in vivo by TIMPl gene transfer reduces neointimal 

hyperplasia. This supports earlier analysis of the rat model that suggested 

that 50% of the neointimal cells are derived through proliferation and 50% 

from migration, and may explain the incomplete inhibition of neointimal 

hyperplasia by inhibition of either proliferation or migration alone (Clowes 

and Schwartz, 1985). The difference between pharmacological inhibitors 

and the studies of gene transfer may be due to the specificity or level of 

inhibition of the MMPs. In contrast to the studies discussed above, one 

report using a broad spectrum MMP inhibitor, Batimastat, in the rat carotid 

model showed a reduction in neointimal hyperplasia at 14 days after injury 

(Zempo et ai. 1996). This may be because Batimastat is a less specific 

inhibitor of the matrix metalloproteinases than CT1746 or the other 

inhibitors which have failed to effect a change in lesion size (Bendeck et ai. 

1996; Strauss et ai. 1996). Batimastat also inhibits other 

metalloproteinases, such as the ADAMs, whose role as a TNFa converting 

enzyme has been investigated (Black et ai, 1997). There is a marked 

discrepancy between the concentrations at which all these compounds 

inhibit MMPs in vitro and the much larger doses required to see biological 

effects in vivo leading to speculation that they were not acting solely by 

MMP dependent mechanisms. Thus the studies of pharmacological 

inhibitors have failed to prove the specific role of MMPs in vascular injury 

in vivo.

TIMPl gene transfer was chosen in this thesis because while TIMPl 

inhibits all the MMPs it has a particular specificity for Gelatinase B which is 

upregulated soon after vascular injury. It is also possible that the important 

difference in the gene transfer approach to vascular injury is the reduction
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in cell number in the arterial wall after TIMPl gene transfer. This effect 

was seen in vivo but not in vitro suggesting that it is partially mediated by 

interaction of the transgene or vector w ith other components of the arterial 

wall itself. If this is due to a specific biological effect of TIMPl on either 

necrotic or programmed cell death it may influence the application of this 

viral vector not only in the response to vascular injury but also in tumour 

metastasis.

In summary, it has been shown that direct in vivo gene transfer of TIMPl 

using an adenoviral vector inhibits neointimal development by 30%, and 

that a similar reduction in smooth muscle cell migration, demonstrated both 

in vivo and in vitro, may be the underlying mechanism. A reduction in cell 

number in the arterial wall followed TIMPl gene transfer in vivo which 

parallels that seen in vitro by other groups (Forough et ai. 1996b). The 

mechanism of this novel effect w ill add to our understanding of the role of 

the TIMPs in the vasculature. In this study the use of TIMP gene transfer 

provides specific evidence of the role of the MMPs in vascular smooth 

muscle cell migration and the response to vascular injury. To date, the 

majority of gene transfer studies of the response to arterial balloon injury 

have focused on reducing proliferation of smooth muscle cells, but these 

results suggest that migration of these cells has an equally important role. 

Ultimately, the unwanted aspects of the response to vascular injury may be 

best targeted by inhibition of both migration and proliferation of smooth 

muscle cells. The matrix metalloproteinases and their inhibitors are a major 

regulatory component in these responses.
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C h a p t e r  9  C o n c l u s io n s

O r ig in a l  f in d in g s  a n d  C o n c l u s io n s  

Pharmacological inhibition of the MMPs.

A t the time this work commenced no data were published on the effect of

MMP inhibitors in vivo in the vascular system. The studies described in 

Chapter 3. Pharmacological Inhibition Of The MMPs , identified the 

limitations of the compound examined. The poor solubility and the lack of 

correlation between in vitro  and in vivo effects appears common to all 

pharmacological inhibitors and makes them a poor tool for the study of the 

biology of the MMPs in the vasculature. As shown in this thesis, and by 

others, they do not inhibit neointimal formation after vascular injury, 

despite an initial effect on migration of VSMCs, (Bendeck at ai. 1996; 

Strauss at ai. 1996). This has ruled out their therapeutic application in the 

vasculature after systemic administration.

A fter the studies of CT1746 were complete, one report of a reduction in 

neointimal hyperplasia in the rat model was published using a broad 

spectrum pharmacological MMP inhibitor, Batimastat (Zempo at ai. 1996). 

Perhaps the most interesting aspect of this paper is the contrast w ith the 

previous results using several different inhibitors. Clearly Batimastat has 

some unique action which either prevents the catch up phenomenon seen 

w ith the other inhibitors or has an unrelated effect on lesion development. 

Inhibition of the disintegrin and metalloproteinase fam ily (ADAMs), which 

can prevent of activation of TNFa may be one explanation (Black at ai. 

1997). This raises new questions about cross talk between the ADAMs 

and MMPs which can only be addressed using highly specific inhibitors of 

each. Gene transfer of native inhibitors, such as the TIMPs, may help to 

answer these questions.
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Adenoviral Gene Transfer To The Arterial Wall.

During this project I developed techniques for reproducible and quantifiable 

propagation and purification of adenoviral vectors and studied a number of 

herpes virus vectors. These studies show that viral gene transfer is an 

accessible tool for vascular biologists.

The results of these marker gene transfer studies highlight many of the 

difficulties associated w ith viral gene transfer. Efficient in vitro  expression 

of the transgene was achieved w ith relatively low titres of adenovirus 

giving expression in 100% of cells. Little tox ic ity  was seen. The versatile 

adenoviral vector system allowed the same techniques to be applied rapidly 

to a number of cell types. In contrast current herpes virus vectors showed 

inefficient gene transfer to smooth muscle cells and significant toxicity.

In comparison, the in vivo results for both types of viral vector showed 

relatively low levels of expression. Herpes viruses proved too inefficient to 

be suitable for further use in vivo in the vasculature. Using adenovirus the 

expression observed was more efficient but was lost completely when 

titres were increased over a relatively narrow range. Others have shown 

that this is due to the combination of host immune responses and tissue 

injury, and can result in neointimal hyperplasia, the exact opposite of the 

desired therapeutic effect (Newman et si. 1995).

Paralleling the experimental findings in these studies the field of gene 

transfer has passed from a period of optimism, through skepticism, into a 

more constructive acceptance of the difficulties associated w ith 

therapeutic application. The work in this thesis shows that in vivo gene 

delivery requires in vivo titration of the optimal amount virus used. 

Reproducibility of surgical techniques and control of coagulation had to be 

formally assessed in order to ensure a reproducible result and measure the 

biological effect of a transgene. These aspects of gene delivery would be 

much more d ifficu lt to control in a human population w ith greater biological 

variability of the subjects. This diversity would effect not only size of the 

target artery, and the structure and content of the atherosclerotic plaque, 

but also pre-existing levels of adenoviral antibodies.
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This study does, however, show that the unwanted response to vascular 

injury can be reduced using adenoviral gene transfer of TIMPl in vivo. This 

proves that low levels of transfer of marker genes is not always predictive 

of the biological response to a 'therapeutic ' transgene. The use of a 

transgene that encodes a secreted product or has a bystander effect 

substantially improves the prospects of altering a biological end point in 

vivo (Chang et ai. 1995a; Simari et ai. 1996; Guzman et ai. 1994). 

Comparison of photomicrographs of arteries infected w ith  A v I.T IM P l 

(Figure 52) and Av1.LacZ4 (Figure 27) illustrate the transmural distribution 

of a diffusable gene product compared to a nuclear localized protein. The 

TIMPl w ill thus have a biological effect on many cells w ith in the vessel 

wall which were not successfully transfected.

Inhibition Of Neointimai Hyperplasia By Adenoviral Gene Transfer Of 

TIMPl.

A novel gene transfer vector, A v I.T IM P l, was designed and characterized 

during these studies. The vector was isolated by screening a number of 

potential recombinant viruses, purified and grown in quantities required for 

in vivo studies. The vector was able to consistently express human TIMPl 

in rat vascular smooth muscle cells in quantities proportional to the amount 

of virus used to infect cells in culture. The protein produced by infection 

w ith A v I .TIMPl was detectable w ith a highly specific anti human TIMPl 

monoclonal antibody and was shown to retain its biological function using 

reverse zymography. in vitro studies of the functional effects of the 

A v I.T IM P l virus showed a minimal increase in proliferation at high titre 

compared to cells infected w ith a marker virus, Av1.LacZ4. No change in 

proliferation was seen when A v I .TIMPl infected cells were compared to 

control uninfected cells. Invasion of smooth muscle cells into a matrigel 

barrier was inhibited by 27% by infection w ith A v I.T IM P l supporting the 

underlying hypothesis of this thesis. Migration through uncoated
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membranes was also seen to be substantially reduced by TIMPl although 

some of this reduction may be due to effects of viral infection as a smaller 

decrease in migration was seen in marker virus infected cells.

For In vivo studies the TIMPl adenoviral vector was delivered to the rat 

carotid artery follow ing balloon injury. Four days later immunoreactive 

protein was identified and migration of smooth muscle cells reduced by 

60%. Neointimai area 14 days after injury showed a 30% reduction in the 

animals receiving the A v I.T IM P l virus compared w ith  controls. Further 

studies showed that there was no difference in proliferation of smooth 

muscle cells in A v I.T IM P l infected arteries compared w ith controls two 

days after injury, confirming that the change in final lesion size is not 

mediated by proliferation. An unexpected loss of cells was observed in the 

A v I .TIMPl arteries four days after injury compared w ith control. The 

striking reduction in cell number may have been due to necrosis or 

programmed cell death but was not accompanied by an inflammatory cell 

infiltrate. Analysis of the collagen content of arteries using picrosirius red 

staining excluded the possibility of any adverse accumulation of matrix in 

the final lesion in the A v I .TIMPl infected group. These findings support 

the hypothesis that arterial balloon injury involves MMP-dependent smooth 

muscle cell migration, which can be attenuated in vivo by the transmural 

expression of TIMP-1 using adenoviral gene transfer.

A large number of studies have successfully reduced neointimai hyperplasia 

by preventing proliferation of smooth muscle cells (Chang et ai. 1995b; 

Yang et ai. 1996; Chang et ai. 1995c; Bennett et ai. 1994; Abe et ai. 

1994; Morishita et ai. 1994; Simons et ai. 1994; Chang et ai. 1995a; 

Simari et ai. 1996; Guzman et ai. 1994; Simari et ai. 1996; Morishita et ai.

1995). However smooth muscle cell proliferation may sometimes be 

advantageous in the vasculature, for example, in stabilizing a vulnerable 

atherosclerotic plaque. The work in this thesis shows that neointimai 

formation can be reduced significantly w ithout altering proliferation, raising 

the possibility of an exciting alternative target for therapy. Using the 

established method of detection of migration in this model, the number of 

neointimai cells four days after injury is clearly reduced. Substantial
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changes are clearly occurring in the arterial wall between tw o and four 

days after injury. The considerable loss of cells in the arterial media may 

have caused an apparent reduction in estimated migration to the neointima 

due to an overall paucity of cells in the vessel wall. Because these tw o 

possible events were analysed at the same time point in these studies it 

was not possible to distinguish their relative contributions. In vitro results 

showed no visible effect on cell survival but did demonstrate reduced 

migration. Four days after injury is the only time point at which in vivo 

migration can be quantified in this model, because after four days intimai 

cell number reflects both proliferation and migration. Detection of in vivo 

inhibition of MMPs might support the role of migration but unfortunately 

this technique has only proved applicable to larger animals such as rabbits. 

Gene transfer of TIMPl reduces neointimai formation; possible contributory 

mechanisms are the reduction in medial cell number four days after injury 

or reduction in neointimai cell count at the same time point.

Adenoviral vectors have a significant advantage over retroviral vectors in 

facilitating the study of migration of smooth muscle cells after vascular 

injury. Unless used in very high titre retroviral vectors are too inefficient to 

transfer genes directly to native smooth muscle cells (Zhu et a! 1997). 

Adenoviral vectors, however, allow direct genetic modification of native 

smooth muscle cells of the arterial wall whose migration can then be 

observed. It is likely, however, that transfer of multiple genes in 

combination may be necessary to produce further reductions in lesion size 

after vascular injury. An adenoviral vector which expresses genes that can 

inhibit both migration and proliferation may be the next step.

These studies have highlighted the differences between some 

pharmacological means of inhibition of the MMPs and gene transfer of 

T IM P l. The ability of TIMPl to inhibit formation of a neointima may be in 

part due to its wider distribution in the vessel wall than can be achieved 

w ith the pharmacological inhibitors. The in vitro  and in vivo results suggest
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support the contribution of the inhibition of smooth muscle cells migration 

to this result. There may however be additional properties of TIMPs, 

possibly independent of their ability to prevent matrix breakdown by the 

MMPs, which have prevented the 'catch up' phenomenon seen in the 

majority of pharmacological studies (Bendeck et a!. 1996; Strauss et a!. 

1996; Kenagy et al. 1996). The loss of cells in the TIMPl treated arteries 

was only observed in vivo and may have prevented or compensated for 

any catch up smooth muscle cell growth. This novel effect may represent 

either necrosis or apoptosis. It is known that in some circumstances 

extracellular matrix contact can mediate cell survival and the replacement 

of specific components or imbalance in the matrix composition of the 

arterial wall might mediate the cell loss observed (Khwaja et ai. 1997; 

Weaver et ai. 1996). TIMPS has recently been shown to mediate cell death 

by stabilizing TNFa receptors but it is not known if this is a property of 

other members of the TIMP family (Smith et a! 1997). The ability of the 

matrix disintegrins (ADAMs) to regulate TNFa activation gives a biological 

precedent for matrix mediated control of cell survival (Black et ai. 1997) 

The TIMPs may potentially influence not only the structure of the matrix 

but also modulate important cytokines as well interact w ith  MMPs and 

integrins which can influence cell m otility forming a matrix-regulated 

signaling system.

In summary, this thesis studied the in vitro and in vivo effects of inhibition 

of the matrix metalloproteinase enzymes on smooth muscle cells. The 

pharmacological inhibitor studied (CT1746) proved ineffective in altering 

the response to vascular injury in vivo. Adenoviral and Herpes vectors 

encoding marker genes were studied in vivo and in vitro  to determine the 

optimal type of vector and conditions for successful gene transfer to the 

balloon injured rat carotid artery. A novel adenoviral vector encoding 

human TIMPl was developed and its ability to express biologically active 

TIMPl in a dose dependent fashion demonstrated in smooth muscle cells. 

This vector was used to demonstrate that in vivo arterial gene transfer of
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TIMP1 attenuates lesion development after vascular injury, w ith a marked 

reduction in the number of smooth muscle cells migrating to the neointima 

and in the medial cell number.

Fu t u r e  W ork

In all research the results that are most exciting are the ones that raise 

more questions than they answer. A number of specific questions which 

have arisen as a result of the work in this thesis are outlined below as well 

as a personal view  of some of the possible future directions for the field of 

gene transfer to the arterial wall.

These studies have highlighted some possible additional properties of 

T IM P l. The mechanism underlying the early loss of cells from the media of 

arteries after transfer of TIMPl remains unexplored. Is this a necrotic or 

apoptotic effect of TIMPl ? In either case the effect appears only to be 

present in vivo and therefore may be mediated by cell cell or cell matrix 

interactions. This could be dissected by in vitro  experiments on different 

matrices and by co-culture. Possible mediators might be TNFa (either by a 

change in activation by MMPs or by a change in the level of receptors) or 

Tenascin C which is a matrix component known to be associated w ith cell 

survival. The effects of TIMPl on migration are likely to involve more than 

the ability to digest matrix, changes in adhesion and the loss of pro- 

m igratory matrix components such as Laminin V may be important.

These studies have looked only at TIMPl but it is likely that the other 

TIMPs also have an important role in the vasculature. Further experiments 

might study the ability of adenoviral vectors encoding TIMPs 2-4 in the 

same in vitro and in vivo models. The changes in baseline expression of 

these TIMPs and the MMPs in response to gene transfer would give 

interesting insights into the ability of the vessel wall to adapt. Longer term 

studies of the lesion in the arterial wall after TIMP gene transfer would also
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be desirable to discover if the formation of a lesion has been avoided or 

only postponed.

Ultimately it is likely that transfer of multiple genes in combination may be 

necessary to produce greater reductions in lesion size after vascular injury. 

It is now possible using internal ribosome entry sites to have expression of 

tw o genes in series in a single vector. An adenoviral vector which 

expresses genes that can inhibit both migration and proliferation may be 

the next step.

This thesis has demonstrated some of the difficulties of viral gene transfer 

as well as its ability to achieve a modification of the vessel wall response 

to injury. The majority of these difficulties relate to the humoural and 

cellular immune responses that arise even when a replication deficient 

vector is used. Second and third generation adenoviruses promise to 

reduce this effect but remain unproven as yet. New vectors employing 

lentiviruses, adeno-associated viruses and more heavily deleted 

adenoviruses continue to be developed in addition to the viral conjugate 

and liposomal vectors. To date no trials of viral gene transfer vectors have 

been approved for human use in the vasculature.

In addition to developing new vectors and broader targets for vascular 

gene transfer it is necessary to apply it to large animal models which allow 

studies that closely reflect the clinical situation. The TIMPl vector used in 

this study w ill be studied in the porcine coronary model of vascular injury 

which allows investigation of gene transfer to both normal and pre-injured 

arteries using delivery devices developed for human clinical use. The 

potential for rapid application of the results to clinical practice exists. 

Adenoviral gene transfer is established as a powerful tool to investigate the 

pathophysiology of the vasculature. The current adenoviral vectors may 

not be ready for clinical use but human vascular gene therapy has already 

become a reality w ith three clinical trials of plasmid gene transfer to the 

vessel wall which have begun recruiting patients in Europe and the USA. 

This raises exciting challenges for those working in this emerging field 

where only a short distance separates the benchtop from bedside.
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A ppendices

A p p e n d ix  1 H is t o l o g ic a l  S t a in in g  Pr o t o c o l s

Haematoxy/in and Eosin

1) Sections were rehydrated by immersion in Xylene solutions for three 

minutes tw ice, they were then placed in the follow ing alcohols for 3 

minutes: 100% ethanol, 100% ethanol, 70% ethanol and finally tap 

water.

2) Sections were stained for 1 5 minutes in Cole's Haematoxylin made as 

follows: 1.5g Haematoxylin was heated in 250 ml dHgO until dissolved. 

700ml 10% saturated aqueous potassium alum and 50ml 1% iodine in 

95% alcohol were added and the solution briefly boiled before rapid 

cooling. The solution was filtered prior to use.

3) The sections were briefly washed in a tray of running tap water.

4) They were then differentiated in acid alcohol (1 %HCI in 70% ethanol) 

for 1 5 seconds.

5) Sections were washed for 5 minutes in dHgO.

6) Sections were then stained w ith 1 % Eosin (in tap water) for five 

minutes.

7) Sections were briefly washed in water.

8) The slides were then rinsed in 70% ethanol and dehydrated for 3 

minutes in the follow ing series of solutions: 70% ethanol, 90% ethanol, 

100% ethanol. Xylene, Xylene.

9) The slides were mounted in DPX (BDH)

10) This results in blue nuclei, red muscle, and pink collagen.
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Verhoeff's-van Gieson

1) Sections were rehydrated by immersion in Xylene solutions for three 

minutes tw ice, they were then placed in the follow ing alcohols for 3 

minutes: 100% ethanol, 100% ethanol, 70% ethanol and finally tap 

water.

2) Sections were placed in 0.5%  potassium permanganate for five minutes 

and then rinsed in dHgO.

3) Sections were then placed for three minutes in 1 % oxalic acid and 

rinsed in dHgO and then 95% ethanol.

4) Sections were stained in M iller's stain (BDH) for tw o hours.

5) They were rinsed in 95% ethanol for ten seconds and then in dHgO.

6) The sections were stained in van Gieson's stain (BDH) for four minutes.

7) The slides were then rinsed in 70%  ethanol and dehydrated for 3 

minutes in the follow ing series of solutions: 70% ethanol, 90% ethanol, 

100% ethanol. Xylene, Xylene.

8) The slides were mounted in DPX (BDH).

9) This results in black staining of elastic fibres.

Nuclear Fast Red

1) Sections were rehydrated by immersion in Xylene solutions for three 

minutes tw ice, they were then placed in the follow ing alcohols for 3 

minutes: 100% ethanol, 100% ethanol, 70% ethanol and finally tap 

water.

2) Sections were placed in 0.1 % Nuclear fast red (Sigma) in 5% aluminium 

sulphate for 5 minutes.

3) Sections were then washed in dHgO.

4) The slides were then rinsed in 70%  ethanol and dehydrated for 3 

minutes in the follow ing series of solutions: 70% ethanol, 90% ethanol, 

100% ethanol. Xylene, Xylene.

5) The slides were mounted in DPX (BDH).



263

Modified Nuclear Fast Red Protocol For X-Gal Stained Blocks.

1 ) All tissue incubated in X-Gal prior to fixation was embedded in paraffin 

using short cycles designed for biopsy tissues to minimize exposure to 

organic solvents, in particular xylene, which w ill wash out the blue 

pigment product of the X-Gal reaction.

2) Sections were rehydrated by immersion in Xylene solutions for 20 

seconds tw ice, they were then placed in the follow ing alcohols for 20 

seconds: 100% ethanol, 100% ethanol, 70% ethanol and finally tap 

water.

3) Sections were placed in 0.1 % Nuclear fast red (Sigma) in 5% aluminium 

sulphate for 5 minutes.

4) Sections were then washed in dHgO.

5) Slides were then mounted in aquapolymount, an aqueous mountant in 

which the blue pigment product of the X-Gal reaction is not soluble.

6) Where possible sections were photographed or the images stored on a 

computer image analysis system shortly after staining.
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Ther. 3(7):560-566, 1996.
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