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ABSTRACT
Failure of revasculanzation procedures for the treatment o f coronary artery
disease, such as balloon angioplasty, typically occurs as a result of restenosis, a
renarrowing of the lumen at the site of intervention. Restenosis is characterized by the
formation of a neointimal lesion, a process that involves migration of smooth muscle
cells fiom the medial to intimai region of a blood vesse1 followed by ce11 proliferation
and extraceIlular ma&

deposition. No intervention to date has proven to be clinically

significant with regards to efficacy. As a result, a unique compound, MIBG, that inhibits
post-translational modification of proteins associated with signal transduction pathways
that modulate ce11 migration, proliferation and differentiation was investigated- H4IIE
hepatoma cells were used to establish that MJBG inhibited ce11 growth and proliferation.

MIBG was also shown to prevent differentiation of L6 skeletal myoblasts into myotubes,

an effect that was reversible on removal of the compound. The effect of MIBG on
differentiation was found to be a consequence of its action on the expression of key
elements in the myogenic program, Smooth muscle cells are the primary ce11 type
involved in the events leading to restenotic Iesion formation, and studies with MIBG
demonstrated that this compound is capable of inhibiting both smooth muscle ce11
migration and proliferation in response to growth factors and other stimulating agents.
Furthemore, there was an indication that the compound may affect several signaling
pathways in smooth muscle cells, as demonstrated by MBG-dependent inhibition of
l'GEz-mediated c-fos gene expression. An organ culture model of balloon angioplasty
was used to show that MIBG is capable of inhibiting restenosis under controlled
experimental conditions. Finally, femoral angioplasty in vivo was used to confirrn the
data generated with the organ culture model in a physiologically relevant system. MIBG

xxi

significantly reduced neointirnal formation in the injured regions of a porcine femoral
artery when compared to arteries without MLBG treatment. These studies indicate that the
inhibition of cell migration, proliferation and differentiation by MIBG may be beneficial
in the treatment of restenosis post-angiopiasty and therefore applicable to therapeutic
intervention in a clinical setting.
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1.0

Introduction
Coronary artery disease (CAD) is one of the leading causes of death in North

America (49% of al1 cardiovascular disease deaths in the United States in 1997). With
our aging population, the burden to the health care system associated with CAD will only
get worse. Many rnedical, surgical and mechanical procedures are availabfe to treat the
symptoms of CAD, including percutaneous transluminal coronary angioplasty (PTCA), a
cornmon revascularization technique for the treatment for coronary artery disease.
Unfortunately, Iate-stage procedural failure of thÏs technique is prevalent (occurs in 30-

50% of patients) due to the development of intima1 hyperplîsia at the site of angioplasty
(Liu et al. 1989; McBride et al. 1988). The clinical consequences of restenosis, which
include recurrence of angina, myocardial infarction and sudden death, typically
necessitate the need for re-operation (Califf et al. 199 1; McKema et al. 1994).
Restenosis, defined as the loss of lumenal gain following revascularization of a
lesion-filled vessel, represents the vascular response to arterial injury. The paradigm for
restenosis post-angioplasty has three distinct but integrated phases: i) formation of a
mural thrombus (involving both coagulation and inflammation), ii) migration and
proliferation of cells, and iii) secretion of extracelluIar matrix (ECM) with subsequent
remodeling (Glagov et al. 1987; Jackson & Schwartz 1992; Ross & Fuster 1996;
Schwartz et al. 1992a; Schwartz et al. 1995a; Schwartz & Reidy 1996; Thyberg 1998). It
is now clearly established that the (neo)intimal lesion forms as a result of smooth muscle
ce11 (SMC) migration from the media1 to intimai layer of the vessel, followed by
proliferation of the cells and deposition of ECM (Schwartz et al. 1994; Schwartz et al.
1992a; Schwartz et al- 1995a). From this description, it would be assumed that an
intervention that inhibits any of these SMC functions should have a significant impact on
both the patient and the disease process. Howcver, neither pharmacological nor

mechanical interventions targeted to these functions have been c h i c a l l y effective to date
(de Smet et al. 1997; Landzberg et al, 1997; Lefkovits & Topo1 1997; Post et al. 1997).
This would suggest that not al1 contributors to the compfex process of restenosis have
been defined, and that there may exist other targets that w o d d be amenable to
intervention.
Smooth muscle cells (SMCs) inhabit a unique position in the spectrum of cells
that undergo differentiation. In cornpanson to skeletal and cardiac muscle cells that
undergo terminal differentiation, SMCs do not appear to be teminaily differentiated as
demonstrated by their capacity to modulate behveen differentiated and de-differentiated
States (Katoh & Periasamy 1996). As a result, the SMC is "phenotypically plastic", and
retains the ability to proliferate and replicate in response to environmental cues and
injury. However, rnuch like skeletal and cardiac muscle cells, expression of phenotypicspecific genes in SMCs is regulated by distinct families of transcription factors (Owens
1995; Sartore et al. 1999; Sobue er ul. l998). The expression of these genes appears to
provide the impetus for SMC activation and subsequent phenotype alteration in response
to signals present in the immediate cellular environment.
The role and contribution of SMCs to restenotic lesion formation is significant

(Bauters & Isner 1997; GIagov 1994; Schwartz et al. l992a; Schwartz et al. 1995a). In
response to vascular injury, activated SMCs undergo a change in phenotype frorn a
quiescent, contractile state to a proliferative, synthetic state (Le. de-differentiation) which
is capable of repairing the damage (Sobue er al. 1999; Thyberg 1998). This change in
function is characterized by an ability to migrate from the media to the intima (Le.
directional response), proliferatc and secrete components of ECM (Majesky et al. 1992),
and is accon-ipanicd by cxtensivc structural rc-organization (Thybcrg 1998). The
nicchanism bchind tl-ic shift in phcnotypc is still poorly undcrstood, howcvcr, it is a

reversible process since the SMCs return to a contractile state after formation of the
intima1 plaque and completion of repair (Hedin

et

ai. 1999b; Thyberg 1998).

Lnterestingly, during n o m a l wound healing, it has been suggested that remodeling
continues indefinitely (Koopmann 1995; Kudravi & Reed 2000). Therefore, it is possible
that SMCs do not truly return to their initial quiescent and contractile state, as seen in

vivo in the normal media, but remain in an interrnediary state that is capable of
responding to certain stimuli (Gibbons & Dzau 1994; Owens et a[. 1996; Thyberg 1996).
In this scenario, it is then pIausible that under certain circurnstances, SMCs behave more
like a transformed tumour ce11 capable of indefinitely responding to specific cues in its
environment. Within the context of the vesse1 wall, this would constitute an exaggerated
repair with resultant encroachment of the neointirnal into the lumen, the hallmark of
restenosis. Thus, the cellular events associated with de-differentiation, as defined by
migration, proliferation and secretion of ECM proteins, ultimately precede restenotic
lesion formation post-injury.
A vanety of ce11 signaling molecules are coordinately regulated in the activated

SMC, and these intracellular messengers have discrete functions with respect to the
regulation of ce11 proliferation, migration, differentiation and secretion of ECM. The best
characterized of the intracellular signal pathways involve either tyrosine phosphorylation
cascades or the activation of GTP-binding proteins (including G protein-coupled
receptors and small GTP-binding proteins). Exarnples of signai moiecules involved with
each type of signaling cascade include mitogen activated protein ( M M ) kinase,
phosphatidylinositol 3-kinase (PI3-kinase), and p21-Ras. These molecules have been
associated with cellular processes such as ce11 proliferation, migration, differentiation,
contraction and apoptosis (Adam

et

al. 1995; Cowley et al. 1994; Di Salvo et al. 1997;

Force & Bonventre 1998; Inagami & Eguchi 2000; Khalil & Morgan 1993; Klemke et al.

1997; Mansour et al. 1994; Nelson et al. 1998; Pfitzer & Amer 1998; Soltoff et al. 1993;
Varticovski et al. 1994). Many of these intracellular signaling cascades affect processes
within the nucleus of the cell, including modulation of gene expression and regulation of
ce11 cycle proteins (Cook et al. 2000; Marshall 1999; Treisman 1996; Zhang er al.
1993b). Also worth considenng are novel intracellular regulatory modifications such as
ADP-ribosylation which has been shown to occur endogenously in eucaryotic cells and
has been demonstrated to influence a vanety of ce11 finctions (D'Amours et al. 1999;
Okazaki & Moss 1996a; Okazaki & Moss 1996b; Zolkiewska et al. 1994). While this
particular regulatory system is not as well characterized as traditional signal pathways,
ADP-ribosylation of proteins by exogenous mono(ADP-nbosy1)transferases ( W T s ) of
bacterial origin has been shown to influence certain ce11 signaling cascades (Aktones
1994; Aktories 1997; Gierschik 1992; Moss 1987; Okazaki & Moss 1996b). Moreover,
rnART activity has been shown to increase following mitogen stimulation, and inhibition
of this enzyme can prevent ce11 proliferation (Yau et al. 1998). Interestingly, the rnolecule
at the centre of my studies, meta-iodobenzylguanidine (MIBG), is a known inhibitor of
arginine-dependent mono(ADP-ribosy1)transferase (arg-rnART) (Loesberg et al. 1990b;
Smets et al. 1988a; Smets et al. 1988b; Smets et al. 1990b) and it rnay be this enzyme
target that is central to the anti-proliferative effects of MIBG.

MIBG, an analog of norepinephrine (NE), is used clinically in the radio-iodinated
form for the detection and therapy of neuroendocrine tumours. More recently, unlabelled

MIBG has been used in the treatment of small bowel tumours (Akle et al. 1997) and has
been tested for the therapy of neuroblastoma in experimental models and carcinoid
syndrome clinically (Cornelissen et al. 1995a; Kuin et ai. 1999; Ramage et al. 1995;
Smets et al. l988b; Taal el al. 1999; Taal el al- 1996; Zuetenhorst et al. 1999). Presently,
its mechanism of action as a chernotherapeutic anti-tumour agent are not known,

although it appears to have both anai-proliferative and anti-metastatic properties
(Cornelissen et al- 1997b; Cornelissen et al. 1995a; Prvulovich et al. 1998; Srnets et al.
1988b). Furthemore, in experïmental culture systems, MIBG has demonstrated an ability
to inhibit both cellular proliferation and differentiation (Graves et al. 1997; Huang et al.
1996; Kharadia et al. 1992; Thybergg et al. 1995b). Interestingly, differentiated
neuroblastoma cells exhibit an increased affinity for and uptake of MIBG (Iavarone et al.
1993; Montaldo et al. 1996). This information is highly suggestive that MIBG could be
applied in the treatment of restenosis, simce it affects not only cell proliferation but also
ce11 migration and ce11 differentiation. This senes of studies was designed to determine
the efficacy of MIBG as an inhibitor of .ceIl proliferation, migration and differentiation
using a spectrum of cell types that

encompass the various ceIlular properties

representative of the target SMC populartion that contributes to restenosis. In addition,
experiments were conducted to elucidate a mechanism of action for MIBG with respect
to ceit proliferation. Finally, models of vascular injury and (neo)intimal lesion formation
were employed to examine the feasibility .of using MIBG for the prevention of restenosis.

2.0

Review of Literature

2.1

Heart disease in North Arnerica
Cardiovascular disease is one of the leading causes of morbidity and mortality in

North Arnerica. In 1997, it was estirnated that close to 1,000,000 people died from a
cardiovascular disorder in the United States- In Canada, although the number of deaths is
not equivalent, a similar percentage of the population is affected (581/100,000 in US vs.
430/100,000 in Canada). Furthemore, it is estirnated that the total cost of cardiovascuIar
disease (and stroke) to the health care system was $286.5 billion (in 1999, and projected
to be $326-6 billion in 2000) in the United States (AHA 1999) and $7.3 billion (in 1995)
in Canada (Canada 1995). Moreover, because cardiovascular disease is prïmarily a

disease of aging, the incidence of cardiovascular disease and the burden to the health care
system is increasing, mainly due to an increase in the percentage of individuals over the
age of 55. Although a varïety of different conditions fall under the umbrella of
cardiovascular disease, including hypertension, myocardial infarction, stroke, congestive

heart failure and coronary artery disease (CAD)(atherosclerosis or arteriosclerosis), the
majority of deaths are attributable to coronary artery disease (greater than 50%) and its
sequelae (Le. myocardial infarction, angina pectoris and congestive heart failure).

2.2

Coronary artery disease

2.2.1

Definition of coronary artery disease
CAD is defined as obstruction of the arteries that feed the heart. The obstruction

is the result of arteriosclerosis, a group of diseases characterized by thickening,
hardening, loss of elasticity and restntcturing of arteriat walIs (Dorland 1988; Woolf
1982). There are three distinct f o m s of arteriosclerosis: 1) Monckeberg's arterioscIerosis,
which involves calcification, hyalinization and necrosis in the media of the artery, 2)

arterioIosclerosis, which involves smaller arteries and 3 ) atherosclerosis, an extrernely
common form of arteriosclerosis in which deposits of yellowish plaques (atheromas)
containing cholesterol, Iipid material and foam ceIls (macrophage- and/or smooth muscle
cell-denved) forrn within the intima and inner media of large (elastic arteries) and
medium-sized (muscular) artenes (DorIand 1988). Although atherosclerosis develops
over decades, it is nevertheless considered to be pnmarily a phenomena associated with
the aging process. However, this may be a consequence of the rnechanism and
progression of atherosclerosis and the ability of the body to compensate for early stages
of disease, since signs and symptoms of atherosclerosis arise during the more severe
stages of disease when progressive detenoration is no longer tolerated by the body.

2.2.2

Classification of coronary artery disease
In the past, atherosclerosis was classified in purely descriptive terms. The

classical nomenclature distinguished three stages of atherosclerotic plaque progression:
1) fatty streak, 2) fibrous plaque, and 3) cornplicated lesion (Grundy 1990; Yutani et al.
1999). More recently (past 10 years), these classifications have been revised according to
information concerning the morphological and biochemical details of the processes
involved in the progression of coronary atherosclerosis. Stary's classification, which
separates lesion progression into £ive phases defined according to rnorphological
characteristics established by the AHA cornmittee on Vascular Lesions, is now
universally accepted (Stary et al. 1992; Stary er al. 1995; Stary et al. 1994; and as
reviewed in Yutani et al. i999). Phase 1 represents the small lesion. These lesions
progress slowty over a nurnber of years, are commonly found in individuals under the age
of 30 and are further subdivided into type I - III lesions. Type I lesions contain only
macrophage-denved foam cells, while type II lesions contain both macrophages and
srnootli muscle cells, and type III lesions are made up largely of smooth muscle cells. At

this stage, al1 three lesion types contain lipid deposits. Phase 2 represents the plaque with
a high lipid content. These plaques do not significantly reduce blood flow at this stage but

are prone to rupture. Phase 2 plaques are classified as type IV or V. Type IV lesions are
highly cellular and contain a large arnount of lipid, while type V lesions are more fibrotic.
Phase 3 Iesions are considered to be cornplicated type VI lesions with the potential of
initiating mural tiirombus formation. These lesions may then progress to a fibrotic, nonocclusive phase 5 lesion or gradually evolve into an occlusive lesion. On the other hand,
phase 4 Iesions are complicated type VI Iesions sternrning from pIaque rupture, tlirornbus
formation and sudden occlusion, The occlusive thrombus rnay be fibrotic in phase 5.
(Stary et al. 1992; Stary et ut- 1995; Stary et al, 1994). In al1 cases, advanced
atherosclerotic lesions (phases 2 to 5; types IV to VI) result in loss of local blood flow,
tissue ischemia and possible episodes of angina pectoris (Gotlieb & Havenith 1991;
Woolf 1982). Furthemore, the resulting occlusive lesion of advanced atherosclerosis
(phase 3 to 5; types IV to VI) may lead to myocardial infarction, stroke or ischernic
damage to other end organs ( e g kidney), with subsequent complications resulting in
death (Gotlieb & Havenith 199 1; Woolf 1982). Treatment options have included medical
interventions, surgical interventions and, more recently, percutaneous revascularization
techniques (Favaloro 1994; Frishrnan et al. 1998; Gnintzig et a[- 1979).
2.2.3

Interventions for the treatment of coronary artery disease
The cost of atherosclerosis to the individual is I-iigh since its sequelac often

include niyocardial infarction, stroke, heart failure and other end organ failure, tliercby
limiting the quality of lifc and the rangc of activities for that individua1. Furthemore, the
moriality rate from this disease is estimated to be 50%, accounting For an estimatcd
520,189 dcaths in North America in 1996 (44,065 Canada, 476,124 United Statcs). As a

rcsult, both mcdical and surgical intcrvcntions havc bccii dcvclopcd to improvc

symptoms and outcomes (Le. morbidity and mortality), and as preventative measures for
the onset of associated disease States. Medical interventions employ drug therapy to
alleviate symptoms of angina pectoris, a consequence of ischemic CAD. These therapies
include a host of vasodilating agents such as nitroglycerin, calcium channel blockers,
angiotensin converting enzyme (ACE) inhibitors and, in some cases, beta-blocker therapy
( F r i s h a n et al. 1998; O'Neill 2000). Although these medical interventions are effective
in improving the symptoms, thereby allowing patients to resume their normal daily
activities, this treatment modality neither ameliorates the underlying atherosclerotic
lesion, nor improves blood flow into the region that has been affected by the plaque,
except on a sornewhat cyclical, per treatrnent basis. Newer therapies based on prevention,
including lipid-lowering agents (Siegel 1997) have had success, but only with subgroups
of patients. Therefore, revascularization procedures have been developed as a rneans of
restoring normal blood flow to the affected region of the heart. These procedures
effectively reduce the mortality rate fiom myocardial infarction and heart failure resulting
from coronary artery obstuction.
2.2.4

Surgical treatment of coronary artery disease
The primary surgical intervention for coronary artery obstruction Is coronary

artery bypass-grafting (CABG). In this procedure, a segment of saphenous vein is grafied
from the aorta to the coronary artery, thereby circumventing the region of obstruction.
While the autogenous vein graft still remains the standard conduit for al1 forms of
revascularization because of its verasatility and ease of implantation, the use of arterial
conduits, such as internal mammary and radial arteries, is gaining favour (Favaloro 1994;
Green 1989). Arterial conduits, especially the internal mammary artery, are an advantage
since they demonstrate excellent sustained patency (failure rate of 5 to 10% at 10 years),
tending to fail much less frequently from the development of intima1 hyperplasia

compared to vein grafts (failure rate of 50% at 10 years) (Galbut et al. 1990; Lvert et al.
1988; Loop et al. 1986; Lytle et al- 1985; Lytle et al. 1987; Zeff et al. 1988). This allows
for longer-term survival of patients without the need for repeat revascuiarization
procedures.
2.2.5

Non-surgical, non-medical treatments for coronary artery disease
While surgical intervention is considered to be the best treatment option for those

with either multivessel disease or extensive atherosclerotic Iesions, percutaneous
transhminal coronary angioplasty (PTCA) is often preferred as the method of treatment
in patient populations with atherosclerosis, since it is noninvasive and "non-surgical". For

these reasons, recovery times are much shorter and the cost to the health care system is
considerably less. Since the initial paper on PTCA by Gruntzig et al. (1979), the creation
of newer methodologies based on similar principles of plaque "ablation" demonstrated by

PTCA has flourished (Brown et ai- 1996). Among the more popular options are
directional atherectomy, coronary stenting and excimer laser angioplasty. While no
rnethod has proven better than any other, it does deserve mention that al1 of these
techniques, including PTCA, have been improved upon over the last 20 years. There have
not only been significant technical advances but there has also been an increase in
operator experience and training, more refined patient selection criteria and improvement
in angiographic selection criteria (Dangas & Fuster 1996; Fischman et al. 1994; Mudra et
al.

1997)- In addition, increased understanding of the prïmary post-operative

complications has resulted in the development of adjunct drug therapy designed to
decrease thrombus and clot formation. As an addendum, al1 thc techniques discussed in
previous sections and in the Collowing scctions for treatmcnt of CAD can also bc uscd to
control peripheral vascular lesions and its sequelae.

2.251 Percutaneous trânsluminal coronary angioplasty
Since the introduction of PTCA in 1979 by Gruntzig et al. ( 1979), the procedure

has gained widespread use and acceptance. In the United States alone, it is estimated that
447,000 PTCA procedures were perfomed in 1997, and this number is growing every
year (greater than 5% annually). In Canada, an estimated 16,933 PTCA procedures were
camed out in 1995. When Europe, Australia and Japan (and parts of SE Asia) are
factored into the equation, close to 1,000,000 PTCA procedures are performed in any
given year worldwide. PTCA involves positioning a catheter fitted with an inflatable
balloon on its tip at the site of the obstruction, using the body's system of arteries as a
conduit to the heart, and then inflating the balloon. Balloon inflation opens the arterial
lumen which leads to restoration of blood flow (Brown et al. 1996; Lyon et a/- 1987;
Waller 1985). Although the precise mechanism by which PTCA increases Lumen
diameter is not defined, it is now accepted that plaque fracture, separation of the plaque
€rom the underIying artery wail and stretching of the artery wall contribute to
enlargement of the artenal Lumen (Alexander et al. 1998; Lyon et al. 1987; WalIer 1985;
Yutani et al. 1999).

2.2.5.2 Coronary stenting
Coronary stenting is a method of revascularization that has been employed in the
treatment of CAD for about the same period of time as balloon angioplasty. Stenting is
rea1ly an adjunct of PTCA since it involves permanent pIacernent of a metal coi1 into a
vesse1 at the site of an atherosderotic lesion while piggy-backed on a balIoon catheter.
PIacement of the stent restores the luminal size and patency of the vesse1 by cornpressing
the plaque in a radial fashion, which redistributes the plaque mass circurnferentially
without tissue removal (Laskey et al. 1993). The impressive and immediate angiographic

results with stent placement has made this the preferred method of treatment for CAD in
the United States ( F i s c h a n et al, 1994; Sermys et al. 1994).
2.2.5.3 Atherectomy

Directional atherectomy involves insertion of 2 catheter fitted with small blades to
the site of an atherosclerotic lesion and allowing the blades to either core out the Iesion
and remove the atheromatous tissue (Kimball et al. 1992; Lau & S i w a r t 1995; Tenaglia
et

al. 1992) or pulverize the atheromatous plaques into small microparticles (Brogan et

al. 1993; Lau & Sigwart 1992; Lau & Sigwart 1995). Laser (excimer laser) angioplasty

works on the same principle, with the exception that the blades are replaced with a laser
that burns away the atheromatous tissue (Litvack et al. 1994; Margolis & Mehta 1992;
Reis et al. 1991; Spears et al. 1990)- Both atherectomy and laser angioplasty debulk the
obstructive lesion in an effort to restore the lumen diameter. These experimental
revascularization procedures were popular for a penod of time but dernonstrated no
advantage over PTCA (Adelman et al. 1993; Topo1 et al. 1993; Umans et al. 1993) with
respect to restenosis.

2.3

Revascularization-induced restenosis
The long-term success for revascularization procedures of a11 types (CABG,

bailoon angioplasy, intracoronary stents, atherectomy, laser angioplasty, etc.) is limited
by the development of restenosis within 6 to 10 months (Ellis er al- 1992; Kastrati et al.
1993; Lau & Sigwart 1995; Litvack et al. L994; Liu el al. 1989; Lytle et al. 1987;

McBride et al. 1988; Reis et al. 1991; Spears et al. 1990; Spray & Roberts 1977). It is
well documented that 30-50% of patients undergoing revascularization procedures
demonstrate clinical restenosis (defined by angiography) within 6 months, usually
necessitating another revascularization procedure. Restenosis can be defined as the re-

appearance of luminal narrowing (Le. renewed narrowing) in the region where a
successfuI revasculanzation procedure had entarged the lumen diameter. The initial
stenosis (constriction or narrowing) is the result of an atheromatous lesion. The
subsequent stenosis, or restenosis, is the end result of vascular repair processes (Le.
wound repair process or response to vascular injury) that are typified by not only a
vascular proliferative response involving srnooth muscle cells (and fibroblasts), but also a
remodeling of the vessel (Andersen et al. 1996; Ellis & Muller 1992; Glagov et al. 1987;
Lafont et aC. 1995; Lau & Sigwart 1995; Liu et al. 1989; Mintz et ai. 1996; Post er aC.
1994; Schwartz el ai. 1992a; Schwax-tz et al. I995a). The proliferative response results in
the development of a thickened neointima that encompasses and eclipses the p r i r n q
atheromatous lesion (Ip et al. 1990; Schwartz et al. 1995a; Ueda et al. 1991). Deposition
of extracellular matrix (ECM) is also a part of the sequelae of restenosis, as are the early
events of thrombus formation and vascular recoil (Harker 1987; La11 & Sigwart 1995;
Schwartz et aL 1992a; Schwartz et al. 1995a; Schwartz & Reidy 1996; Steele et al, 1985;
Wilentz et al- 1987). Moreover, the vessel undergoes a remodeling, either adaptive or
constrictive, over the time course of restenosis (Andersen et al. 1996; GIagov et ai. 1987;
Lafont et al. 1995; Mintz et al. 1996; Post et al. 1994). The resuiting restenotic lesion, in
comparison to the atherornatous lesion, is usually composed of smooth muscle cells
(SMCs) in a matrix of connective tissue (as opposed to deposits of fat and foam cells)
(Casscells 1992; Jackson & Schwartz 2992; Schwartz et al. 1995a). The cellularity or
acellularity of this lesion is deterrnined by not only biological variability, but possibly
a k o by the elapsed timc ovcr which the lesion has progressed.
Restcnosis is used as a broad terrn to describe the re-narrowing of a lumen after a
procedure to create a patent, open lumen, However, in the clinical setting, multiple
definitions for restenosis exist and, as a result, it is important to understand and consider

the definition that is being used within a specific context, especially when covering the
literature. In general, clinical restenosis is the more important end point. Nonetheless,
angiographic restenosis is the standard used to define the degree of restenosis (especially
when the efficacy of a pharmacological intervention is being evaluated). Clinical
restenosis is defined as recurrent ischemic syrnptoms within 6 months after a
revascularization procedure (PTCA) (Le. patient symptomology, exercise stress testing,
need for repeat revascularization, myocardial infarction and death (Landzberg er al.
1997)). In contrast, angiographic restenosis is defined as: i) an increase in occlusive
diameter from the irnrnediate post-procedure stenosis on follow-up angiography of 30%,
ii) a loss of 50% of the gain from the procedure (PTCA), or iii) a greater than 50%
stenosis on foilow-up angiography (Holmes et al. 1984; Landzberg et al. 1997).
Therefore, a patient with angiographic restenosis could be living symptom free whiIe
having silent ischemia, whereas a patient with clinical restenosis may not have
angiographically significant restenosis. Nevertheless, some degree of Luminal narrowing
occurs in al1 lesions after any catheter-based treatment or revascularization procedure
(Kuntz & Baim 1993). Therefore, it may be desirable to view restenosis as not "simply an
undesirable side effect that occurs in a minorïty of cases, but rather as a process that
occurs to some extent in virtually al1 patients, following a gaussian distribution"
(Landzberg et al, 1997; Rensing et al. 1992). Furthemore, since controlled injury to the
artenal wall occurs in al1 coronary interventions, the vesse1 wiII repair itseIf and, thus,
restenosis may be seen as an exaggerated healing response.

2.3.1

Pathogenesis of restenosis

The exact etiology of restenosis remains elusive, although it wouId not be argued
that there are roles for vascular injury, platelet aggregation, inflammation, soluble factors,
elastic recoil, hemodynarnic factors, proliferation, migration and vascular remodeling.

There are many theones as to the pathophysiology of restenosis, including: 1)
contribution of human cytornegalovirus infection (Landzberg et al. 1997; Speir et al.
L994), 2) restenosis as a remodehg process in which the critical factors are wall shear
stress and wall t e n d e strength (Glagov 1994; Landzberg et al. 1997), 3 ) contribution of
elastic recoil (Fischell et al. 1988; Landzberg et al. L997), 4) restenosis as an
autoimmune process (Eber el al. 1992; Landzberg et al. 1997), and 5) the wound healing
theory of restenosis (Forrester et al. 1991; Landzberg et al. 1997). However, the
possibility does exist that the complex nature of restenosis may encompass several of the
above-rnentioned processes during its progression. The wound healing theory of
restenosis is most widely accepted in the literature and is reviewed by Landzberg et al.
(1997) and will be dealt with here only briefly. Vascular and plaque injury after balloon
angioplasty results in platelet aggregation at the surface of the injured vessel.
Thromboxane Az (TxAz) is then released from degranulated platelets, resulting in
vascoconstriction and further platelet aggregation. PlateIets, coronary endothelial cells,
vascular smooth muscle cells and inflammatory cells (macrophages, leukocytes) then
release a variety of soluble factors such as thrornbin, platelet-derived growth factor

(PDGF), basic fibroblast growth factor (bFGF), vascular endothelial growth factor
(VEGF), angiotensin I I (AngII), interleukin- 1 (IL-1) and transforming growth factor-beta
(TGF-P) into the local area. Since the endothelium is not present to secrete inhibitory
factors such as nitric oxide (NO) and prostacyclin (PG12), stimulation of srnooth muscle
migration into the neointima, followed by proliferation and deposition of ECM occurs.
The end result is the formation of a thickened neointima that decreases the lumen
diameter of the vessel (Le. occludes the vessel) (Landzberg el al. 1997; Schwartz el al.
1995a). Furthemore, in al1 animal models and in patients, it is suspected that the degree
of injury influences the size of the restenotic lesion (Asada et al- 1996; Kimura et al.

1998; Schulz er al. 2000; Schwartz et al. 1992b). The processes of adaptive andor
constrictive (geometric) remodeling also contribute to progression of restenotic lcsion
formation. These events have been compared to an exaggerated wound healing response
as is seen in an hypertrophied scar or keloid formation (Sherris et al. 1995; Tuan &
Nichter 1998; Unoste et al. 1999)-

2.3.2

Wound healing as the paradigm for restenosis
The vascular injury response follows the wound healing paradigm. Although both

wound healing and restenosis are modeled and studied independently, the basic princip les
are the same. Wound healing is a dynamic, integrated, interactive process of three
overlapping

phases

involving

blood

cells,

ECM,

soluble

mediators

and

fibroblast/parenchymal cells: 1) an inflammatory phase in which there is coagulation,
increased permcability of capillaries, and aggregation of platelets and leukocytes at the
site of injury, 2) a proliferative phase which involves the movernent of macrophages,
fibroblasts and new blood vessels into the injured area, followed by proliferation of
fibroblasts and deposition of ECM, and 3) a maturation phase which involves
myofibroblasts, compaction of connective tissue and contraction of the wound followed
by collagen remodeling and apoptosis (Hofstadter 1995; Koopmann 1995; Kudravi &
Reed 2000; Mutsaers et al. 1997; Singer 62 Clark 1999). The corollary in restenosis also
has three distinct but integrated phases: 1) formation of a mural thrombus (involving both
coagulation and inflammation), 2) migration and proliferation of SMCs, and 3) secretion
of ECM with subsequent remodeling (Schwartz 1994; Schwartz et al. I995a; Schwartz &
Reidy

1996; Thyberg

1998). Whiie repair processes are clearIy activated by

revascularization procedurcs, their contribution to the development of the rcstcnotic
lesion remains to be clarified. Ncvcrthelcss, much has been lcarncd about both rcpair

processes, and especially restenosis, fiom the study of animal models. particularly the rat
(Libby & Tanaka 1997; Schwartz et al. 1995a).

23.3 Animal models of restenosis
Our understanding of the fundamental mechanisms of restenosis cornes from
studies camed out in animal models. Although much insight into the process of restenosis
and the biology of the vascular response to injury has been derived fiom these models,
either the mode1 andor the injury differs sufficiently from the human disease that
translation of laboratory findings (with respect to mechanism and progression of
restenosis and the application of pharmacological interventions for inhibiting the
development of restenosis) to the level of the patient is rarely observed. However, for the
sake of completeness and historicai perspective, a review of animal models and restenosis
is warranted2.3.3.1 Rat carotid injury mode1 of restenosis

The rat carotid artery model, as reviewed by Schwartz et al. (1995a) and Libby &
Tanaka (1 997), is probably the most widely used and accepted expenmental preparation
for the study of restenosis. The rat carotid model gave rise to the multiwave model of
restenosis. In this model, four phases or waves are observed after arterial injury The first
wave consists of the replication of SMCs within the tunica media. A role for basic
fibroblast growth factor (bFGF) in the stimulation of medial smooth muscle proliferation
has been demonstrated (Libby & Tanaka 1997; Lindner et al. 1991; Lindner et al. 1990).
The second wave involves migration of SMCs From the tunica media across the interna1
elastic lamina to the intima. Platelet-derived growth factor (PDGF) is required for this
phenornena (Clowes et al. 1989; Libby & Tanaka 1997). Replication of smooth muscle
cells in the intima constitutes the third wave, and, finally, the fourth wave is the increased
responsiveness of the neointima to mitogens and other soluble factors (Schwartz et al.

1995a). Mural thrombus formation caused by the injury rnay additionally contribute
cytokines, chernoattractants and growth factors tliat not only initiate but help to promote
neointirnal thickening. The final result is a space-occupying iesion that impinges on the
arterial lumen. The problem with the rat carotid injury model is that it differs from
angioplasty of diseased human vessels in many ways. First and forernost, an
atheromatous lesion that may or may not already contain SlMCs is not present in the rat
carotid rnodel, Secondly, the first and second waves of the arterïal response to injury as
mapped out in the rat carotid model (Le. proliferation followed by migration) may not
apply to the response of human vessels, at Ieast not in the precise order observed with the
rat model. Moreover, the actual rate of replication of SMCs in human coronary arteries
(and rabbit or pig arteries (Carter et al. 1994; Clozel et al. 1991; Schwartz et al. 1992b))
is very low in cornparison to experimental rat models (O'Brien et al. 2000; O'Brien et al.
1993; Schwartz et al. 1996). Thirdly, the vascular structure and responses of the rat are
distinct from those of human vessels. A major difference is the lack of a subintimal layer
in the rat vasculature prior to injury (Sims 1989). As well, rat arteries contain less medial
elastin and do not have a vas0 vasorum (Badimon er al. 1998; Sims 1989). Finally, the
time course to experirnental restenosis in animal rnodels does not tit with the time course
of restenosis seen in human patient populatioiis, even when aging rates are factored in. As
a result of these differences, successes in trials of phannacoIogical agents in experimental
rat models have not translated to the clinical setting (Johnson et al. 1999)- For cxampk,
the use of ACE inhibitor therapy in a rat carotid injury model proved to prevent

restenosis (Fernandez-Alfonso et al. 1997; PowelI et ul. 199 1). Based on thesc succcssful
results, large human clinical trials of ACE inhibitors were initiated. Unfortunately, it was
found that long-terrn ACE inhibition did not prevent intima1 lesion formation (Dcsmct et
ul. 1994; MERCATOR 1992).

2.3.3.2 Larger animal models of restenosis
Other models of restenosis, employing larger animals such as rabbits, dogs and
pigs, are now used more frequently since they fare slightly better in their ability to mimic
the development of restenosis in humans. Rabbits are utilized for the5r similarity to

hurnans in their response to cholesterol-loading (Barry et al. 1997; Fuhxyama et ai. 1996;
Lawrence

el

al- 1995). Pigs are preferred for their ability to more closely mode1 the

human vasculature and the responses of the human vasculature to injury CBadimon et al.
1998; Ferrell et al, 1992; Fuster el al, 1991; Johnson et al. 1999; K a r a s et al, 1992;
Muller et al. 19Wa; Schwartz et al- 1992a; Schwartz et al. i992b). P r ï m ~ t emodels have
also been used, but to a lesser degree. Target vessels have included the nabbit iliac and
rabbit carotid arteries, and pig coronary and pig femoral arteries. The rabbit arterial
response to injury is similar to that of the rat, so a discussion of this m e d e l will not be
necessary (Finking & Hanke 1997; Johnson et al. 1999). Ongoing cytokine expression
and inflarnmatory responses may further contribute to lesion developrnent in rabbits

(Libby & Tanaka 1997; Tanaka et al. 1993)- The porcine arterial injury rnodel (coronary
or femoral) has also been well studied, and use of this mode1 is now more widespread due
to the considerabie simiiarities between pig and human responscs (Badimon et al. 1998;
Ferreli et al. 1992; Karas et al. 1992; Muller et al. 1992a). Three distin-ct phases have
been identified in the porcine coronary artery after injury (Schwartz et a l , 1992a). The
immediate response to arterial injury involves formation of a thrombus (made up of
aggregated platelets, fibrin and trapped erythrocytes). Cellular recruitment into the
thrombus is then observed (macrophages and lymphocytes). Finally, S M C s migrate into
the thrombus where they then proliferate and elaborate ECM. The ongoing involvement

of inflammation and cytokine expression is also well documented in this mode1 (Fuster et
al- L99 1). Neverthcless, although the pig modcl would seem better-suited Eor thc study of

restenosis, the manageable size of the rabbit, the size of its vessels, and the potential for a
more cornplex and intermediary response, rnakes the rabbit model favoured over the pig
model. However, many limitations still exist with these mode1s and data reported in the
literature should be interpreted with great care prior to considering application to humans.
2.3.4

Benefits of animals models of restenosis
Regardless of the short-comings of animal models of restenosis, they have

provided an insight into the biology, ce11 biology and molecular bioIogy underlying the
arterial response to injury (Johnson et a l 1999; Schwartz et a(. 1%Da; Schwartz el al1995a). Used appropriately, with an appreciation of the distinct features of natural or

simulated disease in each species and the importance of proper design and execution of
experiments, animals models c m prove to be very valuable (Narayanaswarny et al.
2000). Animal rnodels are relatively inexpensive (in comparison to human clinical trials)

and allow for direct measurernents of absolute intima1 thickness and lumen/medialintima1 area ratios, which is not possible in humans unless at post-mortem (but results are
less accurate). It would be ideal to study the development of restenosis in humans, but
human samples are difficult to obtain and ethical considerations are a priority. However,
there are now in vitro human models that are showing promise. For exarnple, a recently
developed human arterial organ culture model of post-angioplasty restenosis may offer a
satisfactory intermediary model and adjunct for future studies of restenosis (Voisard et al.
1999)-

2.4

Vascular inj ury and remodeling
A relatively new concept developed for restenosis is the idea of remodehg.

Vascular remodeling, as viewed by Faxon et al- (1997), is a very important part of the
restenosis process. Although once ignored, it is now known, with the advent of

intravascular ultrasound (IVUS), that vascular remodeling (or more accurately, geometnc
remodeling) contributes to the Iate lumen loss seen during restenosis (Mintz et al. 1996)-

In fact, its contribution may be more significant to the [oss of lumen diameter than the
increase in intima1 mass, and the contribution of SMC migration and proliferation
associated therein (Kakuta et al. 1994; Mintz ef al. 1996; Post et al- 1994). However, it
shouId be noted that bi-directional remodeling is observed after balloon angiopfasty (Le.
early adaptive enlargement followed by Iate constrictive remodeling of the vessel)
(Kimura et al- 1997; Min& et al. 1996). Adaptive remodeling results in the preservation
of lumen size and therefore blood flow in the face of a thickened neointima (i-e. the
diameter of the vessel itself is enlarged). On the other hand, constrictive remodeling (Le.
decrease in the area of the vessel media) exacerbates the effect of a thickened neointima
and the resulting decrease in lumen diameter greatly decreases blood flow. The resultant
lumen diameter therefore represents a balance between the reparative response to injury
that promotes neointimal formation and the contribution of shear-stress to expanding the
lumen (Gibbons & Dzau 1994)- More importantly, it is critical to understand that even
relatively small changes in vessel diameter or area can lead to very major alterations in
lumen diameter and blood flow (Faxon et al, 1997).
2.4-1

Remodeling and restenosis
The term remodeling refers to a change in size or structure and, in the

cardiovascular field, this term Ilas been applied to a varkty of conditions (eg. ventricular
remodeling and atriaI remodeling). In the blood vessel, remodeling can refer to a chronic
change in diameter or to an alteration in the components of the vesse1 wall with or
without a change in size andor shape (Faxon et al. 1997; Gibbons & Dzau 1994).
Remodeling can also be good or bad (Le. adaptive or maladaptive, compensatory or not).
For example, during atherosclerosis, the vessel can enlarge and compensate for the loss

of lumen as a result of the encroaching atheromatous lesion (Giagov et ai. 1987).
However, the opposite is aIso seen during atheroscierosis, whereby the vessel decreases
in size, exacerbating the loss of lumen and precipitating cardiovascular complications and
events (Herity et al. 1999; Mintz et ai- 1997; Pasterkamp er al. 1997)- During restenosis,
alterations in vessel size have the greatest impact, thus the term geometric remodeling has
been coined to refer to changes in total vessel area (Faxon

et al.

1997). Geometric

rernodeling can be defined as "lasting structural changes in the vessel wall in response to
Iiemodynamic stimuli and is distinct from those acute variations in arterial tone that
follow changes in blood pressure, flow and circulating vasoreactive substances" (Herity
el al. 1999). This definition can be narrowed down to describing changes in cross-

sectional area within the external elastic lamina (Le. changes in media1 area), thereby
distinguishing it from the thickening of the vesse1 wall that is often associated with
hypertension (Herity et al. 1999). Since vascular remodeling is ongoing, changes in at
Ieast four cellular processes are seen. These include: i) ce11 proli feratiodgrowth; ii) ce11
migration; iii) apoptosiskell death; and iv) synthesiddegradation of extracellular matix
components. Dynamic interactions between a variety of factors (local generation of
growth factors and soluble mediators, vasoreactive substances, hemodynamic stimuli)
influence the relative contribution of these four processcs to the eventual outcome of thc
rernodeling process and its potential contribution to the restenotic lesion (Faxon et al.
1997; Gibbons & Dzau 1994; Herity et cri. 1999). The concept of vascular remodeling, its
mechanisms and its contribution to vascular restenosis arc revicwed by Gibbons & Dzau
(1 994), Hcrity et al. (1999) and Faxon er ai. (1997), and I refcr you to thesc articlcs for
the intricatc details. Intcrestingly, the expansion of the paradigm of restcnosis to includc
rcmodcling and its nicchanisms has important in~plicationsto tlic thcrapcutic approaclics
uscd for trcatmcnt of rcstcnosis.

2.5

Pharrnacologicai approaches for the prevention of restenosis
A variety o f pharmacologicaI agents have been tested, botii clinically and in

animal models, for their ability to prevent restenosis. Unfortunately, to date, very few
have been deemed successful. 1 refer you to reviews by Landzberg et al. (1997) and
Lefkovits & Topol (1997) for a comprehensive discussion of the pharmacological agents
already evaluated- Other approaches to control the development of restenosis include the
use of stents, P-radiation and genetic therapies that include the Iocal delivery of antisense
oligodeoxynucleotides, dominant-negative mutants, suppressors of cell cycle and
recombinant chimeric toxins (Landzberg et aL 1997; Lefkovits & Topol 1997). However,
these approaches will not be discussed here and 1 refer you to recent reviews for further
details (Chougule 2000; Kibbe et al. 2000; Kuntz & Baim 2000; Landzberg et al. 1997;
Lau & Sigwart 1993; O'Brien & Simari 2000; Oesterle et al. 1998; Smith & Walsh 2000;
Tio et al. 1998).
The process of restenosis can potentially be divided into three phases, thrombosus
(thrombus formation and organization), granulation (proliferation and migration of SMCs
followed by ECM deposition) and remodeling (organization of ECM), each amenable to
phamacological intervention. Pharmacological treatments have employed anti-platelet
agents, anti-thrombotidanti-coagulant agents, anti-inflammatory drugs, growth factor
antagonists, vasodilators, anti-proliferative and anti-neoplastic agents, selective and nonselective AngIl receptor antagonists, ACE inhibitors, lipid-lowering agents, and antioxidants (Landzberg et al. 1997; Lefkovits & Topol 1997). The bulk ofthese agents have
shown little, if any, benefit. Howevcr, those agents that have rcacked clinical trial and
thus far show potcntial include platelet glycoprotein IIb/IIla receptor inhibitors (chimeric
7E3 monoclonal antibody or abciximab, Tirofiban, integrilin), prostacyclin analogs such

as Ciprostcnc (natural anti-platelct agent), non-stcroidal anti-inflammatory açcnts such as

Ebselen and tranilast, specific growth factor antagonists such as trapidil (PDGF/TxA2
receptor antagonist) and angiopeptin (somatostatin analog), vasodilators such as calciun1
channel antagonists (eg- verapamil), and nitric oxide donors (Landzberg et al. 1997;
Lefkovits & Topo1 1997). Other agents and approaches which have met with success in
experimental animal models of restenosis include Taxol (an anti-microtubule agent),
photochemotherapy with 8-methosypsora~en (8MOP), antagonism of endothdial and
leukocyte adhesion molecules, tissue plasminogen activator, anti-statin and a 1 adrenergic
blockers (Landzberg et al. 1997). Careful clinical testing will deterrnine the suitability of
these approaches in the arsenal against restenosis. Nevertheless, the intense study of the
pharmacological prophylaxis of' restenosis has led to improvements in patient mortality
and morbidity. For example, the implementation of aspirin and heparin therapy has
clearly reduced the acute compIications of percutaneous revascularization procedures,
although it has had little effect on restenosis itself(Landzberg et al. 1997).
Therapeutic approaches that focus on the inhibition of specific cellular processes,
such as proliferation andor migration, have the potential to fail because these therapies
may not influence the contribution of vascular remodeling in its entirety. In the past,
treatment strategies for controlling restenosis have focused primariiy on ce11 proliferation
and/or migration. AIthough cellular proliFeration may be the initial event that activates
the artenaI remodeling process (in the rat), treatment strategies should encompass the
contributions of ce11 proliferation, migration and arterial remodeling. Pharmacologie
approaches that have attenuated arterial remodeling (when examined by IVUS) include
probucol and PDGF antagonism (Cote et cd. 1999; Maresta et al. 1994; Yokoi et al1997). Intravascular irradiation has also been dcnionstratcd to have similar effccts (King
et al. 1998; Mccrkin el ul. 1998; Sabatc et ul. 1999). Stcnts have becn deploycd as a

mcchanical approach for thc prcvcntion of inward rcmodcling and rcstcnosis (Lau &

Sigwart 1993; Lau & Sigwart 1995; Oesterle er al- 1998). However, the progression of
restenosis with stent placement is characterized by increased neointimal thickening,
which eventually obstructs the lumen diameter (Gershlick & Baron 1998; Mintz et al.
1998; Virmani & Farb t 999) and ironically reverts the problem of restenosis back to one
of cellular proliferation andior migration. As a result, it appears that combination therapy
designed to inhibit al1 of the aforementioned cellular processes involved in restenosis, in
a temporal manner, will have the most success with respect to treatment.

2.5.1

Perspectives on pharmacological treatment of restenosis
Although we are now at the stage where there are a variety of pharmacological

agents that may prove beneficial for the treatrnent of restenosis, it is Iikely that no one
therapeutic agent will be the 'magic bulle;'. Likely, combination therapy and/or a
combination of approaches will be required to control restenosis, since the progression of
restenosis is rnultifactorial in nature and in part governed by independent nsk factors
such as diabetes and smoking. Furthemore, biological variation in the population rnay
result in different pathogenetic mechanisms leading to restenosis in different individuals
(Waller et ai. 1991). Therefore, successful treatrnent of restenosis may lie with tailoring
specific pharmacological approaches to specific patient populations. Moreover,
elucidation of specific risk factors may identify and categorize patients into those who
require and those who do not require prophylactic therapy, and those who should not
undergo percutaneous revascularization procedures (Landzberg et al. 1997).
Why has the clinical success rate of pharrnacoIogica1 agents not been reflective of
either the effort that has been put into thc research and testing of compounds or the
apparent success seen in expenmental anima1 models? Firstly, the relative lack of success
of pharmacologica1 agents for the prevention of restenosis may lie with an incornpiete
understanding of its pathogenesis (Glagov 1994; Landzberg et al. 1997). For example, as

elaborated in section 2.4, the importance of vascular remodehg to restenosis complicates
the scenario. n-iaking attempts to block a single event in the process untenable. Secondly,
inadequate drug dosing in the clinical setting may arise due to toxicity limitations or an
inability to deliver sufficient dmg (Landzberg et a[. 1997; Lincoff et al. 1994). As well,
pretreatment periods necessary to reach therapeutic levels are often inadequate in clinica!
trials. Thirdly, the duration of treatment rnay not be Iong enough. Fourthly, results are
otten confounded due to concomitant administration of medications. Fifthly, follow-up
periods and/or follow-up end-points are often of insufficient duration in the human
population, and end-points are not consistent between animal and human studies, making
evaluations difficult. Finally, interspecies differences in both vessel physiology, response
to injury and b a s e h e of the mode1 make it difficult to translate findings from an animal
mode1 to the clinical setting. Although these deficiencies appear to be encompassing,
advances in Our understanding of the pathogenesis of restenosis, the more critical
evaIuation of experimental details, the generation of newer technologies and the use of
more adequate animal models, will no doubt make translation of pharmacological agents
and methodologies for the treatment of restenosis more dependable.

2.6

Vascular smooth muscle ceIIs

2.6.1

Multifunctional nature of smooth muscle cells
The vessel wall is typically cornposed of three layers scparated by an elastin

matrix-containing lamina: an outer advcntitial laycr composed n-iainly of fibroblasts, an
inner luminal Iayer composed of cndothelial cclls and, in betwcen, a mcdial iayer of
smooth muscle cclls (SMCs). SMCs arc norn-ially the only ce11 type Found in the media of
inammalian artcrics. In this sctting, undcr norn~alcircumstanccs, thc spccializcd function
of

t17~ SMC

is contraction for thc purposc of imintaininç blood prcssurc and flow

(Somlyo & SomIyo 1994a; Somlyo & Somlyo 1994b). However, the SMC is a
remarkably plastic cell, and during the pathogenesis of certain vascular diseases and
following injury the SMC can modulate its phenotype and perform a variety of functions
as dictated by the environrnental conditions set out by the pathology. Under these
abnormal circumstances, as a result of environrnental ancilor autocrine/paracrine cues, the
function of sorne media1 SMCs will change fiom contraction to migration, proliferation
and degradatiodsecretion of extracellular matrix (ECM)- This modulation occurs in an
effort to either adapt to local stresses or to repair portions of the vessel wall that have
been damaged (Owens 1995; Schwartz et al- 1986; Schwartz & Ross 1984). This
scenario is also applicable to normal developmental vascuIogenesis, whereby
proliferation, migration and ECM deposition are also required events (Owens 1995;
Schwartz & Ross 1984). Since the processes involved in repairing vessels, specifically

SMC proliferation, migration, differentiation and ECM synthesis, are sirnilar to those
active during new vesse1 formation, it has been suggested that SMCs involved in the
vascular repair might re-express a fetalheonatal phenotype (Kim et al. 1994; Majeslq et
al. 1992).
2.6.2

Smooth muscle ce11 phenotypic modulation
SMCs exist in two distinct differentiated States that were originally believed to be

mutually exclusive, as postulated by Chamley-Campbell et al. (1979). The 'contractile'
phenotype is observed in the normal mature media of the vessel wall, while the
'synthetic' phenotype is characteristic of the developing vessel wall and observed upon
injury of the vesse1 wall (Chamley-Campbell et al. 1979; Schwartz et al. 1995a). The
'contractile' phenotype is characterized by a ce11 cytoplasm occupied by myofilaments. In
contrast, the 'synthetic' phenotype is distinguished by a marked loss of myofilaments and
an increase in organelles such as the endoplasmic reticulum and Golgi complex (Thyberg

1998; Thyberg et al. 1997)- This classification is now known to be an oversimplification
and that sorne degree of differentiation is compatible with proliferation in SMCs. For
exarnple, SMCs during vascular development express many proteins characteristic of a
differentiated SMC even though these cells are rapidly proliferating and laying d o m

ECM (Duband et ai. 1993). Similarly, SMCs within intima1 (atheroscleortic) lesions in
human and experimental animal models continue to show an altered differentiated
phenotype even wlien the proliferation rates have returned to normal levels (Clowes et al1988; Gordon er al. 1990; O'Brien et al, 1993)- Since there has been Iittle success in
equating the appearance and disappearance of particdar rnarker genes or proteins with a
definitive phenotypic state, either 'contractile' or 'synthetic' SMCs may not typically
exist (Owens 1998; Owens

el

al- 1996; Owens & Wise 1997). Rather, it has been

proposed that media1 SMCs consist of two or more subpopulations, each with distinct but
overlapping properties (Bochaton-PialIat et al. 1994; Frid et al. 1994; Holycross et al.
1992; McNamara et al. 1993; Vernon et al. 1993). Support for this concept is provided by
the detection of SMCs expressing these intermediary properties in vessels (Campbell &
Campbell 1997; Shanahan & Weissberg 1998)- Interestingly, it appears that SMC growth
and differentiation can be dissociated in culture more cornpletely. For example,
individual growth Factors for SMCs (eg. PDGF, thrombin and bFGF vs. serum) display
very distinct effects on the expression of SMC differentiation rnarker proteins such as
smooth muscle a-actin, smooth muscle myosin heavy chain and smooth muscle
tropomyosin (Holycross et al. 1992; Kallmeier et al. 1995; McNamara et al. 1993;
Vernon et al. 1993). Nevertheless, neither phenotype is a terminal event, as SMCs can
revert back to a 'contractile' state after undergoing modulation from the 'contractile' to
the 'synthetic' phcnotype (Kocher et al- 1991).

2.6.3 Srnooth muscle ceil culture systems
Much of the information that has been gathered concerning SMC physiology,
phenotypic modulation and SMC proliferation has corne from studying isolated SMCs in
culture (Chamley-Campbell et al. 1979; Owens 1995). SMCs have been isolated via
explantation techniques (Jarmolych et al. 1968; Ross 1971) and enzymatic isolation
techniques (Chamley et al. 1977), and several ce11 lines of supposed vascular SMC origin
have been described in the literature (Kimes & Brandt 1976; Schubert et al. 1974). Each

SMC culture model has its own unique advantages and disadvantages, and consideration
of the age of the donor animals, the species of the donor animal and the inherent
heterogeneity within the original ceIl populations is essential (Bochaton-PialIat et ai.
1993; Lemire et al- 1994). Additionally, culture conditions will influence behaviour
(Burke & Ross 1979; Carey 199 1; Davies 1990; Davies & O'Connor 1990; Spahr & Piper
1990; Thyberg et al. 1990a; Thyberg et ai. 199Ob). In general, it has been noted that
SMCs derived by enzymatic digestion retain their differentiated properties longer than
explant-derived cells (Owens 1995). On the other hand, explant-derived cells may
provide a model system that more suitably mimics the pathological state of SMCs within
intima1 lesions (Owens 1995). Taken together, these points woula suggest that it is more
important to keep in mind the experimental question that is being addressed when
choosing a SMC culture method than it is to decide which experimental system is the
most advantageous. Furthern-iore, it is critical to keep in mind that not al1 experimental
systems will generate the same findings, since SMCs respond very differently depending
on a multitude of environmcntd- and cell-related conditions.
2.6.4

Regulation of smooth muscle ceIl diffcrcntiation

The factors that influence SMC differentiation have Iong bcen topics of study.
However, differentiation control gcnes cquivalcnt to those present in other ce!l types (eg.

MyoD in skeletal muscle (Molkentin & Olson 1996a; Yun & Wold 1996), and Soxg in
chondrocytes (de Crombrugghe et al- 2000)) have not been identified in SMCs.
Nevertheless, a number of genes expressed in SMCs contain regions that are highly
homologous to homeobox genes coding for proteins that bind to specific promoter
elements that either activate or inhibit the corresponding genes (Laughon 1991).
Expression of three homeodomain-containing genes, Mhox (BIank et al, 1995; Csejesi et
al. 1992), Hox 1-11 (Patel et al- 1992) and Gax (Gorski et al- 1993) has been

demonstrated in SMCs, Of these, Gax appears to be the favoured candidate for a vascular

SMC differentiation control gene, since its expression is largely confined to the
cardiovascular system of the adult (Gorski et al- 1993). Furthemore, Gax is rapidly
downregdated du&g the GdGi transition in cukured SMCs, and it is suspected that this
gene pIays an important roIe in the control of SMC differentiation,

2.6.5

Factors controlling the phenotypic modulation of smooth muscle cells

The changes in SMC phenotype observed both in primary SMC culture and in the
injured vesse1 wall are not only associated with &nctional and structural reorganization
of the cells (Le. differentiated SMCs), but also with alterations that can be brought about
by ECM components and other physiologie factors (Owens 1995; Thyberg 1996;
Thyberg 1998). These concepts are reviewed by Thyberg (1996 and 1998) and Owens
(1995) and will not be covered here. However, the contribution of growth factors,
cytokines, hormones and prostanoids to SMC phenotypic modulation, differentiation,
proliferation and migration will be covered briefly.
2.6.6

Induction of smooth muscle ce11 proliferation (and migration)
Proliferation of SMCs is a phenotype- and rnitogen-dependent process that is

important in fetal life during the development of blood vessels and also in adult life
during repair of injured blood vessels (Ross 1993). The regulation of SMC proliferation

is thus an important area of study and has been reviewed by many (Bobik & Campbell
1993; Nikol & Hofling 1995; Sanz-Gonzalez et al. 2000; Thyberg 1996). However,
because of the many animal models used, the differences in disease status of the models,
the differences in age of the anirnals, and the inherent heterogeneity of SMCs, the results
are complicated and often difficult to interpret and apply to the general process of SMC
proliferation (Berk & Alexander 1989; Bochaton-Piallat et al- 1993; Dartsch et al. 1990a;
Gordon et al- 1986; Grunwald et al. 1987; Hadrava et al. 1989; Haudenschild &
Grunwald 1985; Lemire ei al. 1994; Orlandi et al. 1994a; Rosen et al. 1985; Sakis &
Bobik 1992; Yoshida et al. 1988). Interestingly, the modulation of SMCs fkom a
contractile to a synthetic phenotype precedes and is necessary but is not sufficient to
initiate the proliferation of SMCs (Chamley et al. 1977; Chamley-Campbell et al. 1981 ;

Fritz et al- 1970; Thyberg et al. 1983). Thus, SMCs appear to require serum or another
source of mitogens in order for replication to begin (Dartsch et al. 1990b; Hoshi et al.
1988; Hwang et al. 1992; Ross el al. 1974; Ross et al. 1978; Thyberg 1996; Weinstein et
al. 1981; Wren et al. 1986; Yamamoto et al. 1993b).

Migration of smooth muscle cells is also phenowe-dependent, but does not
necessady require a stimulus in the form of a chemoattractant factor since other matnx
and physical cues can cause SMCs to become motile (Banai et ai. 1990; CassceIls 1992;
Ingber & Folkman 1989). SMC migration is an important component of wound healing
and the formation of hyperplastic lesions which contribute to restenosis post-angioplasty
(Raines & Ross 1993; Ross et al. 1986). It is also known to occur dunng embryogenesis,
tumour metastasis and angiogenesis (Casscelk 1992). Ce11 migration invol-/es regulated
attachrnent/detachment to the ECM, contraction of non-muscle myosin and actin,
cytoskeletal plasticity (Le. re-organization of the cytoskeleton) and a requirement for
oxygen and protein synthesis (Caterina & Devreotes 199 1; Kelley et al. 199 1; Madn el

al. 199 1). How these events are coordinated and what intracellular signaling pathways are

involved is at present not fully understood (Saxty et al- 1998b; Stossel 1993).
Extracellular signals that regulate migration include physical forces (Ingber & Folkman
1989), soluble regulators (Le. vasoactive hormones) (Bell & Madri 1989; Bell & Madn
1990), peptide growth factors (eg. PDGF) (Abedi et al. 1995; Abedi & Zachary 1995)
and ca2+,M~", pH and oxygen tension (Banai et ai. 1990; Casscells L992).
It is reasonable to assume that SMCs must undergo a change in the cytoskeleton
in order to migrate, so phenotypic modulation of SMCs with loss of contractiIe structures
likely functions to activate cells for both proliferation and migration (Schwartz 1997;
Schwartz et al. 1995a). A similar loss of contractile structure is observed in other muscle
cells migrating into a wound, including skeletal muscle (Snow 1977a; Snow 1977b), and
it is possible that migration of any differentiated ce11 into a wound requires dedifferentiation. In SMCs, this de-differentiation may also be Iinked to an ability to enter
the ceIl cycle (Schwartz et ai. 1995a). On the other hand, migrating cells are not
necessarily synthesizing DNA (Casscells 1992; Clowes & Reidy 1991). Another feature
that distinguishes migration from proliferation is that migration is not affecte6 by doses
of radiation o r drugs that inhibit ce11 division (Thorgeirsson et al. 1979). TypicaIIy,
migration also precedes proliferation and the concentration of stimulus required (eg.

PDGF) is much lower than that required for proliferation (Grotendorst et al. 1982)2.6.7

Factors affecting smooth muscle proliferation (and migration)
Growth factors and cytokines have been detected in the irnmediate area of a

vesse1 wall injury (Corson & Berk 1993; Libby et al. 1986; Loppnow & Libby 1992;
Warner et al. 1987; Wilcox 1993). PDGF, bFGF and TGF-P 1, for example, known
stimulators of SMC migration and proliferation, originate from platelets, endothelial cells
and SMCs imrnediately after injury (Bernstein et al. 1982; Blank & Owens 1990; Bowen-

Pope & Ross 1982; Bowen-Pope et al- 1985; C o j a y er al. 1989; Corson & Berk 1993;
Grotendorst et al. 1982; Grotendorst er al. 198 1; Janat & Liau 1992; Kocher & Madri
1989; Nilsson et al. 1983; Orlandi et al. 1994b; Raines et al. 1990; Ross 1993; Saltis &
Bobik 1992; Saltis et al. 1995; van Neck et ml, 1995; Weinstein et al, 1981; Wilcox
1993). Peptide mitogens that also have a positive effect on SMC replication include EGF,

IGF-1, and thrombin (Banskota et al. 1989; B ar-Shavit et al. 1990; CIernrnons 1984;
Clernmons & Van Wyk 1985; Delafontaine e E al- 1991 ; Gospodarowicz et al. 1981;
Grainger et al. 1994; Hwang et al. 1992; McNamara el al- 1993; Pfeifle et al. 1987a;
Pfeifle el al. l987b; Saltis et al. 1995; Thyberg L 996; Weinstein et al. 198 1). And finally,
the effect of cytokines, such as IL-1 and TNF-a, on SMC migration and proIiferation has
been demonstrated (Bonin et a i 1989; Bourcier el al- 1995; Gay & Winkles 1991; Hajjar
gL Pornerantz 1992; Libby & Hansson 199 1; Libby et al. 1988; Nilsson 1993; Raines et

al. 1989; Sawada el al. 1990; Wamer & Libby 1989).

2.6.7-1 Hormones
Hormones such as angiotensin II (AngIE) and endothelin-l have been shown to
play an important role in the behaviour of SMCs, although their predominant effects are
associated with the control of vascular tonc (Levin 1995; RegoIi et al. 1993).
hrevertheless, thesc hormones and others (Le.

vasoactive peptides) have been

demonstrated to promote migration and proli feration of SMCs (Battistini et al. 1993;
Bobik et al. 1990; Dalsgaard et al. 1989; Hahn EJ al. 199 1 ; Hahn et al. 1990; Hirata et al.
1989; itoh et al. 1993; Janakidevi et al, 1992; Komuro et al. 1988; Naftilan et al. 1989;
Ncwby & George 1993; Owens 1989; Stouffer & Owens 1992; Weber et al. I994a;
Wcber el cri. 1994b). On thc othcr hand, their ability to moddate SMC phcnotype appear
to bc distinct from thosc elicitcd by PDGF (Andrawis et al. 1993; Van Putten et al.

1994). For example, PDGF decreases a-actin whereas AngII increases a-actin, and yet

both positively influence proliferation and migration.
2.6.7.2 Eicosanoids

Prostanoids (eg. PGEin, PGIz and Tx&)

are arachidonic acid metabolites that

modulate vascular tone. As well, they can rnodulate the SMC phenotype and
consequently proliferation (Cornwell et al. 1979; Hara et al. 1995; Koh

el

al. 1993;

Loesberg er al. 1985; Monnelli et al. 1994; Monsaki et al. 1988; Nilsson Sr Olsson 1984;
Owen 1986; Pietila el al- 1980; Pomerantz & Hajjar 1989; Sachinidis et al. 2995;

Thyberg et al. 1990a; Uehara et al. 1988). They are produced locally by endothelial cells,
SMCs and macrophages in the vesse1 wall after injury. Release of T A z has been shown
to increase SMC growth (Morinelli et al. 1994) while prostacyclin has been found to
have inhibitory effects (CIara et al. 1995; Isogaya a al. 1995; Koh et al. 1993; Schror &
Weber 1997; Wu 1997). hterestingly, PGEi was found to increase the conversion of
SMCs to the synthetic phenotype and stimulate DNA replication. However, as soon as
the SMCs had entered a synthetic state, PGEl was demonstrated to have an inhibitory
effect on SMC growth (Sjolund et al. 1984). Others have shown similar effects including
Owen (1986), and recently Schror & Weber (1997) postulated a dual role for PGs during
vascular injury and repair.
2.6.8

Ce11 signaling systems involved in injury and the response of SMCs
Arterial injury typically results in darnage to SMCs and the exposure of medial

layer SMCs and possibly adventitial layer fibroblasts to multiple blood borne and
inflammatory factors, with ensuing phenotypic moduiation and activation of the SMCs.
These factors, including growth factors such as PDGF, bFGF and TGF-Pl, cytokines
such as TNFa, IL-1 and IL-6, hormones such as AnglI and endothelin-1, and prostanoids
such as TxA2 and PGEln, bind to specific ce11 surface receptors on SMCs and thereby

activate multiple effector proteins. The ce11 surface receptors on binding of the ligand,
undergo a conformational change that allows for subsequent activation of signaling
cascades. Although the initial events are different for each receptor, it would appear that a
common set of signal molecules must be activated for proliferation (and/or migration) to
occur and these prominent signal moieties include PI3-kinase, p2 1-Ras and MAP kinase.
AI1 three have the potential to influence nucfear activation of immediate-early growth
response genes such as c-~ôs,c-jzrn and c-mye (Bravo 1990; Marshall 1999). It is
presumed that activation of these genes, since they encode transcription factors, regulates
the subsequent activation and entry of the ce11 into the ce11 cycle. Interestingly, the
magnitude of the vascular response to al1 of these growth factors and hormones must be
coordinated by the cell, since it is unlikely that any of these factors acts individually-

2.6.8.1 Phosphatidylinositol3-kinase

T

-

PI3-kinase is a lipid kinase that is activated by a number of growth factors and is
an integral cornponent in the cascade of signal transduction events involved in ce11
growth and transformation (Soltoff et al. 1993). It is a heterodimeric protein composed of
p85

and

pl10

subunits

that

catalyzes

phosphoinositides. It is considered to be

2

the

synthesis

of

3-phosphorylated

key component in receptor-mediated

mitogenesis (Varticovski et ai- 1994). PI3-kinase iinks the autophosphorylated and
activated receptor to adapter proteins such as IRS-1 and Shc for recruitment to
Grb/mSOS complexes, with subsequent activation of Ras/Raf and the MAP kinase
cascade (Kapeller & Cantley 1994; Sun et al. 1993). The 3-phosphorylated modified
lipids generated by PI3-kinase can also serve as intermediates for specific downstream
signal events that will eventually detemine the celtutar response to a particular growth
stimulus (Li et al. 1995; Rameh er al. 1995; Saward & Zahradka 1997a; Shepherd et al1996). Inhibition of P 13-kinase by speci fic inhibitors (i-e. LY294002) has demonstrated

the importance of this enzyme for the activation of DNA synthesis, MAP kinase, p70
ribosornal S6 kinase, protein synthesis and glucose uptake (Cheatham et al. 1994; Ferby
et al. 1994; Petntsch et

(11.

1995; Sanchez-Margalet et al. 1994), thereby being an

important aspect of the intraceMar signaling cascades that are generated by growth
factor receptors with intrinsic tyrosine kinase activity. PU-kinase is also demonstrated to
be an important component of G protein-coupled receptor activation of MAP kinase and
growth related pathways, since it can be activated by Gp, subunit of G proteins and
behaves as the tyrosine kinase pathway intermediate that links G proteins to kinase
signaling pathways (Della Rocca et al. 1997; Force & Bonventre 1998; Lopez-Ilasaca er
al. 1997).
2.6.8.2 p21-Ras

p21-Ras is a guanine nucleotide binding protein that sits at the threshold of the

MAP kinase cascade and is considered to be important for cell growth and proliferation,
since constitutive activation of Ras leads to a cctransformed" phenotype (Bos 1995;
Mansour et al. 1994; Maruta & Burgess 1994; Seuwen et al. 1988) and dominantnegative mutants of Ras inhibit MAP kinase activition and ce11 proliferation (Bos 1995;
de Vries-Smits et al. 1992; Mansour et al. 2 994; Manita & Burgess 1994; Robbins et al.
1992; Seuwen et ai. 1988; Thomas et al. 1992; Wood et al. 1992). The Ras proteins
function as signal transducers in the GTP-bound state and are inactive in the GDP-bound
state. Although activation of M M kinase is not necessarily dependent on the activation
of this protein, a direct link between RasRaf and MAP kinase activation has been
established (Bos 1995; de Vries-Smits ef al. 1992; Force & Bonventre 1998; Mansour et
al- 1994; Maruta & Burgess 1994; Robbins et al. 1992; Seuwen et a(. 1988; Thomas et al.

1992; Wood et al. 1992). The Ras pathway has aiso been associated with activation of
signals othcr than MAP kinase (OIson & Marais 2000). These effectors include p21-

activated serine/threonine kinase (PAK) and the Rho-binding senne/threonine kinase

(ROK) (Lim et al. 1996; Marshall 1996). Activation of p21-Ras is also involved in Rho
directed cytoskeletal rearrangement which potentially influences ce11 migration (Hall
1993; Lim et al- 1996; Marshall 1996).

2.6.8.3 MAP kinase
Of the three MAP kinase cascades that have been characterized in mamrnalian
ceils, the best understood is the ERK (extracellular signal-regulated protein kinase)
cascade. This particular pathway is activated by treatment of SMCs with growth factors
that induce ce11 proliferation, and is also a critical component of cellular differentiation,
contractility and ce11 migration processes (Adam el al. 1995; Force & Bonventre 1998;
Khalil & Morgan 1993; Klemke el al. 1997; Nelson et al. 1998). The importance of the

ERK pathway in cell growth and proliferation is dernonstrated by the ability of
constitutively active f o m s of MEK- 1 to activate mitogenesis in fibroblasts (Cowley et al.
1994; Mansour et al. 1994) and the ability of dominant-negative mutants of Ras, Raf or

MEK- I to block growth factor-induced mitogenesis. Moreover, sustained ERK activation
seems to be required for cells to pass through the Gi/S restriction point (Marshall 1995;
Pages

el

al. 1993). The importance of the ERK pathway in SMC migration vs.

proliferation was reported by Nelson et al. (1998) who demonstrated that distinct phases
of MAP kinase activation were required to stimulate these two discrete cellular events
(Le. MAP kinase activity within the first 15 minutes was required for SMC fi~igration,
whereas MAP kinase activity behveen 1 and 4 hours was required for SMC proliferation).
The other two MAP kinase cascades, the SAPWINWp54 MAP kinase pathway and the
p38 MAP kinase pathway, are induced by cellular stress. Activation of al1 three MAP
kinase cascades results in the stimulation of transcription factors, and modulation of these

transcription factors regulates the induction of genes that will determine the biological
response of the ce11 (Cook et al- 2000).
The MAP kinases, ERKl @42) and ERK2 (PM),
are activated by stimulation of
SMCs with PDGF (Graves et al- 1993; Rakhit et al. 2000), h g 1 1 (Mii et al, 1994;
Sadoshima et al. 1995), TxA2 (Monnelli et al. 1994), endothelin (Malarkey et al. 1995;

Wang et al. L 992) and thrornbin (Papkoff et al. 1994). Subsequently, M A P kinase
translocates to the nucleus and activates transcription factors c-nzyc and EIk-1 (Seger &
Krebs 1995; Treisman 1995; Treisman 1996; Zhang et al. 1993b). Elk-1 is a ternary
complex factor which, along with other temary complex factors (Le. SAP-1, SAP-S),
binds to the promoter of genes Iike c-fos that contain serum response elements (Gille et

al. 1992). ERKs also activate other serinehhreonine kinases such as p90'1k, PLA2 and the

EGF receptor (Lin et al- 1993; Nemenoff et al. 1993; Sturgill et al. 1988; Takishima et al.
1991; Zhao et al. 1995). c-fos is an immediate early gene, and its activation by signaling
cascades such as MAP kinase, has been linked to the stimulation of both SMC
proliferation and migration (Law et al- 1996; Miano et al- 1993; Suggs et al. 1999).
Interestingly, both c-fos and c-jun are elevated after vascular injury and Fos and Jun
proteins have been localized in the nuclei of SMCs at the luminal border (Miano ei al.
1993). Moreover, anfisense oligonucleotides to c-fus and c-jun have been shown to
inhibit intima1 lesion formation after vascular injury (Suggs et al. 1999).
2.6.9

New frontiers in ce11 signaling: Regulation by non-traditional signal
molecules
The traditional signaling systems linking ce11 surface receptors to ceIl migration

and proliferation involve the three pathways discussed above. In general, activation of a
receptor leads to PI3-kinase activation which results in p2LRas activation with
subsequent activation of MAP kinase leading to stimulation of cellular events involved in

cell migratory and proliferative processes, including activation of c-fos. However, other
essential pathways may also participate, but these have not been mapped to the same
degree. Exarnples would include: 1) integrhs and ECM, both of which alter cytoskeletal
components and regulate c-fos (Brizzi et al. L999; Dike & Lngber 1996; Lee et al. 2000;
Li & Xu 2000); 2) Rho, which is independently required for activation of c-fos via S M
(Le. other ternary complex factors are required to activate c-fos) (Montaner et al. 1999;
Poser et al. 2000; Sun et al. 1999; Wang et al. 1998); and 3 ) mono(ADPrÏbosy1)transferase (Le. ADP-ribosylation reactionsj, which has been demonstrated to be
an important endogenous component of many ce11 activities, including differentiation and
ce11 communication (Brune et al. 1994; Hilz 1997; Kharadia et al. 1992; Zolkiewska et
ai. 1992). Al1 have been shown to be active in SMCs (Li & Xu 2000; Li er al. 1999;

Thyberg et al. 1995b; Yamakawa et al. 2000). The latter pathway is of particular interest
because of its involvement in SMC differentiation and the regulation of G protein
receptors. In SMCs, the relative importance of this signal pathway has already been
documented by Thyberg et al. who showed the potential importance of a mART in the
differentiation status of rat aortic pnrnary SMCs (Thyberg et ul. 1995b). And more
recently,

Li

er

al.

(1999)

demonstrated

that

an

endogenous

mono(ADP-

ribosy1)transferase was present in bovine coronary artery SMCs, and that it may mediate
intracellular signal transduction and play a role in activating Kt channeIs in response to
I 1, L 2-epoxyeicosatrienoic acid ( 1 1,12-EET) . In other muscle ce11 types, the importance

of this signal molecule has also been documented, although a precise biological function,
mode of action and associated signaling has not yet been identified (Kharadia er al. 1992;
ZoIkicwska & Moss 1993).

ADP-ribosylation is a post-translational modification of proteins that involves the
transfer of an ADP-ribose moiety fiom NAD+ to an acceptor amino acid. ADPribosylation reactions can be divided into 2 distinct classes: mono(ADP-ribosy1)ation and
poly(ADP-ribosyl)ation. Both are considered important for a variety of cellular functions
including cell signaling, cell differentiation, ce11 growth, ce11 proliferation, ceII death and
DNA repair. However, rnono(ADP-ribosy1)ation controls enzymatic activity directly

--

while poly(ADP-ribosy1)ation modulates the binding of proteins to nucleic acids,

2.7.1

Poly(ADP-ribosy1)ation reactions
Poly(ADP-ribosy1)ation is catalyzed by the enzyme poly(ADP-ribose) polymerase

(PARP, EC 2.4.2.30),

which transfers ADP-ribose to nuclear acceptor proteins. This

reaction is thought to be ubiquitous in eukaryotic cells, with possibly the exception being
yeast. Interestingly, a correlation exists

between PARP activity in rnononuclear

leukocytes of mamrnals and species-specific life span (Burkle et al. 1994; Grube &
Burkle 1992; Lagueux et al. 1994). Poly(A-DP-ribosy1)ation is associated with a variety
of DNA-related processes including chromatin condensation, replication, recombination,
DNA repair, gene expression, cellular differentiation, growth and transformation
(D'Amours et al. 1999; de Murcia et al. 1 994; Lagueux et al. 1994; Shall 1994) and,
more recently, the phenornena of apoptosis (Negri et al. 1997; Pieper er al. 1999;
Rosenthal et al. 1997; Scovassi & Poirier 1999). ADP-ribosylation is a mechanism for
the alteration of chromatin structure and t h i s property may be the foundation of its effects
on several cellular functions (Hayaishi & Ueda 1977; Kleczkowska & AIthaus 1996;
Purne11 et al. 1980). A shuttle mechanism that links the synthesis and degradation (Le.
ADP-ribosylation cycle) of poly(ADP-ribose) polymers wi th changes in PARP activity
and DNA binding (de Murcia et al. 1983; Ferro & Olivera 1984; Zahradka & Ebisuzaki

1982) also accounts for the contribution of PARP to vanous nuclear processes (Lindahl er
al. 1995). Furthemore, the ADP-ribosylation cycle has been described in a variety of ceIl

types including lymphocytes (Schraufstatter et al. 1986), endothelial cells (Kirkland
199 1; Thies & Autor 1991), fibroblasts (Yamamoto

et

al. 1993a), SMCs (Szabo et al.

al. 1998; Stubberfield & Cohen 1988). Degradation of

1997) and hepatocytes (Bowes

et

poly(ADP-ribose)

is carried out by the enzyme poly(ADP-ribose)

polymers

glycohydrolase (Lagueux er al. 1994). The apparently constitutive activation of this
enzyme accounts for the short half-life of poly(ADP-ribose) polymers within the cell
nucleus. Poly(ADP-ribose) glycohydrolase has been reviewed in the past (Desnoyers er

al. L995; Lagueux et al. 1994) and will not be discussed within the body of this work.
2.7.1.1 Poly(ADP-ribose) polymerase (PARP)

PARP is a nuclear enzyme of MW 1 16,000 that consists of 10 14 amino acids. The
gene encoding PARP is located on chromosome lq, the same as that for the protooncogene trk and for the cytokine TGF-P (Smulson 1994). Frorn biochemical and genetic
studies, three functional dornains have been identified: i) an N-terminal 46-kDa DNA
binding domain that contains two zn2+finger structures, a nuclear localization signal and
the newly descnbed 24-kDa apoptotic domain (which is generated after cleavage of
PARP by caspase-3 (Smulson et al. 1998)); ii) a 22-kDa automodification domain, and

iii) a 54-kDa NAD' binding domain at the C-terminus (Alvarez-Gonzalez et al. 1994).
Within this protein, two functional modules have been identified: the N-terminus, which
acts as the sensor for DNA nicks, and the C-terminus which synthesizes the poly(ADPribose) polymers. Within each of these domains, thcre are strongly conserved rcgions (eg.

znZ' fingers, NAD-

binding domain, DNA binding domain, P-sheet structures, Rossman

fold structure), and homology of this enzyme is greater than 90% arnong mammals (with
61% similarity and 43% identity to Drosophila) (Alvarez-Gonzalez

el

al. 1994). It is

interesting that PARP is so highly conserved in eukaryotes despite the high energy cost
associated with the ADP-ribosylation cycle, which points to an important role for this
enzyme in cellular hnction-

2.7.1.2 Enzymology of PARP
PARP is a mu'ttifunctional enzyme having the capacity to catalyze 3 separate
reactions: i) initiation (1 reaction per acceptor site), ii) elongation (greater than 200
reactions per site), and iii) branching (5-7 reactions per site) (Alvarez-Gonzalez &
Jacobson 1987; Alvarez-Gonzalez et al, 1994; Kiehlbauch et al. 1993). Polyrners of
greater than 100 units in Iength have been detected, Using NAD- as a substrate, PARP
catalyzes a reaction that involves the transfer and subsequent synthesis of ADP-nbose
polyrners, either linear or branched, on nuclear proteins. Furthermore, P A W is a catalytic
dirner with an intermolecular automodification reaction (Bauer et al. 1990; MendozaAlvarez & Alvarez-Gonzalez 1993). Experiments utilizing purine-base substituted NAD'
analogs have conclusively demonstrated that the presence of an amino group within the
purine base at a specific position is important for efficient cotalysis (Oei el al. 1996).
Furtherrnore, PARP is dependent on the presence of DNA strand breaks for its full
enzymatic activity and PARP is an important cornponent of efficient DNA excision repair
(Satoh & Lindahl 1992; Shall 1994).

2.7.1 -3 PARP substrates
Over the years, more than 30 nuclear proteins have been proposed as targets for
poly(ADP-ribosyl)ation, including histones (H 1, H2B) (Boulikas 1988; Boulikas 1990;
HuIetsky et al. 1985), DNA polymerase-a (Simbulan et al. 1993; Yoshida & Simbulan
1994), endonucleases (Tanaka et al. 1984), topoisomerase 1 (Ferro & Olivera 1984;
Kasid et ai. 1989), DNA Iigase II (Creissen & Shall 1982), HMG proteins (Tanurna &
Johnson 1983; Tanuma et ai. 1985), RNA polymerases (Furneaux & Pearson 1980;

Taniguchi et al. 1983), Fos (Amstad et ai. 1992), p53 (Maianga et ai. 1998; Pleschke et
ai. 2000; Simbulan-Rosenthal et al. 1999) and PARP itself (Le. automodification)
(Adamietz 1987: Kawaichi et al. 1981; Kreimeyer et al. 1984: Yoshida & Simbulan
1994; Yoshihara er al. 1977). However, wliether these proteins are m e endogenous
substrates of PARP should be considered carefully since many of the experimental
procedures employed for the identification of these acceptor proteins invoived the use of
permeabilized cells and nuclear extracts from cells. These procedures in and of
themselves would have resulted in cellular, nuclear and DNA damage, and thus PARP
activation, with the consequence of having artifactually induced ADP-ribosylation of
protein.
2.7.1.4 Function of PARP within ceiIs

PARP is a cntical regulatory component of the cellular response to stress,
including DNA damage. PARP is expressed constitutively and usually found bound to
chromatin and requires the presence of DNA nicks or strand breaks (single or double
stranded) for activation (Shall 1994). It participates in DNA repair by associating with
strand breaks, and the subsequent elaboration of poly(ADP-ribose) polymers then signais
the cet 1 to switch off DNA synthcsis temporarily (Satoh & Lindahl 1992). This serves as
a mechanism to ensure that lesions are not replicated bcfore DNA repair can be
completed and may indicate that PARP is a survival factor that plays an essential and
positive rolc during DNA damagc recovery (de Murcia er

(11.

1997). Intercstingly, PARP

has also bccn sl-iown to play a rolc in apoptosis or programmcd cc11 death (PCD)
(Scovassi & Poirier 1999). The mcchanism bchind this action is postulatcd to involve a
dccrcasc in a ccll's cncrçy pools (ive.NAD') upon massive activation of PARP (by DNA
damagc/strand brcaks) (Bcrgcr 1985; Carson

el

al. 1986; Tanizawa el ai. 1989;

Wintcrsbcrgcr & Wiiiicrsbcrgcr 1 985). S incc tlic dcgrcc of PARP activation is dcpcndcni

on the amount of DNA damage, this may be the signal that determines whether t h e ce11
either repairs the damage or, if the damage is too great, induces PCD. Activation of the
apoptotic program involves cleavage of PARP by proteases such as protease resembling

ICE (interleukin-f3 converting enzyme) (prlCE) or caspase-3 (Lazebnik et al. 1994;
Scovassi et al. 1998; Srnulson et al. 1998) and, ultimately, PARP cleavage may represent
a critical juncture at which point a ce11 must decide whether it is able to recover or
undergo PCD or necrotic ce11 death. The role of PARP in apoptosis was confimied by
observations that 3-aminobenzamide (3AE9, an inhibitor of PARP, could rescue cells
from undergoing PCD (Kuo et ai- 1996; Malomi er al. 1995; Scovassi & Poirier 1999;
Yamamoto et al. 1993a). Furthemore, PARP has been reported to modie p53, a tumour
suppressor protein rhat is associated with activation of apoptosis (Beneke et al. 2000;
Kapasi & Singhal 1999; Simbulan-Rosenthal et al. 1999).
Increased PAEW activity has also been found in protiferating cells (SimbulanRosenthal et al. 1998; Yoshida & Simbulan 1994) and the transcription of PARP has
been detected before the onset of DNA synthesis early in the cell cycle (Lagueux et al.
1994). Moreover, activation of PARP rnay contribute to regulation of gene activity as has
been observed with phosphoenolpymvate carboxykinase (PEPCK) and procollagen gene
expression (Ghani et al. 1992; Leverence e< al. 1988; Zahradka & Yau 1994).
Furthermore, PARP has been reported to exist associated with the nuclear matrix in rat
testis (Quesada et al. 1994). Intcrestingly, activation of PARP in this system involves
both automodification and heteromodification reactions at the nuclear matrix level with
both histones and nuclear matrix acting as acceptors (Quesada et al. 2000)- Finally, NF-

KB expression may be regulated by PARP (Hassa & Hottiger 1999; Karneoka et al. 2000;
Oliver et al. 1999), having repercussions in the sequelae of borh apoptosis and
inflammatory proccsses (Pero et ul. 1999).

2.7.1.5 PARP in the cardiovascular systern

In the cardiovascular system, inhibition of PARP by 3AB has been shown to
attenuate ce11 death associated with oxidant stress in isolated cardiac myoblast
preparations and in experimental models of cardiac ischemia (Bowes
Thiemerrnann

et

et

a l 1999;

al- 1997). As a result, inhibition of PARP may be therapeutic for

myocardial infarction due to a prevention in the decline of high energy phosphates during
ischemia~reperfusion(Bowes et aL 1999; Bowes et al. 1998). Conversely, activation of

PARP rnay contribute to the pathophysiology of reperfusion injury via the PARP suicide
hypothesis (Thierneimann et al. 1997). It is suspected that ischemia/reperfusion results in

DNA damage and therefore activates PARP which then depletes energy pools (both
NAD+ and ATP) and results in activation of the cell death program (Le. PARP suicide

hypothesis) (Berger 1985; Carson et al. 1986; Tanizawa et al. 1989; Thiemermann et ai.

1997; Wintersberger & Wintersberger 1985). In the vasculature, PAEU? may play a role in
the pathogenesis of endothelid dysfunction, having a role in peroxynitrite-induced
cytotoxicity (Szabo

et

al. 1997). Development of endothelia1 dysfunction in this mode1

has been demonstrated to improve with 3AB treatment (Szabo et al. 1997).
2.7.1.6 Lessons learned from PARP knockout mice

The preparation of PARP" knockout mice (KO-1: (Wang el al. 1995), KO-2:
(Tmcco et al. 1998), KO-3: (Masutani

et

al. 1999)) has pemitted the detection of

additional PARP isofotms within the celi, since PARP" is not a developrnentally lethal
phenotype (Wang el al. 1995), and poly(ADP-ribose) polymers are present in PARP"
mice. Furthemore, cells and cell lines derived from neuronal cells and fibroblast cells of

PARP" mice are able to undergo DNA repair after exposure to reactive oxygen species
(Shieh et al. 1998). Nevertheless, cells derived from the KO- 1 mouse had a marginally
sIower rate of proliferation and skin hyperplasia was observed in about 1/3 of older mice

(Wang et al. 1995). Interestingly, PARP-'- mice are resistant to dmg-induced
inflammation (Wang et al. 1995) and this may be related to a requirement for PAEW in
the activation of NF-KB-dependent target genes (Hassa & Hottiger 1999). Recently, both

PARP-2 and PAW-3 have been identified and ctoned (Arne et al. 1999; Johansson
1999), and PARP-2, a 62-kDa protein that is also DNA damage-dependent, rnay account
for the residual poly(ADP-ribose) synthesis observed in PARP-1 deficient celk exposed
to DNA damaging agents (ShaIl & de Murcia 2000). Taken together, it rnay be concluded

that PARP is dispensible during ernbryogenesis and that its DNA repair function is
sufficiently important for genome protection to warrant a redundant enzyme activity.
Altematively, PARP-2 may play a more significant role in DNA repair, since,
interestingly, the generation of knockout rnice has indicated that PARP (or PARP-1 as it
should now be referred to or identified) may play a critical role in ce11 death and in
various inflammatory processes (Shall & de Murcia 2000). The presence of a PARP gene
family may suggest that specific PARP enzymes have specific cellular functions and
provide the ce11 with an additional regulatory rnechanism for distinct ce11 processes.
2.7.2

Mono(ADP-ribosy1)ation reactions
Mono(ADP-ribosy1)ation reactions are catalyzed by a family of mono(ADP-

ribosyl)transferases (rnART) found in viruses, bacteria and eucaryotic cells (Moss et al.
1997; Okazaki & Moss 1996a; Zolkiewska et ai, 1994). This is a reversibie posttranslational modification of proteins in eucaryotic and prokaryotic cells that involves the
transfer of an ADP-ribose rnoiety from NAD' to an acceptor amino acid (Figure 1). The
reaction catalyzed by mART's is distinct from that catalyzed by PARP in severaI ways.
Most notably, the chain length of ADP-ribose units is shorter (one compared to 100-200),
but the chemical nature of the glycosidic Iinkage, the character of the enzymes involved
and thc site of reaction are also distinct (Soman & Graves 1988; Zolkicwska et al. 1994).
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The role of mono(ADP-ribosy1)ation in ce11 function is related to cellular metabolism and
has been associated with cellular differentiation (Kharadia et al. 1992), cellular
proiiferation (Thyberg et al. 1995b), ce11 migration (Norgauer et al. 1988; Saxty et al.
1998a; Saxty et al. 1998b; Stasia et al. 1991) and both intra- and extra-ceIlular
cornniunication, (Brune et al- t994;Hilz 1997; ZoIkiewska & Moss 1993; Zolkiewska et
al. 1992).

Catabolisxn

of

mono(ADP-ribose)

is

catalyzed

by

ADP-ribosyl(amino

acid)transferase hydrolases (EC 3.2.2.19). The end result is the regeneration of free,
unmodified amino acid (arginine, cysteine, diphthamide or asparagine). Hydrolases have
been identified in bacterial, avian and mammalian systems, appearing to be ubiquitous in
eukaryotic tissues, and thus supporting the prernise that ADP-ribosylation reactions are
important mediators of cellular regulation. The best characterized of the hydrolases is the
ADP-ribosylarginine hydrolase in eucaryotic cells (Moss et a[. 1997; Takada et al. 1994;
Williamson & Moss 1990). This hydrolase activity was detected in the soluble fraction of
turkey erythrocytes (Moss et al. 1988), cultured mouse cells (Smith el al. 1985), rat
skeletal muscle (Chang et al. 1986) and rat brain (Moss et al. 1992). Thus a eucaryotic
ADP-ribosylation cycle is hypothesized based on the reversible modification of proteins
by transferases and hydrolases (Moss et al. 1997; Williamson & Moss 1990), much like
the reversible phosphorylation modification of proteins by kinases and phosphatases
(Graves

&

Krebs

1999).

Additionally,

ADP-ribose

can

be

processed

by

phosphodiesterases and phosphatases as seen with the GPL-anchored skeletal muscle
mART, generating a phosphonbosyl-integrin and S'AMP, although the physiological
consequences of this structure have yet to be examined (Okazaki & Moss 1999;
Zolkiewska & Moss 1997).

2.7.2.1 Mono(ADP-ribosy1)transferase (mART)
The discovery of eucaryotic protein ADP-ribosylation

(Gill & Meren 1978;

Honjo et al. 1968; Moss & Vaughan 1977) resulted in the identification of mARTs.
Bacterial toxins such as choiera toxin, pertussis toxin, diphtheria toxin and botulinum C3
endotoxin ADP-ribosylate a variety of eucaryotic and prokaryotic acceptor proteins, and
modulate their associated cellular functions (Aktones 1994; Aktories 1997; Gierschik
1992; Lem et aL 2000; Moss 1987; Okazaki & Moss 1996b; Popoff 1998). A variety of
animal tissue and organs are also now known to contain mART and rnART activity
(Soman & Graves 1988). Vertebrate mART activity was first detected in turkey
erythrocytes (Moss & Stanley 1981b; Moss et al- 1980), rat Iiver homogenates (Moss &
Stanley 1981a) and Xenopus tissues (Godeau et al. 1984; Okazaki & Moss 1999;
Tsuchiya & Shirnoyama 1994). Presently, 6 avian mARTs (4 turkey erythrocyte ARTs:
A, B, C and A', and chicken ARTs from hen liver and heterophil grandes) and more than

13 mammalian rnARTs (eg. ART 1-5, ART 1-IV from rat brain, and 4 mARTs from rat
adrenal medulla) have now been purified andor cloned and characterized (Fujita et al1995; Matsuyama & Tsuyama 1991; Okazaki & Moss 1999). This subject has been
reviewed recently by Okazaki & Moss (1999), and 1 refer you to this article for more
details.

Of the rnarnmalian mARTs, expression was initially identified in cardiac and
skeletal muscle, leukocytes/lymphocytes, brain and testis (Duman et al, 199 1; Hara et al.
1987; Kharadia et al. 1992; Obara et al. 1989; Obara et al. 199 1; Peterson er al. 1990;
Piron & ~McMahon1990; Soman & Graves 1988; Soman et al. 199 1; Soman et al. 1984a;
Soman et al. 1983; Yamashita et al- 1991). Subsequently, mART expression was
demonstrated in hcpatoma cclls (Ledford & Lcno 1993; Lcno & Ledford 1989), SMCs

(Li et al. 1999) and endothelial cells where ihese enzymes participated in signal
transduction and prostacyclin production (Halldorsson et al. 1992).
Vertebrate mARTs (eg. NAD:arginine(ADP-ribosy1)transferases (EC 2.4.2.3 1))
are a family of enzymes ranging in molecular weight frorn approxirnately 25- to 36-kDa
and 66- and 69-kDa (4 distinct ART'S from rat brain

- 1 to

IV and rat adrenal medulla)

(Okazaki & Moss 1999). Despite a lack of overall similarïty in the amino acid sequences
(i.e. Iack of conservation among sequences), there appear to be 3 regions (regions 1, II,

III) o f sequence hornology that make up the catalytic site. A precise configuration of
these regions is required for the ADP-ribose transfer reaction (Domenighini & Rappuoli
1996; Okazaki & Moss 1999; Takada et al. 1995). Conserved regions house an NADbinding cleft composed of an a-helix bent over a B-strand, along with an arginine or
histidine residue and an active-site glutamate which are critical for enzymatic activity
(Domenighini & Rappuoli 1996; Okazaki & Moss 1999). Furthemore, 2 separate groups
of enzymes can be defined by the presence of either arginine (cholera and pertussis toxinlike) or histidine (diphtheria toxin-like) in region I. Region II contains a specific arnino
acid motif (aromatic-hydrophobic-Ser-X-Ser-hydrophob) and region III contains the
active-site glutamate. For more details, please refer to the review by Okazaki & Moss
(1999). Interestingly, several of the mammalian mARTs have regions of hornology to
glycosylphosphatidylinositol (GP1)-anchored proteins, and thus may be membrane bound

with an extracellular orientation (Ferguson & Williams 1988; Low 1989; Zolkiewska et

al. 1994). Secretory and intracellular counterparts also exist and there may therefore be 3
discreet farnilies of transferases (Okazaki & Moss 1998).
2.7.2.2 Enzymology of mART

A common mechanism of substrate binding and catalysis apparently exists

between and among both bacterial and eucaryotic mARTs. Mammalian and bacterial

mARTs are beIieved to act via an SN2-Iike mechanism in which nucleophilic attack on
NAD' is followed by displacement o f the nicotinamide and inversion of configuration
(Takada et al. 1995). In this enzymatic reaction, a single ADP-ribose moiety is
transferred ta the acceptor substrate. Amino acid-specific acceptors for mARTs include
arginine, cysteine, diphthamide. histidine and asparagine of which arginine-mARTs are
the best characterized thus far (Zolkiewska et al- 1994). Mechanisms for regulating

mARTs have not been described since Little research has been done in this area, however,
Weng et al, (1999) did recently report on the auto(ADP-rîbosy1)ation of ARTS as a
mechanism for replation of mART activity,

2.7.2.3 mART substrates
Vertebrate mARTs are typically species- and tissue-specific with respect to
acceptor proteins (Taniguchi et al. 1993). Although a large variety of proteins are ADPribosylated, the majority of mARTs are arginine-specific (and can also modiQ other
simple guanidino derivatives) and a variety of potential substrates have been described
(Huang et ai. 1993; Okazaki & Moss 1999; Wang et ai. 1996; Zolkiewska & Moss 1993).
Acceptors of ADP-ribose in these mammalian (in vitro) systems include casein,
ovalbumin and simple guanidino compounds such as arginine and agmatine (Zolkiewska
et ai- 1994). Additional target proteins include Ha-ras-p2 1, transducin, protein kinases

~
subsequent
(with subsequent reduction in activity), and skeletal C ~ " - A T P ~ S(with
decrease in activity) (Okazaki & Moss 1996a; Tsuchiya & Shimoyama 1994). Finally,
endogenous arginine-dependent ADP-ribosylation of G proteins (Le. G,, Gi and Go) is
well documented in mammalian cells and tissues (Donnelly et ai. 1992; Duman et al.
1991;Jacquemin et ai. 1986; Molina y Vedia et ai. 1989; Obara et al. 1991).
Endogenous vertebrate ADP-ribosylation of cysteine residues is less comrnon, but
has been observcd in human and bovinc crythrocytcs via the actions of a cysteine-speci fic

mART put-ified from erythrocyte and platelet membranes. This cys-mART is also
reported to modify Gia (Okazaki & Moss 1999; Saxty & van Heyningen 1995; Tanuma
et al. 1988). Interestingly, ADP-ribosyl-cysteine linkages can occur as the result of a

nonenzymatic reaction involving ADP-ribose and NAD' jlycohydrolases. In this case, an
ADP-ribosyl-thiazolidine linkage is generated in place of the thioglycoside AD P-rïbosylcysteine Iinkage, the type normally observed with pertussis toxin catalyzed reactions
(McDonald et al. 1992; Okazaki & Moss 1999)2-7.2.4 Function of mART within cells
Bacteriai mARTs have a variety of biological consequences and functions within
eucaryotic cells and organisms. For exarnp le, cholera toxin ADP-ribos y (ates an arginine
residue of G,a, the stimulatory a-subunit of the heterotrimeric GTP-binding (G) proteins,
and irreversibly inhibits its GTPase activity. The result is activation of adenylyl cyclase
and a subsequent increase in cellular cAMP levels (Cassel & Pfeuffer 1978; Gill &
Meren 1978; Moss & Vaughan 1977). On the other hand, pertussis toxin ADP-ribosylates

a cysteine residue in the a-subunit of Gi and Gowhich blocks the inhibitory effect of the
a;-subunit on adenylyl cyclase and results in activation of the cAMP cascade and/or
uncoupling of the G protein frorn its receptor (Takada et al. 1994; Ui & Katada 1990).
Nevertheless, both modifications result in abnornlalities in ccllular clectrolyte flux and
fluid secretion in the small intestines (Field 1976; Moss & Vaughan 1988; Sharp 1973).
Diphtheria toxin (and Psez~rloimmzs aeniginosa exotoxin A) ADP-ribosylates a
diphthamide (i.e. a modified histidine) residuc in elongation factor-2 (EF-2) resulting in
the inactivation of EF-2. This disrupts the rcgulatory mechanism for translocation of
elongating protcins across thc endoplasmic rcticulum membrane and resuIts in inhibition

of protcin synthesis (Collier 1967; Collicr 1975; lglewski 1994; Wick et al. 1990).
Intcrestingly, a fusion protcin of IL-2 and diphthcria toxin has bcen succcssfully applied

for the treatment of neoplastic diseases. This fusion protein targets cells with IL-2
receptors and the resultant ADP-ribosylation of EF-2 inhibits ce11 proliferation
(vanderspek et al. 1994). Finally, exotoxin C2 and C3 b o t h rnodify components of the
cytoskeletal network. Botulinum C2 exotoxin ADP-ribosyIation of an arginine causes
inhibition of (non-muscle) actin polynierization and subsequent degradation of the
microfilament/cytoskeIetal network in cells (Aktories 1994). Botulinum C3 exotoxin

ADP-ribosylation o f an asparagine residue on the small GTP-binding protein Rho results
in the inactivation and attenuation of Rho-associated signal ing pathways (Kumagai et al.
1993). The

resultant

decrease

in

tyrosine

phosphorylation

and

subsequent

phosphatidyIinositol3-kinase (PU-kinase) activation has t h e potential for modulating ce11
proliferation and differentiation as a result of aItered GTP-binding protein interactions
with the cytoskeletal system and a disturbance in t h e organization of the actin
cytoskeleton (Aktorks 1994; Kishi et al. 1993; Maehama e r al. 1994; Nishiki et al. 1990;
Paterson et al. 1990; Ridley & Hall 1992; RidIey et al. 1992).
As rnentioned previously, eucaryotic mARTs are involved in a variety of ce11
functions,

including

ceII

differentiation,

proliferation,

migration

and

cellular

communication (Brune et al. 1994; Hilz 1997; Kharadia et al. 1992; Norgauer el al,
1988; Saxty et al. 1998a; Saxty et al. 1998b; Stasia et aC. 1991; Thyberg et al. 1995b;
Zolkiewska & Moss 1993; Zolkiewska et al. 1992). Specific modification of certain
cytoskeletal/intermediate filament proteins wouid result irx the alteration of the above-

mentioned ce11 functions. For example, desmin is ADP-rEbosylated by an endogenous
arg-mART in skeletal muscle (Graves et al. 1997; Huang e t al. 1996; Yuan et al. 1999).
This modification results in desmin disassembly (Yuan et al. 1999), with consequences
related to ce11 differentiation, migration, proliferation an& intracellular communication
(Huang et al. 1993). ADP-ribosylation of desmin is an important rcgulatory mechanism

in differentiating muscle cells, with mART activity increasing dramaticatly after
myoblast fusion (Kharadia et al. 1992). In addition, desmin from SMCs has been shown
to react with an antibody specific for ADP-ribosylated-arginine (Graves & Krebs 1999).
A second exarnple would be the modification of actin filaments. ADP-ribosylation of
actin in human neutrophils is associated with inhibition of neutrophii chemotaxis (Stasia
et al. 1991). AdditionaHy, non-muscle Ply-actin, skeletal muscle a-actin and smooth

muscle y-actin are ADP-ribosylated in vitro with resuItant inhibition of actin
pdymerization (Terashima et al. 1992). Furthemore, endogenous ADP-nbosylation of
heterophil non-muscle actin was proposed as a mechanism for reguiating heterophil
phagocytosis, secretion and chemotaxis (functions dependent on actin de/polymerization)
(Terashima et al. 1993). The final example is the ADP-ribosyiation o f integrin a7, the
receptor for the extracellular protein Iaminin, on skeletal muscle cells by mART. This
modification may modulate cell-ce11 or cell-matnx interactions, with effects on cellular
differentiation and/or proliferation (Zolkiewska & Moss 1993; Zolkiewska & Moss 1997;
Zolkiewska el al. 1998).
Other eucaryotic ce11 functions that may be altered by mART include neuronal
transmission (in the brain, ADP-ribosylation of G proteins may m o d i e neuronal signal
transmission) (Durnan et al. 1991; Matsuyama & Tsuyama 1991), and regdation of Tce11 proliferation and cytolytic activity (ADP-ribosylation of a p56'ck-associated protein)
(Wang et al. 1996). More recently, Lupi et al. (2000) have reported the modification of
the P-subunit of Go, by arg-mART as a novel mechanism of regulating G proteinmediated signal transduction. This modification prevented the inhibition of calmodulinstimulated type 1 adenylyl cyclase. Finally, modification of MARCKS and tubuIin by

rnART has been demonstrated to lead to changes in cytoskeletal and microtubular
assembly/organization (Aktories & Wegner 1992; Chao et al. 1 994; Scaife et al. 1%Q),

as well as alterations in the abiIity of MARCKS to bind calrnodulin and interact with the
plasma membrane (Chao et al- 1994).
From a more clinicai point of view, in experimental diabetic neuropathy, mART
activity has been associated with a reduction of substance P axonal transport and
subsequent onset of diabetic perïpheral neuropathy (Donadoni et aL 1995). Et was
observed that exogenous ADP-ribosylation reactions were reduced in extracts fiorn
diabetic retinas, suggesting increased cytosolic endogenous ADP-ribosylation activity.
Treatment with an inhibitor of ADP-ribosylation (silybin) increased the extent of
exogenous ADP-ribosylation (Donadoni et al. 1995)-

2.7.2.5 Mono(ADP-ribosy1)ation in the cardiovascular system
In the cardiovascular system, arg-mART has been found in relatively high Ievels
in neonatal and adult rat hearts (Piron & McMahon 1990). In cardiac muscle, ADPribosylation reactions have been associated with developmental regulation (Piron &
McMahon 1990). Furthemore, Jones and Baird (Jones & Baird 1997) have shown that

bFGF, a growth factor intimately associated with the cardiovascular system, angiogenesis
and the muscu1oskeletal system, is ADP-ribosylated on the surface of adult bovine arch
endotheIia1 cells (and in human hepatoma cells). This modification may represent an
additional regulatory mechanism, in conjunction with phosphorylation, for this potent
mitogen. In the past, bFGF has been found to be both phosphoryIated and ADPribosylated in vitro (Boulle et al- 1995; Feige & Baird 1989; Vilgrain & Baird 1991;
Vilgrain et al. 1993).
Nitric oxide (NO) is a second messenger produced by NO synthase (NOS) in
response to a variety of signaIs that is able to stimulate endogenous ADP-ribosylation in
vitro. Moreover, NO, acting as a free radical molecule, can activate ADP-ribosylation of
several proteins in vivo (Brune & Lapetina 1989; Schuman et al. 1994; Zhang & Snyder

1992) and result in cellular damage (Parrado et al. 1999). In the vasculature, NOdependent ADP-ribosylation of G proteins by an endogenous ART in srnooth muscle
increases the activity o f adenylyl cyclase and results in vasodilatation via a decrease in
the activation of phospholipase C (Kanagy et al. 1995). As a result, it is postulated that
hypertension-associated decreases in eNOS expression and activity would decrease the
arnount of NO produced, thereby leading to decreased ADP-ribosylation of G proteins
and, consequently, increased vesse1 constriction since activation of G proteins by agonists
is unopposed (Kanagy et al. 1995). Moreover, ADP-ribosylation was discovered in SMCs
derived from bovine coronary artery (Li et al- 1999). Here, this modification was found
to modulate G,a and thereby play a role in activating K' channels as induced by 1 1,12-

EET. Taken together, these studies suggest that ADP-ribosylation rnay constitute a novel
participant in the cardiovascular systern and vasculature, playing a role in regulation of
cellular processes such as developrnent, differentiation, proliferation and SMC
contractility (Le. vasoactivity).

2.8

Inhibitors of mART and PARP
Over the years, numerous inhibitors of mART and PARP have been discovered

and used successfully (and prirnarîly) to study the biological function of these enzymes.
A number of compounds have been shown to inhibit mART, however, specificity is

typically lacking because of the sirnilarity of the rnART and PARP catalyzed reactions
(reviewed in Banasik et al. (1992), Banasik & Ueda (1994) and Rankin er al. (1989). This
ambiguity bas impacted on our understanding of ADP-nbosylation, since data
interpretation can be biased if it is based on an inhibitor that is not seiective for either
mART or PARP. For example, many of the cellular functions of PARP were identified by
extensive use of 3-aminobenzamide (3AB) (Sims et al. 1982). However, the fact that this

compound also inhibits rnART suggests a re-examination of the conclusions should be
made (Banasik et al- 1992; Milam & CIeaver 1984; Rankin et al. 1989; Zahradka & Yau
1994). Other examples of PARP inhibitors include benzarnide and nicotinamide. A more
complete Iisting of inhibitors is provided in articles that have reviewed this topic in detail
(Banasik et ai- 1992; Banasik & Ueda 1994; Rankin et al. 1989). Examples of arg-rnART
inhibitors include benzamide, napthaIimide, novobiocin, and vitamin K. Although more
PARP and mART inhibitors have since been identified, few are selective for argininedependent

mART.

The

best

examples

are

silyrnarinkilybin

and

meia-

iodobenzylguanidine (MIBG) (Donadoni et al. 1995; Loesberg et al. 1990b; Smets et al.
1990b), and 1 will be concentrating on the latter compound, MIBG, since it is the focus
of this thesis.

2.8.1

MIBG
MIBG was synthesized as a norepinephnne analogue, and is structurally similar to

guanidines such as the antihypertensive dmg guanethidine (Montaldo et al. 1996; Short
& Darby 1967). Its discovery was brought on by the search for agents that could be used

for the visualization of the adrenal medulla and possibly other related neoplasms
(Wafelman el ai. 1994b). MIBG is a ring-substituted alkylguanethidine and this family of
agents and its potency was first reported by Short & Darby (1967) as a series of
aralkylguanidines with high sympathetic nerve blocking capacity (Wafelman et al.
1994b). The evaluation of radioiodinated forrns of the aralkylguanidines as adrenal
medulla visualizing agents then followed and, in 1980, Wieland et al. (1980) investigated
and reported on the effects of radiolabelled

O,

nz and p position iodine-substituted-

benzylguanidine. The investigators found that the nz forrn was more resistant to in vivo
deiodination and, for this reason, radiolabelled MIBG was selected for further
investigations which lcd to its widespread use today (Wieland et al. 1980). Presently,

MIBG in its radiolabelled form (?-

or 131~-labelled)
is used for both diagnostic and

therapeutic purposes. Due to its selective uptake, radiolabelled MIBG enables the
detection and localization of neuroendocrine turnours and adrenergic tumours (Le.
adrenal medullary hyperplasia) . Typically, the radiolabeIIed MIBG is used for diagnostic
scintigraphy of neural crest-derived tumours (Hoefnagel 1994; Hoefnagel et al. 1991;
Srnets et al. 1988b) and also for the scintlgraphic assessrnent of cardiac sympathetic
neuronal integrity (Le. detection of cardiac sympathetic dysinnervation) in a variety of
disease States that include ischemia and diabetes (Nakata et al. 1996; SchneIl et al. 1996;
Valdes Otmos et ai. 1993). Although targeted radiotherapy of neuronal (neuroendocrine)
tumours by radiolabelled MIBG is practical and benefcial, non-radioactive forms of

MIBG have been tested for the treatment of carcinoid tumours and their rnetastases
(Cornelissen et al. 1995a; Kuin et al. 1999; Smets et al. 1988b; Taal et al. 1999; Taal et
al, 1996; Zuetenhorst et al. 1999). Furthemore, MLBG can be used for the detection,

diagnosis and therapy of smooth muscle tumours of the small bowel (Akle et al. 1997).
Finally, MIBG is a known inhibitor of arg-mART reactions (Loesberg et al. 1990b;
Smets et al. 1990b) and has been used as a tool for the study of ADP-ribosylation
reactions and their biological functions (Richter 1990). Its utility in this capacity is based
on its structure, which contains a guanidino group that mimics the acceptor portion of an
arginine moiety, and perrnits it to act as a pseudosubstrate (high affinity substrate) for
arg-mART and thereby inhibit its activity.
2.8.1.1 Biodistribution and p harmacokinetics of MIBG

After intravenous administration, radiolabeiled MIBG is distributed from the
vascufar compartment within I hour and then is slowly redistributed from the perpiheral
compartment to the central cornpartment (Wafelman et al. 1994a). Interestingly, the
initial uptake of MIBG involves both neuronal and nonneuronaI organs, and early

clearance (less than 4 hours) occurs €rom the nonneuronal sites (Wafelman et al. 1994a).
Within 24 hours, MLBG is observed mainly in the liver and to a lesser extent in the lungs,
heart, spleen salivary glands and urinary bladder (Wafelman et al. 1994a). Uptake in the
normal adrenal glands is very low, but hyperplastic adrenals, and tumours such as
pheochrornocytoma

and

neuroblastoma,

d o n g with

other tumours

that

have

neurosecretory granules, have increased rates of uptake (Wafelman et al. 1994a).
Significant clearance of radiolabelled MIBG fiom the liver and spleen occurs within 72
hours (Wafelman et al. 1994a). The biodistribution of MIBG can be altered by interaction
with other dmgs, especially agents that act in, and interfere with, the sympathetic nervous

sytem (eg. labetalol, reserpine and cocaïne) (Wafelman et al. 1994a).

2.8.1.2 Cellular uptake and retention of MIBG

MLBG shares the same mechanism of transport and storage as norepinephrine
(NE) (Jaques et ai. 1984; Tobes et al. 1985; Wieland et al. 1980). In general, there are
two mechanisms of uptake by which MIBG enters the ce11 (eg. adrenomedullary cells).
The first route is an active uptake system at the ce11 membrane specific to catecholarnines
(Uptake-1) and the second is a non-specific uptake system, which is presumed to be
passive diffusion (Jaques et al. 1984; Tobes et al. 1985). MIBG has specific affinity for
uptake- 1 mechanism of catecholamines and serotonin transporter (Jaques et al. 1987;
Rutgers et al. 1993; Smets et al. 199 1). The NE transporter/Uptake-1 is a neuron-specific,
ATPase-dependent catecholamine-~asymport that is driven by a ~ a gradient
'
generated
by N ~ + / K + - A T P(Gasnier
~s~
et al. 1986; Jaques et al. 1984; Tobes et al. 1985). Uptake- 1
is also temperature-dependent, high-affinity, Iow-capacity, saturable, oubain- (inhibitor of
N~';/K'-ATP~s~)sensitive, imipramine- or cocaine-sensitive and energy-dependent (Le.
decreased uptake when glucose is low in the medium) (Jaques et al. 1984; Tobes et ai.
1985). At relativcly high concentrations of MIBG (i-e. 10" M), non-specific uptake (Le.

passive diEusiion) dominates over active uptake as the transporter becomes saturated
(Jaques el ai- 1987; Lashford et ai. 1991). The non-specific uptake system is aIso
temperature-despendent, but is not energy-dependent, oubain-sensitive or saturable
(Jaques et al.

1484; Tobes et al. 1985)- Although passive diffusion is assumed to

characterize this non-specific uptake system, some in vivo studies have now indicated
that nonspecifilc membrane binding of MIBG provides the explanation for non-specific
uptake as opposed to simply passive diffiision through the plasma ce11 membrane
(Glowniak et al. 1993)- Although MIBG is highly protonated (pK of about 13 in vivo
(Wieland et a(. 1984)), it lacks polar hydroxyl groups that decrease the Iipophilicity of the
phenyl ring. Tbus, MIBG may be able to associate with the cell membrane. It has also
been suggestee that this high positive charge results in accumulation of MD3G in cells
and mitochondoia via an electro-chernical gradient (Smets et al. 1990b). In cells that have
active uptake ( e g . neuroblastoma), the typical time frame for maximal intracelluIar MIBG
concentration i:s 1-2 hours incubation (Iavarone et al- 1993; Smets et al. 1989). In cells
that do not contain active uptake mechanisms (eg. L1210, a murine lymphoblastic
leukemia ce11 Inne), saturation of the ce11 with MIBG wiH take about 3 hours (Smets et al.
1990b).
Within cells, MIBG is stored in intracellular storage vesicles (Montaldo et ai.
1991) and as freely diffusable cytoplasmic molecules, and is not associated with
rnacromoleculax compIexes (Smets et al. 1990a). However, the process of MIBG
retention is alsm considered to involve dynamic uptake, release and re-uptake processes.
Mechanisms o~ release are three-fold: exocytosis, carrier-mediated efflux and passive
diffusion, and ~ h contribution
e
of each will Vary depending on environmental conditions
(Servidei et ai. 1995). This uptakehelease mechanism allows for the rapid homogeneous
distribution of MIBG within a ce11 or tissue (Smets et ai. 1989). For example, in

neuroblastoma ceIls, MIBG is stored mainly in the cytoplasm and only to a smaI1 extent
in the chromophilic granules. Coupled with the dynamic process of MIBG retention
mentioned above, this rnechanism of storage facilitates the homogeneous distribution of

MIBG within a tumour (Servidei et al. 1995; Weber et al, 1996) and allows for efficient
visualization and treatment. Interestingly, if MIBG is ADP-rÏbosylated by arg-mART, the
rnodified rnolecule, which will contain an ADP-ribose moiety, will likely not move out of
the ce11 by the aforementioned mechanisms, and should increase the cellular retention of
MIBG. The rnodified MIBG should stay within the ce11 until the reverse enzyme reaction
(Le. via arg-mART hydrolase) occurs. However, since the modification with ADP-ribose
is typically reversible, this possibility should not influence the cellular retention and
rehptake of MIBG.
2.8.1.3 Metabolism of MIBG

Within the body, MiBG is not metabolized by monoamine oxidase (MAO) nor by
catchol-O-methyItransferase, but is rapidly excreted in urine (Iversen et al. 1971;
Mangner et al. 1986; Schnell et al. 1996; Sisson et al. 1987; Tobes et al. 1985). MIBG is
primarily excceted by the kidneys and, within 24 hours, 60% of the dose is eliminated
(Kuin et al. 1998). A s a result, M B G has been docurnented to cause stress-related
syrnptoms associated with the release o f bioamines, thereby affecting renal perfusion
(Kuin et ai. 1994).

2.8.1.4 Excretion/Elimination of MIBG
The rate of MIBG excretion is similar for either a diagnostic or a therapeutic dose
(Mangner et ai. 1986). MIBG is eliminated from the body via the rend pathway, mostly
in the unaltered form, and glomerular filtration rate has a major influence on MIBG
kinetics (Blake et al. 1989). Within 24 hours, 40-50% is eliminated, and by 72-96 hours,
70-90% is excreted, prirnarily as unchanged drug (Mangner el al. 1986). The importance

of renal excretion is confimed by fecal recovery of the dmg that is usually less than 2%
within 0-24 hours and less than 2% at 0-4 days (Kline et al. 1981; Mangner et al. 1986;
Shulkin et al. 1986). The primary metabolites of MIBG are meta-iodohippux-ic acid
(MIHA) (2-16%), iodine (2-6%) (typically in the radiolabelled form and thus likely to
affect the thyroid gland), meta-iodobenzoic acid (less than 0.5%) and para-hydroxy-

meta-iodobenzylguanidine (less than 0.5%) (Mangner et al. 1986). Since most of the
metabolic studies with MIBG have used the radiolabelled forms, rnetabolism has been
easy to follow. As weli, sensitive HPLC techniques have been developed for detection in
plasma and urine (Mangner et al. 1986).
2.8.1.5 Toxicity of MIBG

MIBG has been shown to have cytotoxic effects in the unlabelled form (Slosrnan
et al. 1988; Smets et al. l988b; Wieland et al. 1981). Within the cell, cytotoxicity may be

felated to its ability to inhibit mitochondrial activity (Loesberg et al. 1990b; Smets et al.
1990b). MIBG is selectively accumulated by cells, and it is predominantly the
mitochondria that actively accumulate MLBG (Gaze et al. 1991). The uptake of MIBG
into mitochondria is passive, since mitochondria do not possess uptake I (Cornelissen et
al. 1995a). Specifically, MIBG can inhibit both cornplex I and cornplex III of the
rnitochondrial respiratory chain (Cornelissen et al. 1995b; Loesberg et al. 1990a;
Loesberg et al. 1991; Slosman et al. 1993). Increased glycolytic flux is observed 2.5
hours after exposure to 31 FM MIBG and this has been interpreted as a compensatory
mechanism to the inhibition of mitochondrial respiration. This increased glycolytic flux is
accompanied by an increase in lactate production and leads to intracellular acidification
(Loesberg et al. 1990a). An interesting benefit to this cytotoxic effect is that MIBG can
potentiate the anti-neopiastic actions of certain cancer drugs that require a lower
intracellular pH for maximai function (Kuin et al. 1999; Kuin et al. 1994). The possibility

also exists that the cytotoxic effects of MIBG may be retated to the inhibition of argmART, since 3 classes of ADP-ribose acceptors have been identified in mitochondria
(Althaus & Richter 1987). However, the contribution of rnARTs to mitochondrial
function has not yet been documented or studied in detail (Kuin et al. 1998).
At the tissue level, the MIBG toxicity primarily involves the renal system (Kuin et
al. 1998). MIBG at a dose of 40 mg/kg results in decreased renal blood perfusion and the

induction of reversible kidney darnage (Le. decrease in EDTA clearance and histological
darnage in the distal tubules). Although the onset of renal toxicity would be assumed to

be associated with inhibition of mitochondrial respiration, interestingly, benzylguanidine
(de-iodinated

form of MIBG) does not affect renal

clearance even though

benzylguanidine also decreases mitochondrial respiration. As a result, it is liKely that
decreased mitochondrial respiration is not the main mechanism of MIBG-induced renal
damage (Kuin et al. 1998). Recent work has shed sorne light on this matter. MIBG
inhibits al1 three forms of human NOS (Kuin et al. 1998) and it is suspected that MIBG at
100 pM causes the inhibition of NOS (nitric oxide synthase). It is this inhibitory act that
may thus contribute to the decrease in renal clearance that is observed (Kuin et al. 1998).
2.8.1.6 Clinical application of MIBG
Because of its high affinity for the norepinephrine (NE) transporter, MIBG is used
mostly as an adrenal irnaging agent via scintigraphic visuaIization of tumours and
metastases (Montaldo el al. 1996). Clinically, MIBG labelled with radioactive iodine ('9
or "'1) is used for scintigraphy of neuroendocrine tumours such as pheochromocytorna,
neuroblastoma, medullary thyroidoma and tumours of the APUD (amine precursor
uptake and decarboxylation) series (Smets er al, 1990a). Since MIBG is taken up by
neuroendocrinc tumours, radioiodinated MIBG has becn used for treatrncnt of these very
samc tumours (Smets et al, 1990a). Aftcr uptakc of radiolabellcd MIBG into thc tumour,

the cancerous celIs are slowly ablated by the effects of Ply-radiation release.
Unfortunately, one of the consequences of radiolabelled MIBG treatment for cancer is
thrombocytopenia resulting frorn the uptake of MIBG via the serotonin transporter into
platelets and rnegakaryocytes with subsequent death of the ptatelets by radiation (Lode et

al, 1995; Tytgat et ai- 1995).
UnIabelled MIBG is also cytostatic, and even cytotoxic in various ce11 Iines
(Srnets et al. 1988b). For example, MIBG has been shown to almost completely inhibit
the proliferation of a neuroblastoma ce11 Iine (SK-N-BE(2c)), and also decreases the

ATP/ADP ratio in this ce11 line (Cornelissen et ai. 1995a). As a result, MIBG has now
been tested in its unlabelled f o m for the palbation of cardinoid syndromes and has
shown some success (Taal et al. 1999; Taal et al. 1996; Zuetenhorst et al- 1999). In its
unlabeIled form, 60 mg/kg is the tolerated dose by oral administration with a
bioavailability of 59%. The onIy evident toxicity is a decrease in renal function that
correlates with histologically detectable changes in the distal tubule (occurs at 40 mgkg)
(Kuin et al. 1998). At these levels, however, the darnage is entirely reversible (Kuin et al.
1999). Moreover, there appear to be no histological abnorrnalities in the kidney,
intestines, Iiver, heart, lungs, thymus, salivary glands and testes. As a result, repeated oral
administration of MIBG is a promising alternative for the long-term palliation of the
carcinoid syndrome without the need for hospitalization (Kuin et al. 1999) and without
the requirement for radiation therapy.
It is interesting to note that MIBG uptake increases on differentiation of human

neuroblastoma cells and the intracelluIar half-life is correspondingiy increased (MontaIdo
et al. 1996). This is mainly due to greater uptake capabilities of the differentiated cells

and does not reflect an increase in the storage capacity (Montaldo et al. 1996). A
correlation also exists between ce11 maturity and the ability of MIBG to accumulate

within those cells (Montaldo et al. 1996). Within certain neuroblastorna ce11 popuIations,

MIBG resistance is observed. This is likeIy due an inability to take up the MIBG and
corresponds to the presence of a very immature cell subpopulation (Montaldo

et

ai.

1996)2.8.1.7 Clinical application of MIBG in the cardiovascular system

In the cardiovascular system, MIBG scintigraphy has been used for the

assessment of cardiac dysinnervation (Le. cardiac sympathetic dysfunction) (Schnell

et

al. 1996). In this application, the affinity o f MlBG for post-ganglionic sympathetic nerve
endings pennits a direct assessment of sympathetic nervous activity in cardiac tissue.

This method has become a relatively reliable method for detection of cardiac
dysinnervation and is effective at identiQing changes that occur even before the onset of
ECG-based abnorrnalities (Schnell et al* 1996). For example, MIBG scintigraphy can be
used to assess the extent of myocardial damage after idarction since sympathethic nerve
fibres are damaged throughout the infarct zone. It has also been used to evaluate the
cardiac autonornic newous system defects at the onset of IDDM where a decrease in
global uptake is observed (Turpeinen et al- 1996).
The diagnostic efficiency for MIBG tornography for the detection of coronary
artery disease (CAD) is limited due to nonspecific reductions in MIBG uptake in the
inferior and postlateral regions of the heart (Nakata et al. 1996). Interestingly, the cardiac
sympathetic nerves travel with coronary arteries, and congenital defects in coronary
anatomy can also result in regional sympathetic denervation (Wichter et al. L994)I.
Nevertheless, the severity of coronary stenosis can be correlated with MIBG uptake
defect (Hartikainen

et

al. 1997). In C m , the extent of denervation is related to the local

severity of ischemia and not related to the size of myocardium with impaired perfusion
defect (Hartikainen et al. 1997; Nakata

et

al. 1996). It has also bcen noted that cardiac

adrenergic tissue is very sensitive to ischemia and regional cardiac sympathetic
denervation can occur in patients with stable CAD without previous MI. Interestingly, 34 months after a coronary angioplasty, there is recovery of MIBG uptake if the residual

stenosis after angioplasty is less than 40% of the Lumen diameter (Guertner et al. 1993).

The sympathetic nervous system also pIays an important role in the development
and progression of heart failure, since it has been documented that myocardial NE
content falls with the progression of heart failure (Takeishi et ai. L997). Impairment of
both neuronal uptake and vesicular storage function is apparent in the failing heart (Seto
et al. 1996) and there is a correlation between cardiac MIBG uptake and myocardiar NE

content (Schofer et ai. 1988). Moreover, myocardial MIBG uptake can reflect the effect
of treatments and therapies for cardiomyopathy (eg. ACE inhibitors, verapamil improve
uptake), in addition to the progression of cardiomyopathy (Somsen et al. 1996;
Wakabayaslii et al. 1997). For example, ACE inhibitors act not onIy on systemic
vasodilation but also directiy to inhibit the release of NE from sympathetic nerve
terminais and as a result improve rnyocardial fibrosis (Le. ACE inhibitor suppression of

neurohormonal system may contribute to sorne of the beneficial effects) (Somsen et al.
1996; Wakabayashi et al. 1997). Furthemore, AngII prevents the neuronal uptake of NE
which then in tum leads to a decrease in P-adrenoceptors during heart faiIure (Somsen et
al. 1996).

2.8.1.8 M o d e of action of MIBG
In many ce11 Iines, the anti-proliferative effect of MIBG is suggested to result
from inhibition of compIexes 1 and III of the mitochondrial respiratory chain, as stated
previously. However, a complete proliferation arrest is observed at concentrations of

MIBG rnuch higher than those required for the complete inhibition of mitochondrial ATP
synthcsis (Cornelissen et ai- 1995a; CorneIissen el al. 1995b). The maximum inhibition

for ATP synthesis was seen a t 10 pM while the optimum concentration for inhibition of
ce11 proliferation was observed at concentrations greater than 25 FM. Therefore,
inhibition of mitochondrial respiratory chain activity is not entirely responsible for the
ce11 proliferative inhibition properties of MIBG, and MIBG must influence cellular
processes apart from rnitochomdrïal ATP synthesis (Cornelissen et al. 1997b; Cornelissen
et al. 1995a).

Initially it was suggested that the differential inhibition of ce11 proliferation and
mitochondrial activity may b e due to generation of superoxide and lipid peroxidation of
the mitochondrial inner membrane (via inhibition of complex 1), since increasing MIBG
concentrations increase the levels of malondialdehyde (MDA) which defines the extent of
lipid peroxidation (Cornelissem et al. 1997a). When MlBG was used to inhibit complex I,
superoxide formation occurred maximally at concentrations of MLBG seven times higher
than those required for optimal inhibition of mitochondrial ATP synthesis (Cornelissen et

al. 1997b). Interestingly, the authors could use either vitamin E or GSH to scavenge free
radical fornation and, as a result, there was little or no MDA fonned with increasing
concentrations of MIBG (O - 25 PM; 25 p.M produced the maximal concentration of
MDA) incubated with cells ovemight- However, despite the protective effect of the
scavengers on MIBG-induced increase in MDA levels, no increase in the ce11
proliferation rate was observed when cells were cultured for 5 days in the presence of
MIBG with vitamin E (Comelissen et al. 1997b). This would suggest that still other
cellular mechanisms are being influenced by MIBG in its anti-proliferative effect. One
possibility is that MIBG i s inhibiting an arg-mART enzyme activity. Thus, the
mitochondrial proteins that have been shown to be mono(ADP-ribosy1)ated could
mediate the dismption of rnitechondrial function by MIBG (Althaus & Richter 1987).

2.8.1.9 MIBG as an inhibitor of arg-mART

Smets and colleagues demonstrated that MLBG was an inhibitor of arg-mART
(Loesberg et al. 1990b; Smets et al. 1988a; Srnets et al- 1988b; Smets et al. 1990b). Their
initial studies revealed that non-radiolabelled MIBG had several cellular effects,
including cytotoxicity, which they ascribed to interference with cellular rnARTs (Smets
et al. 1988a; Smets et al. 1988b). The reasons for this assumption were two-fold: i)

MIBG could potentiate the leukernolytic actions of glucocorticoid hormones similar to
inhibitors of ADP-ribosylation such as nicotinamide and 3AB (Smets et al. L988a), and
ii) MLE3G was structurally similar to arginine and guanyltycamine, two known substrates
for N-linked mART activity of choiera toxin (Althaus & Richter 1987). Upon hirther
investigation, they found that MIBG could serve as an acceptor for the mART activity of
not only cholera toxin, but also of an endogenous mART activity fiom elythrocyte
membranes (Loesberg et al. 1990b), and MlBG could compete with intracellular
acceptors of arg-rnART enzymes (Smets et al. 1990b). Moreover, this activity was
dependent on the presence of the guanidino-group, since MIBA (nieta-iodobenzylamine),
the related monoamine precursor, had no effect (Loesberg et al. 1990b). This would
suggest that MIBG competes effectively with endogenous acceptors via its guanidinogroup, making it a valuable tool for the study of the physiological functions of cellular
mARTs.
Arrned with the knowledge that MIBG is an anti-tumour agent and that it also
inhibits arg-mART enzyme activity (Comelissen et al. 1995a; Loesberg et al. 1990b;
Taal et al. 1996), it is conceivable that the anti-turnour activity of MIBG may be linked
with its ability to inhibit mono(ADP-ribosy1)ation reactions. Studies in this laboratory
have dernonstrated that arg-mART activity increases following mitogen stimulation, and
that inhibition of this enzyme activity prevents ce11 proliferation (Yau et al. 1998). These

studies certâinly support the contention that the anti-proliferative actions are mediated
through inhibition o f arg-mART and that ceIl proliferative processes rnay be associated
with activation of this enzyme. Furthemore, the ability of MIBG to inhibit an arg-mART
which is linked to ce11 proliferation would emphasize the findings of Cornelissen et a(.
(1997b and 1995a) that a differential inhibition of mitochondrial respiration and ce11
proliferation was observed, with the latter requiring much higher concentrations of

MIBG- Taken together, these data would suggest that MIBG must influence cellular
processes apart €rom mitochondrial ATP synthesis with respect to its ability to inhibit ce11
proli feration, and a likely candidate is N-linked mono(ADP-nbosy1)at ion of endogenous
acceptor proteins.

2.9

General Perspectives
The preceding literature review dernonstrates that considerable knowledge exists

concerning restenosis, its pathogenesis and the involvement of vascular remodeling and
SMCs, as well as the cellular processes activated within the SMC population of the
restenotic lesion. However, even with this understanding, and the extensive amount of
research that is still ongoing, the phannacological therapies and mechanical strategies
that have been implemented to date have not brouglit about a significant reduction in the
incidence of restenosis after revascularization procedures. Thus, it is still of paramount
importance to continue defining the temporal sequence of events that take place during
and after vascular injury. In particular, the cellular systems associated with the repair
processes that bring about the fibroproliferative and remodeling events characteristic of
restenosis must bc dcfined, since there is a lack of continuity of information rcgarding the
progression of thc cntirc disease proccss. Novcl playcrs may yct still be discovcrcd and
charactcrizcd. Intcrcstingly, many of ilic ccIlular proccsscs activated in vascular rcpair

and restenosis are sirnilar to those seen during tumour progression and metastases.
AIthough many chemotherapeutic agents, especially those that inhibit ce11 proIiferative
processes, have been tested without rnuch success, the spectrum of agents has not been
exhausted. Nevertheless, more details conceming the progression of restenosis will
improve the likelihood that a successful therapeutic modality will be found. Armed with
the knowledge that restenosis is in part a disorder of activated vascuIar (srnooth muscle)
cells and in part a consequence of vascular remodeling, it is evident that combination
therapy will be required- AIternatively, a single compound that will interfere with
multiple processes within the restenotic program must be identified. Thus, the
investigation of novel compounds for the treatrnent of restenosis is stil1 a burgeoning
field. It is the potential for MIBG to inhibit ceil proliferation, ce11 migration and ce11
differentiation, and the ability of MIBG to influence a novel ce11 regdatory rnechanism
potentially related to cell proliferation, migration and differentiation that brought me to
investigate this molecule in a variety of cellular systems, and finally apply MIBG to the
treatment of restenosis post-angioplasty.

3.0

Statement of the Problem: Hypothesis and Objectives

The information summanzed in the introduction (section 1.0) allowed the
formation of a general hypothesis under which studies reported in this thesis were carried
out. To review briefly, the incidence of restenosis after revasculanzation procrdures is
close to 50%. The clinical consequences of restenosis include angina, myocardial
infarction and sudden death. A variety of pharmacological agents have been tested as
therapeutic agents for the inhibition of restenosis, none of which has had measurable
clinical success. MIBG, synthesized as a norepinephrine analog, is used clinically for the
detection of neuroendocrine tumours and cardiac sympathetic dysinnervation. When
tagged with radioactive iodine, MIBG has been successfully used as therapy for
neuroendocrine tumours (Le. neuroblastoma). More recently, favourable results have
been found for non-radiolabelled MIBG as a chemotherapeutic agent for neuroblastoma
and as therapy for small bowel tumours, since it effectively abrogates turnour growth and
metastases. This information would infer that MIBG has the potential to prevent
neointimaI formation, and thus be employed clinically to suppress restenosis postangioplasty.

GENERAL HYPOTHESIS

- Meta-iodobenzylguanidine

rnono(ADP-ribosy1)transferase

(mART),

will

(MIBG), an inhibitor of

effectively

reduce

restenosis

(neointimal lesion formation) post-baIloon angioplasty by interfering with thc
cellular processes that mediate prolifcration, migration and differentiation. As a
corollary to the hypothesis, MIBG is an inhibitor of mART, and thcrcfore, mART
activity may be essential for ce11 prolifcration, ce11 migration and cell differentiation.
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Within the context of the stated General Hypothesis. huo objectives were
advanced:

GENERAL OBJECTIVES 1) To characterize the response of cell.s to MIBG and to identify its mechanism of
action.
2) To evaluate MIBG as an inhibitor of restenosis.

It is anticipated that the information provided by these studies will lead to a noveI
therapeutic application for MIBG îhat will benefit patients who require revascularization
procedures each year. Furthemore, it is expected that these studies will generate renewed
interest in the basic cellular mechanisms that contribute to the restenotic process.

4.0

Experimental Procedures/Materials and Methods

4.1

Materials
Al1 media, antibiotics, sera and other reagents used for ce11 culture experïments

were obtained from Gibco/BRL - Life Technologies (Burlington, ON), unless otherwise
noted. Reagents for the SMC serum-free defined suppiement (pyruvate, ascorbate, hoIotransfemn, selenium and insulin) were obtained from Sigma Chemicals (St. Louis, MO).
Nunc plastic tissue culture plates were from Gibco/BRL - Life Technologies (Burlington,

ON), while Linbro plastic multiwell tissue culture dishes were acquired h m ICNIFlow
Technologies (Costa Mesa, CA).
individual growth promoting agents were acquired from a variety of commercial
sources. Insulin used for the H4IlE experirnents was purchased either from Sigma
Chemicals (St. Louis, MO) or from Eli Lilly Company (Scarborough, ON). IGF-1 and
PDGF were obtained from Peprotech lncorporated (Rockyhill, NJ). Angiotensin II

(AngLI) was purchased frorn Sigma Chemicals (St. Louis, MO), Peninsula Laboratories
(Belrnont, CA) or Calbiochem (Cedarlane Laboratories Ltd.; Hornby, ON). PGE2, PGI2,
PGF;?, and cTxA2 were obtained from Cayman Chemicals (Ann Arbor, MI). Thrombin
was acquired from Sigma Chernicals (St. Louis, MO). Inhibitors used throughout the
studies were also procured from a variety of commercial sources. MIBG, MIBA, 3AB

and PABA were purchased from Sigma Chemicals (St. Louis, MO). PD128763 was a
generous gift of Parke-Davis (Ann Arbor, MI). PD98059, SC-5 1322 and LY294002 were
€rom BioMol Research Laboratories Inc. (Plymouth Meeting, PA), while wortrnannin
was obtained from Sigma Chernicals (St. Louis, MO).
Radioiabelled compounds ([methyl-3~]thyrnidine, [5,6- luri ri di ne, [ y - 3 Z ~ ] ~ ~ ~ ,
~ - [ 6 - ~ ~ ( N ) ] ~ l u c o[3Z~]orthophosphate,
se,
[ 3 ~ ] ~ I~~ ' ~
P]~
2 C, T P ,(2.8-3~]adenosine,
[ 3 ' ~ ] ~ [~ ~3 t ~,

] and
~ Aquasol
~ ~ 3were purchased from Dupont-NENIMandcl-NEN

(Guelph, ON), while Cytoscint ES was acquired from ICN/Flow Technologies (Costa
Mesa, CA). Trichloroacetic acid (TCA) was supplied by Fisher Scientific (Nepean, ON).

Cell Lifiers manufactured by CoStar were obtained from Fisher Scientific (Nepean, ON).
Whatman

GF/A gIass

fibre

filters, GF/C

glass

fibre

filters, DE-81

filters,

polyethylenirnine-cellulose (PEI-cellulose) chromatography plates, and silica gel TLC
plates were acquired througl-i Fisher Scientific (Nepean, ON). Ionex-25 SA-Na plates
were purchased Eom Machery-Nagel (Easton, PA). ADP-ribose, NAD',

L-arginine

methyl ester and L-nitro-arginine methyl ester were obtained frorn Sigma Chemicals (St.
Louis, MO) or Boehringer-Mannheirn/Roche Diagnostics (Laval, QC).
Immobilon-P poly(viny1idene difluoride) (PVDF) membranes used for Western
blot analysis were from Millipore as purchased through Fisher Scientific (Nepean, ON).
The ECL chemiluminescent detection system was provided by Amersham L i k Sciences
(Oakville, ON) both in the regular format and in the super sensitive fomlat. Reflection
film and Kodak X-OMAT high sensitivity film were from Dupont-NEN/MandeI-NEN
(Guelph, ON) and VWR Scientific (Edmonton, AB), respectively. Kodak film and
developing reagents were purchased from Don's Camera (Winnipeg, MB). Myelin basic
protein (MBP) was supplied by Sigrna Chemicals (St. Louis, MO) while bovine serum
albumin (BSA) (fraction 'V)

was purchased

from Boehringer-MannheimRoche

Diagnostics (Laval, QC). Protein G Sepharose and imrnunoprecipitin was from
Amersham Phannacia Biotech (Baie dYUrfe,QC). The bicinchoninic acid (BCA) protein
assay kit was supplied by Pierce through BioLynx Inc, (Brockville, ON). Protease
inhibitors (phenylrnethylsulfonylfluoride (PMSF),

sodium

orthovanadate, sodium

fluoride, aprotinin, leupeptin, etc-) were from Sigma Chemicals (St. Louis, MO). The

LDH cytotoxicity assay kit was purchased

from

Boehringer-MannheimiRoche

Diagnostics (Laval, QC). The T4 DNA polymerase labeling kit was obtained from
GibcoBRL - Life Technologies (Burlington, ON).
Balloon angioplasty catheters (different sizes) were acquired from Boston
Scientific/SciMed (Maple Grove, MN) or Cook Inc. (Stouffirille, ON). Suture was from
Ethicon (Johnson & Johnson, Somerville, NJ).TisseelTMwas supplied by Baxter, Canada
(Mississauga, ON). OCT/Tissue Tek was obtained from Ted Pella Inc (Redding, CA).
Superf?ost Plus glass slides and paraformaldehyde used for irnrnunological staining were
purchased from Fisher Scientific (Nepean, ON) and TAAB Laboratories Equipment Ltd.
(Reading, Berks, England), respectively. Streck tissue futative was obtained from Streck
Laboraties (Omaha, NE). CrystalMount anti-fade mounting media was supplied by
Biomeda (Foster City, CA). JB-4 embedding resin was purchased fiom Polysciences Inc.
(Warrington, PA).
TRizoI reagent for RNA extraction was obtained fi-om Gibco/BRL - Life
Technologies (Burlington, ON). Reverse Transcriptase-Polymerase Chain Reaction (RT-

PCR) kits were purchased from Perkin-Elmer/Cetus Corporation (Ville St. Laurent, QC),
while extra nucleotides were supplied by Boehringer-Mannheim/Roche Diagnostics
(Laval, QC). SYBR Green I was purchased from Molecular Probes (Eugene, OR),
Prirnary antibodies were obtained from Sigma Chernicals (St. Louis, MO) [anti(smooth muscle a-actin), anti-(smooth muscle myosin)], Transduction Laboratories (San
Diego, CA) [anti-(phosphotyrosine PY20) IgG coupled to horseradish peroxidase ( H W ) ,
anti-(p2 1-Ras)], New England Biolabs (Mississauga, ON) [anti-(de/phosphoMEK2/2),
anti-(de/phosphoMAP kinase)], Promega through Fisher Scientific (Nepean, ON) [anti(phosphoMAP kinase)], Santa Cruz Biotechnologies (Santa Cruz, CA) [anti-(MyoD),
anti-(myogenin), anti-(p21c'P'), anti-(MEFZ)], Boehnnger MannheidRoche Diagnostics
(Laval, QC) [anti-(bromodeoxyuridine)], DAKO (Mississauga, O N ) [anti-(proliferating

ce11 nuclear antigen - PCNA)], Trevigen (Gaithersburg, MD) [anti-(poly-(ADP-ribose))],
and Upstate Biotechnologies (Lake Placid, NY) [anti-(p85)]. Secondary antibodies were
obtained from Bio-Rad (Mississauga, ON) [HRP-coupled anti-(rabb it IgG), HRP-coupled
anti-(mouse

IgG)],

Jackson

ImmunoResearch

Laboratones

(BioCan

Scientific,

Mississauga, ON) [Cy-3 conjugated anti-(rabbit IgG), Cy-3 conjugated anti-(rnouse IgG),

Cy-3 conjugated anti-(goat IgG), Cy-3 conjugated anti-(rat IgG)]. Hoescht No. 33342
nuclear stain was acquired from Sigma Chemicals (St. Louis, MO). Fluorescein (F1TC)conjugated mouse, monoclonal anti-BrdU antibody was purchased fiorn Becton
Dickinson (San Jose, CA), Propidium iodide and DNAse 1 globuIar actin stain was
purchased from Molecular Probes (Eugene, OR). Bromodeoxyuridine (BrdU) was
acquired from Boehringer-Mannheim/Roche Diagnostics (Laval, QC).
General laboratory chernicals were purchased from either Sigma Chemicals (St.
Louis, MO) or Fisher Scientific (Nepean, ON) unless othenvise noted. Ultrapure
chernicals (Tris, glycine, SDs, acrylamide, glycerol, Tween 20, Triton X-100 etc.) were
supplied by Gibco-BEU - Life Technologies (Burhgton, ON), Bio-Rad (Mississauga,

ON) or Boehringer-MannheidRoche Diagnostics (Laval, QC)- 3-(4,5-dimethyl-thiazol-

2-YI)-2,s-dipheoLtetrazoliumbromide (MTT) was purchased from Sigma Chemicals (St.
Louis, MO).

4.2

Experimental Systems

4.2.1

H4IIE ce11 culture
Rat H411E hepatoma cells (American Type Culture Collection, CRL 1548) were

grown in 150-mm culture dishes in a-modified minimal essential media (a-MEM)
containing 10% fetal bovine serum (FBS), 2 mM glutamine, 50 pg/mL streptomycin and
50 pg/mL penicillin. The celIs were passaged every second day at a 1% dilution. Cells

were placed into serum-free a-MEM for 72 h prior to the start of experimentation to
ensure entry into a quiescent state (Yau et a[. 1998).
4.2.2

L6 myoblast/tube celi culture
Rat L6 skeletal myoblast cells (obtained from Dr. Ted Lo, University of Western

Ontario) were grown in 150-mm culture dishes in a-MEM containing 10% FBS, 2 rnM
glutamine, 50 pg/mL streptomycin and 50 pJmL penicilIin. The cells were passaged
every second day at a 1:3 dilution. Confluency was maintained at Iess than 70% to ensure
that the cells did not begin to differentiate spontaneously. To induce differentiation, ce1Is
were placed into a-MEM containing 2.5% horse serurn for 96 h at which point rnyotube
formation was essentially cornplete (Zahradka et ai. 1989).

4.2.3

Primary smooth muscle ce11 culture
Primary cultures of porcine coronary artery smooth muscle cells (SMCs) were

generated from the Ieft anterior descending coronary artery (LAD) by an explant organ
culture method (Saward & Zahradka 1997b). The LAD was dissected free of the heart,
cut into segments of 2-5 mm, placed into Dulbecco's modified Eagle media (D-MEM)
containing 20% FBS, 2 rnM glutamine, 50 pg/rnL streptomycin, 50 pg/rnL penicilIin and
10x antibiotic/antimycotic (TMFungizone,Gibco-BRL), and incubated at 37°C in 5%
COz. After approximately 2-3 weeks in culture, SMCs migrating from the free-floating
explants populated the tissue culture dish and were ready for passaging. SMCs were
propagated in D-MEM containing 20% FBS, 2 mM glutamine, 50 pg/rnL streptomycin,
50 pg/mL penicillin and l x antibiotic/antimycotic. Cells were used only after the second
passage to maintain consistency between cultures. To obtain a quiescent ce11 population,
SMCs were grown to 70% confluence, rïnsed with phosphate-buffered saline (PBS) and
incubated in serum-free D-MEM supplemented with 11 pg/mL pyruvate, 5 pg/rnL
transferrin, 1oe9M sclenium, 2x 10" M ascorbate and 1 O-' M insulin for 5 days.

4.2.4

In vivo pig mode1 of femoral angioplasty
Male castrated pigs, 30-35 kg, were obtained locally and kept in quarantine for a

week. Prior to the procedure, the pigs were sedated (zolazepam). The pigs were then
anaesthetized (tiletamine, xylazine), intubated and maintainea on isofluorane gas
anaesthesia according to University of Manitoba Use Protocol 97-060 until the surgery
was cornpleted. The animal protocol was approved by the University of Manitoba Animal
Care cornmittee, and the procedure c a ~ e out
d in accordance to the guidelines set out by
the protocol and the Canadian Council on Animal Care. With the pig in the supine
position, an incision was made to expose the left femoral artery extending from the
bifurcation of the femoral and superficial femoral arteries to the point of femoral artery
insertion into the groin area. Once the tissue planes were cleared and the area was
exposed, a 1:1 mixture of nitrog1ycerine:papaverine ( 1.O rnL of 5 mg/mL nitroglycerine
and 1.0 mL 8.125 m g h L papavenne) was applied to the femoral artery. The right
femoral artery was then exposed and treated in the same manner. Exposed tissue was kept
moist with a saline-soaked sponge. Once the femoral artery was vasodilated, atraumatic
vascular clamps were placed at the proximal site (groin area) and at the distal site, just
past the bifurcation of the femoral. A #11 scalpel was then used to create an arteriotomy
at the site of bifurcation. An approprïately sized balloon (typically 6.0

x

20 mm - in a

few cases 5.0 x 20 mm - based on intravascular ultrasound measurements of the femoral

artery diameter of test pigs and a bal1oon:artery diameter ratio of 1.2 to 1.4) was inserted
through the arteriotomy in a retrograde manner and the proximal vascular clamp
removed. Once the balloon was in place, 20-mm from the point of insertion, the balloon
was inflated to 6 atm for I min. The balloon was then deflated and renlovcd, and the
proximal vascular clamp rcapplied. The arteriotomy was then closed with 6.0 Prolene
suture. If rcquircd, Tissecl (1.0 mL) was applied along thc lcngth of the femoraI artery

from the arteriotomy to the proximal region of the vessel, encompassing the site of
balloon injury. The incision, including the deep fascia, was then closed with 3.0 Vicryl or

3-0 Dexon suture, and the skin stapled to close the wound. Pigs were given antibiotics
(amoxicillin) for 5 days folIowing the procedure in accordance to Pifanitoba Animal Care
cornmittee guidelines. The pigs were euthanized 14 days after the angioplasty procedure,
and the femoral arteries harvested. The femorals were divided into 4 regions
(arteriotomy, distal, balloon and proximal) and each region cut into 2 sections, Al1
sections were placed into OCT/Tissue Tek, blocked, flash fiozen in a dry ice/ethanol bath
and stored at -80°C.
4.2.4.1 Femorai angiography

Femoral artery angiograms were conducted prior to euthanization of the pigs. The
pigs were sedated, intubated endotracheally, anaesthetized and maintained on isofluorane
anaesthesia for the duration of the procedure. With the pigs in supine position, exposure
of the left main carotid artery was conducted using a combination of sharp and brunt
dissection, Upon exposure, silk Loops were placed to secure the carotid artery. Hemostatic
clamps were placed proximally and distally to gain vascular control and allow an
arteriotorny in the vessel- A 6 French (6F) cannula was pIaced into the carotid artery and
secured in place with silk ligature. A 6F angiocatheter was advanced under fluoroscopic
guidance into the aorta and then the left common iliac artery- The pigs were identified
using radio-opaque nurnbers, and the letter "L" to denote thc left side. Fluoroscopic
imaging and the use of radio-opaque dye confirmed the field of view. Once satisfactory,
60 mL of radio-opaque dye was injected while the image was being recorded ont0 a VCR

tape. The same procedure was repeated for the right common iliac artery/fernoral. The
right side was identificd on VCR tapc by the lettcr "O" to rcpresent the right side.

Following the completion of the angiogram, the pigs were euthanized to harvest the
femoral arteries.

In those instances where the carotid approach was unsuccessful, angiography was
initiated at the most proximal portion of the femoral artery. Briefly, with the pig in supine
position, the fernoral artery was carefully exposed, as proximally as possible. Silk loops
were placed to secure the femoral artery. Hemostatic clamps were placed proximally and
distally to gain vascular control to allow an arteriotomy. A 6F cannula was placed into
the femoral artery and secured with silk ligature. Fluoroscopic imaging and the use of

radio-opaque dye c o n f m e d the appropnate field of view. A pair of hemostat clamps
identified the entry point of the catheter and a second pair was placed distally to identie

the positioning of the leg joint. When the field of view was satisfactory, 60 mL of radioopaque dye was injected while the image was being recorded ont0 a VCR tape. Upon
completion of the angiogram, the fernoral arteries were harvested for histologie
processing.

4.3

Ce11 growth and viability assays

4.3.1

Radiotracer incorporation for measurements of DNA and RNA synthesis

Cells (H4IIE, SMC, L6) were plated in 24-well muitiwell dishes and allowed to
grow over 2 days. Quiescent cells were prepared with the serum-free conditions
described in 4.2.1, 4.2.2 and 4.2.3, and stimulated by direct addition of the indicated
compounds without replacing the media. When inhibitors were used, they were added 1015 min prior to addition of stirnulating agents. To measure RNA synthesis, cells were
incubated with 2 pCi

l lur ri di ne for 6 h after addition of stimulating agents. Similarly,

DNA synthesis was measured by incubating the H4IIE cells with 2 pCi [ j ~ l t h ~ m i d i nfor
e
24 h. For SMC cultures, the [ ' ~ l t h ~ r n i d i nwas
e added 24 h after the initial stimulation,

and the incubation continued for 48 h. The cells were subsequently lysed with 1.0 mL
lysis buffer containing 10 mM Tris-HCI (pH 7.4), 100 mM NaCI, 1 mM EDTA and 0.5%

SDS, and the nucleic acids precipitated with an equal volunle of ice-cold 20%
trichloroacetic acid (TCA)- The precipitate was collected on Whatnlan GF/A glass fiber
filters, which were washed 4 times with 5% TCA, once with ethanol and then ailowed to
air-dry. Radioactivity was determined by liquid scintillation counting using a Beckman
LS6500 Multipurpose Scintillation Counter,
4.3.2

Radiotracer incorporation for measurement of ce11 cycle re-entry

Cells (H411E and SMC) were plated in 24-well rnuItiweI1 dishes and allowed to
grow over 2 days- Quiescent cells were prepared with the serum-free conditions
described in 4.2- 1 and 4.2.3. To evaluate the time required to re-enter the ce11 cycIe, DNA
synthetic activity was measured by pulse-labeling cultures with 2 pCi [ ' ~ l t h ~ r n i d i nfor
e
30 min at varying times after mitogen stimulation. Cells were then lysed and analyzed as
described in section 4.3.1.
4.3.3

Ce11 Number I

Cells (H4IIE and SMC) prepared in 96-well multiwell culture dishes (Nunc, 200
pL volume) were either maintained for 96 h in serum-freekerum-free supplen~ented
media containing varying concentrations of inhibitor, or were stimulated with a variety of
agents

+ inhibitors over 96 hours without replacing the media. If inhibitors were used,

they wcre added 15 min prior to addition of stimulating agents. CeIl nurnber (Le.
mitochondriat density) was measured after a 4 h incubation with MTT according to Shi et
al. (1993). CoIour dcvelopment was quantified using a Molecular Devices ThemoMAX

plate reader with a 550-nnl filter. A dcclinc in ce11 numbcrs may bc obscrved under
conditions that pronlotc cc11 dcath. For this rcason, thc MTT assay can also bc cmploycd
to measurc cytotoxicity (Dcnizot & Lang 1986; Mossi~ian1983).

4.3.4

Ce11 number II
Cultures of quiescent cells (H4IIE and SMC) in either 12- or 24-well culture

dishes were stimulated by direct addition of the indicated compounds without replacing
the media. When inhibitors were used, they were added 15 min pnor to addition of
stimulating agents. At the selected times (24, 48, 72 or 96 h), cells were trypsinized in
200 PL and neutralized with 200 pL of media containing FBS. The celis were then added
to vials containing 9.0 mL of filtered PBS. Each well was then washed twice with 300 pL

of PBS and each wash added to the vials. Ce11 number was determined with a Coulter
Counter set to count 500 pL volumes. Each condition was conducted in triplicate and
each via1 was counted three times.
4.3.5

Bromodeoxyuridine (BrdU) ce11 labeling
Cells (H41IE and SMC) were grown on Superfrost Plus glass slides and made

quiescent by incubating in serum-free media (with or without supplement, depending on
ce11 type). Quiescent cells were then stimulated by direct addition of agents without
replacing the media. BrdU (50 PM) was added for 2-24 h before harvest of the slides at
the selected times (24,48, 72 or 96 h). Control slides were incubated with BrdU over the

same time period in the absence of stimulating agent. Additional controls were generated
in the absence of BrdU. Slides were washed in PBS and fixed by placing in ice-cold
methanol for 5 min. The slides were allowed to air-dry and were subsequently rehydrated
in PBS (3 changes, 5 min each). The slides were incubated for 1 h at 37OC in 2 N HC1
and neutralized with 3 changes of O. 1 M borate ( 5 min each). After 3 washes with PBS,
the slides were incubated for 1 h at room temperature with monoclonal anti-BrdU
antibody (diluted I:200) in 1% bovine serum albumin (BSA) in TBS-T containing 10
mM Tris-HC1 (pH 7.5), IO0 mM NaCl and 0. 1°!4 Twcen 20. Thc slides were then washed

in PBS and anti-mouse secondary antibody conjugatcd to Cy-3 (dilutcd 1:4OO) in 1%

BSA/TBS-T was applied for I h at room temperature. The slides were washed in PBS
and allowed to dry slightly before rnounting with an antifade agent (CrystalMount or
VectaShield). The slides were then viewed with an epifluorescence microscope and the
number of nuclei showing BrdU staining recorded.
4.3.6

FACS analysis
1 x 1o6 - 2.5 x 106cells (H4IIE) were prepared in 6-well multiwell culture dishes.

The cells were then treated with agonist or inhibitor for 48 h, and 50 pM BrdU/SO pM 5fluoro-2'-deoxyuridine (BrdU Labeling Solution, Amersham Life Sciences, Oakville,
ON; Catalogue number EWN 20 1) was added 2 h prior to ce11 harvest. The cells were then
trypsinized and transferred to 10 rnL conical tubes and centrifuged for 5 min at 2400xg.

The ce11 pellet was washed in PBS/l% BSA/O.S% Tweed20 mM EDTA, transferred to
microfuge tubes and centrifuged for 5 min at 2400xg. The supernatant was removed and
the ce11 pellet resuspended in 1 rnL ice-cold 0.9% saline. The cells were then fixed by
adding the resuspended cells dropwise to 5 mL of 70% ethanol while vorîexing. The tube
was rinsed in 100 pL saline and the cells incubated for 30 min on ice or stored at -20°C
for a maximum of 5 days. The cells were centrifuged for 5 min at 3000xg. The
supernatant was removed, the ce11 pellet vortexed vigorously and the cells resuspended in

0.5 mL PBS/2O mM EDTA/O.S% Tween. The çells were passed through a 26 gauge
needle to break up clumps and transferred to a glass tube. 1 mL of 4 M HCY1% Triton
was added while vortexing. The cells were then incubated at room temperature for 30
min and centrifuged at 3000xg for 5 min. The acid was neutralized with 1.5 mL of O. 1 M
borate (pH 8.5) and the cells vortexed vigorously. The cells were collected by
centrifugation for 5 min at 3000xg and resuspended in 100 PL of PBS/l% BSA/O.S%
Tweed20 mM EDTA. After adding 20 pL of FITC-mouse anti-BrdU, the sample was
mixed for 2 h in thc dark at room temperature before washing in PBS/20 mM

EDTA/OS% Tween. The cells were pelleted and 500 pL of propidium iodide sbin
solution (15 p g h L ) was added and the ce11 suspension mixed for an additional 2 h in the
dark, before FACS analysis,
Irnmunofluorescence was quantified with an EPICS Mode1 753 Fluorescence
Activated CeIl Sorter (Coulter Electronics, Wialeah, FL) equipped with a 488-nm (500
mW) line from an argon laser. To enable the detection of FITC fluorescence (emission
peak of 520-MI), a 540-nm band pass filter was used. Propidium iodide fluorescence
(emission peak of 620-nm) was determined with a 610-nm long pass filter. Data
collection and analysis was conducted by Dr. Ed Rector (Department of Immunology).
4.3.7

LDH assay
The LDH cytotoxicity assay was camed out according to the method provided

with the kit purchased from Boehringer-MannheimRoche Diagnostics (Laval, QC).

Brïefly, cells (H411E) were plated in 96-well multiwell tissue culture plates. Growing or
serum-deprived H4IIE cells were then treated with varying concentrations of compound
and, 24 h later, a 20 pL aliquot of media was mixed with 80 pL o f PBS and transferred to
a new 96-well plate. Reaction mixture (100 pL of a mixture of catalyst,
diaphorase/NAD-, dye solution, iodotetrazolium chloride and sodium lactate) was then
added to each well and the plates incubated at room temperature for 30 min. Conversion
of the dye by released LDH was measured colorimetrically by absorbance at 490-nrn with

a ThermoMAX plate reader.
4.3.8

[ 3 ~glucose
]

uptake assay

Quiescent cells (H41IE) were prepared in 24-well culture dishes. The media was
replaced with glucose-free buffer (137 mM NaCl, 4.7 mM KCI, 10 mM sodium
phosphate (pH 7.4), 0.5 mM MgQ,

1 mM CaCIZ,0.2% (wlv) BSA), and the cells were

subsequently stimulated with insulin or LGF-1. After 10 min, 10 mM [3~]glucose(0.5

pCi) was added to each well and the incubation continued for a further 10 min (Kato et

al. 1993). The cells were then washed three times with ice-cold PBS and solubilized with
1 M NaOH. The lysate was neutralized with acetic acid, mixed with 5 mL Aquasol, and

the radioactivity monitored by liquid-scintillation counting on a Beckrnan LS6500
Multipurpose Scintillation Counter.

4.4

Ce11 differentiation

L6 skeletaI myoblasts were grown in 6-well culture dishes and switched into a
2.5% horse serum media as described in 4.2.2. The media was refieshed after 48 h. Ce11

fusion

was

routinely

monitored

by

phasekontrast

microscopy.

To

quantify

differentiation, cells were fixed in methanol, stained with Wright's-Giemsa stain, rinsed
in water and 70% ethanoi and the number of nuciei in fused myotubes quantified by
counting. If agents or inhibitors were added to assess their effect on L6 myoblast
differentiation, they were added directly to the wells afier the growth media had been
replaced with differentiation media.

4.5

Ce11 migration (Boyden chamber)

SMCs were prepared in a standard 48-well Boyden chamber (suppIied by
Neuroprobe). In the lower chamber, 30 pL of serum-free D-MEM t chernotactic factors
was pIaced into each of the 48 wells. A membrane with pore size of 5 p m was then
placed over the top of the wells and the upper plate fitted over the membrane. SMCs (1 -5
x 10) cells) were then loaded into the wells of the top chamber in 35 pL of senim-free D-

MEM. If inhibitors were added, they were added to the top chamber. The Boyden
chamber was then incubated at 37OC in 5% COz for 48 h- The membrane was
subscquently rcmovcd from betwccn the two plates and the cells fixed by immersion in

methanol for 5 min. Cells that adhered to the upper surface of the membrane were
scraped off. The underside o f the membrane was then nnsed in dd&O and the cells
stained with Gienlsa stain for 60 min- The membrane was then cut into sections and the
membrane mounted on glass slides. The nurnber of cells present in cach well area was
then counted under light microscopy (n = 6 per condition).

4.6

Fibrin glue preparation
Fibrin glue (Tisseel) was prepared according to the manufacturer's instructions.

Al1 components were premeasured and used completely unless othenvise specified.
Briefly, the vials containing lyophilized fibnn and thrombin were warmed to 37°C in the
apparatus provided- Aprotinin was then added to the fibt-in vial and the contents allowed
to mix for 10 min and kept at 37OC until use. A CaC12 (40 mM) solution was then added
to the thrombin 500 vial (quick setting), mixed and kept at 37OC until used. For
application of Tisseel, equal amounts of fibrin and thrombin were drawn up in the
syringes provided and the syringes placed into the specially designed Duploject clip for
simultaneous ejection and mixing of the components. The Tisseel was then applied as
descrïbed in 4.2.4. I f application of M[BG was being tested in the TisseeI, the inhibitor
was dissolved in CaC12 solution and filter-sterilized before addition into the vial of
thrombin 500. The final concentration of inhibitor upon application was 25 mM. In
control pigs, rigl-it and left femora1 artcries were randomly treatcd with either Tisseel or
no Tisseel. In cxpcrimcntal pigs, fcmoral arterics were treated with either Tisseel alone or
Tissecl plus inhibitor in a random doubIe-blind manner. Blinding of the experiment was
not revealed unlil al1 tissue samples had been processed and ncointimal index quantified.

4.7

Histology

4.7.1

Paraformaldehyde preparation
A solution consisting of 40 mL water, 10 rnL 9.0% NaCl and 3-4 drops NaOH

was heated to 55"C, after which 4 g of paraformaldehyde was added. Once dissolved, the
solution was removed from the heat and 20 mL of 0.5 M NaPOj (pH 7.4) added before
allowing to cool to room temperature. The pH of the solution was adjusted to 7.4 and the
volume increased to 100 rnL with dd&O before filtration. The 4% paraformaldehyde
solution was kept at 4 O C until used (maximum 24 h).
4.7.2

Histology of tissue sections
Tissue frozen in OCT was cryosectioned (6-7 pm thickness), placed onto

Superfrost Plus glass slides and stored at -80°C. SIides were allowed to warm to room
temperature for processing, The sections were then treated with Streck tissue fixative for
10 min at room temperature, rinsed 3 x with TBS (20 rnM Tns-HCI (pH 7 3 , 150 mM
NaCl) and stained for 1 min with Lee's methylene blue (0.026% methylene blue, 0.026%
basic fuchsin, 25% ethanol in PBS) for identification of interna1 elastic lamina, nuclei and
muscular tissue. The slides were then rinsed sequentially with distilled water, 70%
ethanol and distilled water, and allowed to air-dry before viewing by light microscopy.
The images were captured with a DAGE-MT1 CCD camera and associated software.
4.7.3

Immunocytochemistry
Ce!ls (H41IE, SMC) grown on Superfrost Plus g l a s slides and washed 3x with

TBS were fixed pnor to antibody treatrnent. Fixatives included 4% paraformaldehyde,
Streck tissue fixative, methanol, rnethano1:acetone (L :1) or acetone for 5- 15 min at either
4OC or room temperature depending on the antibody being used. If the slides were fixed

with an organic solvent (methanol, acetone), the slides were air-dried before rehydration

in TBS or PBS and treatment of the stides with blocking buffer (3% bovine serum

albumin (BSA) in TBS-T containing 20 mM Tns-HCl (pH 7.9, 150 mM NaCl, and 0.1%
Tween 20) for 60 min at room temperature. If the slides were fixed with a cross-linking
agent, the slides were washed 3x in TBS or PBS before incubation with O-[% Triton X100 (in TBS or PBS) for 15 min to permeabilize the cells. After 3 washes in TBS or PBS,
the slides were treated with blocking buffer for 60 min at room temperature. Afier
treatment \vit11 blocking buffer, the slides were rinsed with TBS and incubated with
primary antibody (diluted with 1% BSAîTBS-T) for 60 min at room temperature. After
washing in TBS, the pnmary antibody was detected with a Cy3-, Cy2- or Oregon Greencoupled secondary antibody (diluted with 1% BSNTBS-T). The slides were then washed
in TBS and Hoescht No. 33342 (0.5 mg/mL diluted 1:4000 in TBS), a nuclear stain, was
applied for 1 min before washing extensively with TBS. Photographs were taken with an
Olympus BH-2 RFCA microscope fitted with a 35-mm camera using Fuji Provia400 slide
film o r Tri-X Pan black and white 400 ASA film. Altematively, images were captured
with a DAGE-MT1 CCD camera and associated software,
4.7.4

Photography

Cells (SMC, L6) prepared in 6-, 12-, or 24-well culture dishes were photographed
with an Olyrnpus CK-2 inverted phase-contrast microscope fitted with a 35-mm camera
containing Tri-X Pan black and white 400 ASA film.

4.8

Protcin analysis techniques

4.8.1

BCA protcin assay
Protcin assays wcre based on tlic instructions providcd by Pierce, supplier of the

BCA protcin assay kit, for ttic standard protocol. The niethod was inodified to a 96-well
format in conjunction with a Molecular Dcvices ThemioMAX platc rcadcr fitted with a
550-nm filtcr. Bricfly, 1 O p L of cc11 lysatc (or an appropriatc dilution) was addcd to each

welf (each condition was nieasured in triplicate) followed by addition of 200 pL BCA
solution ( 1 5 0 mixture). The plate was then incubated at 37OC for 30 min- After colour
developrnent, the plate was aIlowed to cool and the absorbance read at 550-nm. BSA
standards were prepared in trîplicate and the standard curve produced by the standards
was used to quantitate the amount of protein in the ce11 lysates.
4.8.2

Immunoprecipitation
Ce11 lysates were prepared from 6-weII or 100-mm culture dishes by addition of

0.5 mL or 1.0 mL lysis buffer, respectively, containing 1% NP-40, 20 mM Tris-HCI (pH
7 . 3 , 10% glycerol, 137 m-M NaCl, 1 mM MgC12, 1 mM

PMSF, 0-4 rnM orthovanadate

and 1 mM NaF. The plates were scraped and the lysates cleared by centrifugation (10 min
at 12,000xg at 4OC). Protein concentrations were measured and aliquots of 100 pg protein
were mixed for 2 h at 4°C with Protein G Sepharose. Protein G Sepharose was
subsequently removed by centrifugation at 12,000xg for 5 min at 4OC. Each aliquot was
then mixed over 2.5

-4

h at 4OC with 2-5 pg of antibody. Protein G Sepharose was added

for an additional 0.5 - 2 h and the Protein G Sepharose beads collected by centrifugation
(12,000xg for 5 min at 4OC)- The Protein G Sepharose was washed 4 times with 1.0 mL
lysis buffer. The beads were then either resuspended directly in 50 pL of 2x SDS/gel
ioading buffer (lx buffer contains 62.5 mM Tris-HC1 (pH 6.8), 1% SDS, 10% glycerol,
0.005% bromophenol blue and 5% P-mercaptoethanol) for Western blot analysis or
further rnanipulated before measurement of PI3-kinase activity (see section 4.9.4).
4.8.3

Immunoblotting (Western blotting)
In~inunoprccipitatesor aliquots of ce11 lysatcs prepared by detcrgent lysis (celis

trcatcd with agents and then lysed in 2 x SDS/gel loading buffer minus bromophcnol blue
and P-mcrcaptocthanol) containing cqual protein concentration wcrc mixcd with an cqual
volumc of 2 x SDS/gcl loadiiig buffcr and Iicatcd for 5 min al 9S°C.SainpIcs wcrc thcn

loaded ont0 7.5% or 10% polyacrylamide gels. FoIIowing eIectrophoresis (BioRad MiniProtean II) at 20 mA constant current for I h, protein was transferred to PVDF membrane

at 90 V (0.5 A) over 60 min in 15-20% methanol, 25 mM Tris and 130 mM glycine.
Membranes were treated for 60 min at room temperature with blocking buffer (3%

BSA/TBS-T). Primary antibody (dihted with 1% BSA/T%S-T) was added and incubated
for 60 min at room temperature, The membranes were then washed 3x with TBS-T over
15 min and horse-radish-peroxidase-(HRP)-conjugated-secodary antibody ( 1:10,000
diluted) applied in 1% BSA/TBS-T for 60 min at room temperature. After 3 washes in

TBS-T, the HRP was detected using the ECL cherniluminescent system- intensity of
bands appearing on the autoradiographs was quantified by scanning densitometry using a
BioRad Model-670 Imaging Densitometer and Molecular Analyst software.
4.8.4

Subcellular fractionation
Cells (H4IIE, SMC and L6), prepared in 150-mm diameter tissue culture dishes

(Nunc), were washed twice in PBS following treatment, harvested by scraping in 3.0 mL
of PBS and collected by centifugation (Varïfuge, 5 min at 3,000xg at 4OC). The cells
were disrupted in 2.5 ce11 pellet volumes of homogenization buffer (0.25 M sucrose, 5
mM Tris-HCI (pH 8-O), 3 rnM CaCl?, I mM EDTA, 0.5 mM EGTA, 0.2 mM PMSF, 25

k U h L aprotinin, 25% glycerol) using a Pro200 homogenizer (Pro Scientific Inc.) fitted
with a 5-mm generator. Nudei were rernoved by centrifugation (10 min at 8,000xg at
4°C) and the supernatant further centifuged to separate the membranc and cytoplasmic
fractions (70,000xg for 60 min at 4OC). The microsomal.pel1et was resuspended in 200
pL homogenization buffer. Additionally, the nuclear pellet was extracted with 3 volumes

of 175 mM K2HP04, 0.1 mM EDTA and thc debris removed by centrifugation (3000xg
for 10 min).

4.8.5

Ligand binding assay
Quiescent SMC cultures prepared in 12-well muItiweI1 tissue culture dishes were

washed twice in PBS and 0.5 mL binding buffer was added to each well. The binding
buffer was essentially a Hepes buffered saIt solution with the following composition: I O
nlM Hepes (pH 7.4), 2 mM glutamine, 1.25 mM CaCL, 0.5 mM MsC12, 0.45 mM

MgSol and 150 mM NaCl. 10 p M of competing "coId" PGE? was added just prior to the
addition of radiolabelled L ~ H ] P G (0,
E ~ 20, 50, 100, 200, 300 nM) to create a cornpetition
dose response curve. The plates were then incubated at room temperature for 30 min with
rotation, followed by three washes with ice-cold binding buffer. The cells were lysed in
0-25 mL of 1 N NaOH for 30 min with rotation and neutralized with 0.25 mL 1/10
diluted glacial acetic acid for 30 min with rotation. The material was then transferred to
scintillation vials and 4 mL of Aquasol added to each vial. The vials were vortexed
vigorousIy, allowed to sit overnight and vortexed again before liquid scintillation
counting witl'i a Beckman LS6500 Multipurpose Scintillation Counter.
4-8-6 Nuclear extract preparation

L6 cells prepared in 150-mm culture dishes were washed three times in TBS, and
2.5 mL of lysis buffer (20 mM Hepes (pH 7.6), 20% glyceroi, 10 mM NaCI, 1.5 mM
MgCl?, 0.2 mM EDTA, 0.1% Triton X-LOO, 1 mM DTT, 1 mM PMSF, 10 pg/mL
pepstatin, IO0 p g h L aprotinin) was added to each plate. Cells were scraped and
collected by centrifugation at 4°C (5 min at 2000 rpm). Nuclei were suspcnded in 2.5
volumes of nuclear extraction buffer (lysis buffer with 500 mM NaCI), gently rocked for
1 h at 4°C and centrifuged for 10 min at 10,000 rpm. The supernatant was collected,

aliquoted and stored at -80°C until use.

4.8.7

UV-crosslinking
Oligodeoxynuc~eotides(ODNs) containing the rnyogenin binding site of MEF2

(see 4.10.1) were Iabeled with [ 3 ' ~ ] d(800
~ ~Cilmmol)
~
using a T4 DNA polymerase
labeling kit. 0.5

-

5 pL of nuclear extracts (see section 4.8.6) and labelled ODN (5000

cprn) were incubated for 15 min at 37°C in 15 PL of solution containing 1 10 mM KCl,
12.5 mM Hepes (pH 7.9), 5 mM MgC12 and 10% glycerol, in addition to 0.1 nig/mL
poly[d(I-C)]. Samples were then subjected to UV-irradiation (1200

x

100 p.Jlcrn2) over

LO min (samples were maintained on ice), loaded onto 10% SDS/polyacrylamide gels and
protein-ODN complexes were visualized by autoradiography at -80°C with one
intensifying screen.

4.9
4.9.1

Enzyme Assays

Activity gel MAP kinase assay

Cells (H4IIE, SMC) prepared in 6-well multiwell or 100-mm culture dishes were
treated, rinsed twice with ice-cold PBS and samples prepared by detergent lysis (50 mM
P-glycerphosphate (pH 7.4), 0.5% (v/v) Triton X-100, 25% (vlv) glycerof, 2 mM EGTA,
1 mM orthovanadate, 1 mM dithiothreitol, 0.5 mM PMSF, 0.1 mM bacitracin and 20

p g h L aprotinin) followed by homogenization or sonication ( 5 sec at 60 Hz.). After
centrifugation (10 min at 12,000xg at 4OC), aliquots of the lysate were mixed with 3 x
SDS/gel loading buffcr and loaded (witliout heating) ont0 a 10% polyacrylamide gel
containirlg 0.5 rng/mL niyclin basic protein, Following electropliorcsis (20 n-iA for I h),
SDS was rcrnoved from the gcls by washing twice in 20% isopropanoIl50 mM Tris-HCI

(pH 8.0) and oncc in 50 mM Tris-HCl (pH 8.0)/5 niM P-mercaptoethanol for 1 h each at
room tcmpcraturc. Protcins wcrc thcn denaturcd by treating the gel with 6 M
guanidincIHC1 in 50 inM Tris-HCI (pH 8.0)/5 niM (3-rncrcaptocthanol for 1 h at room

temperature, and renatured in 50 mM Tris-HC1 (pH 8.0) containing 0.04% Tween 40 and

5 rnM P-rnercaptoethanol with 5 changes over 16 hours at 4OC. Phosphorylation of
~ ~50~
myelin basic protein was assayed by incubating the gel with 25 pCi [ y - 3 ' ~ ] in

rnM Tris-HC1 (pH 8.0), 2 mM DTT, O. 1 mM EGTA, 5 mM MgCl2 and 100 pM ATP for
1 h at room temperature. Unincorporated label was removed by washing 5x in 1%

sodium pyrophosphate/5% trichloroacetic acid. The gel was then dried and exposed to
Reflection film (Dupont) at -80°C with one intemiQing screen. Intensity of bands
appearing on the autoradiographs was quantified by scaming densitometry with a
BioRad Model-670 Imaging Densitometer and Molecular Analyst software.

4.9.2

Iir vitro M A P kinase assay
Cleared ce11 tysates (4 PL), prepared as described in 4.9.1, were incubated at 30°C

for 5 min in a final volume of 24 pL with 0.25 mg/rnL myelin basic protein and 2 pCi [y3

2

~in kinase
] ~ reaction
~ ~ buffer (50 rnM P-glycerphosphate (pH 7 4 , 1 mM DTT, 1.5

mM EGTA, 10 mM MgOAc and 100 pM ATP). The reaction was terminated by addition
of 8 pL 4x SDS/gel Ioading buffer. Samples were heated for 5 min at 95"C, loaded ont0 a
12% polyacrylamide gel and electrophoresed at 20 mA for 1 h. The gel was dried ont0
Whatman 3MM paper using a BioRad gel dryer (80°C stepped cycle for 1.5 h) and
subjected to autoradiography at -80°C.

Intensity of bands appearing on the

autoradiographs was quantified by scanning densitometry with a BioRad Model-670
Imaging Densitometer and Molecular Analyst software.
49.3

Phosphatidylinositol3-kinase (PI3-kinase) assay, in vivo

To rnetabolicaIly label phosphatidylinositoi pools in vivo, quiescent cells (SMCs
prepared in 4-well culture dishes containing 0.8 rnL media) were incubated with 200
pCi/rnL [32~]orthophosphate
for 4 h in phosphate-free media after preincubation for 1 h
in phosphate-free serum-free D-MEM. Cells were then stimulated with agonist for 15

min. Inhibiton were added 10 min prior to addition o f agonists. After incubation, the
media was removed and replaced with ice-cold 5% perchlonc acid and kept on ice for 20
min. The material on the plate was removed by scraping, transferred to 15 mL conical
tubes, and the precipitate collected by centrifugation (10 min at 3,000xg at 4OC).
Phosphatidylinositides

were

extracted

from

the

precipitate

(pellet)

with

methanol:chloroform (1:l) and analyzed by TLC. Silica G plates (pre-run with 1.2%
potassium oxalate in methanokwater (2:3) and heated at 110°C for 20 min) were
developed in chloroform:acetone:methanol:acetic

acid:water (80:30:26:24: 14) and

product separation was visualized by autoradiography at -80°C.

Intensity of spots

appearing on the autoradiographs was quantified by scanning densitometry with a
BioRad Model-670 Imaging Densitometer and Molecular Analyst software.
4.9.4

PI3-kinase assay, in vitro
PI3-kinase was assayed

itz

vitro after irnmunoprecipitation of the p85 subunit

from ce11 lysates (refer to section 4.8.2). Protein G Sepharose beads were washed 3x with
assay buffer (20 mM Tris-HCI (pK 7.6), I O mM MgC12, and LOO mM NaCI) and
resuspended in 90 pL assay buffer containing 20 p M

[ 3 Z ~ ] ~The
~ ~ reaction
.

was

initiated by addinz 10 PL of a phosphoinositide mixture (equal volumes of
phosphatidylserine, phosphatidylinositol, and PI(4,5)P2 prepared in assay buffer, final
concentration o f 200 pg/rnL). After a 20 min incubation at 37"C, the reaction was
terminated by the addition of 200 pL 1 M HC1:methanol ( 1 :1) and the samples extracted
twice with 200 p L chloroform. The lipids, recovered from the combined organic phases
by cvaporation, wcre resuspendcd in 10 pL chloroform and analyzed by TLC as

describcd in section 4.9.3.

4.9.5

p2 1-Ras activity assay

Quiescent cells (WIIE and SMC prepared in 4-well culture dishes) were treated
with agonist for 15 min after incubation with 200 mCi/L [3Z~]orthophosphateas
described in section 4.9.3. Inhibitors were added 10 -15 min p i o r to addition of agonists.
The cells were then washed once in ice-cold PBS and lysed in 0.5 mL lysis buffer (50

mM Trk/HCI, pH 7.5, 150 rnM NaCl, 5 mM MgCl*, 1 mM NaV04, 1 mM PMSF, 1 mM

DTT, 10 &mL aprotinin, 10 pJmL leupeptin, 1% Triton X- 100) for 20 min - 1 h on ice.
The weIIs were then scraped and the lysate collected and centrifuged for 2 min at
12,000xg. The supernatant was then removed and aliquoted before storage at -80°C if not
used immediately. A 0.5 mL aliquot of supernatant was cleared by rotating with Protein

G Sepharose (25 pL) and/or 10% activated charcoal(100 PL) for 1 h at 4°C. The samples
were then centrifuged for 5 min at 5000 rpm and the supematant transferred to fresh
tubes. Radioactivity in a 2 PL aliquot was then measured by liquid scintillation counting
to ensure al1 cornparisons were based on an equal lever of radioactivity in each sample.
The Ras immunoprecipitation protoco! is identical to the procedure described in 4-8.2.
Bnefly, 15 pL of anti-Ras antibody was added to tubes containing 0.5 - 5

x

107cpm and

mixed for 2.5 h at 4OC. Protein G Sepharose (25 pL) was added for an additional 30 min
while mixing and the beads collected by centrifugation (13,000 rpm for 1 min) in a fixed
angle rotor. The Protein G Sepharose beads were then washed three times with 0.5 mL
lysis buffer and twice with 0.5 mL PBS. The beads were then resuspended in 30 pL of
0.75 M KH2P04 (pH 3.4), and boiled for 5 min. The beads were collected by
centrifugation (13,000 rpm for 1 min) and, with care not to disturb the beads, the
supematant was spotted ont0 PEI-cellulose plates, 10 PL at a time (20 pL total
supematant spottcd onto plates). The PEI-cellulose plates had been prc-treated with
methanol and prc-spottcd with 10 mM GDP and 10 mM GTP. The plates werc thcn

developed in 0.75 M -PO4

(pH 3.4). When the running h n t was 2 cm fiom the top of

the plate, the plate was removed fkom the developing chamber, allowed to air dry and
autoradiography camed out at -80°C with one intensifying screen. Prior to this, the
position of the GDP and GTP were marked ont0 the plates with pencil. A hand-held U V
light source was used to illuminate the nucleotide phosphates. Once the autoradiographs
were developed, the regions on the PEI-cellulose plate corresponding to the spots and the
initial rnarked regions, were cut out and the radioactivity quantified by Iiquid scintillation
counting.

4.9.6

Poly(ADP-ribose) polyrnerase ( P m ) assay
Poly(ADP-ribose) polyrnerase activity was measured according to Zahradka &

Ebisuzaki (1982) without inclusion of histone in the reaction. To each tube was added
1 10 PL of the reaction mix (0.1 M TrisMc1 (pH &O), 10 mM MgC12, 1.4 rnM DTT,O. 1

rnM NAD+,0.25 pCi [ 3 H l ~ and
~ ~ 10%
' glycerol), 20 pL calf thymus DNA and 20 pL
of the prepared nuclear extract (section 4.8.4). The mixture was then vortexed and placed
into a 30°C water bath for 5 min. The enzyme reaction was stopped by placing the tube
on ice and adding I mL of 20% TCA to the reaction mixture. The sarnple was then
filtered ont0 GF/C

glass fibre filters, washed extensively with 5% TCA and the

radioactivity remaining on the filter quantified by liquid scintillation counting using a
Beckman LS6500 Multipurpose ScintiIlation Counter.
4.9.7

Mono(ADP-ribosy1)transferase (mART) assay

The cytosolic and microsomal fractions obtained in section 4.8.4 were assayed for
mono(ADP-ribosy1)transferase activity. Inhibitors of mAE2T were first added to the
designated tubes. To each tube was then added 70 pL of the reaction mix (70 mM
Tris/HCl (pH 7.5), 0.1 mM NAD+, 0.25 pCi L~~P]NAD+,
0.1 mM PMSF), 10 pL acceptor
protein (2 mg/mL polyarginine or 1 mg/rnL histone H l ) and 20 pL of cytosolic or

rnicrosomai extract- The mixture was then vortexed, and incubated for 30 min at 30°C,
The enzyme reaction was stopped by placing the tube on ice and adding 1 mL of 20%
TCA. The sample was then filtered onto GF/C glass tibre filters or DE-8 1 filter paper,
washed extensively with 5% TCA and the remaining radioactivity on the filter quanti fied
by liquid scintillation counting using a Beckrnan LS6500 Multipurpose Scintillation
Counter.
Alternatively, arginine-dependent mART activity was assayed in a total volume

of 50 PL (50 rnM Tris-HCI (pH 7 3 , 100 pM [ 3 ~ ] ~ using
~ ~ T75) mM arginine
methylester as the acceptor substrate (Tanigawa et al. 1984). A 30 pL aliquot was
analyzed by TLC on lonex-25 SA-Na plates (Machery-Nagel) with water as the
developing solution. Since the position of ADP-ribosylated arginine-methylester could
not be routinely visualized, the entire lane was cut into 1 cm sections and the
radioactivity of each square quantified by liquid scintillation counting using a Beckman
LS6500 Multipurpose Scintillation Counter.
4.9.8

Metabolic labeling of mono(ADP-ribosy1)ated proteins

Quiescent cells (H41IE) were incubated in 12-we11 tissue cu1ture dishes with 20
pCi [2,8-3~]adenosinefor 16 hours (Aboul-Ela et al. 1988). Following treatrnent with
insulin, the cells were harvested by two possible methods. In method A, the cclis werc
2x SDS/gel loading
washed once with ice-cold PBS, and solubilized directly with 1%) ,LL

bufir. The sample was then clarified by centrifugation (l2,000xg, IO min) and an aliquot
o f 2 5 pL was subsequently loaded ont0 a 10% polyacrylamide gel. In method B, the ceI1s
wcre scraped from the wells into 0.5 n1L PBS using Ce11 Lifters (CoStar), collected by

centrifugation (3,000~9, 5 min) and cxtracted with 25 pL lysis buffèr (1% Nonidct P-40,
20 mM TrisIHCI, pH 7.5, 10% glyccrol, 137 m M NaCl, 1 mM MgCII). Aliquots
containirig cquivalcnt atnounts of protcin (25 pg), as dctcrmincd by BCA protcin assay,

were then mixed with an equal volume of Z x SDS/gel loading buffer and subjected to

SDS/PAGE using a 10% polyacrylamide gel. The radioactivity present in the gels was
detected by salicylate-enhanced fluorography (Zahradka & Ebisuzaki 1982), with
Reflection film and one intensifying screen.

4.9.9

111situ gel assay for mART

This method was based on the MAP kinase in gel activity assay method of 4.9.1.
Microsomal fractions prepared according to 4.8.4 were mixed with 3x sarnple buffer
without P-mercaptoethanol (20 pL sarnple t 10 pL sarnp1e buffer), allowed to sit for 5
min at room temperature, and Ioaded onto a 10% polyacryramide gel containing 0.2

m g h L polyarginine. Following eIectrophoresis at 4°C for 1 h at 200 V, the gels were
washed twice for 30 min in 2.5% Triton X-IO0 and once for 30 min in ice-cold ddH20.
The gels were then incubated for 1 h at 37OC in 10 mL of incubatior? buffer (50 rnM
TrisMc1 (pH &O), 5 mM DTT, LO pM ADP-ribose, 10 p M NAD* and 25 pCi
[ 3 ' ~ ] ~ ~ ~followed
' )

by extensive wasliing in 5% T C N I % sodium pyrophosphate (5

washes)- The geIs were dried onto 3MM Whatman paper and autoradiography camed out
at -80°C with one intensifying screen.
4.9.10 l i r situ labelling of intact cells for detection of an extracellular mART

Cells (L6) were prepared in 6-well tissue culture dishes as described previousty
(section 4-2.2). The cells were rinsed in PBS and then incubated for 1 h at 37°C in 1 mL
incubation buffer (PBS with 1 n1M ADP-ribose, 5 p M NAD' and 25 pCi

PINAD AD^

with or without prior addition of ADP-ribosylation inhibitors (Le. 3AB, PABA, MIBG,
MIBA o r PD 128763). The celk were then washed twice in PBS and disrupted in 0.5 mL
lysis buffer (3% SDS, 0.1 M NaOAc (pH 6-8) and 5 m M EDTA), followed by boiling for
10 min. An equal volume of 20% TCA was then added to thc samples which were then
placcd on icc for 10 min- Thc sarnpIes wcre ccntrifugcd (12,000 rpm for 10 min) and the

pellet washed twice with acetone and once with 70% ethanol. The pellet was dried and
resuspended in 40 pL of 3x sample buffer containing 5% f3-rnercaptoethanol. The
samples were run on a 10% poIyacrylamide gel which was dried ont0 Whatman 3 MM
paper and subjected to autoradiography at -80°C with two intensifying screens.

4.10

Nucleic acid manipulations

4.10.1 Oligodeoxynucleotide preparation

OIigodeoxynucleo tides (ODNs) were prepared using an O Iigo 1000 DNA
Synthesizer (Beckman) according to the manufacturer's recommended procedure. ODNs
were synthesized for RT-PCR or UV-crosslinking.

ODNs generated:
1)

GAPDH (s) 5'-CGGTGTGAACGGATTTGGCCGTAT-3
'
GAPDH (as) 5'-AGCCTTCTCCATGGTGGTGAAGAC-3 ',

2)

C- OS (s) 5'-GAATAAGATGGCTGCAGCCAAGTGC-3 '
c-fos (as) 5'-AAGGAAGACGTGTAAGCAGTGCAGC-3
'

3)

MEF2 (s) 5'-CGTTGGCTATATTTATCTCT-3'
MEF2 (as) 5'-AGAGATAAATATAGCCAACG-3 '

4.10.2 RNA preparation

Total RNA was isolated from cells (SMC) prepared in 6-wel1 culture dishes using
TRIzol. After treatment, celk were rinsed twice in PBS and 1.0 mL TRIzo! was added to
each well. Lysates were transferred to microfuge tubes, extracted with 500 PL
chloroform and centrifuged for 10 min at I1,OOOxg. The aqueous phase was transferred
to fresh microfuge tubes and precipitated with an equal volume of isopropanol.
Prccipitatcd RNA was collcctcd (10 min at 11,000xg) and the pcllcts waslicd and storcd
in 70% ctIianol at -20°C.

4.10.3 RT-PCR
RNA stored in 70% ethanol was collected by centrifugation (10 min at 11,000xg)

and allowed to air dry. The RNA was resuspended in 25 PL RNase-free water containing
25 IU/L of RNase inhibitor, and concentration determined by spectrophotornetic
absorbance at 260-nm. Reverse transcription of l pg of RNA was conducted according to
the protocol recommended for the GeneArnp kit from Perkin Elmer-Cetus using oligo-dT

as the primer and 1 IU of reverse transcriptase enzyme (MuLV Reverse Transcriptase).
For PCR, 25 ng sense and antisense pnrners and 1.25 IU Arnplitaq Taq DNA polyrnerase
(GeneArnp kit) were added to each RT-reaction (50 PL final volume). Amplification was
conducted over 35 cycles using a three-step program (1 min at 95"C, 1 min at SOC, 1
min at 72OC; annealing and elongation temperatures were varied slightly depending on
the pnmers being used) that was concluded with 7 min at 72OC. Sarnples were analyzed
by electrophoresis in 1.7% agarose gels and visualized with SYBR Green 1 (Molecular
Probes). Photographs were then taken using a Polaroid DS34 Direct Screen Instant
hood and green filter and Polaroid 667 black and white
Camera fitted with an EP-H6 0.8~
instant film, Band intensity on the photographs was quantified by scanning densitometry
with a BioRad Model-670 Imaging Densitometer and Molecular Analyst software.
Control reactions (minus RNA, minus RT and minus primers) were used to demonstrate
the specificity of the PCR reaction.

4.11

Data measurement and statistical analysis
Radiotracer incorporation, ce11 number and morphornetric data were quantified

and presented as means t SEM of individual experiments conducted in triplicate.
Student's t-test (paired and unpaired) was used to compare treatment means versus
controls. Statistical significance was set at p c 0.05,

Quantification of data obtained on film or autoradiographs was accomplished with
a

BioRad

Model-670

Imaging Densitometer under non-saturating

conditions.

Background subtraction was achieved by reading the absorbance of an equal sized region
directly adjacent (above, below or beside) to the band. Although multiple exposures were
acquired to ensure the absence of film saturation, the experimental figures typically show
Ionger exposures selected specifically for visual presentation and not used for data
analysis.

5.0

H4IIE rat hepatoma cells as a mode1 of ce11 proliferation

5.1

Introduction
Histoncally, interest in the marnmalian hepatic cell began when the unique

function that the ce11 serves in governing the relationship of the extemal environment to
the interna1 "milieu" was recognized (Pitot et al. 1964). The metaboIic flexibility of
hepatic cells was identified by early workers who studied the effect of dietary intake and
composition on the enzymatic content of the liver (Knox et al. 1956). It was found that
specific small molecules controiled the alteration in liver enzymes (Civen & Knox 1960;
Feigelson & Greengard 1961; Knox 195 1; Lee 1956). Moreover, hepatic cells respond to
environmental cues that influence enzyme levels and modulate the metabolic plasticity of
these cells (Pitot et a[. 1964). Of note, biologic alterations such as regeneration and
cirrhosis do not alter the response to environmental stimuli (Pitot 1959; Thomson &
Moss 1955).
The neoplastic hepatic cell, or hepatoma, has mainly been studied in relation to

enzyrnatic differences with normal hepatic cells. It was hoped that perhaps a "simple"
alteration in the biochemistry of the ce11 wouId account for its malignant phenotype. On
the contrary, it was found that different types of hepatic carcinomas contained vastly
different modifications with respect to cellular metabolism and function. Moreover, some
hepatic carcinomas exhibited Little similarity to the hepatocyte while others very cIosely
resembled liver, and each type of tumour differed in terms of its morphology and
behaviour (Novikoff 196 1; Pitot 1962; Pitot er al. 1964). As a result, it became of interest
to study these cellular systems in isolation, to define the absolute characteristics and
enzymatic responses in the absence of other environmental cues (Murray & Kopech
1953).

The H41IE hepatoma ce11 line is an expenmental (solid) tumour ce11 line
originating fkom the Reuber H-35 hepatoma, a well-differentiated hepatocellular
carcinoma induced by a chemical carcinogen (Morse et ai. 1961; Pitot et al. 1964; Reuber
1961). These cells have been in culture since 196 1, and are used primarily for

biochemical and cytogenetic investigations (DeLuca et al. 1972; Haggem et al- 1975;
Kovacs et al. 1977; Miller et ai. 1972; Potter et aL 1967; ReeI & Kenney 1968). The
generation of this particular line was an attempt to achieve a virhxally pure culture of a
serially propagated ce11 line that could be used for determining the levels of metabolic
enzymes in cornparison to Iiver and other hepatomas (Pitot et al. 1964). It was hoped that
the biochemical properties of normal and malignant liver growing in vitro could be
rationally compared, even though at the time a "normal liver" equivalent of the hepatoma
was not available. Furthemore, the H41IE tumour ce11 system provides an opportunity to
investigate quantitatively several general areas of both solid tumour therapy and of
radiobiological principles in neoplastic cells, along with the ability to study tumour
growth and ce11 proliferation and to rnonitor the clonogenic potential of tumour cells
following therapy (Evans & Kovacs 1977).
The H4IIE ce11 Iine can be maintained and studied either in ce11 culture or as a
transplantable solid tumour in AC1 male rats (Evans & Kovacs 1977). In addition, it
allows for the in vitro assay of ce11 survivai following treatment of animal tumours in situ
(Le. clonogenicity of pnmary tumour to treatment efficacy) (Evans & Kovacs 1977).
H41IE hepatoma cells are considered to be a poorly differentiated hepatoma, with loss of
connective tissue and an increased growth rate (Evans & Kovacs 1977). H4IIE cells form
rather typical epitheIial colonies, and the morphology in vivo is almost identical to its
original parent line, the H-35 (Pitot et al. 1964). The ce11 line retains the ability to cause
neoplasms that are almost indistinguishabk biochemically and morphoIogically from the

original explanted hepatocellular carcinoma tissue (Pitot et a[. 1964). Interestingly,
several enzymes present in die iiver and in H-35 cells are absent from the WLIE,
including tryptophan pyrrolase, glucose-6-phosphate dehydrogenase and proline oxidase.
However, the hepatic marker enzymes histidase, omithine transaminase, tyrosine
transaminase, thymine reductase and glucokinase are present at measurable levels (Pitot
et al- 1964)-

In this laboratory, interest in H4IIE cells came frorn earlier work aimed at
defining the regulation of the phosphoenolpyruvate carboxykinase gene (PEPCK) by
insulin (Yau and Zahradka, unpublished observations; Yau et al. 1998). The function and
regulation of this enzyme was of interest due to its strategic positioning in the

glycolytic/gluconeogenic pathway, which is of primary importance in liver cells, and the
expression of a i s gene is acuteIy regulated by several different hormones including
insulin and glucagon (Beale et al. 1984; Christ et al. 1988). H4IIE cells provided a
convenient ce11 culture system that, although phenotypically different frorn pnmary
hepatocytes in many ways, was similar enough with respect to the metabolic pathways of
glucose storage and release that the system was feasible to work with,
As the work evolved, it became clear that H4IIE hepatoma cells would provide a
good mode1 of ce11 proliferation with the ability of this ce11 line to proliferate in response
to a single growth factor, insulin. Moreover, with insulin being a key factor in both
proliferation and metabolic regulation, interactions between the two events could be
monitored (especially with respect to the possibility of neoplasia and malignancy).
Furtherrnore, because this hepatoma ce11 line was considered to be less differentiated than
other hepatorna ce11 lines, especially in cornparison to hepatocytes, the potential to
examine the spectrum between differentiation and proliferation was available. As a result,
when studies dealing with MIBG were first proposed, it was with respect to ADP-

ribosylation and its control of metabolic events in H4IIE cells (Le. PEPCK gene
expression via insulin). As the growth inhibitory properties of MIBG came to light, the
utility of the H4IE mode1 as a mode1 of ce11 proliferation became apparent. H4IIE cells
were abundant, easy to culture and responded to insulin by initiating growth events. Thus,
the initial studies with MIBG were carried out in this ce11 lineBased on this information, a specific hypothesis was proposed: Insulin-mediated

p w t h and proliferation of H4IIE hepatorna cells wiZZ be ïnhibited by M B G flirough
inhibition of a spec$c cellular signaling parhway that will involve an ADP-ribosylation
reaction.
This goal was achieved by i) defining the cellular system, ii) testing the efficacy
of the inhibitor in the system, and iii) examining the signaling components that might be
involved.

5.2

Mitogenic actions of insulin and IGF-1

5.2.1 Background and rationaIe
The liver plays a central role in glucose metabolism and is one of the major
targets for insulin. GIycolysis, glycogenolysis and gluconeogenesis are among the
processes controlled by insulin in response to nutritional status. For exarnple, the
elevation of blood glucose levels leads to insulin release from the pancreas, which results

in increased glucose uptake by the liver, stimulation of glycogen synthesis and inhibition
of both giuconeogenesis and glycogenolysis. Although regulation of liver metabolism is
the major function for insulin, insulin also promotes liver regeneration following
hepatectomy (Bucher & Swaffield 1975). Since liver regeneration involves hepatocyte
growth and proliferation, insulin rnust function as a growth factor for certain ce11 types,
much like IGF-1 (Gressner et al. 1995). However, it is unclear whether the hepatic

growth response to insulin is mediated solely by the insulin receptor and its affiliated
signaling systems o r if participation of IGF- l is also requiredWhile insulin, IGF-1 and their respective receptors share a high degree of
homology, the cellular response to each peptide is weIl defined. In mammaIs, insulin is
the primary regulator of glucose metabolism infiuencing both glucose uptake and
utilization. These efkcts occur as a result of changes in both protein activity, as mediated
by post-translational modification, and de novo protein synthesis (Czech 1977). In
contrast, the effect of IGF-1 on the metabolic pathways associated with glucose
utiIization is limited (Cohick & Clemmons 1993), although it has been shown to
modulate certain aspects of hepatic glucose metabolism (Freemark et al. 1985; Heaton et
al. 1980; Verspohl et al. 1984). Nevertheless, IGF-1cannot fiilly substitute for insulin in

mice Iacking the insulin receptor (Di Cola et al. 1997). For these reasons, IGF-1 is
primarily considered a growth factor that influences ce11 proliferation by directly
stimulating transit through the ce11 cycle. Support for this function has been provided by
the identification of IGF-1 as a critical factor for G1 progression (Baserga et al. 1994),

and by its mitogenic actions on skeletal muscle, NIH-3T3 cells and fibroblasts (Coolican

et ai, 1997; Knebel et al. 1997; Scnmgeour et al. 1997; Takata er al. 1996)- Although the
functions of insulin and IGF-1 differ, the structural similarity of both the peptides and
their receptors results in heterologous binding. Sufficient specificiy exists, however, that
these heterologous interactions occur with an approximately 100-fold reduced affinity
(Massague & Czech 1982).
Insulin and IGF-I receptors are a&

heterotetramers. The a subunit present on

the external surface of the ceIl contains the ligand-binding dornain. Signals from the a
subunit are conducted into the ce11 by the

P subunit,

a transrnembrane polypeptide with

an intrinsic tyrosine kinase activity (De Meyts et al. 1994; White & Kahn 1994).

Activation o f the kinase results in the stimulation of an intracellular phosphorylation
cascade which influences vanous processes associated with ceIl growth and metabolism
AIthough the cellular response to insulin and IGF-1 is usually distinct, a similar set of
intraceliular mediators participate in both signal-transduction systems. For exarnple,
insulin receptor substrate-1 (IRS-l), phosphatidylinositol 3-kinase (PU-kinase) and Syp
interact directly with insulin and IGF-1 receptors (Seely et al. 1995). Ligand-binding to
the receptor also triggers p21-Ras and leads to activation and translocation of MAP
kinase to the nucleus where it mediates the phosphorylation of specific transcription
factors (Kann 1996). MAP kinase is therefore important for the propagation of signals
from ce11 surface receptors into the nucleus.
The stimulation of H4IIE hepatoma ce11 growth and glucose metabolic pathways
by insulin makes this ce11 line an ideal model for characterizing the role of both insulindependent and insulin-independent signaling systems (Lauris et al. 1986; Mohn et al.
1991; Taub et al. 1987). This laboratory also recently found that H4IIE cells also express
IGF-I receptors (Zahradka et al. 1998). The present study was thus initiated to compare
the effect of insulin and IGF-1 on ce11 proliferation and rnetabolisrn, with an emphasis on
the signaling pathways that mediate these cellular processes.

5.2.2

Specific aims
1. To establish the growth and metabolic response of H4IIE celIs to insulin and

IGF- 1.

2. To identify the signaling pathways stimulated in H4IIE cells in response to
insulin and IGF- I administration.
3. To determine the relative importance of MAP kinase activation for the

activation of H4IIE cellular growth by insulin.

5.2.3

Experimental design

H4IIE celis were cultured according to standard conditions as suggested by

ATCC (section 4.2.1). Cells were passaged every second day and maintained in 10%
FBS/u-MEM, For most experiments, H41IE celts were employed when quiescent, a state
obtained by incubating ce1Is in serum free a-MEM for 72 h. Growth of cells in culture
was measured by [ ' ~ l t h ~ m i d i n eand

un uridine

incorporation, and ceIl nurnber was

measured with the MTT (mitochondnal reduction of tetrazoliurn compound) assay after
administration of both insulin and IGF-1. Western blot analysis was used to monitor
changes in protein phosphorylation and activation of specific protein kinases and adapter
proteins participating in the receptor-mediated signal transduction pathways that
contribute to insulin and IGF-1 stimuIated growth of H4IIE cells. An inhibitor of the

MAP kinase pathway, PD98059, which is specific for MEK (MAP kinase kinase), was
included to determine the relative importance of this signaling pathway to insulinmediated H4IIE ce11 growth.

5.2.4

Results

5.2.4.1 Growth characteristics of H411E cells in response to insulin

The response of H411E cells to serum withdrawal and insuiin addition was
monitored over set periods of time. Subconfluent H4IIE cells were placed into serum-free

a-MEM and the rate of DNA synthesis at specific time points measured by pulse-IabeIing
with [ ' ~ l t h ~ m i d i nover
e a 30 min period. Over 140 h, the rate of DNA synthesis declined
considerably in cornparison to growing cells (Figure 2A). By approximately 72 h in
serum frec a-MEM,a Iow, steady-state level of DNA synthesis indicative of quiescence
was achicvcd (Le. the celIs have stopped progressing through and possibly have exited
from the cc11 cycle). Altliough cc11 viability assays werc not conducted, there was no

evidence of cell death by microscopie examination (data not shown), and the ability of
quiescent H4IIE cells to re-enter the ce11 cycle was assumed to indicate that the cells
remained healthy and viable (Figure 2B). As a result of this expenment, H4IIE cells were
subjected to a 72 h incubation in serurn free a-MEM before initiation of most
experïrnents,
AIthough the ability of insulin to function as a mitogen in H4IIE cells has already
been described previously by our laboratory (Yau et al. 1998; Zahradka & Yau 1994),
synchronous re-entry of quiescent H4IIE cells into the ce11 cycle was established by
measuring the rates of both DNA and RNA synthesis over a period of 24 h afier
stimulating the cells with insulin ( 1 0 - ~M). Insulin was able to stimulate the H4IIE cells to
re-enter the celi cycle as indicated by the onset of DNA synthesis at approximately 6-8 h
after treahnent. This experïment also showed that S phase peaked at approximately 14 h
(Figure 2B). In addition, insulin was able to stimulate the incorporation of

lundine ne

which was Iinear for a perïod of more than 10 h (Figure 2C) indicating an increase in
cellular activity, This RNA synthesis expenment provided the tirne fiame (6 h) for al1
subsequent studies that employed [ 3 ~ ] u n d i n eincorporation as a measure of cellular
activityandgrowth.

.

To detennine whether insulin was required for the entire period of a growth assay,
an insulin washout study was carried out, monitoring both the rates of R I A and DNA
synthesis. It was observed that a 5 min exposure to insulin was sufficient to maximally
stimulate both RNA and DNA synthesis (Figure 3). These data indicate that insulin works
rapidly and "early" as a growth factor in this particular ce11 type, and that the intracellular
signals generated by the binding of insulin to its receptor are suficient to initiatc the
cascade of events required for enhanced growth-

FIGURE 2: Response of H4ITE Celis to Insuiin Withdrawd and Addition.
(A) Subconfluent H4IIE cells were placed into senun-free a-MEM and the DNA
synthetic rate monitored at specific time points by addition of 2 pCi [3~]thymidinefor 30
min, The cells were subsequently lysed and the incorporation of radiolabel into DNA

measured as described in Materials and Methods (section 4.3.1). No loss of ce11 viability
was evident after 5 days under serum-fiee conditions. (B) DNA synthesis was measured
according to section 4.3.2 after addition of insulin (10-~M) to quiescent H4IIE cells that
i

had been maintained under serum-free conditions for 72 h. The cells were pulse-labelled
with [-'HJthyrnidine for 30 min at the specified time points. (C) Measurement of RNA
synthesis was conducted as described in section 4.3.1 after addition of insulin (104 M) to
quiescent H4IIE cells that had been maintained under senun-fkee conditions for 72 h. The
cells were pulse-labelled with [3~]uridinefor 30 min at the specified time points. The
data are presented as the mean t SE of at least three separate experiments conducted in
triplicate.
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FIGUlU3 3 : Effect of Insuiin Exposure on Ceii Growrh Response.
The rate of DNA synthesis (A) and the rate of RNA synthesis (B) were measured by
incorporation of [ 3 ~ t h y m i d i n eand [ 3 ~ u r ï d i n e ,respectively, after addition of insulin
(10" M) to quiescent H4IIE cells. At the time points indicated (min to h), the insulin was

removed fiorn the cells and the media replaced with senun-free a-MEM for the
remainder of the assay period. The radiolabel was present for the duration of the assay.
No insulin was added to the cells at the zero time point, while insulin was present for the
entire period in the 6 h time point. The data are presented as the mean f SE of at least
three separate experiments conducted in triplicate.

10'

30'

1h

2h

Time of insulin washout

Time of insulin washout

5.2.4.2 Growth and metabolic response of H4IIE cells to insulin and IGF-1

In many ce11 systems, IGF-1 is considered to be a potent stimulator of growth and
is classified as a progression factor with respect to ce11 cycle kinetics (Baserga et al.
1994). Based on the studies in section 5.2.4.1, it could not be ruled out that IGF-1 andior
its receptor participate in the process of insulin-mediated H411E growth. As a result it was

of interest to determine if H41IE cells, which are reported to be responsive to insulin
aIone (Figure 2; Yau et al. 1998), are also influenced by IGF-1. 30th insulin and IGF-1
were able to significantly stimulate RNA and DNA synthesis (Figure 4A,B) in a
concentration-dependent manner (IO-" to 1 0 - ~
M), reaching a maximum effect at 10-' M.
However, insulin was able to stimulate a greater response than IGF-1 at a concentration
respectively) (Figure 4A,B).
two orders of magnitude lower (IO-' M compared to 1 0 - ~MM,
Furthemore, although increased DNA synthesis is a good indicator that ce11 prohferative
processes have been triggered, it does not guarantee that ce11 division will occur.
Therefore, the effect of insulin and IGF-I on ce11 number was monitored 72 h after
addition of the peptides to quiescent H4IIE cells (Figure 4C). As observed with the
growth assays, insulin increased ce11 number at IO-' M while 1O-' M IGF- 1 was iequired
before an equivalent increase in ce11 number was obtained. Taken together, these results
indicate that insulin is a significantly stronger mitogen than IGF-1 in this ceil type.
Moreover, the difference in effective concentrations of insulin and IGF-1 eliminates the
possibility that the growth response occurs as a result o f insulin cross-reacting with IGF-1
receptors. Furthemore, since the relative affinity of IGF- 1 for the insulin receptor is 100fold less than that for insulin (Massague & Czech 1982) the converse is also unlikely.
The results obtained with this experiment thus indicate that mitogencsis is mediated by
the insulin receptor of H4IIE cells.

FIGURE 4: Cornparison of Mitogenic Effects of Insulin and IGF-I on Quiescent

H4IIE Hepatoma Cells.
RNA and DNA synthesis were monitored after treatment of quiescent H4IIE celIs with
varying concentrations (10-'' to IO-' M) of insulin and IGF-1. The incorporation of

~ ~ ~ ~ ] ~ u(6i dh iincubation)
ne
and ['HJthyrnidine (24 h incubation) into trichloroacetateprecipitabie material after addition of insulin of IGF-1 was used as an indication of RNA
(A) or DNA (B) synthetic activity. The incorporation rate of untreated cells was set to

100%. (C) Ce11 number was measured using the conversion of MTT at 550-nrn as
described in Materials and Methods (section 4.3.3). The assay was conducted 72 h afier
addition of insulin or IGF-1 (10''~to 10" M). The data are presented as the mean t SE of
at least three separate experiments conducted in triplkate.
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fnsulin in most ce11 systems (eg. skeletal muscle and liver) is a metabolic activator
and regulator of events such as glucose uptake and usage (Czech 1977). For example,
insulin controls glucose utilization by the Iiver, influencing glucose uptake, glycogen
synthesis, gIycoIysis

and gluconeogenesis.

Under the

experimental

conditions

established, H4IIE cells responded to insulin (10" M) by taking glucose up into the ce11
as would be expected in physiologically relevant systems such as the liver (Figure 5). In
contrast, IGF-1 was unable to enhance glucose uptake over a small concentration range

(IO-' to IO-' M). Serurn (2% v/v FBS), which contains insulin and many other growth
factors, was used as the positive control for comparing the increased glucose uptake
generated by either insulin or IGF-1 (Figure 5). These results clearly demonstrate that the

IGF-1 reccptor does not modulate glucose metabolism in H4IIE cells.
5.2.4.3 Signaling components of the H4IIE response to insulin and IGF-1
Binding o f insulin to its receptor initiates an intracellular s i g n a h g cascade that
involves protein tyrosine phosphorylation (Frattali et al. 1992; Wilden et al. 1992).
Although TGF-1 activates a similar cascade in most systems responsive to this peptide
(Kato et al, 1993; LeRoith et al. 1995), it remains unclear how the IGF-1 s i g n a h g
system produces a response that is different from insuIin. To address this issue, a study of
the relationship between protein tyrosine pliosphorylation events and insulin or IGF-I
ligand binding was conducted. Treatment of H411E cells with insulin ( L O - ~M) resulted in
a rapid phosphorylation of proteins with molecular mass 60-, 9 5 , 125- and 180-kDa, as
detected with an antibody speci fic for phosphotyrosine (Figure 6A), although the c hangc
in the 125-kDa protein (assumed to be p125FAK)was much less obvious. Thesc proteins
remained phosphorylated over the 120 min time course of the experiment- In contrast,
phospl.iorylation o f thcse same proteins was considerably less whcn tlic cells were trcatcd

~ IGF- 1. A concentration curvc of insulin and IGF-1 indicatcd that IGF- i was
with 1o - M

F I G U R E 5: Comparative Metabolic Effects of Xnszdin and XGF-1 on Quiescent H4nE
Hepatonza Cells.

The incorporation of [3~]glucosewas measured as descnbed in Materials and Methods
(section 4.3.8) after addition of serum (2% v/v FBS), insulin (10-~
M) or IGF-1 (10~' to
10" M) to quiescent H4IIE cells. The rate of uptake in untreated cells was set to 100%.

Each data point represents the mean t SE of at least three individual experiments
conducted in triplicate.

Serum:
Insulin:
IGF-1:

able to stimulate a level of pl80 and p95 phosphorylation that was approximately
equivalent to that obtained with 10" M insulin, but only when IGF-1 was applied at a
concentration of 10" M (Figure 6B). p95 was identified as either the insulin or IGF-1
receptor B-subunit (Zahradka et al. 1998). However, to distinguish between the receptors
for insulin and IGF-1 in terms of their phosphorylation state, ce11 extracts were
immunoprecipitated with receptor-specific antibody afier treatments and subsequently
examined for tyrosine phosphorylation (Figure 6C). The insulin receptor was modified
after addition of insulin (10" M)but not IGF-1 (10.' M). The IGF-1 receptor was not
rnodified under any treatment condition. Measurement of receptor kinase activity
revealed that the insulin receptor kinase was activated by insulin treatment while the IGF1 receptor kinase was not activated by IGF-1 treatment (data not shown; refer to Yau sr

al. 1999). The lack of detectable tyrosiné phosphorylation after IGF-1 treatrnent may
suggest that the IGF-1 receptor-kinase is inactive as a result o f either a mutation in the
receptor or a defect in the kinase, since H4IlE cells have been shown to express IGF-1
receptors capable of binding IGF-1 (Zahradka et al. 1998).
The phosphoprotein at 180-kDa is presumed to be IRS-1, however, several other
proteins of similar molecular mass may be targets for receptor-mediated phorphorylation
as well. As a result, the degree of IRS-1 phosphorylation was assessed using extracts
prepared from ce11 that had been treated with insulin or IGF-1 (both at 1 0 - ~M) for 10
min. The samples were immunoprecipitated with an antibody to phospliotyrosine and the
IRS-1 content determined by Western blot analysis (Figure 6D). This experiment
indicated that IRS-1 is rninimally phosphorylated in quiescent H4IIE cells and that only
treatment with insulin increases the Ievel of IRS-1 phosphorylation- These data suggest
that the limited tyrosine phosphoryIation of a 180-kDa protein following IGF- I treatment

FIGURE 6: Tyrosine Phosphoryiation of H4LE Proteins after Treatmenf with Insuiin

and IGF-1.
(A) Quiescent H4IIE cells, prepared in 12-well culture dishes containing I rnL media,
were treated with 10'~M insulin or 10" M IGF-1 and harvested by direct addition of
SDS/gel loading buffer (as described in Materials and Methods, section 4.8.3) at the
indicated thne points. Sarnples were subjected to SDSPAGE (7S% gel), transferred to

PVDF membrane and imrnunostained with PY2O anti-phosphotyrosine monoclonzl
antibody (diluted 15000). The antibody was visualized with HRP-coupled anti-mouse
IgG and the ECL chemiluminescent detection system. Pre-stained molecular mass
markers were

nin

in parallel with the samples and were used to identiQ the bands.

Identical results were obtained in two independent experirnents of which one
representative blot is shown. (B)Cells were harvested for Western blot analysis 5 min
after addition of insulin or IGF-1 (10-" to lo4 M). After SDSPAGE and transfer to
PVDF membrane, PY20 antibody was used to monitor tyrosine phosphorylation. Prestained molecular mass markers were run in parallel with the sarnples and were used to
identie the bands. Identical results were obtained in three independent experiments of
which one representative blot is shown. (C) Cells were lysed for immunoprecipitation
(IP) as descnbed in Materials and Methods (section 4.8.2) 5 min after addition of insulin

or IGF-I (IO-* MJ. The protein content of each sample was measured by BCA protein
assay, and equal 100 pg protein aliquots were incubated with antibody (3 pg) to either the
b u l i n receptor P-subunit (insulin-R) or the IGF-1 receptor B-subunit (IGF1-R). The
antibody-antigen complexes were collected with protein G Sepharose, solubilized by
heating in SDS/gel loading buffer and subjected to SDSPAGE. After transfer of the
proteins to PVDF membrane, tyrosine phosphorylation was detected with PY20 antibody
(diluted 15000). Pre-stained molecular mass markers were run in parallel with the
sarnples and were used to i d e n t a the bands. Comparable results were obtained in two
independent

expenments.

(D)

Proteins

were

resolved

by

SDSPAGE

after

immunoprecipitation with ami-phosphotyrosine antibody (3 pg). The membrane was
subsequently probed for IRS-I using an IRS- 1 specific antibody (diluted 1: 1000). The
cells were untreated (lane C) or treated with 1 0 - ~M insulin (lane Ins) or 1om8M IGF-1
(lane IGF) for 5 min before ce11 lysis. Comparable results were obtained in three
independent experiments.
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(Figure 6A) does not represent modification of IRS-1, but that of another protein with
sirnilar molecular rnass, possibly IRS-2.
Mitogen activated protein (MAP) kinase is considered to be an essential signaling
cornponent for the growth of a variety of ce11 types (Adam el al. 1995; Force &
Bonventre 1998; KhaIil & Morgan 1993; Klemke et al. 1997; Nelson et al. 1998)- The
activation of p42 (ERK1) and p 4 4 (ERK2) MAP kinase is an early event in the signaling
cascades activated by both insulin and IGF-1 (Kim & Kahn 1997)- As a result, MAP
kinase is considered to be a required intemediate in the cellular response to these
peptides. The stimulation and activation of MAP kinase involves the phosphorylation of
both tyrosine and threonine residues by MAP kinase kinase (MEK) (Payne et al. 1991).
In this study, the activation of MAP kinase was monitored by Western blot analysis,
using an antibody specific for the phosphorylated f o m of this protein (Xu et ai. 1996;
Yau & Zahradka 1997). Insulin and IGF-1 induced a similar transient increase in p42/p44

MAP kinase phosphorylation at 1oA8M (Figure 7A) with a peak at 10 min and a return to
basal levels after 20 min. To verify that MAP kinase pliosphorylation correlated with an
increase in activity, an in situ polyacrylamide gel assay was used to measure MAP kinase
activity. This method was chosen for its ability to distinguish the myelin basic protein
phosphorylated by p42 vs, p 4 4 MAP kinase (Yau & Zahradka 1997). Increased
modification of myelin basic protein was observed with increasing concentrations of
~ for
insulin and IGF-1 (IO-" to 10-' M) with maximal phosphorylation observed at 1 0 - M
both peptides (Figure 7B). The results indicate that both peptide ligands are equaliy
effective at activating MAP kinase, which is in contrast to the tyrosine phosphoryIation
data presented above (Figure 6).Although it was observed that several other proteins are
capable of phosphorylating rnyelin basic protein (most notabIy proteins of moIecular

FIGURE 7 : Stimulation of MAP Kinase by Insulin and IGF-1.
(A)H4IlE cells were treated with IO-*M insulin of

M IGF-1 for various time periods

(O to 20 min) and harvested for Western blot analysis by direct addition of SDS/gel

loading buffer. The proteins were resolved on SDSPAGE (IO% gels), transferred to
PVDF membrane and visualized with an antibody specific for phosphorylated MAP
kinase (diluted 1:1000). The results were c o n f i e d in two independent experiments. (B)
Extracts were prepared 6 min afier treatment with varying concentrations of insulin or

IGF- 1

(10-Ilto 10-* M) and MAP kinase activity was measured by activity gel assay.

Specific phosphorylation of myelin basic protein by ~ 4 2 and
~ p44MAPK
~ ' ~ is shown.

IdenticaI results were obtained in three independent experirnents.
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mass 58- and 112-kDa), these proteins were constitutively active and did not respond to
mitogen stimulation (Figure 7B).
To veri& that MAP kinase activation correlated with nuclear translocation, the
subcellular

distribution

of

phosphorylated

MAP

kinase

was

monitored

by

immunocytocliemical staining, Phosphorylated MAP kinase was at the lower limits of
detection in quiescent H4II.E cells, and no nuclear staining was evident (Figure 8A). After
treatment with both insulin and fGF-1 (10" M), nuclear translocation of phosphorylated

MAP kinase was evident (Figure 8B,C). Since equimolar concentrations of insulin and
IGF- 1 activated MAP kinase, these data suggest that IGF- 1-dependent induction of MAP
kinase signaling is mediated through the IGF-1 receptor.
To confirm that the signaling system responsible for MAP kinase activation is
triggered by both insulin and IGF-1, the phosphorylation status of MEK, the kinase that
phosphorylates MAP kinase (Payne et al. 1991), was monitored. Western blot analysis,
with antibodies specific to de/phosphorylated M E K M kinase, showed that MEK
phosphorylation was increased by both insulin and IGF-1 in a concentration-dependent
marner (10-" to 1 0 - M),
~ with maximal stimulation observed at 1 0 - ~M (Figure 9A). The
ratio of phosphorylated MEK and total MEK band intensities (Xu et al. 1996) was similar
over the entire concentration range (Figure 9B), thus confinning that IGF- 1-mediated

MEK phosphorylation results from stimulation of the IGF- 1 receptor.
5.2.4.4 Effect of an inhibitor of MEK (PD980591 on insulin-mediated H4ILE growth

As mentioned previousiy, MAP kinase is an essential signaling molecule in the
activation and growth of a variety of ce11 types. Therefore, the importance of the MAP
kinase cascade in mediating insulin-stimulated growth events in H4IIE c e k was assessed
using PD98059, a specific inhibitor of MEK (Alessi et ai. 1995; Dudley et al. 1995). By
inhibiting MEK1/2, PD98059 prcvents thc phosphorylation and subsequent activation of

FrCURE 8: Nuclear Translocation of MAP Kinase in Response to Insulin and IGF-1.
Epifluorescence microscopy was used to monitor the subcellular localization of
phosphorylated MAP kinase. Quiescent H4IIE cells (A), cells treated with IO-' M insulin

(B) and cells treated with IO-' M IGF-1 (C) were used in these experiments.
Magnification: 1 2 0 ~ .

FIGURE 9: I~sulin-nnd lGF-1-dependent Phosphorylation of MEK.
(A) MEK phosphorylation in response to various concentrations of insulin or IGF- 1 ( 10"O

to IO-' M) was assessed by Western blot analysis using antibodies (diluted 1: 1000)
specific to either the phosphorylated (pMEK) or al1 forms of MEK. One of three
independent experiments is presented, all of which exhibited the sarne response. (B) The
ratio of pMEUMEK was calculated by combining densitometric values obtained from
three separate blots for each condition. This ratio provides a control for variation in
protein loading.
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MAP kinase, This event was verified in H4IIE cells by pretreating H41IE cells with
PD98059 for 10 min before stimulation with insulin (IO-' M). PD98059 significantly
decreased the phosphorylation of MAP kinase in a concentration-dependent rnanner (10"
~ (Figure 10A). Quantification of these data indicated that PD98059 at 104 M
to 1 0 M)

inhibited MAP kinase phosphorylation (both p42 and p44 MAP kinase) by 90% (Figure
108). PD98059 also had a marked effect on the growth response of H4IIE cells. This
inhibitor reduced insulin (10" M)-mediated RNA and DNA synthesis, with lo4 M
PD98059 decreasing RNA and DNA synthesis by 52% and 88%, respectively (Figure
10C,D). These data clearly establish that MAP kinase activation is necessary for the
growth and proliferation of H4HE cells.

5.2.5

Discussion
Insulin elicits a variety of biological responses in the liver reIating predominantly

to glucose metabolism. As well, this hormone is noted for its influence on ceIl growth
during liver regeneration. The response of H4IIE hepatoma cells to insulin also includes
modification of their glucose metaboIic pathways and initiation of ce11 growth (Mohn et
al. 1991; Taub et al. 1987). We have confirmed that both DNA and RNA synthesis are

increased upon insulin stimulation (Yau et al. 1998; Zahradka & Yau 1994) and have
extended this to demonstrate that H411E celIs traverse the entire ce11 cycle and complete
ce11 division (Figure 4). These findings establisli that insulin is a potent mitogen for

H4IIE cells, especially considering the ineffectiveness of so-called strong mitogens such
as platelet-denved growth factor (PDGF) and epidennal growth factor (EGF) in this
systern (P. Zahradka, unpublished observations). In contrast, IGF- 1, an agent more noted
for its growth stimulatory effects, does not trigger ceII growth unless high concentrations
are used (Figure 4). The 100-fold or greater concentration difference indicates the

FIGURE 10: inhibition of MXP Kinase Phosphorylniion and Celi Proliferution by the
M2CK In hibiforPD98059.
(A) Quiescent H4IIE cells were treated with 1 0 - ~M insulin in the presence of various

concentrations (10-~to 104 M) of PD98OS9. Samples were nui on SDSRAGE (10% gel)
and phosphorylation of MAP kinase was monitored by Western blot analysis using an
antibody specific for phosphorylated MAP kinase (diluted 1:1000). The response
produced by PD98059 alone (lo4 M) is shown in the Iast lane. The relative positions of
the molecular mass markers (in kDa) is shown. This experiment was conducted in
duplicate for treatrnent with both 1 0 - ~M and IO-' M insulin; one representative gel
depicting the effect with 10'~M insulin is shown. Similar results were obtained for both
experiments. (B) Band densities were determined by Censitometry and the data plotted
for both the 42- and 44-kDa bands. (C, D) Insulin (10" M)-stimulated RNA (C) and
DNA @) synthesis was measured in the presence of varying concentrations of the MEK

inhibitor PD98059 (IO-' to 104 M). Each data point represents the mean k SE of at least
three individual experiments conducted in triplicate. Values are presented relative to a
non-insulin-treated control which was set to 100%.
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stin~ulationof WIIE ce11 growth by IGF-1 is likely mediated by the insulin receptor
rather than the IGF-1 receptor (Koontz 1984; Massague & Czech 1982). An examination
o f the effects of insulin and IGF-1 on glucose metabolic systems revealed a similar
pattern, since IGF-1 did not increase glucose uptake at a concentration below 10" M
(Figure 5). While the inability to detect glucose uptake with IGF-1 at IO-' M cannot be
explained, although it was obsenred at 1o ' ~M (data not shown), it is plausible that at this
concentration IGF-L does not stimulate glucose uptake beyond 10 min, and uptake has
therefore ceased before addition of the radiolabelled substrate. These data, nevertheless,
confirm that LGF-1 does not influence the regulatory systems responsible for mediating
the metabolic changes associated with insulin in this ce11 type. Nevertheless, H4IIE cells
cxpress receptors capable of binding IGF-L (Zahradka et al. 1998) and it is generally
accepted that common elements exist in the respective signaling pathways of IGF-1 and
insulin (Kadowaki et al. 1996; Prager & Melmed 1993; Sasaoka et ai. 1996).
Experiments

utilizing

kinase-defective

demonstrated that induction of the

insulin

receptor

mutants

have

P subunit tyrosine kinase activity is essential for both

mitogenesis and changes in glucose metabolism (McClain et al. 1990). The insulin
receptor kinase stimulates various cytoplasrnic signaling cascades through IRS-1
(Kadowaki et al. 1996; Myers et al- 1994a; Myers et al. 1994b), an intermediary protein
that recmits proteins vital for further signal transmission. In general, the phosphorylation
of IRS- 1 results in the binding of proteins with SH2 domains, such as p85, Syp and Grb2,
that have been linked to the production of phosphatidylinositol 3-phosphates, tyrosine
dephosphorylation and p2 1-Ras/MAP kinase activation, respectively (Myers et ai. 1994b;
White & Kahn 1994). IRS-1 has an equivalent role in the signaling system for IGF-1 (De

Meyts et al. 1994; Frattali el ai. 1992; Myers et ai. 1994a) and an inability to initiate IRS1 phosphorylation (Figure 6D)could thcrefore account for the lack of effcct by IGF- 1 on

H411E cc11 growth and metabolism. Since these cclls obviously have Eûnctional IGF- 1
rcceptors. as demonstrated by the stimulation of both MEK pliosphorylation and MAP
kinase activity with

M IGF-1 (Figures 7, 9), the defect could potentially exist in the

receptor kinase. This assumption was confirmed by directly measuring receptor kinase
activity where it was observed that insulin, but not IGF-1, could elicit tyrosine
phosphorylation of the respective

P subunit (data not

shown; refer to Yau et al. 1999).

This detail explains the lack of IGF-1 receptor autophosphorylation (Figure 6C) and the
absence of IRS-1 tyrosine phosphorylation (Figure 6D) when H41IE cells are treated with

IGF- 1.
The lack of correlation between IRS-1 phosphorylation and M M kinase
activation has been previously observed in ceIIs expressing mutated insulin receptors
deficient in tyrosine kinase activity (Krook et al. 1996; Takata el al. 1996). Interestingly,
these reports noted tliat IRS-1 tyrosine phosphorylation still occurred following insulin
treatment, yet MAP kinase activation was suppressed. In conjunction with the data
presented in this report, support for the prernise that IRS-1 is not a component of the

MAP kinase cascade becomes apparent. Although it has been well established that IRS- 1
directs certain elements of the signaling cascade leading from both insulin and IGF-1
receptors (Waters et al. 1993), it has also becorne evident that alternative pathways for
regulating specific intracellular processes exist.
These data confim that MAP kinase (p42/p44) is an essential intracelluIar
mediator of the proliferative response to insulin (Figure IOC, D),and it is most likely that
MAP kinase promotes ce11 prolireration by stimulating gene expression and protcin

synthcsis. On the othcr Iiand, it has bcen shown tliat activation of MAP kinase alone is
insufficicnt for thesc cvcnts (Scrimgcour et al. 1997). Mcchanistically, M A P kinase is
prcsunicd to opcratc by stiriiulating gcnc cxprcssion, pai-tiçularIy of kcy proto-oncogcncs

such as c-fos and c-jun (Karin 1996)- It has become evident, however, that modulation of
transcription factors can occur independent of MAP kinase (Kim & Kahn 1997). Similar
findings relate to specific metabolic processes that are controlled by insulin. For instance,
MAP kinase does not participate in the stimulation o f gluconeogenesis (Sutherland et al.

1998). As well, there is consensus in the literature that the physiological role of MAP
kinase does not encompass the metabolic effects of insulin (Combettes-Souverain &
Issad 1998; Lazar et al. 1995). Unfortunately, a relevant mode1 of intracellular s i g n a h g
that defines the role of MAP kinase in ce11 proliferation and ce11 metabolism has not been
elucidated, presumably

because

the

inter-relationships

between various

signal

transduction pathways, including the MAP kinase cascade, have yet to be clarified.
Nevertheless, it has been recently suggested that MAP kinase activation by IGF-1
requires the participation of G proteins through their By subunits (Luttrell et al. 1995; van
Biesen et al.

1995). It has generally been assumed, however, that tyrosine

phosphorylation events must precede G protein activation. These results, on the other
hand, support a paradigm wherein activation of MAP kinase by IGF-1 occurs in the
absence of receptor-mediated tyrosine phosphorylation events. These characteristics are
emphasized by three critical points: 1) IGF-1 does not trigger tyrosine phosphorylation of
either IRS-1 or the IGF-1 receptor (Figure 6), 2) the H4IIE IGF-1 receptor apparently
Iacks tyrosine kinase activity (data not shown; Yau et al. 1999), and 3) MAP kinase
activation occurs at IGF-1 concentrations that are below the threshold necessary for
insuIin receptor stimulation (Figures 7, 9). It is therefore credible that the lack of tyrosine
kinase activity displayed by the IGF-1 receptor of H411E cells (data not shown, Yau et ai.
1999) may be irrelevant with respect to the MAP kinase cascade. Evidence that G protein
activation is an essential component for intracellular signalling by insulin (Rizzo &
Romero 1998; Uehara er al. 1999) thereby provides a rnechanisrn by which receptor

tyrosine kinase-independent events may by implemented- Further exploration of these
alternative pathways is clearly warranted, and H4IIE hepatomas represent an excellent
system for defining the divergent signaling pathways associated with LGF -1 receptor
function.

5.3

Contribution of ADP-ribosylation to H4IIE ce11 proliferation

53.1

Background and rationale
ADP-ribosyiation reactions can be divided into two groups. Those involving

PARJ? occur in the ce11 nucleus and those involving M T s are not simiIarly restricted to
a specific cellular cornpartment (D'Amours et al. 1999; Moss et a[. 1997; Okazaki &
Moss 1996a; ShaIl 1994; Zolkiewska et al. 1994). Both of these reactions have been
implicated in ce11 proliferation. One of the known functions of PARP is participation in

DNA repair and replication (Cesarone et ai. 1990), while m . T s have been
demonstrated to be direct or indirect regdatory factors in the growth processes of a
varies of ce11 types (Kharadia et al. 1992; Loesberg et al. 1990b; Smets et al- 1990b;
Thyberg et al. 1995a).
ADP-nbosylation is characterized by the transfer of ADP-ribose from NAD* to an
acceptor protein (Moss & Vaughan 1988; Ueda & Hayaishi 1985). O-linked polymers of
ADP-ribose are produced by the enzyme poly(ADP-ribose) polyrnerase. Each molecule of
poly(ADP-ribose) is anchored via the terminal ADP-ribose moiety to the acceptor protein by
an ester linkage to a glutamate residue. Polymerization is achieved through the formation of

glycosidic bonds which coupIe adjacent ADP-ribose units. Due to the specific cellular
location of poly(ADP-ribose) polyrnerase, poly(ADP-ribosy1)ation occurs only in the
nucleus. Since the principal acceptors for poly(ADP-ribose) are DNA-binding proteins, and
attachment of poly(ADP-ribose) reduces their affmity for DNA (de Murcia et al. 1983;

Zahradka & Ebisuzaki 1982), changes in gene expression may be coupled to the
modification of specific transcription factors that regulate either gene activation or
repression. Alternatively, gene transcription could be controlled indirectly by poly(ADPribosy1)ation of histones, a process that modulates chromatin condensation (de Murcia et al.
1988).
N-linked mono(ADP-ribosy1)ation occurs in the nuclear, cytosoiic and membrane
fractions of a cell (Moss & Vaughan 1988; Ueda & Hayaishi 1985). Arginine-dependent

mono(ADP-ribosyl)transferases (mg-mART) couple a single ADP-ribose to the guanidino
moiety of arginine. Transferases that catalyze the ADP-ribosylation of cysteine, serine,
lysine, asparagine and histidine residues have also been detected (Zolkiewska et al. 1994). It
has become apparent that mono(ADP-ribosy1)ation can modulate numerous enzyrnatic
processes, especially those associated with GTP-hydrolysis. For example, G protein function
is stimulated by ADP-ribosylation of the Gs a-subunit at the same arginine that is modified

by choiera toxin (Jacquemin et al. 1986). At this point, however, there is no indication that
mono(ADP-rïbosy1)ation participates directly in the regdation of gene expression.
in the liver, the ribosylation of proteins has been associated with both
regenerating liver (Cesarone er al. 1990), the onset of hepatocellular carcinoma
(McKillop et al, 1998) and inhibition of hepatocyte growth via nitrïc oxide (Dalrnau et al.
1996). Moreover the actions of insulin have been linked to the increased expression of G;
proteins (Livingstone et al. 1994; Sanchez-Margalet et al. 1999) and expression is altered
by exogenous pertussis toxin ribosyIation events (Sanchez-Margalet et al. 1999).
Furthermore, in diabetes, G i cxpression is decreased (Gawler et al. 1987). As a result, the
question of whether ADP-ribosylation events are linked to and with insulin-mediated
H411E ce11 growth becomes an extremely reIevant question and this study is the first to

directly examine this cellular phenornena and its participation in specific cellular
processesThis section describes the results of experiments designed to dari@ the relevance
of ADP-ribosylation to insulin-mediated ce11 growth. Furthermore, it describes attempts
to differentiate between the cIass of ribosylation reaction contributing to ce11 growth
through the use of different inhibitors of the ribosylation process. A potential role for
protein modification with mono(ADP-ribose) rather than poly(ADP-ribose) in the
regdation of -gowth by insulin in WIIE cells was identified.

5.3.2

Specific aims
1. To determine the contribution of ADP-ribosylation reactions to H4IIE ce11

growth and proliferation.
2. To identi@ the class of ADP-ribosylation reaction involved in H41IE ce11

growth and proliferation through the use of specific ADP-ribosylation
inhibitors.

5.3.3

Experimental design

H4IIE cells prepared as described in section 4.2.1, will be stimulated with insulin
and the extent of ADP-ribosylation activity correlated with the activation state as it
relates to ce11 proliferation. The experiments in this section are based on two previous
publications. The first report found that insulin-dependent inhibition of the gluconeogenic
pathway

was

prevented

by

inhibitors

of

ADP-ribosylation,

specifically

3-

am inobenzamide (3AB) and PD 128763. Furthermore, these inhibitors of ADPribosylation could themselves induce PEPCK gene expression (Yau er ai. 1998). it was
postulated in this paper that control of PEPCK gene expression, a key component of the

oluconeogenic pathway, may involve a mART enzyme rather PARP. The second

3

publication established that 3AB was an effective inhibitor of H4IIE ce11 growth
(Zahradka & Yau 1994). The class of ADP-ribosyIation reaction associated with insulin
stimulation of H4IIE cells will be identified through the use of specific inhibitors of
either arg-mART or PARP. At this point, it should be noted that 3AB has been shown to
inhibit both PARP and arg-mART activities depending on the concentrations that are
being used, with lower concentrations more specific to P A U and higher concentrations
influencing arg-mART activity as well (Banasik et al. 1992; Milam & Cleaver 1984;
Rankin et al. 1989). PD 128763, on the other hand, is reported to be a specific inhibitor of
PARP activity (Arundel-Suto et al. 1991; Burkart et aL 1999; Yau et al. 1998).

5.3.4

ResuIts

5.3.4.1 Insulin stimulates ADP-ribosylation

Based on a previous publication that demonstrated 3AB and PD128763 both had
unique effects on the expression of PEPCK mRNA (Yau et al. 1998), two scenarios were
generated: i) ADP-ribosylation participates in the insulin-mediated control of PEPCK
gene activity, or ii) ADP-ribosylation is responsive to insulin trcatmcnt. To define these
events, the activities of both PARP and arg-mART were measured in extracts from
quiescent and insulin-stimdated H4IIE celk. Significant stimulation of PARP \vas not
detected in the nuclear fraction of H411E cells prepared without and with a 30 min insulin
treatrnent ( 1O-%)

(Table 1). On the other hand, the microsomal Fraction dcmonstrated a

profound incrcase in arg-iiiART activity after stimulation with insulin

I IO-^ M) compared

to without insulin treatrncnt (Table 1). A panei of ADP-ribosylation inhibitors was then
tcstcd in conjunction witli both PARP and arg-mART assays

il?

idro. This not only

hclpcd to cstabl isli the spccificity of thc ADP-ribosylatioii cvcnts occuring in thc

Table 1: Responsiveness of ADP-Ribosyhtion to Insu&

Stimulation tn H411E

Hepatomas.
Microsomal and nuclear fiactions were prepared fiom quiescent H4IIE cells before

and afier a 30 min treatment with 106 M insulin. The activiiy of poly(ADP-ribose)
polymerase and arginine-dependent mono(ADP-ribosy1)transferase was quantified as
descnbed in Matenais and Methods (sections 4.9.6 and 4.9.7). The values represent the mean

* SE of assays conducted in triplkate. The entire experiment was conducted in duplicate.

Treatrnent

Enzyme Activiw
Poly(ADP-ribose) Polyrnerase

Noue
Insulin

Mono(ADP-ribosyl)transferase

nuclear and microsomal fractions of growing H4IIE cells, but a k o validated the
selectivity of the inhibitors for use in future assays. ADP-ribosylation inliibitors assessed
induded: i) PD 138763, a specific PARP inliibitor (Arundel-Suto et al- 199 1 ), ii) 3AB, a
dual inhibitor of PARP and mART (Banasik et ul. 1993; Milani & Clcal-er 1984; Rankin
er al. I989), and i i i ) MIBG, a specific argmART inhibitor (Loesbcrg et al. 1 WOb; Smets
et cd. 1990b). It was observed that growing H41iE ceIls have a relativcly high basal levet

of ADP-ribosylation activities (Table 2)- 3AB (2 n1M) \vas a b k to inliibit both PARP
activity of nuclear fractions and arg-mART activity of niicrosomal fractions, confirming
its dual inhibitory role (Table 2). PD138763 (10 pM), on the other hand, \vas only
capable of inhibiting the PARP activity of nuclear fractions. thereby confirming its
specificity for PARP (Table 2). Finally, MlBG (50 FM) inhibited arg-niART activity
without significantly reducing PARP activity, thereby validating its specificity for argmART. Taken together, these data support the specificity of the ADP-ribosylation
reactions tliat are being observed in H41IE cells iiz vitro (Table 1). Similar magnitudes of
inhibition werc observed using estracts Froni insulin-stiniulated H4IIE cells (data not
shown).
To confimi the rcsults of PARP cnzyme activity measurements iii vitro, which are
not always reprcscntative of changes in activity fiz vivo (Lautier cr cd. 1993), an
alternative approacli was utilized. Western bIot analysis with an antibody spccific to
poly(ADP-ribose) was uscd to idcntify proteins modilicd with poly(ADP-ribose).
Nun~crousprotcins wcrc detcctcd, including protcins of niolccular m i s s 1 IO-, 74-, 62-,
S I - , 46-, 3 1-, 29-, 27-, and 25-kDa (Figurc 1 1)- The promincnt bands bctwccn 15- and

30-kDa prcstiiiiabiy rcprcscnt various histonc proteins that arc known acccptors of
poty(ADP-ribosc) (Figurc 1 1 ) . Thc lack of dctcctablc variation in tlic 116-kDa PARP
batid, wliich irncicrgocs autoniodification in rcsponsc to cc11 daniagc (Kawaichi et ui.

TABLE 2: Sensitivity of Poly(ADP-ribose) Poly~neraseand Mono(ADPri&osyl)transferase to Inhibition by 3-arninobenzumide, PD128 763 and MIBG.

The nuclear and microsomal fiactions of growing H4IIE cells were prepared as
described (section 4.8.4) and the efficacy of specific inhibitors of poly(ADP-ribosy1)ation

and mono(ADP-nbosyl)ation assessed with both fhctions. 3-arninobenzarnide (2 mM),
PD128763 (10 PM) and MIBG (50 FM) were added as indicated. Each value represents the

mean

SE of three individual experirnents. Similar magnitudes of inhibition were also

observed with extracts fiom quiescent wid insulin-treated cells.

Treatrnent

Enzyme Activity
Poly(ADP-ribose) Polyrnerase

Mono(ADP-ribosyl)transferase

nmo1 min-'mg protein-' (% control)

FIGURE 1 1 :Protein Poly(ADP-ribosyl)arion NI H4DE Hepatotna Cells in vivo.

H4IE ceIls maintained for 30 h in sem-£ree a-MEM media were harvested at various
time points after addition of insulin (10'~M) and the protein modification monitored by
Western blot analysis using polyclonal a-pADP anti-poly (ADP-ribose) serum (diluted
1: 1000). Positions of molecular mass markers are indicated. Antibody binding was shown

to be specific using an auto-rnodified poly(ADP-ribose) poiyrnerase control. Similar
results were obtained with the monoclonal 10H antibody.
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1981; Schraufstatter et al. 1986), indicates that cellular repair systems n-ere not activated
(Figure I l ) . Over a time course of insulin treatment ( W 6M), significant changes in the
pattern of poly(ADP-ribosy1)ation were not obscrved. thus supponing the enzyme
activity data shown in Table 1.
A more cellular and less invasive approach was also uscd to monitor mono(ADP-

ribosy1)ation in H41IE cclls in order to confim~the results in Table 1. HLFIIE cells were
labeled with [3~]adenosinefor 16 h pnor to insulin addition and the modified proteins
were then visualized by fluorography after separation of the proteins by SDS/PAGE. This
analysis showed that modification o f a 53-kDa band was increased foliowing insuiin
treatrnent (Figure 12A). Furthemore, modification of this protein was slightly decreased
in the presence of' 3AB, but not PD128763 (Figure 12B). To verify that radiolabehg
under these experimental conditions represented ADP-ribosylation, the samples were
treated with 1 M NaOH or 1 M hydroxylamine, agents which disrupt the argininyl-ADPribose bond (Figure 12B) (Jacobson et ai. 1994). The loss of protein-associated radiolabel
with these two treatments confim~sthat the 53-kDa protein is rnono(ADP-ribosy1)ated on
an arginine residue (Figure 12B). The correlation between insulin-dependent mono(ADPribosy1)ation (Figure 12A) and insulin-stimulated ars-mART activity (Tablc 1) suggests
that this process, and not poly(ADP-ribosy1)ation is activated upon insulin stimulation of

H4IIE cells and may be involved in insulin-mediatcd H411E ceIl growth and proliferation.
Cellular arg-mART activity has becn dctccted in scveral cc11 fractions. For
cxample, Zol kicwska and Moss (Zolkiewska & Moss 1993; Zolkicwska et al. 1992) have
demonstratcd a n3A RT associatcd with tlic cxtcrnal plasma rncni brane of chick skclctal
muscle cclls, and Gravcs and colIcagucs (Huang ci ul. 1996; Kharadia et cd. 1992) have
sliown a microsonial arg-iiiART activity i n chick niusclc cclls. For this rcason, argmART assays wcrc ciiip loycd to dctcriiiinc wliich cc1l fkxiions containcd t Iic arg-niART

FIGURE 12: Stimulatio~tof Mono(ADP-ribosyl)afiun in H417E Cells by Insulin.
Quiescent H4IIE cells (30 h in sem-fkee a-MEM media) were incubated with
~ The cells were
[3~adenosine
for 16 h and subsequently stimulated with insulin ( 1 0 M&
harvested directly in 2x SDS/geI loading buffer (method A) after treatment with insulin
for 0, 10 or 60 min. The radiolabelled proteins were then analyzed by fluorography &er

SDSPAGE. The position of molecular mass markers is indicated. (B) Ce11 extracts were
prepared according to the alternative method (rnethod B) 60 min after addition of 10-6M
insulin. Addition of either 3-arninobenzamide (5 mM) or PD 128763 (1 pMJ preceded the
insulin treatment by 10 min. The extracts were mixed with an equal volume of 2x
SDS/gel loading buffer and separated by SDSFAGE. To ven@ the presence of an ADPribose linkage, aliquots of the insulin-treated extract were incubated on ice with 1 M
hydroxylamine (NfiOH) (pH 7.0), or 1 M NaOH for 60 min prior to addition of the
SDS/gel loading buffer. The samples were subsequently analyzed by SDSPAGE. The
NaOH sarnple was neutralized with HC1 before loading onto the gel. Both (A) and (B)
present the results of one of two independent experiments, both of which exhibited a
sirnilar response.

activity that increased after insulin stimulation, An iiz sirrr ADP-ribosyltransferase
activity assay indicated arg-rriART activity was increased in the microsomal fraction over
a 3 h period afier insulin stimulation

(lad M) (Figure 13), while the cytosolic fraction

had no detectable activity by this method (data not s h o w ) - In vitro arg-mART activity
assays were then conducted with both cytosolic and microsomal fractions of H4IIE ce11
extracts that had been treated over a 2 h tirne course with insulin ( 1 0 - ~M). The
microsomal fraction showed significantly more arg-mART activity in comparison to the
cytosolic fraction even in the basal state (Figure 11A), and the microsomal fraction
demonstrated an increase in arg-mART activity in response to insulin stimulation. Since
peak activity was observed at I h, a separate in vitro assay was camed out with
subcellular fractions prepared from H41IE cells 1 h after insulin treatment. This assay
showed that insulin increased microsoma1 arg-rnART activity by 1.5-fold over basal
levels (Figure 14B)- The change in arg-mART activity of the cytosolic fraction was not
more than 1.15-fold (Figure I4B). These data confirm the observation that insulin is able
to stimulate arg-mART activity in H4IIE cells (Table 1, Figure 13), and that the
activation of this enzyme may be linked to insulin-mediated ce11 growth and proliferation.
To venfy the specificity of the microsoma1 arg-mART activity stirnulated by
insulin (Table 1, Figure 14), an iiz vitt-o arg-mART activity assay was carrïed out in
which selective ADP-ribosylation inhibitors were included during the incubation time of
the assay. 3A8 (5 mM) or MIBG (50 FM) was added exogenously to the microsomal
fraction of 1 h insulin-stimulated H41IE cells and compared to microsomal extracts from
quiescent H4IIE cells. As seen previously (Figure 24), insulin treatment increased the
arg-mART activity from basal levels in quiescent cells (Figure 15). Both 3AB and MIBG
were able to decrease the arg-mART activitics to control, untreated levels (Figure I S ) ,

FIGURE 13: Effect of Insulin on Mono(ADPribosyl)ation in H411E Cells.
Quiescent H4IIE cells were treated with insulin ( 1 0 ~ M)
~ and harvested by subcellular
fiactionation over a 3 h period as described in Matenals and Methods (section 4.8.4).

The rnicrosomal fraction was then separated by SDS/PAGE on a 10% gel containing 0.2
mg/mL polyarginine. The gel was incubated with 25 pCi [ 3 2 ~ ] ~ A Dasf descnbed in
MatenaIs and Methods (section 4.9.9) and, following extensive washing, dried.
Autoradiography was carried out at -80°C with one intensi*g

screen. One of two

independent expenments is shown, both of which exhibited the same response.
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FIGURE 14: In vitro Mono(ADP-ribosyl)transferase Activity in Insuiin-treated H411E
Ceils.

Quiescent H4IIE cells were treated with insulin (lod M) and subcellular h c t i o n s were
fiarvested at various times (O - 120 min) as described in Materials and Methods (section
4.8.4). (A) An in vitro rnono(ADP-ribosy1)ation assay was used to measure transfer of
ADP-ribose in both the microsomal (membrane) and cyiosolic (cytosol) £?actions over a
120 min t h e course as described in Materials and Methods (section 4.9.7). Polyarginine
(2 mg/rnL) was used as the acceptor protein for the assay. Each data point represents the

pooIed data from two independent experiments. (B) An in vitro mono(ADP-ribosy1)ation
assay was carried out using both the microsomal (membrane) and cytosolic (cytosol)
Eactions, and the changes in mono(ADP-ribosy1)transferase activity compared in insulintreated (1 h stimulation) and untreated cells. Polyarguiine (2 mg/mL) was used as the
acceptor protein for the assay. The activity present in untreated cells was set to 1.0 for
cornparison. These data represent one of two independent experiments, both of which
exhibited the sarne response.
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FIGURE 15: Serrsitivity of Mono(ADP-ribosyC)fransferase to inhibition.

Quiescent WIIE cells were treated with insulin (104 M) and harvested after 1 h by
subcellular hctionation as described (section 4.8.4). rnART activity in the microsomal
fraction was assayed in the presence of 3-aminobenzamide (5 m . ) or MIBG (50 CIM)
Polyarginine (2 mg/mL) was used as the acceptor protein for the assay. Data represent
one of two independent experiments, both of which exhibited the same response.
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ins+3AB

Treatments

ins+MIBG

demonstrating specificity of the cellular ADP-ribosylation response after insulin
treatrnent,

5.3.5

Discussion
Several cytosolic and rnicrosomal monotransferases have been identified

(Tsuchiya & Shimoyama 1994; Zolkiewska et al. 1994), however, none have been linked
to a specific regulatory process. The purpose of this study was to clan@ the roIe of ADPribosylation and ADP-ribosyItransferases in the signal transduction processes associated
with the regulation of H4IIE ce11 growth by insulin. A previously published paper (Yau et

al. 1998) had examined the participation of ADP-ribosylation in the regulation of gene
expression by insulin- In that paper, expression of the PEPCK gene as controlled by
insulin was examined in conjunction with the ADP-nbosylation

inhibitor 3-

aminobenzamide (3AB). It was noted here that the activity of PARP was not significantly
changed between insulin-stimulated and control cells. In contrast, both mART activity
and protein mono(ADP-ribosy1)ation were elevated in cells treated with insulin, the first
indication that mono(ADP-ribosy1)ation events are responsive to growth factors such as
insulin- Moreover, this activity could be inhibited by 3AB. Although these findings did
not confirrn a role for rnART activity in insulin-mediated changes in gene expression, the
data did emphasize that mART may have a role in mediating insulin-dependent s i g n a h g
systems.
In the previous section, it was demonstrated that insulin alone was able to act as a
growth factor for H4IIE ceIls and that certain signaling pathways such as MAP kinase
piayed a critical role in the insulin-mediated ce11 growth and proliferation. The data
generated in this section suggested a mono(ADP-ribosy1)transferase participates in the
ce11 growth effects mediated by insulin in H411E cells. The data showed that nuclear

PARP activity was not increased on ce11 stimulation with insulin and that there was no
change in the pattern of poly(ADP-rïbosy1)ation following insulin stimulation (Table 1).
In contrast, an increase in arg-mART activity was observed and this was consistent with
the increase in ADP-ribosylation of the 53-kDa protein (Figure 12). Although the identity

of this protein was not clarified, a band at 53-kDa has been observed in other ce11 systems
(Graves et al. 1997). PARP is typicaIly associated with ce11 growth and replicative
events- Its activity is increased in Ziver regeneration (Cesarone et al. 1990), and
upregulation occurs in many tissues and ce11 types dunng proliferation. On the other
hand, PARP can also be activated during ce11 senescence, apoptosis and by negative
growth regulatory factors such as nitric oxide (Dalrnau et al. 1996; Pieper et al. 1999;
Scovassi & Poirier 1999)- Nevertheless, in our ce11 system, PARP does not appear to play
a significant role in the ce11 growth processes mediated by insulin.
Arg-mART reactions on the other hand participate directly in cellular events in
the cytoplasm. In this scenario, ADP-ribosylation behaves as a post-translational
modification much like phosphorylation that signals cells to undergo a particular event.
In several different ce11 systems, incIuding smooth muscle and skeletal muscle, arg-

mART has been shown to participate in the cellular events leading to ce11 proliferation
and differentiation (Kharadia et al. 1992; Thyberg et al- 1995a). Moreover, the success of

MIBG therapy for the treatment of neuroblastoma, carcinoid tumours and metastases
suggests that perhaps an arg-mART event may be involved in tumour progression, which
involves ce11 proliferation (Cornelissen et al. 1995a; Hoefnagel et al. 1991; Srnets et al.
1988b; Smets et al. 1989). In H41IE cells, it was demonstrated that particular cel1uIar
fractions exhibited elevated arg-mART activity after insulin stimulation (Figures 13, 14).
The microsomal fraction was shown by both in situ ADP-ribosyltransferase labeling

(Figure 13) and with an in vitra assay (Figure 14), that insulin was able to increase the

arg-mART activity in that particular ce11 fraction. The stimulation was approximately
1.5-fold (Figure 14B). On the other hand, the cytosolic fraction did not appear to contain
arg-mART detectable with the in

sirll

ADP-nbosyltransferase labeling assay (data not

s h o w ) , and insulin was only able to marginally increase the activity measurable with the
Nt vitro biochemical assay (Figure 14). These results suggest that the arg-mART activity

is associated with the ce11 membranes and that its compartmentalization within the ce11 is
via membranous components. This finding is in support of the findings of Zolkiewska
and colleagues (Zolkiewska & Moss 1993; Zolkiewska er al. 1992) and Kharadia et al.

(1992) who have also found that the arg-mART activity is more prominent in the
microsomal fraction. With respect to the ability to transmit signals, having the arg-mART
within the membrane fraction indicates that the activity is likely localized to one place
and that the enzyme does not shuttle behveen cornpartments. Considering that G proteins
and small GTP-binding proteins are such good targets for ADP-ribosylation reactions,
and that G proteins and GTP-binding proteins are mostly associated with the membrane
(Milligan & Grassie 1997; Rodbell 1997; Willard & Crouch 2000), the membrane-bound
nature of mART likely places it at an advantage for modulating G protein reactions.
With respect to the specificity of the reaction, the initial findings that mART
activity, but not PARP, was increased upon insulin stimulation (Table 1) led to the use of
specific inhibitors of both enzymes in order to confirm this finding. PD128763, a
reportedly specific inhibitor of PARP, only inhibited PARP activity, while MIBG only
inhibited arg-mART activity. 3AB on the other hand, inhibited both PARP and mART
activities (Table 2, Figure 15), confirming the dual inliibitory capabilities of this
compound. Furthemore, at the concentrations used in these studies (22 mM), 3AB will
inhibit mART activity (Banasik el al. 1992; Milam & Cleaver 1984; Rankin et al. 1989).
Thus, these data furthcr validate the contention that insulin is stimulating an arg-mART

and that activation of this mART is a key mediator of insulin-dependent WIIE cell
growth and proliferation. Although the studies in this section do not necessarily establish
that mART is a component of insulin-mediated H4IIE growth, the fact that insulin
stimulates this enzyme and that insulin correspondingly stimulates H4IIE ceil growth
suggests that a link exists between these events. The studies descnbed in the next section
were designed to establish that link and confirm the requirement of mART activation for

H41E hepatoma ce11 proliferation in response to insulin.

5.4

Modulation of ce11 proliferation by inhibitors of mART

5.4.1

Background and rationale

Mono(AJ3P-ribosy1)transferase is an enzyme present in the nuclear, cytosolic or
rnicrosomal fractions of cells and is involved in the post-translational modification of
proteins (Moss & Vaughan 1988; Ueda & Hayaishi 1985; Zolkiewska et al. 1994). This
enzyme transfers a single ADP-ribose moiety from NAD' to acceptor proteins that
usually contain an arginine, cysteine or diphthamide moiety (Zolkiewska et al. 1994).
This modification, much like phosphorylation, is reversible and is a component of
modulating signaling processes and cellular events (coordinating the processes within a
cell) (Williamson & Moss 1990; Zolkiewska et al. 1994). The most studied and
commonly modified proteins are those associated with G proteins and proteins that
undergo GTP binding and hydrolysis, such as G,,, Ci and srnaIl GTP-binding proteins
such as Rho and Ras (Ali & Agrawal 1994; Di Girolamo et al. 1997; Gierschik 1992;
Kanagy et al. 1995; L e m et al. 2000; Schmidt & Aktories 1998; Tsuchiya & Shimoyama
1994)Inhibitors of mART corne in many foms. The most popuIar of those ernployed
for biochemical studies of this protein include novobiocin, benzarnidc, naphthalimide,

hydroxyisoquinoline, silybin (silymarin) and meta-iodobenzylguanidine (MIBG). Many
of these compounds inhibit the action o f the enzyme directly. However, others such as

MIBG (and other compounds containing guanidino groups or guanylhydrazones) act as a
decoy substrate, mimicking the arginine present on the acceptor protein of the reguiar
substrates. Although MIBG does not directly inhibit the action of arg-mART, by
preventing the modification of the actual acceptor protein the potency of the mART
enzyme is lost.

MIBG was first recognized as a diagnostic molecule for the identification and
radiotherapy of adrenal turnours and other neuroendocrine tumours in its radioiodinated
forrn (Hoefnagel 1994; Hoefnagel et al- 1987; Lode et al. 1995; Smets et al. 1990a;
Wafelman et al. 1994b; Wieland et al. 1980). Subsequently, the non-radiolabelled
cornpound was shown to decrease turnour progression (Kuin et al. 1999; Smets et al.
1988b; Taal et al. 1999; Taal et al. 1996; Zuetenhorst et al. 1999). Although the
mechanism of action for the anti-tumour activity of MLBG without the radiolabel is not
presently known, it has been postulated to involve inhibition of mitochondrial respiration
(Cornelissen et al. 1995b; Loesberg et al. 1990a; Loesberg et ai. 1991; Smets et al.
199Ob). However, the arg-mART inhibitory activity of MIBG may also explain its antineoplastic properties (Loesberg et al. 1990b; Smets et al. 1990b). Since these issues have
not been adequately addressed, an understanding of how ADP-ribosylation contributes to
ce11 proliferation will help to clarify these points.

5.4.2

Specific Aims
1. To examine the effect of inhibitors of ADP-ribosylation on insulin-mediated

H4IIE ce11 growth and proiiferation,

2. To confirm the link between ADP-ribosylation and insulin-mediated H41IE

ceil growth and proliferation.
3. To clanfi the adverse effects of MLBG on H4IIE cells.

4- To identify a potential mechanism of action for MIBG by determining the
effects of MIBG on two signaling intermediates stimuiated by insulin: MAP
kinase and p2 1-Ras.

5.4.3

Experimental design

H 4 E celk, prepared as descnbed in section 4.2.1, will be pretreated for 10 min
with inhibitors of ADP-ribosylation (eg. 3AB, MIBG, precursor analog MIBA, etc.),
stimulated with insulin, and monitored for growth according to parameters such as RNA
and DNA synthesis- The exposure time required for MIBG to exert an inhibitory effect
will also be defined, along with an assessrnent of inhibitor reversibility. The relative
toxicity of MIBG will also be examined using an MTT cytotoxicity assay, an LDH
formation assay and FACS analysis of MIBG-treated H41IE celis. Finaily, potential
mechanisms of MIBG action on insulin-stimulated H4IIE cells will be defined using
assays to detect activation of two prominent signaling enzymes: MAP kinase and p21Ras -

5.4.4

Results

5.4.4.1 Effects of ADP-ribosylation inhibitors on ceH growth: involvement of mART

in H4IIE ce11 growth and proliferation
In the previuus section (section 5.3), it was established that insulin activates an

arg-rnART. Based on the findings presented in section 5.2 regarding insulin-mediated
H41IE cell growth and proliferation, it was speculated that stimulation of arg-mART

might be a component of the signaling systems that influence H4IIE ce11 growth postinsulin treatrnent. As a result, to fiirther define the system and to c o n h the participation
of this protein modification in H4IIE ce11 growth and proliferation mediated by insulin,
inhibitors of ADP-ribosylation were tested for their ability to affect incorporation of

lundine ne and [ ' ~ l t h ~ m i d i n eH41IE
.
cells were pretreated for 10 min with the inhibitors
before the addition of insulin, The dual PARP/rnART inhibitor, 3AB, showed a modest
inhibition of insulin-stirnulated RNA synthesis (Figure 16A1, v~hileit did not affect
insulin-stimulated DNA synthesis (Figure 16B). Interestingly, at the high concentrations

(2 to10 mM) of 3AB required for modest inhibition of RNA synthesis, 3AB inhibits both

mART and PARP activity (Table 2, FigurelS). The analog of 3AB that lacks inhibitory
action, para-aminobenzoic acid (PABA), also did not affect DNA synthesis (data not
shown). Furthermore, neither agent was toxic to H4IIE cells as confirmed by lactate
dehydrogenase (LDH) release assay afier 72 h incubation with varying concentrations

(0.1 to 10 mM) of 3AB or PABA (data not shown). These data suggest that 3AB is
working via mART to inhibit insulin-mediated RNA synthesis, and that perhaps mART
rnay not participate in the events leading to DNA synthesis.
The evidence that 3AB influenced the cellular response to insulin by inhibiting
mART activity led to experiments with selective inhibitors of arg-mART. Several
different ADP-ribose acceptors (i-e. pseudosubstrates) for arg-mART catalyzed reactions
were tested including MIBG, L-arginine methylester (LAME) and L-nitro-arginine
rnethylester (LNAME). The cornmon feature of these compounds is the presence of an
argininyl rnoiety, the group to which the ADP-ribose is transferred. In addition,
norepinephrine (NE) was tcsted in these experirnents since NE is a physiological analog
of MIBG. MIBG was capable of significantly decreasing insulin- and FBS-rnediated
H4IIE cc11 growth (Figure 17). The other agcnts were unable to inhibit RNA synthesis in

FIGURE 16: Sensitivity of Insuiin-mediuted Ceil Growth in H411E Ceils to 3Aminobenzarnid~

Quiescent H 4 E cells were pretreated with 3-aminobenzamide (0.5 to 10 rnM) for 10

min pnor to addition of insulin (106 M). The incorporation of [ 3 ~ ] ~ d i n(6e h
incubation) and [3~]thymidine(24 h incubation) into trichioroacetate-precipitable
material after addition of insulin was used as an indication of RNA (A) or DNA (B)
synthetic activity in the presence and absence of the inhibitor. For DNA synthetic activity
(B), a single dose of 3-aminobenzamide (5 mM) was tested. The incorporation rate of

untreated cells was set to 100%. The data are presented as the mean

+ SE of at least three

individual experirnents conducted in triplicate. Cornparisons were made between insulin
13-aminobenzamide treated tells using Student's t-test (*, p c 0.05).
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FIGURE 17: Sensitivity of Insuiin-ntediated RNA Synthesii to Inhibitors of
Mona(ADP-ribosyC)ation&actions.
Quiescent H 4 E cells were pretreated with a variety of inhibitors for 10 min prior to
addition of insulin (104 M) or FBS (10% viv). Inhibitors tested included: MIBG (50

PM), 3-aminobenzamide (3AB, 10 mM), L-arginine methylester (LAME, 1 pM), L-nitroarginine methylester (LNAME, 1 pMJ and norepinephrine (NE,
incorporation of

1 FM). The

uridine (6 h incubation) into tnchloroacetate-precipitable material

after addition of insulin or FBS was used as an indication of RNA synthetic activity in the
presence and absence of the inhibitors. The incorporation rate of untreated cells was set
to 100%. The data are presented as the mean

+_

SE of at least three separate expenments

conducted in triplicate. Cornparisons were made between growth factor treated and

growth factor + each inhibitor treatrnent with the Student's t-test (*, p < 0.05).
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either insulin- o r FBS-treated H411E cells (Figure 17), although LAME had a slight and
statistically significant effect on the FBS-treated cells- These data validate the premise
that insulin-stimulated H4IIE ce11 growth may be mediated by an arg-mART-dependent
pathway. Moreover, these data are suggestive of a requirement for not only structural
similarity

(Le.

arginine-iike

guanidino

group),

but

also

for

physicochemical

cornpatability.
The effect of MIBG on insulin-mediated H41E ceII growth and proliferation was
then exarnined in greater detail. MIBA was included as a control since the body of the
molecule is identical to MLBG, but it lacks the argininyl (guanidino) rnoiety, MIBG
inhibited insulin-stimulated RNA synthesis in a concentration-dependent manner (2.5 to

50 pM) (Figure 18A)- in contrast, MIBA did not appreciably inhibit insulin-stimulated
RNA synthesis at any concentration (Figure 18A)- Sirnilarly, MIBG inhibited insulinstimulated DNA synthesis in a concentration-dependent manner to below basal levels,
while MIBA had little effect (Figure 18B). Since MIBG is a specific inhibitor of arg-

mART, these data further support the prernise that an arg-mART may be part of the ce11
growth pathway stimulated by insulin. The lack of effect of MIBA to inhibit insulinmediated ce11 growth suggests that the argininyl (guanidino) moiety is the critical portion
of the molecule for the inhibitory effect and confirms that MIBG rnay be inhibiting argmART activity by acting as a pseudosubstrate.

To determine when MIBG exerts its inhibitory effects as celIs progress from the
initial stimulus to beginning DNA synthesis, MLBG (50 FM) was added at specific time
points after insulin addition to H4ILE cells, and both [3~]uridineand [3~]thyrnidine
incorporation monitored. Over the 6 h period of an RNA synthesis assay, it was observed

MIBG reduced insulin-mediated uridine incorporation at every point of additior, (Figure
19A)- Most significant is the fact that MIBG does not reduce incorporation to basal

F I G U R E 18: Sensitivity of ilnsulin-mediated Cell Growth in H4HE Celk to kîZüG and
its Analog MIBA.

Quiescent H4IIE hepatoma cells were pretreated with MlBG or MIBA (2.5 to 50 pM) for
10 min ptior to addition of insulin (10'~M). The incorporation of

uridine

(6 h

incubation) and [.'Hlthyrnidine (24 h incubation) into trichloroacetate-precipitable
material after addition of insulin was used as an indication of RNA (A) or DNA (B)
synthetic activity in the presence and absence of the inhibitor. For RNA synthesis (A), the
control analog MIBA was only tested at the highest concentration (50 PM) with insulin
(10" M). The incorporation rate of untreated cells was set to 100%. The data are
presented as the mean k SE of at least three separate experiments conducted in triplicate.
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levels, but produces an inhibition that linearly correlates with the time remaining in the
assay. These data suggest that MIBG must be present throughout the assay to completely
suppress RNA synthesis. Moreover, this relationship indicates that there is no single point
a t which the inhibitor is effective and impiies that mART activity is required
continuously for this process. On the other hand, it was showm that addition of MIBG up
to 3 h after insulin administration effectively reduced insulin-stimuiated DNA synthesis
to baseIine levels, with addition of MIBG at the earlier time points being more effective
(Figure WB). Addition of MIBG at 5 h or later did not produce an appreciable decrease
in DNA synthesis, which suggests that the inhibition by MIBG as it pertains to DNA
synthesis contributes to an early event and is no longer required after 3-5 h- For this
reason, MIBG has no effect on insulin-mediated ce11 growth beyond this time penod.
To confirm the above findings, MIBG washout assays were conducted in which

H41IE celIs were treated with MIBG, stimulated with insulin and then the media
containing MIBG and insulin rernoved and replaced with media containing insulin only.
These expenments were devised to determine the Iength of time that the cells must be
exposed to MIBG in order for an effect to be seen. For the RNA synthesis assay, it was
demonstrated that the length of MIBG exposure correlated with the degree of inhibition
(Figure 20A), with the levels of RNA synthesis returning to baseline after 4 h treatrnent
with MIBG and declining even more by the end of the 6 h assay. These findings are
consistent with the previous data (Figure 19A) and suggest that MIBG may either inhibit
multiple steps in the RNA synthesis program or that the target is required throughout. In
contrast, inhibition of DNA synthesis was only observed if MIBG was present for the
first 6 h o f the assay or longer (Figure 20B) (i.e, 24-48 h). Rernoval of MIBG prior to 4 h
prevented inhibition. While these data apparently do not agree with the result of the

MIBG addition expenment (Figure 19), it is worth noting that insulin need only be

FIGURE 19: Time Course of M B G Addition to Insulin-sfimulated H 4 I E Ceiïs.
Quiescent H4IIE hepatoma cells were treated with insulin (10-~ M). At the indicated

tirnes, MIBG (50 pkf) was added to the cells. [3auridine and [3~]thyrnidinewere
present throughout the incubation period. The incorporation of ['H)~ridine

(6 h

incubation) and [ - ' ~ ~ t h ~ r n i d i(24
n e h incubation) into trichloroacetate-precipitable
rnaterial after addition of insulin was used as an indication of RNA (A) or DNA (B)
synthetic activity. The incorporation rate of insulin treated cells was set to 100%. The 6 h
(A) and 24 h (B) time points had insulin addition but no MIBG addition. 'None' indicates

untreated H4IIE cells. The data are presented as the mean c SE of at least three separate
experiments conducted in triplicate. Cornparisons were made between insulin only and

insulin + MIBG treated cells at each addition time point using the Student's t-test (*, p <

0.05).
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FIGURE 20: Tirne Course of MIBG WashoutAper Addition to Insulin-treated H4UE

Cells. Effect on Insulin-medialed Cell Growth.
Quiescent H4IIE hepatorna cells were pretreated with MIBG (50 pM) for 104 min and
insulin (1W6 M) was added. At the indicated times, the media containing lMIBG was
replaced with media containing insulin (10" M) and either 2 pCi of [ 3 ~ u r i d i nor
e 2 pCi
of

thpidine. The incorporation of :'9]uridine (6 h incubation) and

[ 3 ~ thymidine
]

(24 h incubation) into tnchloroacetate-precipitable material after addition of insulin was

used to measure RNA (A) and DNA (B) synthetic activity. The incorporation rate of
untreated cells (0) was set to 100%. For the 6 h time point, MIBG was not remcwed from
the cells. The data are presented as the mean f SE of at least three separate exlperiments
conducted in triplicate. Cornparisons were made between untreated cells amd insulin
treated cells that had MIBG removed at the indicated times using the Student's t-test (*,
p < 0.05).

O

S

10'

3CY

lh

2h

4h

6h

2h

4h

6h

Tirne of MlBG washout

O

S

10

30

lh

Tirne of MlBG washout

present for 5 min to induce ce11 proliferation (Figure 3)- Therefore, addition of MIBG at
10 min may have missed the cntical MIBG-sensitive event activated by insulin.
Nevertheless, these results, as well as those of the addition study (Figure 19), indicate
that MIBG also inhibits a specific event occumng 3 to 6 h foIlowing insulin stimulation.
5 ~ 4 . 4 ~Toxicity
2
of MIBG

As a result of the findings in section 5.4.4.1, where MIBG completely inhibited

DNA synthesis, it was of interest to ascertain if the inhibition of H4ZIE ce11 growth by
MIBG was the result of a direct effect on ce11 cycle re-entry or the result of cellular
toxicity. MTT cytotoxicity assays (Le. mitochondrial reduction of a tetrazolium dye)
employed a concentration range of both MIBA and MIBG (0-200 PM), and data were
collected (Le. cells lysed) at both 48 and 96 h after addition of the compounds. Growing,
quiescent H4IIE cells and insulin-stimulated H4IIE cells were used to cover the entire
growth spectrum for this assay. In growing and quiescent H4IIE cells, MIBA had Little
effect on MTT conversion after either 48 or 96 h of incubation, although quiescent cells
appeared to be more sensitive to the MIBA (Figure 2 lA,C)- The significance of the extrasensitivity of the qüiescent state may reflect the altered metabolic rate in quiescent tells,
Taken together, these data suggest that MIBA is not cytotoxic to the cells and is
minimally affecting the mitocliondria of the cells. On the other hand, MIBG treatment
decreased MTT conversion by both growing and quiescent H4IIE cells, with increasing
concentrations of MIBG having a significantly greater effect (Figure 2 lB,D). This effect
was time-dependent as well, with 96 h of incubation having a greater effect than 48 h

(Figure 21B,D). Most importantly, these experirnents identified the dose, 20 FM, at
which MlBG (mitochondrial) toxicity may affect the cells. Moreover, H4IIE cells treated
with insulin (data not shown) responded similarly to both treatments as growing and
quiescent H4IIE celIs. Thesc data would indicate that MIBG is cytotoxic to the ceIls at

FIGURE 21: Effect of MlBG and MlBA on Growing and Quiescent H4DE C e k
MTT Assay as a Measure of Cell Cyfotoxicity.
Growing (A, B) and quiescent (C, D) H4IIE hepatoma cells were treated with varying
concentrations (O to 200 PM) of MIBA (A, C) or MIBG (B, D) for 48 and 96 h. MTT
was then added to the cells for an additional 4 h, and colour development in the 96-welI
microtitre plates monitored at 0D550.
The data are presented as the mean
three separate experirnents conducted in quadniplicate.
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the higher concentrations andor is having a detrimental effect on mitochondrial
function, as previously reported (Loesberg et al. 1990a; Smets el al. 1990b). It should be
noted however, that tlie MTT assay is limited in its ability to detect ce11 death. Since
conversion of MTT is mitochondrial dependent, non-lethal effects on mitochondrial
activity would aIso be observed with this assay.
To distinguisli between cytotoxicity and mitochondrial activity inhibition by

MIBG, a second assay was employed. LDH release from cells has been used as a
measure of cytotoxicity and cellular membrane integrity, H411E ceils were exposed to
both MIBA and MIBG (0-200 PM) for 24 and 72 h, and LDH activity in the media was
measured. After 24 h, MIBA did not increase LDH levels (Figure 22A). On the other
hand, a 24 h treatment with MIBG increased LDH levels, but only at concentrations
greater than 50 p M (Figure 22B). At 72 h, only the highest MIBA concentration
increased LDH levels (Figure 22A), while LDH release was obtained with 20 pM or
more MIBG (Figure 22B). These data support the MTT findings and imply that MIBG is
having a cytotoxic effect. However, this interpretation must also take into account the
effects of MIBG on mitochondrial respiration.

MIBG (and analogs such as

benzylguanidine) are provcn inhibitors of complex [/ILI of the mitochondrial respiratory
chain (CorneIissen et al. 1995a; Cornelissen et ai. 1995b; Loesberg ct al- 1990a;
Loesberg el a[. 199 1; Smets et ai. 1990b). If mitochondrial respiration is inliibited, a ceIl
must obtain energy from the anaerobic glycolytic pathway which increases the lactate
content of a cell. This incrcase in lactate content would be expectcd to induce LDH, and
it may be this increase in LDH levcls that is being detected with this assay. Although the

LDH released may not Iiavc bcen tlie result of cytotoxicity, nevcrthclcss, membrane
integrity must have becn compromised since LDH activity was detcctable in the media.

FIGURE 22: Effecf of M'BG and MIBA on Growing H4ILE CeiCs. LDH Reiease as a
Measure of Cell Cyfofoxicity.
Growing H4IIE hepatoma cells were treated with varying concentrations (O to 200 jA4)
of MIBA (A) or MIBG (B) for 24 and 72 h. Media were harvested and the LDH content

measured with the LDH Cytotoxicity Assay kit from Boehringer-Mannheim. Colour
development in the 96-well microtitre plates was rnonitored at 0D490.
The data are
presented as the mean & SE of at least three separate experiments conducted in
quadruplicate.

The uncertainty in detecting MIBG cytotoxicity with the MTT and LDH assays
led to the inclusion of a third assay in this study. FACS analysis was used to deterrnine
the extent of cellular damage produced by MIBG, to determine whether ce11 death was
occumng and to determine how MIBG affects progression of W I I E cells through the ce11
cyc!e. Untreated, growing H41IE cells demonstrated the typical distribution of cells in
various stages of the ce11 cycle, with a broad band of cells in the S phase of the cell cycle
(Figure 23). M e r 48 h in the presence of MIBG (50 PM), H411E cells were prirnanly
distributed in the Gr phase of the ce11 cycle, with a noticeable absence of S phase ceIIs
(Figure 23)- Interestingly, the cells were distributed in a pattern suggestive of cells that
were viable, but not undergoing replication. Moreover, distribution of cells by size on the
axes indicated that the cells had not fragmented or undergone lysis, since the size of

MIBG treated cells was comparable to that of untreated cells (Figure 23). These
particular data wouId suggest that MIBG is not exerting cytotoxic effects on H4IIE cells,
which contrasts with the previous assays (Figures 21,22), and rather that MIBG is having
a cytostatic effect.

To further clan@ whether MIBG has adverse effects on H 4 I E cells, H4IIE ce11
number was measured after 48 and 96 h of MIBG and MIBA treatrnent (0-1000 PM)MIBG significantly decreased ce11 number in both growing and quiescent H4IIE cells,
with the higher concentrations demonstrating an almost complete loss of cells (Figure

24C,D). However, ce11 losses were not detected at concentrations below 20-50 PM. In
contrast, MIBA did not significantly affect cell number unless very high concentrations
(greater than 200 PM) were used (Figure 24A,B). These data would suggest and support
P

the earlier results (Figures 21, 22) that indicate MIBG is cytotoxic. Further studies, not
contained within the body of this work, are attempting to clearly establish whether MIBG

FIGURE 23: Effect of 2MIBG on Ceil Cycle.
Growing H4IIE hepatoma ceils were treated with MIBG (50 pM) for 48 h prior to
manipulation of cells for FACS analysis (B). Untreated growing H4IIE cells were used
for cornparison (A). Two hours pnor to harvest, cells were pulse-labelled with 50 p M
BrdU. Incorporation of BrdU into DNA-synthesizing cells and cell cycle distribution was
assessed by FACS using a monoclonal FITC-anti-BrdU antibody and propidiurn iodide
staining to measure cellular DNA content, respectively. Shown are dot plots of the ceil
cycle distribution. DNA content is represented by propidium iodide fluorescence along
the x-axis while BrdU incorporation is represented by the log of FITC fluorescence on the
y-axis. The box depicts those cells in S phase, both early and iate. One of three
independent experiments is shown, al1 of which exhibited a sirnilar response.
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FIGURE 24: Effect of MIBG and MIBA on Cell Viability. Coulter Counring as a
Method for Determinittg Cell Cytotoxicity.
Growing (A, C) and quiescent (B, D) H4IIE hepatoma cells were treated with MIBG (C,

D) or MD3A (A, B) (0-1000pM) for 96 h. The wells were then rinsed, the cells released
by trypsinization and ce11 number assessed with a Coulter Counter. One of two
experirnents is shown, both of which exhibited a similar response. Each data point was
counted in triplicate fkom samples prepared in duplicate.
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is cytotoxic or cytostatic and to identify the mechanism by which ce11 cycle and S phase
progression are inhibited,
Finally, to determine if MIBG has an effect on the metabolism of H4IIE cells,
glucose uptake was measured after stimulation with insulin in the presence and absence
of MIBG (10-100 FM). It was observed that MIBG significantly reduced the amount of
insulin-mediated [3~]glucoseuptake by H4IIE cells (Figure 25) in a concentrationdependent marner. These data support the contention that MIBG may be having a
metabolic effect and may also suggest a second mechanism by which it affects ce11

growth and proliferation.
5.4.4.3 Mechanism of action of MIBG

MlBG has a potent inhibitory effect on ce11 growth induced by insulin
stimulation. As a result, it was of interest to identie growth-associated signaling
pathways activated by insulin that are inhibited by the actions of MIBG. Two signaling
systems were identified as possible candidates: MAP kinase, which is generally activated
in a variety of ceil types that undergo growth, and p2 1-Ras which is upstream of M M

kinase, but also participates in signaling events independent of MAP kinase (Hall 1993;
Lim et al. 1996; Marshall 1996; Olson & Marais 2000).
Insulin stimulated the activation of MAP kinase as measured by an in gel activity
assay. Activity was transiently increased over a time course of 20 min, with peak
activation occurring at 2 to 5 min (Figure 26 and Figure 7 h m section 5.2.4.3).
Pretreatment of H4LIE cells with 3AB (5 mM) for IO min before insulin addition resulted
in a diminution of the MAP kinase response (Figure 26). In contrast, pretreatment with

MIBG (50 PM) for 10 min before insuiin addition resulted in an apparent enhancement of
MAP kinase activity (Figure 26). The importance of MAP kinase in thc insuiin-mediated
growth response is alrcady documented (Figure 10). Thereforc, these tindings suggest

FIGURE 25: Effecf of MIBG on Glucose Upiake in H4IIE Cells.
The incorporation of [ 3 ~ g l u c o s ewas measured as described in Matenals and Methods
(section 4.3.8) after addition of insulin (IO-' M) to quiescent H 4 E cells subsequent to
pretreatment with varying concentrations (10 to 100 PM) of MIBG. The rate of uptake in
untreated cells was set to 100%. FBS (2% v/v) was used as a negative control. Each data
point represents the mean

+ SE of two experirnents conducted in triplicate.
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FIGURE 26: Effect of Inhibitors of ADP-ribosyiation, 3-Arnirt obenzamide and MIBG,
on M X P Rinase Activation by Insulin in H4I.E Cells.
MAJ? kinase activity was measured over 20 min by activity geI assay. Cells were

stirnulated with insulin (106 M) and pretreatment with either 3-arninobenzamide (5 mM)
or MIBG (50 pMJ occurred 10 min prior to insulin addition. Cells were harvested at the
indicated time points. Densitornetry of the p42M*K/p44MAPK
bands is plotted from one
experiment. Three independent experiments were conducted, al1 of which exhibited a
similar response.
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that the inhibition of cell growth and proliferation by MIBG is not the result of inhibition
of M M kinase activity.
p21-Ras was investigated because it is frequently activated in growing cells (de
Vries-Smits et al. 1992; Mansour et al. 1994) and, because as a small GTP-binding
protein, the possibility that it might be ADP-rïbosylated is quite high ( L e m et al. 2000;
Schmidt & Aktories 1998; Tsuchiya & Shimoyama 1994). Ras activation was detected by
measuring

the

ratio

of

GTP

[32~]orthophosphate labeling

and
of

GDP bound
cellular

Ras.

phosphate

This
pools

assay

involved

followed

by

immunoprecipitation with a specific anti-Ras antibody and subsequent separation of
~ to quiescent H4IIE
GTP/GDP pools by TLC (section 4.9.5). Addition of insulin ( 1 0 ~M)

cells for 10 min resulted in a significant increase in GTP:GDP ratio in the cells (Figure
27). This activation could not be blocked by either pretreatment with 3AB (5 mM) or

MIBG (50 PM), which would suggest that p21-Ras is not the target for MIBG action.

5-4.5

Discussion
The initial studies in this section, dealing with a variety of different inhibitors of

ADP-ribosylation reactions, indicqted that only the specific inhibitor of arg-mART,
MIBG, was capable of inhibiting insulin-stimulated ce11 growth and proliferation in

H41IE cells (Figures 16, 17, 18). The dual ADP-ribosyltransferase inhibitor 3AB, had
only a modest effect on RNA synthesis and no effect on DNA synthesis (Figures 16, 17).
Structural analogues of MIBG, that should behave as pseudosubstrates for arg-mART,
did not have apparent inhibitory effects on H4IIE ce11 growth or proliferation (Figure 17).
Specifically, based on structure, it was assumed that LAME and LNAME would behave
in a similar fashion to MIBG if arg-mART was indeed the target of inhibition. However,
physicochemical constraints were notcd that could have prevented these compounds from

FIGURE 27: Effect of Inhibitors of ADP-ribosylation, 3-Aminobenzamide and M B G ,
on p21-Ras Activation by Insulin in H4LTE Cells.

p21-Ras activity was measured in quiescent H4IIE cells after stimulation with insulin or

IGF-1 (106 and IO-' M, respectively) following a 10 min pretreatrnent with 3arninobenzamide (5 mM) or MIBG (50 pM). [32~]0rthophosphatelabeling of cellular
phosphate pools allowed the separation of Ras-activated GTPIGDP pools by TLC
analysis (section 4.9.5). Data pooled from three independent expenments is represented
graphically. Untreated controls were set to 100%. Data are presented as rneans -t SE.
Cornparisons were made between control and insulin treated cells, and insulin treated
cells and insulin + inhibitors cells using the Student's t-test (*, p c 0.05).

Insulin:
IGF:
3AB:
MIBG:

-

+

-

-

-

-

-

+
-

+

+

-

-

+
-

+

-

behaving as pseudosubstrates for arg-rnART. In particular, LNAME rnay not behave as a
pseudosubstrate due to steric hindrance from the presence of a nitro group on the
guanidino rnoiety. On the other hand, LAME is highly positively charged, and the
presence of the charges would reduce ce11 entry via passive diffusion (although the
charges rnay a1Iow the molecule to be more attractive to the ce11 membrane). As a result,
although LAME is a substrate for arg-mART Ni vitro, it rnay not be able to reach its point
of action Nz vivo. Thus, lack of inhibitory effect of these compounds (LAME and

LNAME) does not necessarily irnply that MIBG is not effectively inhibiting an argmART. In fact, these studies support the concept that an arg-rnART is involved in the cet1
proliferative processes activated by insulin and that MIBG is inhibiting this enzyme
activity. Since MIBG was able to inhibit the activation of an arg-mART in vitro (section
5.3.4.1),

it rnay be assumed that inhibition of ce11 growth by MIBG involves the

inhibition of an arg-mART that regdates a process that is critical for the cell proliferative
program. Moreover, the steps that rnay be affected are related to progression of the cells
from quiescence into the ce11 cycle. MIBG rnay be behaving as a cytostatic agent through
the blockade of events required for the entry of cells into the ce11 cycle, or transition from
the G r to S phase. Although studies were not carried out to delineate in more detail the
mechanism of action of MIBG and how it relates to inhibition of the ceIl cycle, these
studies are planned. It is aIso possible that MIBG could just be inhibiting the mechanism
for the uptake of the radiolabelled agents and thus the appearance of inhibition of cell
proliferation would be observed. However, this scenario does not appear to be borne out
by the FACS analysis, where it was shown that MIBG could specifically inliibit S phase

entry (Figure 23). it is possible that the absence of cells in S phase could indicate ceIl
death, but the presence of cells in other phases of the ce11 cycle would not support this
concIusion. Furthemore, the cells did not appear to be dead or dying, or undergoing

necrosis, since ceil fragmentation was not apparent, and a downshift o f the curve was not
observed. Moreover, if uptake of BrdU was being prevented, the height of the curve
wouId have shifted to reflect this.
It is generaILy accepted that mitogenic stimulation initiates a cascade of events
that are temporally ordered to ensure regulated progression through the ce11 cycle. As part
of this process, the cell is required to provide the necessary macromolzcular components
for each step of the mitogenic program, as well as supply energy in the form of ATP.
While MIBG could inhibit ce11 growth by either mechanism, there is strong evidence in
the literature to support interference with mitochondrial function as the pnmary route by
which MIBG operates (Loesberg et al. 1990a; Smets et al. 1991; Van den Berg et al.
1997). Additional support for this concept is provided by the MTT and LDH release
expenments (Figures 21, 22), since the FACS analysis (Figure 23) indicates the cells
exposed to MIBG are not actually dying. The results of both MTT and LDH studies can
be explained by the known inhibitory effects of MlBG on mitochondnal respiration
(Cornelissen et al. 1995a; Cornelissen et al. 1995b; Loesberg et al. 1990a; Smets et al.
1991). Inhibition of mitochondrial respiration would prevent the conversion of the
tetrazolium dye by the mitochondria, since this process requires electron transfer.
Similarly, inhibition of mitochondrial respiration leads to an elevated rate of glycolysis in
order to rnaintain ATP levels. During anaerobic respiration, the amount of Iactate
generated by the ce11 would increase. Concomitantly, LDH levels would rise. Thus,
inhibition of mitocliondrial function does not necessarily lead to cell death, but could
interfere with ce11 hnctions essential for growth and proliferation. On the other hand, an
analog of MIBG, benzylguanidine, has been shown to also inhibit mitochondrial
respiration (Van den Berg et al. 1997). However, this compound was not able to inhibit
insulin-mediated H4IlE ce11 proliferation (Bernardin, Litchic & Zahradka, unpublished

observations), which wouid definitely suggest that rnitochondrial inhibition is not linked
to the anti-proliferative effects of MIBG. This latter point would support the participation
of a mART in the ce11 proliferative processes mediated by insulin in H4IIE cells, and a
role for MIBG in preventing ce11 proliferation via an arg-mART. Moreover, Cornelissen
et al. (1995a; 1995b) have observed a differential concentration of MIBG required for

complete inhibition of mitochondrial ATP synthesis in cornpanson to inhibition of cell
proliferation (10 ph4 vs. 25 pM, respectively). Thus, the inhibition of mitochondnal
respiration is not entirely responsible for the ce11 proliferative inhibitory properties of
MLBG, and MLBG rnust influence cellular processes apart from mitochondrial ATP
synthesis (Cornelissen et al. 1997b; Cornelissen et nL 1995a), lending further support for
the participation of a mART,
The possibility also exists that MIBG may De inliibiting ce11 growth via a nonADP-ribosyltransferase pathway. Since MIBG resembles arginine, which is a donor for
nitric oxide (NO) synthesis, it is possible that MIBG also behaves as a donor for NO
synthesis, and NO is a known inhibitor of ce11 proliferation (Cornwell et al. 1994;
Kolpakov et al. 1995; Nakaki et al. 1990). However, Kuin et al. (Kuin et al. 1998)
demonstrated that MIBG (100 FM) inhibits al1 three forms of nitric oxide synthase,
which would prevent NO synthesis and the inhibitory effects typically associated with

NO. If the converse were true, that inhibition of NO synthesis is required for inhibition of
cell proliferation, then it would have been expected that LNAME, an inhibitor of nitric
oxide synthase, would have been able to inhibit ce11 growth and proliferation in this ce11
system (Figure 16). Thus, the participation of NO in these events is unlikely, and lends
further credence to the participation of an arg-mART in H4IIE ce11 growth and
proliferation that is inhibitable by MIBG,

Ln addition to inliibiting ce11 growth processes, MiBG decreased glucose uptake in
response to insulin (Figure 25). Glucose is transported into cells via the GLUT-2/4
transporter and MIBG could potentially be having a direct effect on the transporter
(Czech 1995; FIetcher & Tavare 1999; Kahn 1996; MueckIer 1994; Olson & Pessin

1996; Thorens 1992). Alternatively, MIBG might reduce the cellular energy pools (via its
effects on the mitochondria) and indirectly halt this energy-dependent transporter
process. Ironically, a ce11 with inhibited mitochondrial respiration relies more heavily on
glucose and the glycolytic pathway for the generation of ATP. Thus, while it would be
more advantageous for the ce11 to increase glucose uptake for the glycolytic pathway, if
the ce11 does not, disruption of a wide variety of energy-dependent process and,
subsequently, cell death may instead ensue. This rnay be part of the mechanism of
inhibition of ce11 growth for MIBG.
H41IE cells may be more sensitive to the effects of MIBG because hepatocytes
and hepatomas have a high metabolic rate and would therefore rely heavily on their
mitochondria for metabohsm, including ce11 growth and proliferation. On the other hand,
exclusion of a direct effect on the mitogenic program by MIBG is not possible on the
basis of the delayed addition and washout studies. The effect of MIBG on DNA
synthesis, in particular, would suggest that the target is a specific process required for
progression to S phase that occurs within the first 3 to 6 h after treatment with insulin
(Figures 19,20). Thus, the first 5 to 6 h are the most critical for the inhibitory action to bc
evident, although MIBG shouId be present over the cntire time period to produce the
most profound effect. In contrast, MIBG was required to be present for the entire lençth
of thc assay in ordcr to bc effective at reducing RNA synthesis (Figures 19, 20). Thcsc
rcsults may suggcst that MIBG is affccting this proccss on a morc global lcvel or that

constitutive activation of a single target is required for the insulin-dependent increase in

RNA synthesis.
Since the mechanism by which MIBG inhibits ce11 growth could not be
consistently and conclusively linked to an inhibition of mitochondrial respiration, the
effect of MIBG on certain signaling pathways was examined. MAP kinase, which was
established as being critical for insulin-stimulated H4IIE ce11 proIiferation (Figure IO),
was not inhibited by MIBG (Figure 26). This rnay indicate that inhibition of ceIl
proliferation by MIBG occurs downstrearn of MAP kinase or invoives a separate but
parallel pathway. Similarly, MIBG did not decrease the GTP:GDP ratio of p21-Ras
stimulated by insulin addition (Figure 27). The latter molecule was chosen because of the
importance of p21-Ras in growth regulatory signaling pathways, and also because it is a
small GTP-binding protein that may be modified by ADP-ribosylation (Tsuchiya &
Shimoyama 1994). These results would indicate that the action of MIBG lies after both of
these s i g n a h g steps have occurred, possibly in the nucleus.

5.5

Sumrnary
H4IiE hepatoma ceIls, used primarily for the study of the biochemical and

metabolic changes in the liver dunng malignancy, have also been used for the study
insulin-dependent ce11 proliferation. To define the proliferative response to insulin in Our
ce11 system, and to identify the signaling molecules associated with the ce11 proliferative
responses, the responses of H4IIE cells to insulin and IGF-1 were studied. In this series
of studies it was observed that insulin, but not IGF-1 is capable of stimulating both
mitogenesis and glucose utilization in H41IE hepatoma cells. The distinct response to
insulin and IGF-1 exhibited by H4IiE cells made it possible to examine the early
s i g n a h g events triggered by these ligands. The data suggest that phosphorylation of IRS-

1 via the receptor tyrosine kinase is required for both ce11 growth and metabolism, but it

does not necessarily participate in the pathways leading to MAP kinase activation.
Furthemore, MAP kinase activation appears to play an important role in the ce11 growth
and proliferation events activated by insulin in H4IIE cells. However, it is recognized that
distinct and independent pathways other than MAP kinase also contribute to ceIl growth
and proliferation.
The activation of cell growth in H411E cells appears to be Iinked to the activation
of an arg-rnART, since insulin increases the activity present in the rnicrosomal fraction of

H4IIE cells. Enhanced nuclear PARP activity was not observed and inhibition o f this
enzyme did not prevent ce11 growtk In contrast, inhibitors of arg-mAEU were able to
abrogate the insulin-stimulated RNA and DNA synthesis in H41IE cells. Although the
precise mechanism o f action of MIBG to prevent ce11 growth is still not clear, despite the
numerous attempts made to clarify this issue, it can be concluded that the insulinmediated H4IIE ce11 growth is sensitive to MIBG and not to its analog MIBA. This
concIusion speaks of the importance of the argininyl (guanidino) moiety for the inhibltory
activity of these compounds. Two distinct mechanisms of action were considered: i)

MIBG is acting at specific points within the ceil to inhibit ce11 growth and proliferation,
and ii) MIBG is affecting ce11 growth processes indirectly through its ability to inhibit
mitochondrial activation. Experiments to define the Iatter mechanism were inconcIusive
while experiments targeted to the former mechanism revealed that MIBG must be
affecting signal molecules downstream to MAP kinase, or an unrelated but parallel signa1
pathway that is also critical for cell growth and proliferation. At this point, regardless of
its mechanism of action, it is sufficient to mention that MIBG is an effective inhibitor of
ce11 growth. Future studies will need to clanfy these issues and to further define the

cytotoxic effects of MIBG. Direction for these additional studies will be based on the
results presented in section 7-4.

6.0

L6 skeietal myoblasts as a mode1 of differentiation

6.1

Introduction
The development of skeletal muscle is controlled by a highly synchronized series

of events. In this process, called myogenesis, cells that have no specialized characteristics
are converted into muscle fibres which permit body rnovement. Vanous signaIs from
outside and inside the cell regulate the switch from unspecialized to muscle cell.
The conversion of multipotential mesodermal stem cells present in the ventral
sornites into muscle fibres occurs through a multistep process directed by the sequential
expression and activation of specific transcription factors (Sassoon 1993; Venuti &
Cserjesi 1996). Two distinct stages are involved in the establishment of the skeletal
muscle phenotype (Ludolph & Konieczny 1995). The first, termed cornmitment or
determination, requires the synthesis of a single myogenic factor (either MyoD or myf5)
and establishes the ce11's ability to eventually express the skeletal muscle p henotype. The
ensuing second stage, which governs the actual differentiation process, requires the
and is characterized by expression of
sequential expression of myogenin and p21C1P',
muscle-specific contractile proteins (eg. rnyosin heavy chain), fusion of the individual
myoblasts into multinucleated myotubes and cessation o f ce11 division (Dias et ai- 1994;
Walsh 1997). Expression of p21C'P'is required for withdrawal of cells from the ce11
cycle. Both stages of the myogenic program are ternporally distinct aiid independently
regulated (Lassar & Munsterberg 1994).
The rnyogenic lineage is established once mesodermal stem cells, which have the
potential to differentiate into either chondroblasts, adipoblasts or rnyoblasts, express
either MyoD or myf5. MyoD was first identified when Davis et al. (1987), showed that
expression of a single gene was sufficient to convert a fibroblast into a myoblast. Similar
experimental approaches wcre used to isolate myf5, myogenin and MRF4, and thcir

importance for skeletal muscle formation was confinned by their ability to direct
myogenesis when ectopically expressed in non-myogenic cells (Weintraub et al. 1991).
Expression studies of these myogenic regdatory factors (MRFs) during embryonic
development revealed that a11 four proteins are synthesized within the somites in a
temporally ordered pattern (Smith et al. 1993; Yun & Wold 1996). It was further
dernonstrated that both MyoD and myf5 are expressed in proliferating myogenic cells
(myoblasts) pnor to their differentiation into myotubes (Rudnicki et al. 1993). The
correlation between these factors and cornmitment to a myogenic lineage was also
evident in myogenic ce11 lines where MyoD or myf5 are expressed in the myoblast.
Moreover, recently generated knockout rnice for MyoD and myf5 suggest that absence of
one of these MRFs does not abrogate the myogenic program while the absence of both
results in mice with no skeletal muscle (Rudnicki et al. 1993; Valdez et al. 2000).
MyoD, myf5, myogenin and MRF4 belong to the bHLH family of proteins. These
proteins contain two functional domains, a helix-loop-helix (HLH) motif that mediates
protein dimerization and a basic region that facilitates DNA binding. The DNA binding
activity of these bHLH proteins is triggered once they form heterodimers with a distinct
class of bHLH proteins, the E proteins E12/E47, constitutively present in most cells
(Lassar et al. 199 1). The resultant MRWE protein cornplex binds to a cis-element termrd
the E-box, present in the promoter regions of most skeletal muscle-specific genes.
Although the bHLH MRFs have an important roIe in myogcnesis, the E-box is absent
from several key skeletal muscle-specific genes such as myosin heavy chain and a-actin
(Takeda et al- 1995). A novel DNA-binding protein was found to bind to a distinct
sequence present in the promoter of these and other genes. This myocyte-specific
enhancer-binding factor (MEF2), while not uniquely present in cells of skeletal muscle
lineage, is expressed at an early point in somite development (Olson er al. 1995) and

mutation of the MEF2 site severely reduces gene expression (Kausha1 et al. 1994). Thus,
a ternary complex between MRF, E-protein and MEF2 has been proposed as the
hnctional unit required for expression of skeletal muscle-specific genes during
differentiation (Molkentin & Olson 1996a; Molkentin & Olson 1996b; Yun & WoId
1996). This ability to interact constitutes one of the principal mechanisms by which the
differentiation of skeletal muscle precursors can be controlledSkeletal muscle differentiation is driven by the ordered expression of specific
transcription factors that control the synthesis of muscle-specific contractile proteins and
concomitant fusion of mononucleated myoblasts into multinucleated myotubes. The
function of these transcription factors is moduiated through their interaction with either
positive (eg. E12/E47) or negative (eg. Id and Twist) regulatory proteins that determine
their ability to bind to specific prornoter elements (eg. E-box). Two mechanisms govern
the balance between positive and negative components, protein abundance and posttrandational modification, and these are regulated in turn by intracellular signaling
systerns (eg. PKC) that respond to extracelIular cues (eg. bFGF, IGF and TGF-P) (Hardy
et al. 1993; Lim et al. 1995; Miles & Wagner 2000; Zappelli et al. 1996).

Skeletal muscle comprises one of the best systems to study terminal
differentiation. Myogenic differentiation involves the withdrawal of proliferating
myoblasts from the ce11 cycle and the coordinated activation and expression of muscle
specific genes, giving rise to the myogenic phenotype which is characterized by the
fusion of mononucleic myoblasts into multinucleated myotubes. Although molecular
studies to define the temporal recruitment and coordination of muscle specific genes are
ongoing in other laboratories, very little is known about the cellular signals that cause
myoblasts to exit from the ce11 cycle and initiate the terminal differentiation program. To
this cnd, the signals that activate the recruitment and coordinated exprcssion of muscle

specific genes dunng myogenesis are best studied using an isolated system, and L6
myoblasts, a well established myogenic system (Yaffe 1968), provide a good rnodel.

L6 skeletal myoblast cells, an established ce11 line originally derived from rat
skeletal hindlimb muscle, are a committed skeletal muscle precursor which can be
induced to differentiate into multinucleated, terminally differentiated myotubes. The L6
ce11 line has theoreticaily also been transformed by the carcinogen methylcholanthrene in

an effort to rnaintain the cultures by serial passage (Yaffe 1968). This cell line c m also be
kept in a frozen state (at -80°C) for extended periods of time without loss of viability and
without loss of differentiation properties. The conditions for differentiation involved the
removal of growth media (10% FBS/a-MEM) and replacement with mitogen-poor
differentiation media (2.5% horse seruda-MEM). Upon differentiation, the immature
skeletal myotubes enter a quiescent state and are unable to re-enter the ce11 cycIe.
Terminal differentiation is accompanied by a change in cell morphology (fusion of
myoblasts into myotubes), the synthesis of contractile muscle proteins and the
organization of muscle bundle filaments (Zahradka et al. 1989). Interestingly, L6 cells
constitutively express MyoD, suggesting that these cells are firmly committed to the
myogenic lineage (Lognonne & Wahrmann 1986). However, the spectrum of MRF
activation and association thereafter thereby controls the final outcome. Since relatively
little is known about the mechanisms that determine how myogenesis is modulated by
extemal factors and intracellular signaling systems, the role of mART in this cellular
program will be examined. Several published reports have already indicated that
inhibitors of rnART, including MIBG, are capable of preventing the differentiation of
skeletal myoblasts into myotubes,

Based on this information, a specific hypothesis was proposed: M/BG cvill idzibit
rlr e d$ferentiarion of L6 skeleta[ nzyoblasts iuto rnyotubes by Nzteifer-ing with the

expr-ession of one or more MRFs essential for myogenesis-

6.2

Contribution of rnono(ADP-ribosy1)transferase to myogenesis

6.2.1

Background/rationale
Based on the studies of Kharadia et al. (1992) and Huang et al. (1996), inhibition

of ADP-ribosyltransferase activity results in the inhibition of myoblast fusion. A
glycosylphosphatidylinositol

(GP1)-linked

arginine-specific

mono(ADP-ribosy1)-

transferase is expressed in skeletal muscle tissue and myotubes but not in myoblasts
(Zolkiewska et ai. 1992). This enzyme, which is located on the external surface of the
cell, has been shawn to modify a 7 integrin (Zolkiewska & Moss 1995) and desmin
(Huang et al. 1996). While this evidence for increased ADP-ribosylation during
differentiation is intriguing, a more direct association between ADP-ribosylation and
myogenesis was indicated by the abiIity of MIBG, an inhibitor of arg-mART, to prevent
rnyoblasts fusion (EU~aradiaet al. 1992). In addressing this point, a detailed analysis of
which cellular processes are inhibited by MIBG has not been reported.
The ubiquitous preserxe of ADP-ribosyltranskrases in al1 ce11 types suggests that
they arc crucial elements in normal cell function. Given the broad range of action
attributed to the various ADP-ribosyltransferases that have been identified (Zolkiewska et

al. 1994), the assumption that there is a direct connection between the GPI-linked ADPribosyltransferasc and myoblast differentiation (Huang et al. 1996; Kharadia et al. 1992)
may be incorrect. A more comprehensive examination of the role of ADPribosyltransferases in n~yogcnsisis thcreforc nccessary to clarify this issue.

6.2.2

Specific Aims
1. To document the effect of ADP-nbosylation inhibitors on the myogenic

program of L6 skeietal myoblasts2. To identify the myogenic markers that are affected by inhibitors of ADPribosylation.

3. To determine if ADP-nbosylation is a part of the rnyogenic program of L6
cells,

6.2.3

Experimental Design

L6 rat skeletal muscle myoblasts undergo differentiation into rnyotubes upon
removal of fetal bovine serum and repiacement with horse serum. Over a 4 day period,
differentiation will be assessed by monitoring cell morphology. Inhibitors of ADPribosylation and appropriate analogs will be tested to determine if they are capable of
interfenng with the myogenic program and preventing myoblast differentiation. A
quantitative measure of differentiation (fusion index) will be ernployed in paraIlel. Time
of addition, reversibility and ce11 viability studies will be carried out with MIBG. FinaIly,
Western blot analysis will be used to examine the effect of MIBG on the expression of
specific rnyogenic factors and correlate these observations with changes in myoblast
differentiation. lrnmunoprecipitation studies and a UV-cross-linking assay wiIl aIso be
conducted to confim some o f the results obtained with the Western biot analysis.

6.2.4

Results

6.2.4.1 Differentiation of L6 skeletal myoblasts into rnyotubes
The time course of L6 skeletal rnyoblast differentiation into myotubes has been
well documented (Zahradka et al. 1989). After removal of serum and replacement with a

differentiation media, L6 myoblasts differentiate into myotubes over a period of 4 days as
demonstrated by the loss of individual celk and the fusion of individual myoblasts into
multinucleated myotubes (Figure 28). Note that two distinct stages can be distinguished:
1) the cells line up once confluence is reached, and 2) individual myoblasts fuse with
adjoining cells and nuclei cluster in the central region. These same events are visible in
phase contrast micrographs (Figure 29, untreated column).
6.2.4.2 ADP-ribosylation inhibitors and their effect on L6 skeletal myoblast

differentiation
As demonstrated in chapter 5, inhibitors of ADP-ribosylation are capable of
regulating ce11 growth and proliferation. It was therefore of interest to determine if AûPribosylation inhibitors might also influence ce11 differentiation, since cessation of
proliferation in some ce11 types is often a requirement for differentiation (Myster &
Duronio 2000; Zavitz & Zipurslq 1997). Thus, in L6 cells, if proliferation was inhibited,
it might be expected that stimulation of differentiation would be observed (Lassar et al.
1994; Molkentin & Olson 1996b). An inhibitor of PARP (PD128763), the dual

PARP/mART inhibitor (3AB) and an arg-mART inhibitor (MIBG), along with
appropriate controls (PABA and MIBA), were added to L6 cells prior to inducing
differentiation. At day 4, the degree of ce11 fusion was assessed. Untreated L6 cells
showed extensive myotube formation, as did cells treated with PD 128763 (IO PM), 3AB

( 5 mM), PABA (5 mM) and MIBA (50 PM) (Figure 30). In contrast, treatment with
MIBG (50 PM) prevented myotube formation (Figure 30). These cells, at day 4,
resembled untreated myoblasts at the day 1 and 2 stage of the myoblast to myotube
transformation (Figures 28, 29) with the ceIls having reached confluence and Lined up,
but not having yct fused. These inhibitor data wouId suggest that poly(ADP-ribosy1)ation

FIGURE 28: Nomarsky micrography of L6 Dzflerentiation: Trarrsitionfrom Myobiast
tu Myotube.

L6 skeletal rnyobIasts were placed into low-semm a-MEM and differentiation to
myotubes rnonitored over 4 days. Nomarsky micrographs were taken at daily intervals to
record the morphology of the cells as they fuse to form myotubes. (A) growing
rnyoblasts, (B) 1 day myotube, (C) 2 day myotube, @) 3 day rnyotube, and (E) 4 day
myotube. Magnification: 132x. The figures are representative photomicrographs of three
individual experirnents, al1 of which exhibited the same response.

FIGURE 29: L6 Differentiation: Effect of MZBG.
L6 skeletal myoblasts were placed into low-serum a-MEM and differentiation to
myotubes monitored over 4 days in the presence or absence of MIBG (50 PM). Phasecontrast rnicrographs were used to record the morphology of the cells. Magnification:
105x. The figures are representative photomicrographs of three individual experiments,

al1 of which exhibited the sarne response.

Untreated

MlBG

FIGURE 30: Effect of ADP-ribosylation Inhibitors on L6 Dijjferentiution.

L6 skeletal myoblasts were placed into low-senun a - m M and differentiation to
myotubes monitored over 4 days in the absence and presence of a variety of ADPribosylation inhibitors. Inhibitors tested include: PD 128763 (10 PM), 3-aminobenzamide

(3-AB) (5 mM), para-aminobenzoic acid (PABA) (5 mM), MIBG (50 pM) and MIE3A
(50 PM). Phase-contrast micrographs were taken at the 4 day mark to record the
morphology of the cells. Note that al1 comparîsons should be made versus the 4 day
untreated panel. Magnification: 138x. The figures are representative photomicrographs of
two individual experiments, both of which exhibited a sirnilar response.
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events are not required for differentiation, but that mono(ADP-rïbosy1)ation events rnay
play a role in regulating the differentiation process.
Since MIBG inhibited the differentiation of L6 myoblasts, further studies were
conducted to examine the effect of this arg-mART inhibitor on L6 myoblast
differentiation- To detern~ine how MLBG influences the rnorphological changes
associated with diflerentiation, cells were viewed at daily intervals. This study clearly
established that MEBG inhibited the differentiation of these cells (Figure 29, MIBG
column). Interestingly, MLBG may have slowed the growth of these cells, since a day-byday companson between untreated and MIBG treated L6 cells showed fewer cells were
present on both day 1 and day 2. The cells also appeared to be larger, possibly indicating
a block in ce11 division, which would cause hypertrophy after a round of DNA synthesis.
Furtherrnore, the myoblasts appeared to be less organized at day 2, and at day 4 loss of
ce11 borders and fusion of the cells was not observed (Figure 29). Since there was no
fusion, clustering of the nuclei was not seen.

To establish the minimum concentration at which MIBG was inhibiting L6
skeletal myoblast differentiation, a concentration-response study was conducted (Figure
31). Quantitation of myotube fornation was also conducted in parallel, using Giemsa

stain to visualize the ce11 nuclei. This stain perrnits the counting and subsequent
quantification of nuclei in fused and unfused L6 cells (Figure 32A,B). These values were
then used to calcdate the fusion index (number nuclei in fused cells/total number of
nuclei), a numerical transformation that allows a direct comparison of the various
treatments (Figure 32C). MlBG (0.5 to 50 PM) was added to the differentiation media
and myotube formation monitored after 4 days- MIBG at concentrations From 0.5 to 10

FM did not significantly inhibit myotube formation (Figures 3 1, 32C). Only the highest
concentrations were effèctive (20 and 50 pM), with 50 p M having the greatest effect

FIGURE 3 1: Effect of MTBG Concentration on In hibition of L 6 Dr;ffereentiation.

L6 skeletal myoblasts were placed into I o w - s e m a-MEM and differentiation to
myotubes monitored over 4 days in the presence of varying concentrations of MIBG (0.5
to 50 FM). Phase-contrast micrographs were taken on day 4 to record morphology of the
cells. MIBG concentrations used in each panel are: (A) 0.5 PM, @) 2 pM, (C) 5 PM, (D)
10 PM, (E) 20 pM and (F) 50

W. Magnification:

132x. The figures are representative

photomicrographs of two experiments, both of which exhibited the same response.

FIGURE 32: Effect of M7BG Concentration un Inhibition of L6 Differentiation.
Quantification of L6 Myotube Formation.
Representative photomicrographs of Giemsa stained L6 cells that were untreated (A) or
treated with 50 p M MIBG (B) over 4 days of differentiation. Magnification: 63x. (C) The
number of nuclei present in fused and unfised L6 cells was determined after addition of

MIBG (5 to 50 PM) for 4 days and presented as the fusion index (fusedhotal nuclei).
Data are presented as mean -t- SE fiom one of two experiments.
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(Figure 32C). Thus, 50 pM MIBG was used in al1 subsequent experirnents, This kvas also
the concentration used in the initial studies (Figures 28, 29, 30). Interestingly, this is also

the most effective concentration for inhibiting ce11 growth and proli feration (chapter 5).
To quantify myotube formation, L6 cells were treated, allowed to differentiate
and visualized with Giernsa stain. Exposure to 3AB ( 5 mM) decreased the number of
fused cells while treatrnent with MIBG (50 PM) ~ÎgnificantIydecreased the nurnber of
fiised cells (Figure 33A,B). The fusion index for control, untreated L6 cells was
approximately 85%, while 3AB treatment decreased the fusion index to approximately

50% (Figure 33B)- Treatment with MLBG reduced the hsion index to less than 5%
demonstrating very effective inhibition of differentiation (Figure 33B). In this
experiment, a decrease in the total number of nuclei was observed after MIBG treatment,
possibly indicative of an inhibition of cell growth (Figure 33A). As a result, a lirnited
[%I]thyrnidine incorporation experiment was conducted in which growing L6 cells were
treated with MIBG (50 PM) or MiBA (100 pM) over 36 h and incorporation of
['~lthyrnidine used as a rneasure of cell proliferation (Figure 33C). MIBG decreased
DNA synthesis in L6 cells, while MIBA did not, suggesting that MIBG may be inhibiting
events associated with ceIl proliferation in addition to differentiation-specific events in

L6 myoblasts,
To identify the tirne penod during which MIBG inhibits differentiation, a delayed
addition experiment was conducted. In this study, MIBG (50 PM) was added to cells at
varying times (O to 48 h) after placing the myoblasts into differentiation media. Ce11
rnorphology was examined on day 4. Administration of MIBG up to L2 h after the
switching to differentiation media completely blocked differentiation into myotubes
(Figure 34). Even addition of MIBG at 24 and 48 h was able to inhibit the differentiation
event, although the morphology indicated the cells had progresscd to the point at which

F I G U R E 33: Effeci of 3-aminobenzamide and MIBG on L6 Dzfferentiation.

Quantification of L6 Myotube Formation= Fusion h d e m

L6 skeletal myoblasts were placed into l o w - s e m a-MEM and differentiation to
myotubes monitored on day 4 in the absence or presence of 3-arninobenzamide (3AI3, 5

rnM) and MIBG (50 FM). Experiments were carried out in duplicate. (A) The number of
nuclei present in fused and unfused L6 cells and the total number of nuclei in each
treatment was determined and presented as the hsion index (fùsed/total nuclei) (B). Data

SE fiom one of two individual experiments. (C) Growing L6
are presented as mean I
skeletal myoblasts were treated with MISG (50 @
orV
MIBA
I) (100 CIM) and
incorporation of [3~]thymidineover 36 1: used as a measure of DNA synthesis. The data
are presented as the mean t SE of experiments conducted in triphcate.
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FIGURE 34: Effect of Deïuyed Addition of MTBG on L6 Dzyferentiafion.

L6 skeletal myoblasts were placed into low-serum a-MEM and differentiation to
myohibes monitored on day 4 (A). MIBG (50 ph.l) was added at diEerent tirne points (O

to 48 h) afier the switch to differentiation media. The tirne points at which MIBG was
added were: (B) O h, (C)3 h, @) 6 h, (E) 12 h, (F) 24 h and (G) 48 h. Phase-contrat
micrographs were taken on day 4 to record the cell morphology. Magnification: 132x.
The figures are representative photomicrographs of two individual expenments, both of
which exhibited a sirnilar response.

they were lined up and the cell borders had become l e s ~distinct (Figure 34). Tliese data
indicate MIBG is likely inhibiting a late event in the myogenic program, one that is not
activated until 24 to 48 h after onset of rnyogenesis (possibly ce11 fusion)- Since L6
myoblasts do not initiate the actual fusion process until after 48 h, these data are in good
agreement with the earlier findings in untreated myoblasts (Figures 28, 29). Altematively,
since MIBG prevents both ce11 organization and ce11 fusion events (depending on the time
of addition), MIBG rnay influence myogenesis at multiple points.
To complement the delayed addition expenment, an MIBG removal experiment
was conducted. In this study, MIBG (50

FM)was added with the differentiation media

and then removed at specific time points (30 min to 48 h). The celIs were then maintained
in differentiation media without MIBG for the remainder of the 4 day period. These
experïments were expected to more closely identify the critical time points at which

MLBG exerts its inhibitory effects on differentiation. Both ce11 morphology (data not
shown) and the fusion index depicted a noticeable decrease in myotube formation afier
approxirnately 24 h with MIBG treatment (Figure 35). More dramatic differences were
noted when MIBG was present for 48 and 96 h (Figure 35). Quantification of ce11 fusion
demonstrated a significant decrease in myotube formation had occurred as a result of a 4
h exposure to MIBG (Figure 35). Longer treatments with MIBG result in significantly

greater inhibition of ce11 fusion (Figure 35). These data suggest that the full inhibitory
effect of MIBG requires its presence throughout the entire 4 day period. However, MIBG
may be affecting myogenesis at a point as early as 4 h after the mcdia change. Taken
together, these findings would indicate the MIBG is inhibiting multiple points in the
myogenic program.
To determine the reversibility of the inhibition cause by MIBG, a differentiation
rescue study was conducted, This experiment was dcsigned to also cxaminc whether

FIGURE 35: Effect of Transient MIBG Treatnrent on L6 Differentiation.
L6 skeletal myoblasts were placed into low-serum a-MEM in the presence of MIBG (50

y M ) and the degree of differentiation monitored on day 4. MLBG was removed from the
cells at the indicated tirnes: O h, 30 min, 1 h, 2 h, 4 h, 12 h, 24 h, 48 h and 96 h. Control
cells were not exposed to MIE%G,while at 96 h MIBG was not rernoved. The number of
nuclei present in fused and unfused L6 cells was determined after Giemsa staining of the
ceIls (A), and used to calculate the fusion index (füsedhotal nuclei) (B). Data are
presented as mean -t SE. The results were confirmed in two independent experiments.
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MIBG was tosic to L6 cells or was 'cytostatic' \vit11 rcspect to diffcrentiation. L6
niyoblasts were treated witli MIBG (50 pM) over 4 days. On tlie fourtli day, tlie media
\vas rcmoved and rcplaced with differcntiation media without M [BG. Tlic cells were thcn
incubated for an additional 4 days and differentiation monitored on day S. Cell fusion
\vas observcd on day 8 wliether the ce11 liad been trcated witli MIBG or not. in fact,
niyotube fomiation \vas comparable to those of day 4 untrcated cells (Figure 36).
Nevertlieless. al1 day 8 cells had begun to slio\v signs of necrosis (Figure 36). especially
the untreated cells, since under liigher power rnagnification granulation was observed
within the cells. These data demonstrate that MIBG is not tosic to L6 cells, since the c e h
remained capable of initiating differentiation after renioval of the MIBG. These data
further suggcst that MiBG blocks a specific event in the myogenic program and that this
inhibition is reversible.

6.2.4.3 Expression of myogenic proteins affected by kIIBG
Since it was observed tliat MIBG was capable of inhibiting L6 ceIl diffcrentiation
in a reversible manner, it was of intcrest to identify specific events in the myogenic
program sensitive to inhibition by MIBG. A variety of proteins of the niyogenic program
(muscle regulatory factors) arc cxprcsscd during tlic transition froni myoblast to myotubc.
Many of thcsc forni coniplexes that thcn interacr witli othcr protcins to rcgulate
progression to the diKcrcntiated state. MyoD is thc first major myogenic protein
exprcsscd during differcntiation and opcratcs i n a coniples in association E-protcins and

MEFZ (Lassar el (11. 1991). MEFZ tlicn binds to specific proiiiotcr clciiicnts of othcr
niuscle rcçulatory factors and tnusclc-spccific gcncs (Kauslial
1995; Takeda

el

c'i

ul. 1994; Olson ei (II.

d.1995) to cnhancc tlicir cxprcssioii. As a rcsult, it was of intcrcst to

dctcniiinc wlicthcr M IBG influcnccd citlicr of tlicsc proccsscs. Iniiiiunoprccipitaiion of-

E12/17 protciiis I01Iowcd by Wcstcrn blot aiialysis
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\vos carricd out to

FIGURE 36: Effect of M B G on L6 Cell Survival: Test of MTBG Cyrotoxicity.

L6 skeletal myoblasts were placed into low-senun a-MEM in the absence or presence of

MIBG (50 pM) for 4 days. On day 4, the differentiation media

+ MIl3G was removed and

replaced with differentiation media without MIBG. Four days later (day 8), phasecontrast rnicrographs were used to record ce11 morphology. Mapification: 128x. The
figures are representative photomicrographs of two experiments, both of which exhibited
the same response. Conditions shown: (A) 4 days without MIBG, (B) 4 days with MIBG,

(C) 8 days without MIBG, @) 4 days with MIBG + 4 days without MIBG.

determine if MyoD had associated with E12/47 proteins and to determine if MIBG was
inhibiting formation of this complex. This particular step in the myogenic program occurs
before the formation of the MyoDIMEF2 complex (Lassar et ni. 199 1). Myoblasts did not
contain a pronlinent MyoD/E12/47 complex (Figure 37). In contrast, increased
expression o f the complex was observed in rnyotubes. Treatment with MIBG did not alter
the formation of this complex (Figure 37). These data indicate that the formation of the
MyoD/E12/47 complex is not the event affected by MIBG and that MIBG is inhibiting a
downstream event in the differentiation process.

To assess the downstream myogenic event affected by MIBG, extracts of L6
myoblasts/myotubes were prepared at daily intervals over 4 days and Western blot
analysis was used to monitor myogenin, MEFZ and p2 lCrP'expression. Control, untreated

L6 cells showed gradua1 increase in the levels of myogenin and p2 lCrP1protein over the 4
day time course (Figure 38). MEF2 expression was aIso increased in untreated cells,
however, expression decreased after day 2, reaching near basal levels by day 4 (Figure
38). In contrast, L6 myoblastç treated with MIBG did not express myogenin or p-

l ~ r ~ t

(Figure 38)- Interestingly, the pattern of MEF2 expression was similar to that of untreated
cells, becoming even more prominent on day 2, and remaining elevated on day 3 (Figure

38). These data would suggest that myogenin and p 2 ~ C ' Pexpression
'
is prevented by
MIBG and that this inhibition blocks progression of the rnyogenic program to the fusion
stage.
The distinct effects of MIBG on MEFZ expression relative to myogenin and
p2 lCrP1
suggested differential regulation of these genes. Since MEFZ l u s been reported to
modulate myogenin, an alteration in MEFZ binding to DNA could produce the observed
results (Le. decreased myogenin expression with concomitant decrease in p21CrP'
expression,

Figure

38).
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FIGURE 37: Association of ElZ/47 wifh MyoD in L6 Skeletai Myotubes.
MyoD was imrnunoprecipitated from L6 ce11 extracts and the presence of El2/47 proteins
complexed with MyoD was determined by Western blot analysis using an antibody
specific to E12/47 proteins. Extracts fkom myoblasts (B), myotubes (T) and MIBGtreated (50 FM) myotubes (M) were used for this experiment. Similar results were
obtained in two independent experiments.

FIGURE 38: Effect of MlBG on Protein Murkers of L6 CeflDifferentiation.

L6 ce11 extracts were prepared at specific tirne points afier transfer of cells to low serum
a-MEM f MIBG (50 FM). The samples were subjected to SDSffAGE (10% geIs) and
Western blot analysis with antibodies for myogenin (diluted 1: 1OOO), MEF2 (diluted
1:1000) and p21 (diluted

1: 1000). Proteins were visualized with the ECL

cherniluminescent detection system. MB denotes myoblast, while 1, 2, 3, 4 denote the
days of differentiation. Specific antibodies are identified on the left of the figure
(rnyogenin, MEF2 and p2 1). One of two independent experiments is shown, both of
which exhibited the same response.

MIBG

myogenin

oligonucleotides containing the MEF2 element, subjected to UV liglit and the proteins
separated by SDSPAGE. The proteins crosslinked to the labelled oligonucleotides were
then visualized by autoradiography. Three bands between the 50- and 84-kDa molecular
mass markers were prominently labelled in the myotube extract (Figure 39). The
myoblast extract displayed two labelled bands. Interestingly, the MIBG treated extracts
showed the sarne banding pattern as the myoblast extract, and were missing the third
labelled band of 50- to 5 3 - D a present in the myotube extracts (Figure 39). These data
suggest that a protein capable of binding to the MEF2 element is either not activated or
not expressed with MlBG treatment. Furthermore, it may be speculated that expression of
this protein is crucial for full expression of the myogenic program.
6-2.4.4 ADP-ribosylation and differentiation

To date, two mART activities (extracellular and intracelIular) have been reported
in n~yoblasts/myotubes(Huang et al. 1993; Huang et al. 1996; Kharadia et aL 1992;
Soman & Graves 1988; Soman et al. 1984a; Zolkiewska & Moss 1993; Zolkiewska et al.
1992). Of these activities, the extracellular mART has been associatcd with a 7 integrin
and desmin (Huang et al. 1996; Zolkiewska & Moss 1995). Both proteins have been
associated witli skeletaI muscle Function and ce11 communication- To deterniine if the
extracelldar cnzyme was thc targct for MIBG action, its activity was evaluated over the
myotube differentiation process and thcn in the presence of MIBG. ADP-ribosylation o f a
surface protein by mART was monitorcd by incubating cells with

PINAD- AD-. Labcling

of a single band \vas detcctcd on days 2 and 3 of the differentiation pcriod of untreated
myoblasts (Figure 40A). Sincc the presence of labellcd bands was not greatly altcred by
treatrncnt with MiBG or othcr inhibitors of ADP-ribosylation (Figurc 40B), a rolc for an
cxtracclluIai- (or GPI-Iinkcd) arg-mART in thc diffcrcntiation proccss is not indicatcd.

FIGURE 39: Effect of MTBG un Protein Binding tu the MEF2 Elentent.
Nuclear extracts fiom L6 myoblast (B), L6 myotube (T) and MIBG-treated (50 PM) L6
cells (M) were incubated with radiolabelled oligonucleotide, cross-linked by UVirradiation (see Materials and Methods section 4.8.7) and subjected to SDS/PAGE (7.5%
gel). Molecular mass markers used to identi@ the proteins by size are shown on the right
hand side. The Iabelled proteins are indicated on the Ieft-hand side by numerical notation.
One of two independent experiments is shown, both of which exhibited the same
response.
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FIGURE 40: ADP-ribosyiation and L6 Diffeentiation. In situ ADP-ribosylation of
Extracellular Proteins.
L6 myoblasts were placed into differentiation media and ART-dependent modification of
extracellular proteins monitored on a daily basis. Cells were exposed to C~~P]NAD+
and
transfer of label to specific proteins examined by autoradiography after SDSPAGE

(7.5% gel). (A) Separate lanes fiom autoradiographs of untreated L6 cells allowed to
differentiate over 4 days are shown. MB denotes myoblast, while 1, 2, 3 and 4 denote the
days of differentiation. @) Autoradiograph of L6 cells on day 3 that were untreated (O) or
treated with different inhibitors of ADP-nbosylation: para-arninobenzoic acid (PABA, 5

mM), 3-aminobenzamide (3AE3, 5 mM), PD128763 (PD, L CLM), MIBA (50 PM) or

MIBG (50 PM) during the incubation penod with

[ 3 2 ~ ] ~ ~One
~ + of
.

two independent

experiments is shown, both of which exhibited a similar response. Arrows point to the
most prominent bands detected in these experiments.

6-2.5 Discussion
The results of this study clearly demonstrated that MIBG is a reversible inhibitor
of myoblast differentiation and theoretically of rnyoblast ce11 profiferation in L6 skeletal
muscle myoblast ce11 Line. This work is in very good agreement of the studies camed out
by Kharadia et al. (1992) and not only confirrns their findings, but also extends their
work with respect to identi&ing the step in the myogenic differentiation program which

MIBG, and presumably an arg-mART, may be influencing.
The initial survey of ADP-ribosylation inhibitors (Figures 30, 33) was in quite
good agreement with the previous work of Shall and associates (Farzaneh et al. 1982),
who demonstrated that the poly(ADP-ribosy1)ation inhibitor 3AB was able to reversibly
inhibit the fiision of myoblasts from primary cultures of chick myogenic cells. These
authors suggested that PARE' was involved in the regulation of myoblast differentiationHowever, as correctly pointed out in the paper by Kharadia et al- (1992), at the
concentrations of 3-

that were used for those experiments, both PARP and mART

activities would have been inhibited (Banasik et al, 1992; Duncan et al- 1988; MiIarn &
Cleaver 1984; Rankin et al- 1989). Although a significant inhibition of differentiation
(Figure 30), was not apparent upon visual examination, in contrast to the observations of
Shall and associates (Farzaneh et al. 1982), the quantitative studies demonstrated 3AB
caused a 40% reduction in the fusion index (Figure 33). On the other hand, the reduction
in myotube fusion achieved with 3AB was signifcantly less than the effects obtained
with MIBG treatment (Figares 29, 33, 35). The effective concentrations of MIBG were
between 20 and 50 FM, within the concentration range defined by Kharadia et al. (1992)
and, also interestingly, in agreement with the concentrations that were able to inhibit ce11
proliferation of H41IE cells (and the systems described in chapters 7 and 8). In the studies
of L6 cells, growth inhibition was indicated by a reduction in ce11 nurnber (Figures 28,

29, 33, 3 9 , and the decrease in [3~]thymidineincorporation of growing L6 cells treated
with MIBG (50 PM) (Figure 33C). Furthermore, the cells appear larger, somewhat
suggestive of a block in ceIl proliferation at the G2/M stage (Le. blocked ce11 division).
Since L 6 myoblasts constitutively express MyoD (Lognome & Wahrmann 1986), MIBG
must affect progression through the differentiation process as opposed to determination
or cornmitment to the muscle lineage.
4 s discussed in the previous chapter, MiBG could interfere with L6 myoblast
differentiation directly or indirectly. For instance, lack of ce11 fusion could result from
changes in membrane properties independent of myogenic-specific events. As stated by
Kharadia et al. (1992), the effect of MIBG appears to be on the entire differentiation
program, and not just simply the process of ce11 fiision, since both creatine phosphokinase

(CPK) activity and protein accumulation were blocked by MIBG. However, previous
studies have shown that muscle-specific proteins are expressed either in myogenic ce11
cultures in which fusion has been blocked or in fusion-deficient ce11 lines (Devlin &
Konigsberg 1983; Nguyen et ai. 1983). Thus, if only fusion, but not differentiation, was
affected by MIBG treatment, increases in muscle-specific marker proteins such as CPK
activity would be expected. Although neither CPK activity nor other markers of
differentiated muscle were examined in this study, the fact that MIBG-dependent effects
could be seen with only 4 to 12 h exposure early in the differentiation process supports
that fact that MIBG is not just affecting the fusion step. Furthermore, the effect of MIBG
is reversibIe (Figures 35, 36) and thus the short treatment time with MIBG should not be
able to inhibit fusion, a process that occurs 48 to 72 h later. On the other hand, the MIBG
delayed addition studies would suggest that the presence of MIBG may be required at
multiple, temporally separated steps- Altematively, the time frarne for expression of
musclc-specific gencs during differentiation is a Ionger process over thc initial timc

period. Finally, Western blot analysis showed that the expression of muscle-specific
proteins is blocked, which supports the contention that MIBG is affecting specific events
required for differentiation (Figure 38)- Nevertheless, an effect on the fusion and
multinucleation processes cannot be mled out.
According to the findings of this study and information in the literature, the step
at which differentiation is blocked occurs afier determination, since L6 skeletal myoblasts
are already committed myogenic precursor cells (Yaffe 1968). MIBG blocked the
expression of not only myogenin but also p21C1P'(Figure 38). It is well established that
the absence of these proteins prevents myoblast differentiation and fusion into
multinucleated myotubes (Dias et al. 1994; Walsh 1997). Myogenin has been shown to
mediate the differentiation process (Walsh 1997), since it is a marker of myoblast
cornmitment to the differentiation pathway. Subsequently, the expression of p21C'P! is
increased and p2 lCIP1 is a cyclin-dependent kinase inhibitor (Walsh 1997). Presumably it
is the increased expression of this protein that irreversibly withdraws the skeletal
myoblasts from the ce11 cycle and results in terminal differentiation. Interestingly, with

MIBG treatment, since the expression of p21C'PLis decreased, it would suggest that the
myoblasts are still capable of proliferating. On the other hand, MIBG inhibits ce11
proliferation (see chapter 5, Figure 33C and Kharadia et al. 1992). Based on this
information, and the requirement for withdrawal from the ce11 cycle for progression of
differentiation (Lassar et a[. 1994; Molkentin & Olson 1996b), it might have been
expected that MIBG treatment would stimulate differentiation. The ability of MIBG to
abrogate differentiation of L6 cells, in addition to possibly proliferation, suggests that a
scparate mechanism during differentiation may be inhibited. In these studies, although
detailed growth rneasurements were not conducted, it was observed that the number of
myoblasts in the MIBG samples was reduced (Figures 28, 29) and that there was a

decrease in total number of nuclei (Figures 33, 35). This was confirmed by [3~]thymidine
incorporation studies where it was observed that uptake of [3~]thymidinewas decreased
with MIBG treatment (Figure 33C).
Since L6 skeletal myoblasts are already commited to the myogenic lineage,

MLBG may delay differentiation by affecting one cruciai step. However, the activation or
expression of this one protein may be required for multiple steps in the cascade. MlBG
could also be toxic to the cells, however, the washout studies would suggest otherwise, as
would the rescue study that was conducted (Figures 35, 36). These findings are in
agreement with those of Kharadia et al. (1992), who also suggested that the inhibition of
differentiation by M B G was not due to the inhibition of ce11 division (Le. proliferation of
myoblasts was blocked before a necessary terminal rnitosis during differentiation). The
inhibitory effects of MIBG were immediate with respect to ce11 fusion (Figures 35, 36),
and removal of MIBG resulted in a rapid increase in ce11 fusion (Figure 36), which might
not have been expected if mitosis was required to initiate the differentiation step
(Kharadia et ul. 1992). The requirement for mitosis was also ruled out by Kharadia et al.
(1992) through the addition of cytosine arabinoside to the refed cultures. if an additional
round of mitosis was required for recovery from the MIBG treatment, blockade of ce11
proliferation with the cytosine arabinoside would have inhibited the differentiation
process, and this was not observed.
The immunoprecipitation studies found that MIBG did not prevent the association
between MyoD and E12/47 proteins (Figure 37). On the other hand, with t h e crossIinking studies, it was found that an oligonucleotide containing the MEF2 element
associated with a protein in myotube nuclear extracts that was missing in nuclear extracts
from myoblasts and MIBG trcated-myotubes (Figure 39). This protein has a rnolecular
mass of approximately 40-kDa (band s i x of 53-kDa minus the 13-kDa oligonucfeotidc).

[ntcrestingly. the size of tIiis protein docs not corrclatc with thc predoniinant protcin that
bitids to this sequcnce. MEF? (which is 72-kDa), whicli is required to transcriptionally
activate nunierous muscle-specific genes including creatine kinase. myosin Iicavy chain,
desmin and certain MRFs (Ludolpli & Konicczny 1995). For this reason, it is unclear
whethcr the 40-kDa protein has a rolc in the induction of myogenesis-spccik genes. If
this protcin is MEFZ (possibly a breakdown product or novel variant). an impairment in
DNA binding is indicatcd. This conclusion can be reachcd because MEFZ expression is

unaffected by MIBG (Figure 38). Furthemore, MIBG may influence the phosphoylation
state of MEFZ which modulates both DNA binding and protein-protein interactions
(Ferrari et cd. 1997: Molkentin et al. 1996). AIternatively, the 40-kDa protein is unrelated
to M E F î , but it is critical For the cxpression of niuscle-specific genes via the MEFI,
elcnicnt. One such candidate protein niay be SRF (serum response Factor) whicli is also a
part of the MADS box family of transcription factors (Black & Olson 1998; Brand-Saberi
& Christ 1999; Shore &c Sharrocks 1995). OF note, it is entirely possible that the MEF2

oligonuclcotide, which was bascd on a MADS box conscnsus sequcnce, could bind other
MADS box faniily transcription factors. For cxample, SRF is a 62-kDa protcin and splice
variants 11avc bccn found in sinooth and skcletal muscIc of approxiniatcly 67-, 60-, 57and 50-kDa (Kcmp & Mctcalfc 2000)- Thcrc is niountinç cvidcnce to suggest that niuscle

spccific transcription niay rcquire functional intcractions of musclc-spccific bHLH
Litciors with othcr rcgulatory pi-otcins sucli as SRF (Duprcy 6r Lcscns 1994; Hautnianri et
ul- 1998; Hautmann er ~ i . 1997; Solway ci al. 1995). Morcovcr, MEF2 D N A biiiding

sitcs arc typically positioncd within closc proxiniity to MRF binding sitcs (i-c. E-boxcs)
in tlic rcgulatory rcçions of' niany niusclc gcncs. Tlicsc sitcs arc rcquircd for thc

transcriptional activation orniyogcnin, M R F 4 aiid MyoD (Chcng cr O/. 1993: Naidu el d.
1995; Worig er (il. 1993).Tlic MEF2-binciing silc, but not ttic E-box, is ncccssary for cc11

type-specific expression and activation of the myogenin gene by MyoD in tissue culture
celis (Buchberger et al. 1994). Thus, an effect by MIBG on the expression of myogenin
via the MEF2 site (or a similar MADS box site) would prevent differentiation. Further
study is necessary to determine the exact target through which MIBG has its effect.
Interestingly, if the tarset protein is SRF, then regulation by MIBG may occur through
Rho (Montaner et al. 1999; Poser et al. 2000) which is modulated by ADP-ribosylarion
(Aktories 1997; Lerm et ai. 2000).
The ability of MIBG to inhibit L6 skeletal myoblast differentiation suggests that
an arginine-dependent mART may be involved in one or more of the steps Leading to
differentiation of myoblasts into rnyotubes. Both intracellular and extracelluar argmARTs have been identified in skeletal muscle cells from a variety of species (Okazaki
& Moss 1998; Soinan & Graves 1988; Zolkiewska & Moss 1993; Zolkiewska er al.

1992). An extracellular GPI-Iinked arg-mART was first demonstrated b y Zolkiewska and
Moss (Zolkiewska & Moss 1993) who originaliy had cloned a rabbit skeletal muscle
NAD:arginine ADP-rhosyltransferase (Zolkiews ka et al. 1992), and then subsequently
found that it was able to modiQ integrin a7 of differentiated mouse C2C12 and L8 cells.
Intracellular arg-mARTs have been identified in the membrane fraction of rabbit skeletal
muscle (Peterson et ul. 1990; Soman & Graves 1988; Soman et al. 1984a). The
extracellular arg-mART was not involved in modulating differentiation since incubation
with MIBG did not alter the labeling with ["PINAD'

(Figure 40). Kharadia et ai. (1992)

had provided evidence that an intracellular arg-mART was inhibited by MIBG.
Furthermore, they concluded that this was the reason for the inhibitory effect of MiBG on
myogenic ce11 differcntiation and proliferation. Their studies demonstrated that a spccific
transfcrasc activity was dctcctablc in thcir primary embryoiiic chick skclctal muscle
culturcs and that thc ADP-ribosylatcd form o f MIBG could be dctcctcd in honiogcnatcs

of cultures treated with MIBG (Kharadia et al. 1992). Secondary evidence provided by
these authors include studies showing that MIBG is capable of inhibiting the purified
skeletal muscle arg-mART (Kharadia et al. 1992). Interestingly, the authors also provide
evidence for the specificity of the MIBG effect through its guanidino group, since MIBA
which lacks the guanidino group was unable to inhibit differentiation. The studies
presented in this chapter also show that MIBA does not inhibit fusion of myotubes
(Figure 30).
To this point, the only identified rnechanism by which ADP-ribosylation might
influence the differentiation process is the modification of desmin, an intermediate
filament. ADP-ribosylation results in the inhibition of desmin assembly, and de-ADPribosylation results in assembly (Huang et al. 1993; Zhou et al. 1996). Furthemore,
desmin is one of the earliest myogenic markers and one of the first muscle-specific
proteins to appear during mammalian embryonic development (Babai et al. 1990; Choi et
al. 1990; Furst et al. L989; Lin et al- 1994; Mayo et al. 1992). Thus, interfering with

desmin intermediate filament assembly-disassembly by mono(ADP-ribosy1)ation (Yuan
et al. 1999) may be a possible regulatory rnechanism for rnyogenesis involving fusion

and myofibril organization. However, the block in myogenin and p21C'P'expression is
more applicable to the early stages of myogenesis (although desmin is expressed in prefusion myoblasts (Babai

el

al. 1990)). Nevertheless, inhibition of desmin organization

could be a part of the regulatory process for differentiation and a part of the multiple
steps that MIBG may be inhibiting. Further investigation of these events and tbeir
regdation by mARTs wi Il be necessary.

6.2.6

Summary

MIBG inhibits the differentiation of L6 skeletal myoblasts into rnyotubes and the
rnechanism is likely mediated by a membrane-associated intracellular arg-mART. The
expression of two key proteins, myogenin and p2 lCtP',for the myogenic lineage appear
to be inhibited by MIBG. Myogenin is an MRF that is critical for the subsequent
expression of other muscle-specific proteins, while expression of p21''

is crucial for the

irreversible withdrawal of the celIs from the ce11 cycle- Furthemore, MIBG also appears
to influence binding of a protein, possibly MEF2, to the MEF2 element, which may
further explain the lack of myogenin protein expression and the abrogation of the
myogenic fusion prograrn.

7.0

SMC as a mode1 of de-differentiation, proliferation and migration

7.1

Introduction
Within the normal vesse1 wall, SMCs are found in the medial layer, and SMCs

within this iayer have been shown to express a range of phenotypes that exist between
two extreme States traditionally referred to as 'contractile' and 'synthetic' (Campbell et
al. 1987; Chamley-Campbell et al. 1979). Contractile SMCs are characterized by the

presence of myofilaments and smooth muscle specific genes that encode contractile
proteins and proteins that regulate contraction (Campbell et al- 1987; Shanahan et al.
1993). On the other hand, synthetic SMCs have a limited myofilament presence and an
abundance of organelies (especially rough endoplasmic reticulum and Golgi apparatus)
for the processing of newly synthesized proteins (Campbell et al. 1987). This concept of

SMC heterogeneity was first identifieci in ce11 culture studies (Chamley-Campbell et al.
1979) and since that time SMC heterogeneity has been found not only in experirnental
animals (Bochaton-Piallat et al. 1996; Orlandi el al. l994a; Pauletto et al 1994; Schwartz
et al. 1995b; Villaschi et

al. 1994; Wohrley er al. 1 9 9 3 , but also in the human population

(Glukhova et al. 1991). The relevance of heterogeneity to vascular fibroproliferative
diseases lies with the question of the identification of the SMCs that are responding in a
pathological manner. Were these cells originally heterogeneous and thus only a certain
population was responding? 1s there a spatiotemporal heterogeneity in the expression of
differentiation rnarkers? Or, do SMCs modulate their phenotype and differentiation status
in response to environmental factors? To add to this complexity, evidence is mounting
that committed and differentiated cells can transdifferentiate into another ce11 type
(Arciniegas et al. 2000; Gressner 1996; Lipton et al. 1991 ; Smith el al. 1999). With the
application of ce11 and molecular biological techniques for the study of development,
differentiation and the pathophysiology of vascular proliferative disorders, distinct

cellular phenotypes involved with SMC myogensis and proli ferative and fi brotic
responses of SMCs in diseased artenes has been identified (McHugh 1995; Owens 1995;
Ross 1993; Sartore et al. 1994; Schwartz et al. 1986).
To define the response of SMCs to various stimuli and growth factors in an
isolated system in vitro, various SMC culture systems have been developed (ChamleyCampbell et al. 1979). The most commonly studied SMCs are derived from either rabbit
or rat artenes (Birukov et al. 1993; Bcchaton-Piallat et al. 1992; Campbell et al. 1989;
Kocher & Gabbiani 1986; Schwartz et al. 1986; Schwartz et al. 1995a; Skalli et al. 1986;
Thyberg et al. 1990b). In these culture systems, the biological features of SMCs have
been systematically studied, and the identification of distinct SMC phenotypes and
responses to environmental and exogenous stimuli have been described (Birukov et al.
1993; Bochaton-Piallat et al- 1992; Campbell et al. 1987; Campbell et a[. 1989;
Chamley-Campbell et al, 1979; Kocher & Gabbiani 1986; Owens 1995; Schwartz et al.
1995a; Skalli et al. 1986; Thyberg et al. 1990b). However, in these SMC culture systems,
limitations to their use have arisen due to species-specific differences observed in the
response to injury, both in vivo and in vitro, as well as environrnentat factors (Schwartz et

al. 1995b). As a result, many Iarger animal models of restenosis and SMC tissue culture
models derived from these larger animals have been developed. Arnong the most popular
have been models of restenosishtimal thickening employing porcine arteries (Ga1 et al.
1990; Gnnstead et ai. 1994; Schwartz et al. 1993; Zalewski & Shi 1997). With these
models, both pig aortic and coronary SMCs have been studied (Christen et al. 1999;
Gotlieb & Boden 1984; Koo & Gotlielj 1989; Koo & Gotlieb 199 1; Koo & GotIieb 1992;
Saward & Zahradka I997b; Wilson et al. 1999). Porcine coronary artery SMCs have
been shown to maintain a high lcvel of differentiation rnarker expression, including
smoothelin (Cliristcn et ul. 1999) and, sincc they behave differcntly in vat-O frorn thc

majority of SMCs previously studied, they may thus represent a better mode1 for the
study of agents influencing SMC behaviour in vitro and in vivo (Christen et al. 1999).
Furthemore, porcine SMCs appear to exhibit features that are more similar to those
observed in human arterial SMCs in culture (Chnsten et al- 1999; Kocan et al. 1980).

One of the most commonly employed methods for the establishment of primary
SMC cultures involves the use of enzymatic dispersion of vessels (Gimbrone & Cotran
1975). However, separation of the different ce11 types present within the vesse1 wall is
much more difficult after a generalized digestion. Additionally, the potential for damage
to cellular membranes and protein receptors bound to the membrane is increased with
time of digestion, thereby affecting the responses of the SMCs to stress, growth stimuli
and other environmental factors. Altematively, microdissection of the vesse1 wall to
remove only the smooth muscle containing media1 layer which can then be cultured by an
explant method has been used to establish prirnary SMC cultures (Ross 1971). This
approach selects for SMCs but the size of the vessel limits the species and vessel type
that can be used. A primary culture system empfoying SMCs derived from porcine
coronary artery explants was developed in this laboratory by a fellow student (Saward &
Zrihradka 1997b). Due to numerous advantages afforded by this systern, including ease of
preparation and homogeneity of the celi population, this well cl-iaracterized system was
employed for the studies described in this chapter.
Using this primary porcine SMC culture system and based on findings from the
previous chapters, a specific hypothesis was proposed: Growtk factor-mediated growth
and prolferafioiz of porcine SMCs will be inhibited by MIBG thi-ozcgh inhibition of a

specific cellular s i g n a h g pathway that will involve an ADP-ribosylation reaction.

This goal was achieved by i) defining the cellular system, ii) testing the efficacy
o f the inhibitor in the systern, and iii) examining the signaling components that might be
invo Ived.

7.2

Mitogenic response of SMC's to growth factors: role of PGEz

7.2.1

Background/rationale
Abnorrnal andlor excessive proliferation of SMCs is believed to play a key role in

the pathogenesis of atherosclerosis and restenosis after revascuIarization (Ross 1995;

Schwartz ef ~ 1 1986;
Schwartz & Reidy 1996)- Upon injury or exposure to increasing
environmental stress, SMCs within the vesse1 wall become activated and respond to
secreted growth factors and other stimuli by increasing their growth potential. The factors
controling SMC growth in both normal and disease States have therefore becorne the
subject of intensive investigations over the past 10 years. Both positive and negative
stimuli exist for SMCs and small alterations in the baIance of these factors can have
profound effects on SMCs and their growth responsiveness (Liu et al. 1989). Mitogens
such as platelet-derived growth factor (PDGF), angiotensin II (AngII), thrombin and
fibroblast growth factor (bFGF) have been shown to be released by platelets, damaged
endothelial cells and SMCs after injury, and have been demonstrated to influence the
growth and migration of SMCs during the formation of a neointimal thickening (Davies
& Hagen 1994; Neville & Sidawy 1998; Schwartz et al. 1995~).On the other hand,

inhibitors of SMC growth, such as heparin and prostaglandins of the E family, are also
released by ceIls after the injury (Schror & Weber 1997; Scott-Burden & Vanhoutte
1994).
The role of prostaglandins of the E family in the modulation of SMC proliferative
status has been examined in a variety of venues, however, the results rcmain

controversial. PGEI and PGE2 have been shown to operate as both positive and negative
regulators of SMC growth (Owen 1986; Pasricha et al. 1992; See et al. 1987; Shechter et
al. 1997). For example, Shechter et al. (1997) and Urnemura er al. (1997) have shown

PGEi is effective during angioplasty as preventative therapy for coronary restenosis, and

Fan and associates, and others (Fan et ai. 1997; Loesberg el al. 1985; Nilsson & Olsson
1984) have shown that PGEI inhibits vascular SMC growth. PGEi has antiplatelet
aggregation and deposition characteristics, as well as anti-spasm, vasodilation and
cytoprotective effects (Siegel el al. 1984), and is derived from macrophages that may be
populating the injured region. Furthemore, exogenously added PGEz has an
antiproliferative effect on cultured guinea pig tracheal and human airway SMCs (Florio et
al. 1994; Johnson et al. 1995) and rabbit aortic SMCs (Lei & Deng 1989). On the other

hand, Pasricha et al. (1992) have demonstrated that PGE, and PGE2 stimulate the
proliferation of puhnonary artery SMCs. It is possible that the effect of PGEin on the
proliferation of SMCs is dependent on the vascular bed. However, Owen (1986)
dernonstrated that the effect of PGEi on SMCs is dependent on the phase of the ce11 cycle
when it is added. If PGEl was added to a quiescent ce11 population, DNA synthesis was
enhanced. If PGEi was added to asynchronous cycling cells, it functioned as an antiproliferative agent. Moreover, Sjolund et al. (1984) have described a phenotype
modulatory action of PGEl in pnmary cultures of arterial SMCs. Tt was thus suggested by
Schror & Weber (1997) that endogenous prostaglandins may serve a duai purpose in

SMCs: maintenance of the differentiated, contractile state and control of proliferation in
the presence of growth factors (Pornerantz & Hajjar 1989). Thus, PGs could stimulate
SMCs to enter the cc11 cycle and to divide in response to tissue injury in order to facilitate
tissue repair whiIc also preventing uncontrolled growth of SMCs by interfcring with the
synthetic phase of the ceIl cycle (i.c. inhibition of proliferation of SMC after stimulation

with growth factors) (Asada et al. 1994; Koh et al. 1993; Owen L986; Pasricha et al.
1992; Schror & Weber 1997; Shirotani et aL 1991).
Recently, Inagami and colleagues (Ohnaka et al. 2000) demonstrated that AnglI
induced the expression of cyclooxygenase-2 in cultured rat vascular SMCs with
subsequent PGEz production, It has also been dernonstrated by others that AnglI
stimulates the release o f PGs in a variety of cellular systems, including SMCs through the
activation of PLA2 (Alexander & Gimbrone 1976; Catalioto et al. 1996; Gimbrone &
Alexander 1975;Schlondorff et al. 1987; Vallotton et ai. 1989). This laboratory has also
demonstrated a link between AngII and PG release in porcine SMCs, that was associated
with a positive growth response (Saward, Yau, Thomas & Zahradka, unpublished
observations). This particular study was therefore initiated to examine the effect of PGE2
on SMC growth and proliferation in relation to SMC growth status.

7.2.2 Specific Airns
1. To compare the growth response of SMCs to a variety of growth factors.

2. To define the contribution of PGEz to SMC growth.

3. To determine the signaling pathways activated by PGEl that are related to the
growth response,

7.2.3

Experimental Design
Primary cultures of porcine SMCs, generated by the explant culture technique,

were incubated in senirn-free supplemented media for 5 days before experimentation.
This was to ensure that the SMCs were in a quiescent, differentiated, contractile state that
is reminiscent of SMCs in the vesse1 wall. The time required for the SMCs to re-enter the
cc11 cycle was monitorcd by [3~]thymidineincorporation. The rates of RNA and DNA

synthesis were then measured in response to serurn and grou-th factor (eg. AngII)
stimulation. A broad spectmm of growth factors were assessed for their ability to
stimulate DNA synthesis. Growth assays were carrïed out to monitor the specific effect of

PGE2, a novel stimulator of SMC growth (Owen 1986; Pasricha el al. 1992). These
assays

included

lurid ri di ne

and

[ ' ~ l t h ~ m i d i n e incorporation,

MTT

assay,

irnmunocytochemistry for PCNA expression and incorporation of bromodeoxyurïdine
(BrdU), and RT-PCR analysis of c-fos gene expression. Moreover, the signaling
pathways associated with PGE2-stimulated growth were assessed by Western blot
analysis. The activation of p21-Ras and MAP kinase was also examined separately.
Finally, the contribution of the PI3-kinase pathway was examined with respect to PGE2stimulated SMC growth.

7.2.4

ResuIts

7.2.4.1 Growth characteristics of SMCs in response to serum and other growth
factors
The response of primary porcine coronary artery SMCs to serum withdrawal was
monitored over preset petiods of time. Subconfluent SMCs were placed into serum-free
supplemented D-MEM and the rate of DNA synthesis monitored at specific time points
with 30 min pulses of [3~]thyrnidine.Over a penod of 168 h (7 days), the rate of DNA
synthesis declined considerably, with a basal steady-state level of DNA synthesis being
reached at approximately 48 h (Figure 41A). This is similar ro the findings of Saward &
Zahradka (1 997b), who first characterized this particular model. It was observed that the
cells, even after 7 days under serum-free conditions, did not appear to be dying (data not
shown; Figure 41A). Although ce11 viability assays were not conducted, the ability of the
quiescent SMCs to re-enter the ce11 cycle was taken as evidence that the cells were still

healthy (Figures 41B and 50). Based on this esperirnent and the tïndings

O€

Saward &

Zahradka (1997b), SMCs were consistently prepared by incubating tl-iem in a scrurn-free
supplemented D-MEM for 120 h (5 days) before initiation o f experin-ientation. The
prolonged starve down period ensured that the SMCs had esited the ce11 cycle and
expresscd a contractite plienotype- To characterize the differentiatcd state of these SMCs,
immunocytochemistry with specific antibodies \vas conducted to assess the expression of
the smooth muscle specific markers a-actin and SM-myosin (Figure 42). Hoescht nuclear
stain was applied to identify the location of al1 cells. After 5 days in serurn-free
supplemented D-MEM, SMCs displayed both a-actin and SM-myosin filamentous
staining (Figure 42A, B). Moreover, staining witb a-actin antibody and a stain specific
for globular actin showed that filamentous actin was present in the cytoplasm o f the cell,
and that the localization of globular actin was mainly within the nucleus o f the ce11
(Figure 42C). These findings are consistent with the expression o f a quiescent. contractde
phcnotype for the SMCs.
The abi1ity ofquiescent SMCs to synchronûusly re-enter the ceII cycle after 120 h

in serum-free supplemented media kvas demonstrated by stimulating the SMCs with FBS

(20% v/v) and measuring the rate of DNA synthesis with puIse additions of
[3~]tliymidine(Figure 41B). Addition of the supplcment was conductcd in parallel as thc
negativc control (Figure 41B). It was essential to estabIish that cc11 growth was growth
factor-dependent and did not result from manipulation o f the ceIls. FBS was able to
stimulate SMC re-entry into the ceIl cycle with a lag period o f approxin-iately 8-10 h
bcforc the onsct of S phase (DNA synthesis) (Figure 41 B). Thesc data indicate that even
aftcr a prolonged pcrïod of scruni starvation, SMCs arc rcsponsivc to growth factor
stiniulation, and ccrtainly indicarivc of cc11 viability. Furtlicrmorc, niicrograplis of scrum-

FIGURE 41: Response of S M C s to Serum Withdrawal and Addition.

(A)Subconfluent SMCs were placed into senun-fiee supplemented D-MEM media and
the DNA synthetic rate was monitored at specffic time points by addition of 2 pCi

[3HJthymidinefor 30 min. The celis were subsequently lysed and the incorporation of
radiolabel into DNA measured as described in Materials and Methods (section 4.3.1). No
loss of ce11 viability was evident after 7 days under serum-fiee supplemented conditions.
(B) Quiescent SMCs were prepared by placing cells into serurn-fiee supplemented D-

MEM for 120 h (5 days). The cells were pulse-labelled with 2 pCi [3~]thyrnidine
for 30
min at specific tirne points after addition of serum (20% v/v FBS). Addition of the serumfi-ee supplemented D-MEM media was used as a negative control. Incorporation of
radiolabel into DNA was measwed as described in section 4.3.1. The data are presented
as the mean h SE of experiments conducted in triplicate. These results were confumed in
three independent experiments using different SMC isolations.
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FIGURE 42: Immunocytochernistry of Smooth Muscle Cells.

SMCs prepared on Superfrost Plus glass slides were maintained in serum-free
supplemented D-MEM for 5-7 days and markers of SMC differentiation assessed. (A)
CelIs were stained with SM a-actin and Hoescht No. 33342. (B) Cells were stained with
SM-myosin and Hoescht No. 33342. (C) Cells were stained with SM a-actin and DNAse
1. Magnification: 2 8 6 ~Representative
.
immunofluorescence micrographs are shown.

stirnulated (5% v/v FBS) cells (Figure 43) demonstrated a change in the morphology of
the SMCs as they responded to serum and re-entered the ceIl cycle,
To determine the responsiveness of SMCs to individual growth factors, both RNA
and DNA synthesis studies were carried out with AngII (10-" to IO-' M) and FBS (0.5 to
20% v/v). AngIl signifrcantly increased the rate o f both RNA and DNA synthesis in

porcine SMCs (Figure 44B,D), although the magnitude of activation was considerably
Iess than the increase in RNA and DNA synthesis observed with FBS stimulation (Figure
44A,C). Interestingly, increasing concentrations of AngII continued to augment the
response (Figure 44B,D),while higher concentrations of FBS (greater than 5%) appeared
to have an inhibitory effect on RNA synthesis (Figure 44A). This may be attributed to
increasing concentrations of inhibitory molecules within the FBS. Finally, other growth
factors and stimuIating agents were tested for their ability to stimulate DNA synthesis in
porcine SMCs. Relative to FBS administration, IGF-1 and PGEz had rnoderate but
significant effects on [3~]thymidineincorporation, while thrombin had positive but not
significant effects (Figure 45). These results demonstrate that porcine SMCs are
responsive to a broad range of growth factors, and that individual growth factors have
distinct efficacy with respect to SMC growth. The potential exists, therefore, for a
synchronous additive effect on SMC growth between growth factors if the appropriate
combination or conditions is achieved.
7.2.4.2 Growth response of SMCs to PGE2

Of the growth factors and stimulating agents tested above, one of the more
interesting and somewhat surprising findings was that an eicosanoid was abIe to increase
DNA synthesis (Figure 45). In a variety of ce11 systems, eicosanoids/prostanoids, in

particular PGE:, and TxA2, have exhibited both inhibitory and stimulatory effects on cell
growth and proiiferation (Florio er al. 1994; Johnson et al. 1995; Lei & Deng 1989;

FIGURE 43: Response of SMCs to Serum and Growth Factor Stimulation.
SMCs were maintained in s e m - f i e e supplernented D-MEM for 5-7 days and the
rnorphology of the SMCs recorded on photornicrographs. (A) SMCs in their
differentiated, contractile phenotype. Photomicrographs were used to record ce11
morphology after the quiescent SMCs had been stimulated with semm (20% v/v FBS) for
24 h (B), 48 h (C) and 96 h @). Representative micrographs are shown fiom one of three

independent experiments conducted using different SMC isolations. Magnification: 132x.

FIGURE 44: Response of SMCs to Serum and Angiotensin I I ,
SMCs maintained in sem-£i-ee supplemented D-MEM for 5 days were treated with
either senun (0.5 to 20 % v/v FBS) (A, C) or angiotensin II (AngII) (10-I2to 10" M) (B,
D) and the growth response monitored. The incorporation of [3131uridine (6 h incubation)
and [3HJthyrnidine (48 h incubation) into trichioroacetate-precipitable matenal after
addition of semm or AngII was used as an indication of RNA (A, B) or DNA (C, D)
synthetic activity. The incorporation rate of untreated cells was set to 100%. The data are
presented as the mean t SE of experiments conducted in triplicate. These results were
confirrned in three independent expenments using different SMC isolations.
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FIGURE 45: Response of SMCs tu a Specfrum of Growth Factors and Growth
Srimulafing Agents.

SMCs maintained in serum-fiee supplemented D-MEM for 5 days were treated wiîh a
vaneîy of mitogenic agents and the growth response monitored. The incorporation of
[ ' ~ l t h ~ m i d i n(48
e h incubation) into trichloroacetate-precipitable material afier addition
M) or PGEz (10" M), was used
of s e m (5% v/v FBS), IGF- 1 (IO-' M), thrombin (10-~
as an indication of DNA synthetic activity. The incorporation rate of untreated cells was
set to 100%- The data are presented as the mean F SE of experiments conducted in
triplicate. These results were confirmed in two independent expenrnents using different
SMC isolations. Cornparisons were made between untreated SMCs and SMCs treated
with growth stimulating agents using the Student's t-test (*, p c 0.05).

None

FBS

IGF-1

Treatment

Thrombin

PGE,

Morinelli et ai. 1994; Owen 1986; Pasricha et al- 1992; Sachinidis et al. 1995; Sjolund et
al. 1984). For example, TxAl has positive growth effects in SMCs (Morinelli et al. 1994;

Sachinidis et al, 1995), while PGEz has had both stimulatory and inhibitory effects in
SMCs (Owen 1986; fasricha et al. 1992; Sjolund et al- 1984). It kvas o f interest then to
further define the response of SMCs to PGE? considering that previous work in the
Iaboratory had established that PGs were a part of the growth stimulatory pathway of
AngIl (Saward 2000).
To confirm that SMCs were capable of responding to PGE2, PGEz (IO-" to 10~'
M) was administered to SMCs and the rates of EüVA and DNA synthesis monitored at 6 h
and 48 II, respectively. A second PG species, PGIr, was employed in parallel as a
negative control for the growth response. Increasing concentrations of PGE2 were able to
significantly stimulate the SMC up take of [)HIuridine and ['HI thymidine (Figure 46A,B),
with a more abrupt concentration response observed in the DNA synthesis study. In
contrast, if PGEz was administered concurrently with 1ow dose FBS (1% v/v), a decrease
in the growth response was observed (Figure 46C). These data indicate that the growth
state of the SMCs is very important in detemining the response of the celIs to PGE2.
These findings were in agreement of the studies done by Owen (1 986) and the hypothesis
put forth by Schror & Weber (1997).

To verify that the SMC response to PGEl was due to a specific association with
PGE? receptors, Iigand binding was assessed (Figure 47). Unlabelled PGEz was used to
competc for [%~]PGE~.
This assay demonstrated that increasing concentrations of PGEz
resutted in increased numbers of PGEl molecules bound to the receptor (Figure 47).
Furthemore, cornpetition with a different PG species (eg. PGI,, PGFz,) did not decrease
PGE2 binding (data not shown). Additionally, a specific receptor antagonist for the EPI

rcccptor (SC5 1322) was uscd to dctcm~inewhcthcr the growth responsc of SMCs to

F I G U R E 46: Response of SMCs to Prostaglandin Er.

Quiescent SMCs were treated with prostaglandin E2 (F'GE2) or prostacyclin/prostaglandin

I2 (PG12) and the growth response monitored. The incorporation of

uridine (6 h

incubation) and [3HJthymidine (48 h incubation) into trichloroacetate-precipitable
material after addition of PGEr and PGIÎ (IO-'' to 105 M) was used as an indication of
RNA (A) or DNA (B) synthetic activity. (C) The incorporation of [31Xjthymidine (48 h

incubation) into trichloroacetate-precipitable material after addition 1 % (v/v) FBS and

PGE2 simultaneously over a concentration range (10-'O to IO-' M) was used as an
indication of DNA synthetic activity. The incorporation rate of untreated cells was set to
100%. The data are presented as the mean

+ SE of experiments conducted in triplkate.

These results were confirmed in three independent expenments using different SMC
isolations. In (C), cornparisons were made relative to FBS treated cells (*, p c 0.05) using
the Student's t-test.
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F I G U R E 47: Prostaglandin E2Specificity for its own Receptor During the Growth

Response
Labelled PGEz (O to 300 nM) was added to quiescent SMCs and subsequently incubated
at room temperature for 20 - 30 min. Non-specific ligand binding was assessed in a
parallel experiment in the presence of 1 0 - ~M unlabelled PGEt. Bound PGEz was then
plotted vs. concentration. The results were confirmed in three independent experiments.

PGE, (nM)

PGEl \vas riiediated by that rcceptor subtypc. RNA and DNA synthesis assays were uscd
to no nit or the rcsponse to PGE2 in the presence o f SC51322 which \vas administered to
the SMCs 1 O niiti prior to PGE2. Only the tiighest concentration o f SC5 1322 tested (10"

M) was able to dccrease PG E2-dependont RNA synthesis ( Figurc 48 A,B), suggesting that
this rcceptor subtype is not likely involvcd in the PGE2 growth response in SMCs.
The hfITT assay was used to confirrn that PGE? activated thc growth response o f
SMCs- FBS was used as a positive control for growth stimulation and other PG species

were used a s negative controls. Over 96 h, with assays conducted every 24 h, FBS
significantly increascd the conversion of MTT by SMC mitochondria (Figure 49A). PGE?
also stimulated increasing conversion of MTT, but to a lesser extent (Figure @A).
Neither PGIl nor PGF?, had a stiniulatory effcct, even after 96 h o f incubation. The one
limitation o f tl-ic MTT assay is that it cannot distinguish between hypertrophie and
hyperplastic g o w t h . As a result, cell number was also quantified by Coulter counting
after treatnient with PGEi (10" M) and FBS (10% v/v). The numbcr o f SMCs was only
increased significantly after 96 h incubation with PGEz compared to the increase seen at
48 h with the FBS stimuIation of SMCs (Figure 49B). The time framc o f the PGE2

responsc is siniilar to that obscrvcd for the MTT conversion assay.
Othcr paranictcrs o f cc11 growth wcrt? used to confimi t l ~ cfindings of the RNA
and DNA synthcsis cxpcrirncnts. inimunostaining of SMC rnonolaycrs trcated with PGE?
rcvcalcd incrcascd PCNA cxprcssion at 48 II (Figurc SOC). Intcrcstingly, not al1 PGEztrcated cclls c'cprcsscd PCNA, unlike thc data obtaincd aftcr administration o f FBS (10%
d v ) (Figurc 50B). Immunostaining for BrdU incorporation at 72 h rcvealcd a siniilar
distribution o f activatcd cclls betwccn PGE2-trcatcd and FBS-treatcd SMCs (Figure 50DF). Thcsc rcsiil~sconfirm that PGE, is capüblc o f cliciting a growth rcsponse in SMCs,
but also indicatc tliat only a s i ~ b s ofcclls
c~
arc rcsponsivc to tliis agent.

FIGURE 48: Involvement of a Specific Prostaglandin

Receptor Subtype in

Prostaglandin-mediated SMC Gmwth.
Quiescent SMCs were treated with PGEz (10" M) in the presence or absence of SC5 1322
(IO-' to 1od5M).The incorporation of [3~]uridine
(6 h incubation) and [3~thymidine
(48
h incubation) into trichloroacetate-precipitable rnaterial after addition of both agents was

used as an indication of RNA (A) or DNA (B) synthetic activity. The incorporation rate
of DMSO treated cells was set to 100%. The data are presented as the mean t SE of
experiments conducted in tnplicate. These results were corfiirmed in three independent
experirnents using different SMC isolations. Cornparisons were made relative to PGEz
treated SMCs using the Student's t-test (*, p < 0.05).
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F I G U R E 49: Response of SMCs ro Serum and Prostaglandins: Uypertrophic vs.

Hyperplastic Growth.
(A) Ce11 growth was measured using the MTT asaay as described in Materials and

Methods (section 4.3.3). The assay was conducted every 24 h over 4 days after addition
of senun (10% v/v FBS) or prostaglandins (PGE2, PGIz and PGF2,) (10'~ M) to quiescent
SMCs. The data are presented as the mean f SE of at least three separate experiments
conducted in trïplicate. (B) Ce11 number was assessed using a Coulter Counter. Quiescent
SMCs were stimulated with serum (10 % v/v FBS) or PGE2 (10'~ M), and ce11 number
quantified 48 h and 96 h after treatment as described in section 4.3.4. One of two
experiments is s h o w , both of which exhibited a similar response. Each data point was
counted in triplkate fiom samples prepared in duplicate. Cornpansons were made relative
to untreated cells using the Student's t-test (*, p c 0.05).
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FIGURE 50: Response of SMCs to Seruni and Prostaglandins: Other Growth
Paramefers.
(A to C ) Quiescent SMCs were treated with eithcr semm (10 % v/v FBS) or PGEz (10"

M) for 48 h. lmmunocytochernistry was used to monitor PCNA (proliferating ce11 nuclear
antigen) expression as described in section 4.7.3. (A) no treatment, (B) 48 h FBS
treatment and (C) 48 h PGE2 treatment. Representative micrographs are shown.
Magnification: 140x. @ to F) Quiescent SMCs were treated for 72 h with either serum

(10 % V/V FBS) or PGEZ(10'~ M). Before harvest, cells were pulse-labelled for 2 h with
50 p M BrdU. Imrnuno~ytoche~stry
was employed to visualize BrdU incorporation as
described in section 4.7.3. (D) no treatrnent; (E) 72 h FBS treatment and (F) 72 h PGE2
treatment. Representative rnicrographs are shown. Magnification: 140x. These results
were confirmed in two and three independent experiments, respectively, using different

SMC isolations, al1 of which exhibited similar patterns of response.

lmmediate early genes (eg. c-fos) are activatcd upon stimulation of cclls witli
growth promoting agents (Rivera & Greenberg 1990; Woodgett 1989). To derennine
whether PGEz could induce c--os gene expression, RT-PCR analysis of c-fos n1RNA
IeveIs was examined over a time course of 2 h, Addition of PGEz to SMCs resulted in a
rapid rise in c-fis mRNA levels that peaked at 30 min and returned to basal levels by 2 11
(Figure 51). These data support the contention that PGEl is a positive modulator of SMC
growth.
7.2.4.3 Activation of MAP kinase and p21-Ras by PGEz

Many intracellular signaling pathways are activated upon stimulation by growth
factors and tyrosine phosphorylation cascades are commonly involved (Ahn et cd. 1992).
As such, the tyrosine phosphorylation of proteins was exarnined after PGE2 ( 1 0 % l )
stimulation. Over a time course of 8 h, PGE2 was able to stiniulate the phosphorylation of
a variety of proteins, most noticeably' proteins of 125-, 85- and 42/44-kDa (Figure QA).
Moreover, imn~unocytochemistryrevealed that after 15 min of PGEz ( 1O-' M) treatment
there was an alteration of the pattern of tyrosine phosphorylated proteins with a p a t e r
number of membrane localized associations (Figure 52B,C). Sincc one of the tyrosine
phosphorylated bands obscrved in Figure 52A correIated with the niotecular mass of
MAP kinase, it was of interest to determine whetlier MAP kinasc was activated by PGE2.

Moreover, MAP kinase is one of the s i g n a h g molecules associatcd with growth evcnts
(Adan1 el ai- 1995; Cowley et ai. 1994; Force & Bonvcntre 1998; KhaIil & Morgan 1993;
Klcmke er al. 1997; Mansour et al, 1994; Nelson et ai. 19%). Witii an in gel M A P kinase
activity assay, it was obscrvcd that PGEz transiently stin-iulates MAP kinase ovcr a tinlc
coursc of 20 min, with pcak activation occurring bctwccn 5-10 niin (Figure 53A). A
parallcl study was conductcd using FBS as thc stiinulus, and a siiiiilar pattern of M A P
kinasc activation was obscrvcd (Figurc 53B), altliough thc niagtiitudc of activation was

FIGURE 51:R T-PCR Anaiysis of PGErmediated c-fos Gene Expression.
Quiescent SMCs were treated with PGE2 (1U6 M). RNA was extracted at 0, 15, 30, 60
and 120 min after PGE2 addition and c-fos mRNA leveIs monitored by RT-PCR. GAPDH
expression was assessed simultaneously and served to control for RNA loading.
Molecular mass markers ((pX174and DNA marker VI) were used to confïnn the size of
the PCR products. One representative agarose gel is shown. These results were
reproduced in three independent expenments using different SMC isolations. Appropriate
control reactions were run independently (refer to section 4.10.3).
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FIGURE 52 :Tyrosine Ph osphoryiution Stimuiated by Prostuglandin E2.
( A ) Quiescent SMCs were treated with PGEz (lod M) over a time course of 8 h, and

extracts prepared according to section 4.8.3. The samples were subjected to SDS/PAGE
and Western blot analysis with an antibody specific for phosphorylated tyrosine (PY20)
(diluted 1:1000). Proteins were visualized with the ECL cherniluminescent detection
systern- MolecuIar mass markers used to identiQ the proteins are shown. The results were
reproduced in three independent experiments using different SMC isolations.

0,C)

Quiescent SMCs were treated for PGEl (10-~M) for 15 min, and immunocytochemistry
was used to monitor SM a-actin (red) (diluted 1;400) and PY20 (green) (diluted 1: 100)
localization. (B) control SMCs with no treatrnent, (C) SMCs with PGE-1 treatment
Representative fluorescence micrographs are shown. Magnification: 122x.

.

FIGURE 53: Activation of lMAP Kinase by Prostagiundins and Serum.
M A P kinase activity was measured by activity gel assay over a 20 min penod after

treatment with PGE2 (10" M) (A) or serum (10% v/v FBS)(B). Specific phosphorylation
of myelin basic protein by p42MAPK
and p44MAPK
is shown. One of three independent
experiments (each employing a different SMC preparation) is presented, al1 of which
exhibited a similar response. (C) MAP kinase activity was measured by activity gel assay
in ce11 extracts prepared 6 min after stimulation with FBS (10% v/v), PGI2, PGF2, or

PGEz (106 M). Band intensity was detemiined by densitometry and the data plotted for
the 42-kDa band. Similar results were obtained in three independent experiments.
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more intense, Interestingly, other PG species tested with respect to MAP kinase
activation, PG12 and PGF2,, were also capable of stimulating MAP kinase activation
(Figure 53C), and yet neither of these PGs was capable of significantly increasing either

RNA or DNA synthesis (Figure 46 and data not shown). These data would suggest that
MAP kinase activation, although potentially linked to growth in the case of PGE2, does
not necessarily lead to growth. This is not surprising since activation of MAP kinase is
also required for other events, such as stress and contractility, that are independent of ce11
growth (Adam et al- 1995; Force & Bonventre 1998; Khalil & Morgan 1993; Klemke et

al. 1997; Nelson et al. 1998; Watts 1998).
As a result of the above data, it was necessary to deterrnine if the PGEz-stimulated

MAP kinase activation correlated with SMC g r o h . An inhibitor of MEK (MAP kinase
kinase), PD98059, was added to SMCs 10 min prior to PGE2 stimulation. PD98059 (10-~

M) decreased PGEz-mediated ce11 growth as measured by RNA and DNA synthesis
(Figure 54). These results confimi the supposition that MAP kinase activation is essential
for PGE2-mediated SMC growth.
-4 second mediator o f intracellular signaling that is relevant to growth of a variety

of ce11 types is p2l-Ras (Bos 1995; Maruta & Burgess 1994). This cytosolic GTP-binding
protein was also of interest considering the Iink to mono(ADP-ribosy1)ation. The
contribution of p2 1-Ras to SMC growth was defined by correlating p2 1-Ras activation,
specifically an increase in bound GTP, with mitogen stimulation. [3'~]~rthophosphate
labelled SMCs were stimulated with PGE2 ( 1 0 - ~M), PGIl ( 1 0 ~
M)~ and TxAl ( 1 0 - ~ M),
and celI lysates were immunoprecipitated with a specific antibody to Ras. The ratio of
GTP:GDP in the immunoprecipitates was calculated after TLC separation. The results of
this assay are prcsented in Table 3, and show that p21-Ras is not activated upon PGE2
stimulation, and neithcr is it activatcd by thc othcr prostanoids PGIî or TxAz. Thesc data

FIGURE 54: Inhibition of Cell Prolifration by the MEalinhibitor PD98059.
PGE2 (10" M)-stimulated RNA ([3~urïdine)and DNA ([3athymidine) synthesis were
rneasured in the presence of the MEK inhibitor PD98059 (1U6 M). Each data point
represents the mean f SE of at least three individual experirnents conducted in triplicate.
Values are presented relative to an untreated control which was set to 100%. These
results were confimed in two independent experirnents using different SMC isolations.

3

H-radiolabel nucleotide incorporation (% CO
ntrol)

TABLE 3: Modulation of p21-Ras Activity in SMCs by Prostaglarsdins.
p21-Ras activity was measured in quiescent SMCs cells afier PGE, ( l o 4 M),
PGI,, (10-~ M) and TxA, (10-~M) stimulation, and M B G (50 pM for 15 min)
pretreatment followed by PGE,

IO-^ M) stimulation.

Cellular phosphate pools were

treated for 15 min with prostaglandin and p2 1-Ras
labelled with [32~]orthophosphate,
bound GTP and GDP pools assessed by TLC anaIysis after imrnunoprecipitation as
described in section 4.9.5. Radiolabelled GTP and GDP were cut out fiom each lane and
quantified by liquid scintillation counting. Data fiom one independent experiment are
presented,

Treatment

Control

PGE,
TxA2

PGI,
MIBGf-PGE,

GDP

GTP

% GTP

indicate that p21-Ras rnay not be an important cornponent of PGEz-mediated SMC
growth,
7.2.4-4 Involvement of PI3-kinase in PGEr-dependent SMC growth

The final transducer of intracellular signaling that was exarnined in relation to
PGE2-mediated SMC growth was PI3-kinase. This enzyme has been established as an
- important component of AngII-mediated SMC growth (Saward & Zahradka 1997a).

Since PGs may be important rnediators of AngII-dependent ce11 growth (Saward 2000),
exploration of the PI3-kinase pathway was considered relevant. Furthemore, the
membrane receptor system for AnglI and PGs is similar (Le. G protein-coupled), and
both compounds are able to elicit ce11 growth responses in SMCs. In addition, PD-kinase
is an important cornponent of G protein-coupled receptor activation of MAP kinase
(Della Rocca et al. 1997; Force & Bonventre 1998; Lopez-Ilasaca et al. 1997). An
examination of the importance of this signal rnolecule was initiated by monitoring RNA
and DNA synthesis after a 10 min pretreatment of SMCs with specific inhibitors of PI3kinase, LY294002 (LY) and wortmannin (WM), followed by addition of PGE?. Both LY
and WM (IO-'' to IO-' M) inhibited RNA and DNA synthesis stimulated by PGEz, with
increasing concentrations of LY and WM having a significantly greater inhibitory effect
(Figure 55A,B). These data suggest that PI3-kinase is important for PGE-mediated SMC
growth.
To establish that PI3-kinase is indeed activated in SMCs by PGE2, PI3-kinase
assays were can-ied out, both in vivo and Nz vitro. The in vivo assay involved monitoring

of SMCs and subsequent stimulation with
PIP pools after [ " ~ ] o r t h o ~ h o s ~ h alabeling
te
PG compounds. A spectrum of PGs were assessed in this manner and included PGEz
( 1 0 ~M),
~ T A 2 ( 1 0 - ~ M), PGll (1 o

- M)
~ and PGF2,

(10" M). Al1 of the PGs tested were

capable of increasing PIP3 production compared to control, untreated cells extracts

FIGURE 55 :In volvement of Pl3-Kinase irt PGE~mediatedSMC Growth.
PGE2 ( 1 0 - ~M)-stimulated RNA (A) and DNA (B) synthesis was measured in îhe
presence of varying concentrations of the PI3-kinase inhibitors wortrnannin (WM) and
LY294002 (LY) (IO-'' to IO-' M). The incorporation of [ 3 ~ u r i d i n (6
e h incubation) and
[ 3 ~ t h y m i d i n (48
e h incubation) into tnchloroacetate-precipitable matenal after addition

of both agents was rneasured as descnbed in section 4.3.1. Values are presented relative
to maximal stimulation with PGE2 (set to 100%). The data are presented as the mean t

SE of experiments conducted in triplkate. These results were confirmed in three
independent experirnents using different SMC isolations.
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(Figure 56A). To assess the specificity of the P13-kinase response and to v e r i b that
wortmannin was indeed inhibiting PI3-kinase, the activation of P13-kinase by PGE-7 was
tested in the presence of wortmannin (Figure 56B). It was observed that wortmannin
inhibited PIP, generation induced by PGEz (Figure 56B). LY294002 had a sirnilar effect
(data not shoivn). An in vitro PI3-kinase assay was then employed to confimi the
activation of P13-kinase by PGs. In this assay the P13-kinase cornplex was
imrnunoprecipitated with a specific antibody to p85, the regulatory subunit of P13-kinase
and phosphorylation of PI and PIPî was identified by TLC. This experiment
dernonstrated that PGEr ( 1 0 - ~M), TxA2 (IO-' MM),and PGF2, (lod M) increased the
production of HP3 (Figure 57), albeit to different degrees, and that PGE2 (IO-" to 10" M)
increased the production of PIP3 with higher concentrations having the greatest effect
(Figure 5 8 ) . These data clearly established that PU-kinase is activated by PGE2.
The temporal and spatial positioning of PI3-kinase with respect to other signaling

molecules and endpoints activated by PGE2 in SMCs was evaluated with the PI3-kinase
inhibitors, LY294002 and wortmannin. Activation of MAP kinase by PGEr was
diminished by either LY294002 or wortmannin, indicating that PI3-kinase activation is
an event that occurs before MAP kinase (Figure 59). Furthemore, RT-PCR analysis of
c-fos mRNA levels revealed that both LY294002 and wortmannin abrogated PGE2mediated c-fos expression (Figure 60), suggesting that activation of P13-kinase is an
important step in the expression of early growth response genes. Overall, these data
confirm that PD-kinase is an important element in PGEz-mediatcd SMC growth.

7.2.5

Discussion

This study has demonstrated that PGEr has growth stimulatory effects in porcine
SMCs. PGE2 was chosen for study because it is released on stimulation or damage of

FIGURE 56: Activation of PI3-h'inase by ProstagIundins: In vivo Assny.
Phosphate pools in quiescent SMCs were labeiied with 200 pCi [32~]orthophosphatefor 4
h prior to stimulation for 15 min with various prostaglandins (PGE2, PG12, PGF2, at 1 0 - ~

M and TxA2 at IO-' M) and PGE2 t wortmannin (IO-' M). Phosphoinositides were
extracted fiom the cells and the phosphorylated forms of phosphoinositol were resolved

by thin layer chromatography (TLC) as described in Matenals and Methods (section
4.9.3). (A) A representative autoradiogram of a TLC plate is shown fiom an experïment
exarnining the effect of prostaglandins on P13-kinase activation. PP, PIfi and PIP3 are
indicated. These results were confirmed in three independent experiments. (B)
Densitometric analysis of an autoradiogram fiorn separate experiments employing PGEÎ

+: wortrnannin treatment was used to provide a graphical representation of PIP3
formation. One of hvo independent experirnents is shown, both of which exhibited a
sirnilar response,

Treatment

FIGURE 57: Activation of PI3-Kinase by Prostaglandins: In vitro Assay.
Analysis of PU-kinase activity in vitro foliowing imrnunoprecipitation. Lysates of SMCs
were prepared foilowing prostaglandin treatment and were irnmunoprecipitated with anti-

p8S antibody and assayed for PI3-kinase-dependent phosphorylation of PI and PIP2 as
described in Matenals and Methods (section 4.9.4). Treatrnents included PGEz (10" M),
PGFza ( 1 0 - ~M), PGIÎ

M) and TxAz (10'~M). (A) A representative autoradiogram of

a TLC plate is shown. Positions of PIP and P P 3 are indicated. These results were
confirmed in two independent experiments. (B) Graphical representation of PIP3
formation observed in (A) afier densitometric analysis of the autoradiogram.

FIGURE 58 :Activrrtion of P I 3 i n a s e by Prostuglundins: Conceiztration Effect of
Prostaglandin E2.
Analysis of PI3-kinase activity in vitro following immunoprecipitation. Lysates of SMCs
prepared following prostaglandin treatment were immunoprecipitated with anti-p8 5
antibody and assayed for PI3-kinase-dependent phosphorylation of PI and PIPZ as
described in Materials and Methods (section 4.9.4). Treatment was PGEz (10-l0 to 1 0 - ~

M)- (A) A representative autoradiogram of a TLC plate is shown. Positions of P P and

P P 3 are indicated. These results were c o n f i e d in two independent experirnents- (B)
Graphical representation of PIP3 formation observed in (A) afier densitometric analysis
of the autoradiogram.
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FIGURE 59: Effect of PI3-Kinase lnhibitors on PGErme&ated Activation of MAP
Kinase.

MAP kinase activity was measured by activity gel assay after 6 min of stimulation with

PGEz (10-~ M) and pnor pretreatrnent (10 min) with PU-kinase inhibitors wortmannin
(WM) (105 M) or LY294002 (LY) (10" M). (A) An example of the activity gel is shown
with the specific phosphorylation of rnyelin basic protein by p42MAPK
and p44MAPK

identified. (B) Band intensity was determined by densitometry and the data plotted for the
combination of 42- and 44-kDa bands. One of three independent experiments is presented
from different SMC isoIations, al1 of which exhibited the same response.

FIGURE 60: Effect of PI3-Kinase Inhibitors on PGEmediated Expression of c-fos.
(A) Quiescent SMCs were pretreated for 10 min with the PU-kinase inhibitor

wortmannin

(10" M) and subsequently treated with PGEr (IO" M) for 15 min.

RNA was extracted and c-fos gene expression assessed by RT-PCR. Molecular mass

markers (9x174 and DNA Marker VI) were used to confirm the size of the PCR
products. One representative agarose gel is shown. These results were confimed in two
independent experiments using different SMC isolations. (B) Band intensities h m a
separate experiment using the P13-kinase inhibitor LY294002 (LY) (105 M) were
quantified by densitometry and the data plotted to show the intensity of the c-fos band
relative to treatment. One of two independent expenments is shown, both of which
exhibited a similar response.

endothelial cells, vascular SMCs and tissue macrophages. and can accumulate during the
inflammatory responses that occur following injury to the vasculature (Kennedy et al.
1982; Leslie & Watkins 1985; Revtyak et al. 1987; Wendling & Harakal 199 1).
Furthemore, this Iaboratory and others have demonstrated that PGEz levels are increased
after stimulation of SMCs and other cells with AnpII (Ohnaka er al. 2000; unpublished
observations from Saward, Yau, Thomas & Zahradka; Saward et al. submitted) and

PDGF (Graves

el

al. 1996; Weksler 1987), both o f which have known migratory and

proliferative effects on SMCs, and both of which have been irnpficated in the formation
of a neointimal lesion after vascdar injury (Casterella & Teirstein 1999; Cercek et a!199 1; Liu et al- 1989; Wilson et al- 1999)Prostanoids are potentially important mediators of normal vascular healing or
abnormal vascular responses following vascular damage (i-e. neointimal thickening
following to balloon injury). Schror & Weber (1997) have postulated that some species of
PGs are bimodal in nature, having both the ability to stimulate SMCs to enter the ce11
cycle and divide in response to tissue injury in order to facilitate tissue repair, and the
ability to prevent uncontrolled growth of SMCs by interfering with the progression of
ceils through the ce11 cycle, especially in S phase. This hypothesis is certainly borne out
by the work of Owen (1986) who demonstrated tliat the effect of PGEl on SMCs is
dependent on the phase o f the ce11 cycle when it is added. In quiescent cells, PGEl
enhanced DNA synthesis, while in growing cells PGEi inhibited ce11 proliferation (DNA
synthesis). That particular study suggested that in growth-arrested SMCs (such as would
be found in the normal vasculature), PGEt may have the ability to stimulate DNA
synthesis (eg. during a possible repair procedure aftcr injury), whereas in growing
vascular SMCs (as would be secn under conditions of athcrosclcrotic plaque formation or
aftcr activation of SMCs by injury) PGEi can funciion as an inhibitor of DNA synthcsis.

The studies reported liere show PGE? also exhibits growth state-dependent effects on
SMCs, thus supporting and extending the hypothesis postulated by Schror & Weber
(1997). When PGE2 was added to SMCs primed with 1% FBS, PGE? was able to inhibit
the uptake of [3~]thymidine,an indicator of the rate of DNA synthesis (Figure 46C). In
contrast, PGEl added alone to quiescent SMCs stimulated RNA and DNA synthesis
(Figure 46A,B). To support the above finding related to DNA synthesis, PGEz was also
capable of stimulating PCNA expression, BrdU incorporation, increased c-fos mRNA
Levels and increases in ce11 number (Figures 49, 50, 51), al1 indications of cells
undergoing proliferation. However, only a subpopulation of SMCs appeared to respond
to PGE2 based on the observations from BrdU incorporation and PCNA iinmunostaining
(Figure 50). This would certainly account for the restricted mitogenic potential of PGE2
in cornparison to FBS (Figure 49). Whether the SMCs responsive to PGEz represents a
distinct subpopulation of SMCs remains to be determined. In Light of the contrasting
reports in the Iiterature concerning the mode ofregulation of SMC proliferation by PGs
of the E family, it is interesting to note that the majority who reported an inhibitory effect
employed PGEin in conjunction with a stirnuiator of growth (Fan et al. 1997; FIorio et al.

1994; Hayashi

el

al. 1992; Johnson et al. 1995; Loesberg et al. 1985; Nilsson & Olsson

1984), while those who saw a stimulatory effect, added PGE,,? aIone (Owen 1986;

Pasricha et ai. 1992). Only one publication has to this point examined SMCs in both
growth states (Owen 1986). Thus, although much of the work appears to be contradictory
and somewhat controversial, the findings observed here support evidence for a bimodal
effect by PG's of the E family that is dependent on SMC growth status. The relevance of

PGE2 to intimal lesion formation may therefore be two-fold: i ) during the course of
intimal Iesion formation, PGEz will act first to stimulate tissue rcpair, and ii) foliowing
activation of SMCs andor completion of rcpair, PGEz inhibits cell cycle re-cntry. Thus,

restenosis may occur in those individuals where PGEl does not inhibit SMC proliferation
and consequently a much thickened neointima will form, Alternatively, the bifunctional
effects o f PGEz could be the result of the differential expression and function of PGEz
receptors that may be found on populations and subpopulation of SMCs. This possibility
remains to be explored.

PGEz receptors belong to the class of G protein-coupled receptors, and 4 isotypes

(EPi4) have been identified. EP receptors mediate a wide range of biological actions
including contraction and relaxation of SMC, induction and inhibition of neurotransmitter
release and inhibition of inflarnmatory rnediator release. (Coleman et al. 1987; Coleman
et al- 1994). Each receptor subtype is associated with a particular cellular response and

the activation of unique signaling molecules and rnediators (Coleman et al, 1987;
Coleman et al. 1994). The EPr receptor is predominant in smooth muscle of the trachea,
gastrointestinal tract, uterus and bladder where it mediates smooth muscle contraction
(Coleman et al. 1987; Coleman et al. 1994). The EP2 receptor is more widespread and the
response more varied, however, in smooth musde it also mediates relaxation (Coleman el

al, 1987; Colenian et al. 1994). The most ubiquitous of the subtypes is the EP3 receptor
which is present in smooth muscIe of gastrointestinal, uterine and vascular ongin where it
mediates contraction (Coleman et al. 1987; Coleman et a1. 1994). EP4 receptors appear to
primarily have a vascular distribution (Coleman et al. 1987; Coleman et al. 1994;
Lawrence & Jones 1992; Lydford et al. 1996). The signaling pathways associated with
each of the receptor subtypes is vaned and includes: calcium, adenyIate cyclase
stimulation and CAMP generation (Coleman et al. 1994; Creese & Denborough 198 1;
Hardcastle et al. 1982; f umblatt & Paterson 199 1; Reirner et al. 1992; Sonnenburg &
Smith 1988). In this study, an EPI reccptor antagonist was used to asscss the specificity

OF the PGE2-mediatcd growtli responsc. This rcccptor antagonist was apparcntly

incapable of inhibiting PGEz-stimulated growth (Figure 48), implying that this receptor
subtype is not involved. Unfortunately, receptor antagonists for the other EP receptor
isotypes were either not available, or not specific at the time that these studies were
cam-ed out- The advent of newer generations of receptor antagonists and antibodies to the
receptors should heIp to dari@ this issueThe mechanism by which PGE2 exerts its biological effects is likely through the
activation of adenylate cyclase with elevation of cAMP IeveIs, as shown previously by
Owen (1986) for PGEi. Transient increases in cAMP are required to initiate ce11 cycle
(Franks et al. 1984), but increased CAMP during S phase has the opposite effect, thus
inhibiting DNA synthesis (Franks et al. 1984; Owen 1986). Although activation of
adenylate cyclase and Ievels of CAMP were not investigated in this study, the association

of this signaling molecule with PGE2 receptors (Coleman et al. 1994; HardcastIe

er ai.

1982; JumbIatt & faterson 199 1; Reirner el al. 1992; Sonnenburg & Smith l988), and the
dual nature of cAMP with respect to the ce11 cycle (much Iike PGE1j2), strongly suggests
that this may be the case. Interestingly, cAMP has been reported to inhibit SMC
proliferation in response to mitogenic stimulation (Giasson et al. 1997), and agents that
stimulate adenylate cyclase are therefore considered anti-proli feratives. However, unlike
skeletal myogenesis where the dual contribution of cAMP to cornmitment and
differentiation kas been clanfied (Ball et al. 1979; BaII & Sanwal 1980; Ball et al. 1980;
Kovala et al. 1994), more in depth studies will be required to similarly characterïze the
roIe of cAMP in SMCs and the relationship to different growth stimulating agents.
Mitogenic stimulation by growth factors (eg. PDGF and AngII) results in the
activation of signaling systems commonly associated with ce11 proli feration events. The
best characterized of these signaling pathways include the Ras/M AP kinase cascade and
PI3-kinase. MAP kinase is one component of a signaling pathway that encompasses a

multistep phosphorylation cascade responsible for transmiting cellular signals from ce11
surface receptors to specific targets in the nucleus (Seger & Krebs 1995). Interestingly,
MAP kinase lias been shown to be activated for smooth muscle contraction (Adam et al.

1995), ce11 differentiation (Traverse et al. 1992), ceIl attachment (Chen et al. 1994) and
protein synthesis (Servant et al. 19961, and also the inhibition of ce11 growth/proliferation
(Bornfeldt et al- 1997), depending on the ce11 type and ce11 status.

The studies reported here show that MAP kinase can be activated by PGEz
(Figure 53) which, in Our experïmental system, is required for ce11 proliferation as
demonstrated by use of the MEK inhibitor, PD98059 (Figure 54). This inhibitor has been
used in the past to specifically inhibit the MAP kinase response in other studies involving
prostanoids (Bornfeldt et al. 1997) and has been s h o w to inhibit proliferation and
reverse the transfonned phenotype induced by p21-Ras in specific ce11 lines (Dudley et

al. 1995). Interestingly, other PGs (Le. PG12, PGF?,) were also capable of eliciting an
increased MAP kinase activation even though these PGs did not enhance SMC growth.
This result is not surprising, however, since MAP kinase activation alone is insufficient
for the proliferative response (Gire et al. 2000; Gire et al. 1999; Myers et al. 1994~).

MAP kinase can be activated by both Ras-dependent and Ras-independent
pathways (de Vries-Smits et al. 1992; Thomas et al. 1992). Ras-dependent pathways
leading to MAP kinase activation are usually mediated via activation of tyrosine kinase
receptors (Egan et a/. 1993; Seger & Krebs 1995; Treisman 1995; Treisman 1996; Zhang

el al. 1993b). In contrast, Ras-independent pathways of MAP kinase activation are
usually associated with G protein-coupled receptors (Arai & Escobedo 1996; Hedin et alI999a; Ueda et al. 1996; van Biesen et al. 1996). In either case, tyrosine phosphorylation
cvents arc activatcd in rcsponsc to rcccptor Iigands that activatc MAP kinase pathways.
Thus, a rapid clcvation in tyrosine pliosphorylation in rcsponsc io PGE- is not surprising

(Figure 52). In contrast, tlie importance o f pZ1-Ras to PGEz-niediated ce11 proliferation
cannot be predictcd. Althougli intuitively PGE? should not be able to activate Ras since

PGE2 activares a G protein-coupled receptor, new evidence linking G protein-coupled
receptors to MAP kinasc niay indicate that this signal molecule (i-e. pZI-Ras) does
function in some ce11 types (Lopez-llasaca 1998; Luttrell et al. 1995; Sugden & Clerk
1997; van Biesen et al. 1995; Zou et al. 1998). In tliis study, it was found that Ras was
not activated by PGEz o r any of the other prostanoids (Table 3). in this case, PKAdependent Raf-1 activation is a plausible alternative (Wan & Huang 1998), as is PKC
activation of Raf-1 (Takeda el al 1999). However, neither Raf-1 nor PKC was explored
in these experirnents.
In addition to p21-Ras, PI3-kinase has also been linked to MAP kinase activation
by G protein-coupled receptors (Hawes et ui. 1996; Touhara et al. I995). PI3-kinase is a
heterodin-ieric protein composed of two subunits, p85 and pi 10, that catalyzes the
synthesis of 3-pliosphorylated phosphoinositides and is a key intermediate in receptormediated ce11 proliferation (Varticovski er al. 1994). The regulatory p85 subunit of P13kinase has no catalytic activity but is charsed with forming complexes witli activated
çrowth factor reccptors as well as signal pathway adaptor protcins such as IRS-1 and Shc
(Kapeller & Cantlcy 1994; Sun et al. 1993). The catalytic p 1 1 O subunit is translocated to
a membrane-associated fraction (KelIy & Rudeman 1993) and thus PI(3)P, P1(3,4)Pr and
PL(3,4,5)P3 are formed. Tliesc lipids subscquently servc as intem~ediatcsfor specific
downstream siçnaling evcnts tliat dctern~incthc ccllular rcsponse to panicular growtli
factors. One key targct for PI(3,4,5)P3 is PDK, a scrine/ttirconinc kinase that controls Akt
pl-iospliorylatioii. wliicli in turn, rcgulatcs p70S"" and tlius proicin syntlicsis.
Espcrirncntal con-ipounds tliat inhi bit PI3-kinase includc

LY294002 and

wortmannin (Powis el al. 1994; Sanclicz-Margalct cr al. 1994; Vlahos ci al. 1994; Yano

et al- 1995)- LY294002 exhibits greater specificity for Pi3-kinase (Sanchez-Margalet et

al. 1994; Vlahos et al. 1994; Yano et al. 1995), since wortmannin has also been shown to
have inhibitory effects on unrelated kinases such as myosin light c h a h kinase (Arcaro &
Wymann 1993) and phospholipases C , D and Az (Bonser et ai. 1991; Cross et al. 1995).
These compounds were therefore utilized in tliis study to determine not only the
specificity of the P13-kinase response to PGEz but also to determine the importance of
this signal molecule in PGEz-mediated SMC growth.
To evaluate the role of PU-kinase in PGErmediated SMC growth, inhibitors of
PI3-kinase were first tested in relation to their ability to inhibit the increase in DNA and

RNA synthesis rnediated by PGE2. Both LY294002 and wortrnannin were capable of
decreasing RNA and DNA synthesis in a concentration-dependent manner (Figure 5 3 ,
confirming the importance of PI3-kinase in the PGEz-mediated SMC growth effect. To
verify that these compounds were indeed inhibiting PI3-kinase, the activation of PI3kinase by PGEz was monitored in the presence of wortmannin (Figure 56B). The in vivo
assay, where [3z~]orthophosphate-iabelledlipid pools were separated by TLC analysis,
demonstrated that PGEl and other PGs were capable of increasing the PIP3 production
compared to control cells in SMCs (Figure 56A). Inclusion of wortmannin suggested that
these inhibitor cornpounds were inhibiting PI3-kinase (Figure 56B). In virro assays were
carried out to establish the specificity of the increased PIP3 production observed with the
in vivo assay relative to activation of PI3-kinase and demonstrated that PGEz was capable

of increasing the production of PIP3 above basal tevels in a concentration-dependent
manner (Figures 57, 58), and that other prostanoids were also capable of eliciting
increased PiP3 production, although in smaller quantities (Figure 57). These data suggest
that PI3-kinase is an important component of PGEz-mediatcd SMC growth.

PD-kinase has already been demonstrated to be an important component of
AngII-mediated SMC growth (Saward & Zahradka 1997a). It is also known to link other

G protein-coupled receptors to MAP kinase. T o determine whether P13-kinase operated
similarly in this particular ce11 system, the PU-kinase inhibitors were tested for their
ability to abrogate the activation of MAP kinase by PGE2. Addition of either LY294002
or wortmannin inhibited the activation of MAP kinase (Figure 59). The expression of cfos in response to PGEz was also prevented (Figure 60). These findings

the

placement of the PI3-kinase pathway before the MAP kinase pathway (Lopez-Ilasaca
1998; Luttrell er al. 1997; Sugden & Clerk 1997; Zou el al. 1998) and also confimi the
importance of this pathway in regulating cellular growth, since activation of c-/os is
considered a hallmark of ce11 proliferation (Rivera & Greenberg 1990; Woodgett 1989).
Interestingly, based on the lack of p2 1-Ras activation by PGE2, the signal molecule that
links P13-kinase to MAP kinase may be an isoform of PKC (Takeda et a[. 1999).
In conclusion, this study demonstrates that PGEz is a positive modulator of SMC
growth, since it can stimulate not only RNA and DNA synthesis, but other markers of
ce11 growth and proliferation, such as PCNA expression, BrdU incorporation and
expression of c'fis mRNA. Moreover, PGEz positively modulates intracellular signaling
pathways associated with ce11 growth including MAP kinase and PI3-kinase. These
studies also suggest that P13-kinase is activated by PGE2 pnor to MAP kinase activation,
but that the activation of MAP kinase is via a Ras-independent mechanism, possibly via
PKA or PKC (Takeda et al. 1999; Wan & Huang 1998). This might suggest an
alternative regulatory pathway for linking PI3-kinase to MAP kinase, and it would be
interesting to investigate the potential for differential involvement of adenylate cyclase
and CAMP Icvels, cspecially in rclation to the dual role for PGE?, both as a stimulator and
inhibitor of SMC growth.

7.3

ADP-ribosylation and SMC proliferation

7.3.1

Background/rationale
The role of ADP-ribosylation in reguIating ce11 differentiation and growth is

becoming increasingly more apparent (Grainger et al. 1992; Kharadia et al. 1992; Miwa
& Sugimura 1990; Thyberg et al. 1995b). For exarnple, as described in previous chapters

(chapters 5 and 6 ) , ADP-ribosylation reactions are involved in differentiation of skeletal
myoblasts into myotubes and the proliferation of H4IIE cells. ADP-ribosylation rnay also
be involved in tumour ceIl growth, since MIBG, a specific inhibitor of arg-mART, is
capable of inhibiting neuroblastoma tumour progression and metastases (Kuin et al.
1999; Smets et al. 1988b; Taal et al, 1996). Furthemore, a Iink between ADPribosylation reactions and SMC growth and differentiation has been documented by
Thyberg et al. (1995b) and Grainger et al. (1992) who showed that inhibitors of ADPribosylation inhibit the proliferation (andior phenotypic modulation) of rat (and human)
SMCs.
The participtation of SMCs in the formation of a neointimal lesion after vascular
injury is clearly established (Davies & Hagen 1994; Ellis & Muller 1992; Liu et al. 1989;
Schwartz et al. 1995a; Schwartz & Ross 1984). The SMCs located in these vascular
lesions express a modulated phenotype compared to the SMCs in the media of the normal
vesse1 wall (Owens 1995; Schwartz et al. 1986). However, phenotypic modulation is
fully reversible both in vifro and in vivo under the appropriate conditions (Kocher et al.
199 1; Owens 1995; Thyberg 1998; Thyberg et al. 1997). Considering the possible
participation of ADP-ribosylation in the control of ceIl differentiation and growth, a
contribution to the modulation of SMC differentiation status may be postulated. This has
a1ready been indicated by the findings of Thyberg et al. (1995b). Thus, an examination of
ADP-ribosylation in thc regulation of SMC growth was carried out in a primary SMC

culture system with MIBG. The activation of arg-mART was also examined in SMCs
after treatment with two growth stimulatory molecules, AngII and PGE2-

7.3.2

Specific Aims
1- To determine if arg-mART activity is increased following growth factorstimulation of SMCs by AnglI and PGE22. To assess the efficacy of the mono(ADP-ribosy1)ation inhibitor, MIBG, to

inhibit SMC proliferation.

7.3.3

Experimental Design

Primary cultures of porcine SMCs will be utilized for al1 experiments after 5 days
in serum-free supplemented D-MEM. To assess the participation of arg-rnART in SMC
growth and proliferation, mitogenic activation of mART will be measured in both
cytosolic and microsomal extracts of AngII- and PGE2-stirnulated SMCs. Subsequently,
the contribution of arg-mART to SMC growth and proliferation will be assessed with

MIBG, an inhibitor of arg-mART. Specifically, RNA and DNA synthesis and ce11
nurnber will be monitored after growth factor stimulation of SMCs. The precursor analog,
MIBA, will be included in the majority of these assays. Finally, specific assays will be
used to ascertain the role of rnitochondria in the cytostatic actions of MIBG.

7.3.4

Results

7.3.4.1 Activation of an arg-mART in porcine SMCs

To detemine if ADP-ribosylation events are responsive to growth factor
treatment of SMCs, arg-mART activity was measured in extracts from SMCs that had
been treated with AngII (10" M). I t was observed that a cytosolic arg-mART activity was

transiently increased, exhibiting a peak at 15 min. In contrast, only a minimal increase in
rnicrosomal arg-mART activity was detected (Figure 61A). Although this appears to be
the converse of the findings with H4IIE cells, it is possible that the arg-mART activity
that is stimulated in SMCs arises €rom a different intracellular source, or that the argmART activity observed with AngII is specific to AngII activation only. On the other
hand, when stimulation of SMCs by AngII and PGEr was compared, it was found that
AngII provoked a much Iarger arg-mART activation in both cytosolic and microsomal
fractions when compared to PGEz (Figure 6 1B), but that the degree of stimulation in both
fractions was equivalent. Interestingly, although the overall magnitude of the arg-mART
activity stimulated by PGE2 was smaller than with AngII, the microsomal fraction
dernonstrated a stronger activation than the cytosolic fraction (Figure 6 1B). These data
indicate that arg-mART is activated in response to AngII and PGE?, and suggests the
possibility that specific growth factors have a defined but distinct arg-mART response.

7.3.4-2 Effect of MIBG on SMC proliferation/growth
Frorn the previous sections, it was evident that SMCs are responsive to mitogens
(eg. AngII, FBS and PGEù, and that two of these compounds, AngII and PGEz can
activate arg-mART. Based on these findings and those from chapter 5 , it was postulated
that growth factor stimulation of SMC arg-mART rnight be invoIved in the signaling
andor activation of SMC growth. Therefore, the arg-mART inhibitor, MIBG, was used
to Further define this relationship, and to confirm mART participation in SMC growth
and proliferation. Increased SMC growth was monitored via incorporation of

lurid ri di ne

and [ ) ~ ] t h ~ m i d i nSMCs
e.
were pretreated with MIBG for LO min prior to addition of the
growth stirnulating agents (2% v/v FBS,

IO-^ M AngII or 1 0 - ~M PGE2).

MIBG (2.5 to 50

PM) inhibitcd both RNA and DNA synthesis in AngII-stimulatcd

SMCs in a

concentration-dcpcndcnt manner (Figurc 62A,%). Similarly, MIBG inhibitcd both RNA

FIGURE 61:Activation of Mono(ADP-ribosyl)haiisferase by Angioterisin II and
Prostagïandi11E2.
Quiescent SMCs were treated with angiotensin II (AngII) (10" M) or PGEz ( 1 0 M)
~ ~ over
120 min and subcellular fiactions prepared as described in Materials and Methods

(section 4.8.4) at the specified times. (A) Microsomal (membrane) and cytosolic (cytosol)
fiactions of AngII-sthulated SMCs were assayed for arg-mART activity as described in
Matenals and Methods (section 4.9.8). Polyarginine (2 mg/mL) was used as the acceptor
protein for the assay. One of two independent experiments is s h o w , both of which
exhibited a similar response. (ES) An in vitro mono(ADP-ribosy1)ation assay was camed
out using both the rnicrosomal (membrane) and cytosolic (cytosol) fractions, and the
changes in arg-mART activity compared in AngII-treated (30 miri stimulation), PGE2treated (30 min stimulation) and untreated cells. Polyarginine (2 mg/rnL) was used as the
acceptor protein for the assay. Untreated ce11 activity was set to 1.O. Data represent one of
two independent experiments, both of which exhibited a similar response.
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FIGURE 62: Sensitivity of Mitogert-stimulated SMC Growth to MZï?3G.
Quiescent SMCs were pretreated with MIBG (2.5 to 50 FM) for 10 min prior to addition
of angiotensin II (AngII) (106 M) (A, B) or s e m (2% v/v FBS) (C, D). The
incorporation of [3auridine (6 h incubation) or [3Kjthyrnidine (48 h incubation) into

trichloroacetate-precipitable material after addition of AngII and FBS was used as an
indication of RNA (A, C) and DNA (B, D), respectively. The incorporation rate of
untreated cells uras set to 100%. The data are presented as the mean

+ SE of at least three

separate experiments conducted in triplicate using different SMC isolations. Cornparisons
were made relative to growth factor treated SMCs with the Student's t-test (*, p c 0.05).

and DNA synthesis in FBS-stimulated SMCs (Figure 62C,D), although the response was
not retumed to basal levels as seen with the h g 1 1 (Figure 62A,B). This is likely due to
the magnitude of the SMC growth response elicited by FBS as a result of the multiple
growth stimulating agents present in FBS. When MIBG was tested with PGE7-stimulated
SMCs, MLBG (2.5 to 50 PM) decreased both RNA and DNA synthesis in a
concentration-dependent manner (Figure 63A,B), and the inhibition was comparable to
that seen with AngII (Figure 62A,B). Moreover, MIBG inhibition of DNA synthesis was
also observed in human SMCs stimulated with FBS (data not shown). To confirm the
specificity of MIBG, the actions of MIBA (2.5 to 50 FM) were a1so tested in FBS-treated
SMCs. MIBA was ineffective at inhibiting FBS-mediated stimulation of DNA synthesis
(Figure 64), even at the highest concentration.
Ce11 number was quantified to determine if MIBG (20 yM) prevented the increase
in SMC ce11 number induced by FBS addition. FBS (2% v/v) essentially doubled ce11
nurnber over a 72 h period (Figure 65). This increase in ceil number was only modestly
inhibited by MIBG (20 FM), and not at al1 by the anaiog, MIBA (20 PM) (Figure 65).
MIBG and MIBA treatment of SMCs in the absence of mitogen did not aitcr ce11 number
relative to untreated control SMCs. These data suggest that MIBG iohibits SMC
proliferation. The small degree of inhibition obsewed in this experiment may be due to
the concentration of MIBG (20 PM) used in the study relative to the strength of the
mitogen being used (Le. FBÇ vs. a single mitogen such as AngII). Furthemore, because
the treatment of SMCs with MIBG or MIBA alone did not decrease thc ceil number, as
was obscrved with H4tIE cells (chapter 5 ) , it is possible that MIBG is less toxic to SMCs.
Cytotoxicity studies werc thcrefore conducted to assess this parameter.

FIGURE 63 :Sensitivity of Prostaglandin E~mediatedCell Growth in SMCs to MIBG.
Quiescent SMCs were pretreated with MIBG (2.5 to 50 pM) for 10 min pnor to addition

of prostaglandin E2 (PGE2) (lod M). The incorporation of

lu lu ri di ne (6 h incubation) or

[3~]thymidine(48 h incubation) into trichloroacetate-precipitable material after addition
of PGE2 was used as an indication of RNA (A) and DNA (B) synthetic activity,
respectively. The incorporation rate of untreated cells was set to 100 %. The data are
presented as the mean

+ SE of at least three separate experirnents conducted in triplicate

using different SMC isolations.

MlBG (FM)

F I G U R E 64: Sensitivity of Serum-mediated Ce11 Growth in SMCs to MIBA.
Quiescent SMCs were pretreated with MIBA (2.5 to 50 pA4) for 10 min prior to addition
of semm (2% v/v FBS). The incorporation of [3~thymidine(48 h incubation) into

trichloroacetate-precipitable material afier addition of FBS was used as an indication of
DNA synthetic activity. The incorporation rate of serurn-treated cells was set to 100%.

The data are presented as the mean

+ SE of three separate experiments conducted in

triplicate using different SMC isolations.
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FIGURE 65: Effect of MilBG and MTBA on Serum-stimulated SMC Proliferation.
Quiescent SMCs were pretreated with MBG or MIBA (20 PM) for 10 min prior to
addition of senun (2% v/v FBS). The cells were incubated for 72 h and the ce11 number
quantified using a Coulter Counter. Similar results were obtained in two independent
experiments. Each data point was counted in triplicate fiom samples prepared in
duplicate. Data is presented as rnean f SE. Cornparisons were made relative to serumtreated cells with the Student's t-test (*, p < 0.05).
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7.3.4.3 Cytotoxic effects of MIBG on SMCs
As observed in chapter 5, H4IIE cells are quite sensitive io the addition of MIBG.

On the other hand, L6 skeletal rnyoblasts, as observed in chapter 6, are not adversely
affected by MIBG- Studies of SMCs (Figure 65) suggest that the sensitivity of SMCs to

MIBG has greater similarity to myoblasts than hepatomas. An MTT assay that assesses
mitochondrîal function was used to obtain information regarding the cellular toxicity of

MIBG, Over a concentration range frorn O to 100 PM, MEBG, even after 73 h, did not
appreciably decrease MTT conversion in quiescent SMCs (Figure 66). Tliese data wouId
suggest that MIBG is not toxic to SMCs, which is in marked contrast to the results with

H 4 I E cells. Moreover, a comparison of the effect of MIBA and MIBG (O to 500 FM) on

SMC morphology, afier incubation with the compounds for 72 h, dernonstrated that onIy
at the highest concentration was MIBG toxic (Le. 500 PM) (Figure 67). Only in panel 1
was it observed that SMCs had rounded up and lifted off the plate. At the concentration
that effectively inhibited DNA and RNA synthesis and differentiation in the previous
studies (50 PM), no change in ce11 morphology was observed. MIBA did oot appear to
exert toxic effects at any of the concentrations tested (Figure 67). Tlierefore, SMCs may
resernbIe L6 skeletal myoblast cells in their sensitivity and response to MiBG.

7.3.5 Discussion
The results of this study indicate that an arg-mART is activated upon stimulation
o f SMCs with growth factors such as AnglI and PGE?, and that MIBG, a specific
inhibitor of arg-mART activity, is capable of inhibiting SMC growth and prolifcration
resulting frorn growth factor stimulation. These findings would thereforc suggest that an
ADP-ribosylation event is important for SMC pro1iferation and that inhibition of this
cnzymc prcvcnts growth. Thcsc findings imply that an arg-mART is important for thc

FIGURE 66: Effect of lWBG on Quiescent SMCs. MTT Assay as a Measure of CeCl
Cytotoxicity.

Quiescent SMCs were treated with MIBG (O to 100 j
M
)
for 72 h. MTT was then added
for 4 h, and colour intensity quantified at ODSso.The data are presented as the mean + SE
of three separate experiments conducted in quadruplicate using different SMC isolations.
Cornparisons were made relative to control (O) using Student's t-test (*, p c 0.05).
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FIGURE 67: Effect of M B G and MTBA on the MorphoCogy of Quisecent SMCs.
Quiescent SMCs were treated with MIBG or MIBA (O to 500 pMJ for 72 h.
Photomicrographs were used to record ce11 morphology. Representative micrographs are
shown for untreated SMCs. Specific treatments are: control (A), 50 ph4 MIBA (B) and

MIBG (C), 100 p M MIBA @) and MBG (E), 200 pM MIBA (F) and MIBG (G), and
500 p M MIBA (H) and MIBG (0. Magnification: 128x.

transduction o f signais that regulate ce11 proliferation, MTT and cytotoxicity experiments
eliminated the possibility that the inhibitory actions of MIBG were mediated by a general
effect on mitochondrial activity. Furthem~ore,MIBG was not toxic to SMCs as seen with
the H4IIE cells, thus showing greater similarity to myoblasts.
Thyberg et al. (1995b) demonstrated that inhibitors o f ADP-ribosylation were
able to suppress the phenotypic modulation and the proliferation o f SMCs isolated from
rat aorta. Their studies detail that two different inhibitors of ADP-rïbosylation events,
HMBA (hexamethylenebisacetamide, a PARP inhibitor) and MIBG (arg-mART

inhibitor) could inhibit the transition of rat aortic SMCs from a contractile to a synthetic
phenotype (Thyberg et al. 1995b). Wowever, these cornpounds were not able to stimulate
a return from the synthetic to a contractile phenotype. Nevertheless, both compounds

were capable o f inhibiting ce11 proliferation in a reversible rnanner independent o f the
status of the tells (Le, independent o f phenotypic state at start of treatment). Studies to
establish whether an ADP-ribosylation enzyme was activated in any o f these ce11 States,
however, were not pursued. The results reported here expand upon and extend the
findings o f Thyberg et al. (1995b) by establishing that an ADP-ribosylation activity is
stimulated in response to growth factor treatment. in this study, both AngIZ and PGEz
were able to incrcase the activity of an arg-mART differentially depending on the ce11
fraction in which the activity was being rneasured (Figure 61). AngIl significantly
increased the activity of a cytosolic arg-mART within 15 min, while only modestly
increasing the activity of a microsomal arg-mART (Figure 6 1 A). Whcn the arg-mART
activity was mcasurcd foIlowing a 30 min stinlulation with eithcr AngII or PGE?, it was
observcd that AnçII activatcd both cytosolic and microsomal arg-mARTs equivalently,
whereas with PGE-, thc microsomal arg-mART activity was grcatcr than thc cytosolic
activity (Figurc 61B)- The magnitudc of responsc bctwccn AngII and PGEz was also

different with AngH eliciting a larger arg-mART activation. Based on these resuIts, it
may be possible to suggest that specific growth stimulating agents operate through
distinct arg-mART enzymes. The number of responsive cells and the magnitude of the
response may govem the final effect of the growth factor. For example, it is possible that
a growth factor that elicits a hyperplastic growth response requires the activation of both
a cytosolic and microsomal arg-rnART, whereas a growth factor that elicits a
hypertrophic growth rnay response rnay only require the activation of a microsoma1 arg-

mART, o r vice versa, It is also possible that the arg-mARTs that have been activated are
specific to a cellular event (Le. proliferation vs. migration vs. contractility). Regardless,
although a specific divergence of signaling pathways between the hypertrophic and
hyperplastic growth response has not been identified in SMCs, the dependency of the
system on the activation of both systerns could be postulated. Furthemore, it is more than
likely that if several arg-mARTs were activated as part o f the ce11 proliferative response,

MIBG could inhibit one or al1 of the steps.
To confimi that an ADP-ribosylation reaction was involved in the growth of
SMCs, the arg-mART inhibitor MIBG was tested for its ability to inhibit RNA and DNA
synthesis and increases in ce11 number (Figures 62, 63, 65). MIBG completely inhibited
the ce11 growth response of SMCs to AngII and PGEz as measured by [3~]thymidineand

uri uridine

incorporation studies (Figures 62, 63), while only partially inhibiting the

SMC proliferative response to serum (2% v/v FBS) (Figures 62, 65). This is not
surprising since the strength of the mitogens is quite different. FBS, which contains
multiple growth factors is likely able to stimulate more than one pathway that results in
the initiation of ceIl proliferation. In contrast, both Angll and PGEz likely elicit a
response throuçh a single pathway. Furthcrmorc, FBS is capable of stimulating a much
Iargcr prolifcrativc responsc than AnglI and PGE?, prcsumably by stimulating a grcatcr

percentage of the cell population (Figure 42, 50). The precursor analog of MIBG, MIBA,
was also found unable to inhibit either RNA or DNA synthesis (Figure 64). What was
interesting about this result is the irnptication that the decrease in RNA and DNA
synthesis caused by MIBG was not due to inhibition of mitochondnal respiration. This
conclusion is possible since it has been demonstrated that MIBA can inhibit
mitochondrial respiration, although to a lesser extent than MIBG (Srnets el al. 1988b;
Van den Berg er al. 1997). Furthemore, the lack of inhibition of ce11 growth by MIBA
indicates the importance of the guanidino group of MIBG and strengthens the premise
that MIBG operates by inhibiting arg-mART by acting as a decoy substrate.
Neither MIBG or MIBA affected the basal ce11 number at a concentration of 20
pM and only MIBG was able to prevent the increase in ce11 number observed with FBS

(2% vlv) treatrnent after 72 h treatment (Figure 65). This would suggest that MIBG is not
cytotoxic to SMCs at this concentration for that penod of time, contrasting markedly with

H41IE cells where cytotoxic effects on ce11 number were observed at this concentration
(Figure 24). Interestingly, the MTT conversion assay also indicated that MIBG was not
affecting the rnitochondna of SMCs adversely (Figure 66). Photomicrograp hs of the cells
after 72 h of treatment with MIBG or MIBA (over a large concentration range (O to 500

PM)) also support the conclusion that MIBG is not cytotoxic to SMCs (Figure 67). Thus,
SMCs, unlike H4IIE but more similar to L6 skeletal myoblasts, are more tolerant of
.MIBG treatment (MIBA is not as toxic either). This could be linked to a number of
factors including: i) the number of mitochondria that are present within each ce11 type, ii)
the transporters prescnt in the ce11 membrane that influence uptake of MIBG, and iii) the

origin of the ce11 typç (Le- epitlielial vs. mesenchymal). Thus, MIBG may be functioning
as a cytostatic agent, serving to remove SMCs from the ceIl cycIe, rather than being
cytotoxic. The work of Thyberg et al. (1995b) would confimi and support thcse findinçs,

since it was reported that MIBG (at twice the concentration used in this study) was able
to reversibly inhibit ce11 proliferation. However, they afso suggested that MiBG interferes
with a process that occurs late in the ce11 cycle, since MIBG was effective even when
added 8 h following treatment, and MIBG had no effect on the expression o f early growth
response genes such as c-fos, c-jtrrz and c-nrycIn conclusion, these studies indicate that growth factors such as AngII and PGEî
can induce arg-mART activity, and that MIBG, a known inhibitor of arg-mART
(Loesberg et al. 1990b; Smets et al. 1990b) inhibits SMC growth. From these
observations, the assurnption can be made that MIBG is inhibiting SMC proliferation by
preventing activation of an mg-rnART. However, since the specific effects of MIBG
toxicity are not clearly established, and appears to be dependent on ceII type, a definitive
Iink to ADP-ribosylation cannot been demonstrated. That MIBG inhibits SMC
proliferation is not in doubt, however, the Lack of a definitive mechanism for the
inhibition of ce11 growth and proliferation is still troubling. In most cellular systems,
other than suggesting that an ADP-ribosylation event rnay be involved, the exact spatial
and temporal location at which MIBG may be working to inhibit ce11 proliferation has not
been clarified and is presently not known. In an attempt to address this issue, the effect of
MIBG on the activation of a variety of signaling rnoiecules known to be invoIved in ce11
proliferative processes was deterrnined.

7.4

Moduiation of intracellular signaling pathways by MIBG

7.4.1

Background/rationale

Mitogenic stimulation is dependent on tl-ic activation of numerous molecules that
transmit signals from a ce11 surfacc receptor to the nuclcus of the ccll. Signaling
intermediates critical for ceIl proliferation includc MAP kinase (Adam ct al. 1995; Ahn el

al. 1992; Force & Bonventre 1998; Khalil & Morgan 1993; Klemke et al. 1997; Nelson
et al. 1998), p21-Ras (Bos 1995) and PI3-kinase (Varticovski et ai. 1994). The

expression OF early growth response genes is also essential for the initiation and
maintenance of ce11 growth processes. Thus, since it has already been established that
growth-stimulating agents such as PGEr can activate these signaling systems and that

MIBG inhibits the proliferation of PGEz-stimulated SMCs, the impact of MIBG on early
growth signaling was investigated.

7.4.2

Specific Aims
1. To examine the effect of MIBG on MAP kinase activation,

2. To examine the effect of MIBG on p2 1-Ras activation.

3. To examine the effect of MIBG on PI3-kinase activation.
4. To examine the effect of MIBG on c-fos gene expression.

7.4.3

Experimentd design

Primary cultures OF quiescent porcine SMCs were pretreated with MIBG for 10
min pnor to addition of PGE2. SMCs were harvested for the evaluation of the specific
signaling elements. An in gel MAP kinase activity assay was used to determine the effect

of MIBG on MAP kinase activation. GTP binding to p2 1-Ras was measured to define the
effect oFMIBG on p21-Ras activation state. The effect of MIBG on PI3-kinase activation
and formation of PIPs Iipid intemediates was a k o assessed. As weII, the effect of MIBG
on c-fos gene expression was determined. Each of these investigations allows not only a
prospective spatial and temporal placement for the inhibition by MIBG, but may also
reveal a spatial and temporal placement for arg-mART reactions rcquired for SMC
growth and proliferation.

7.4-4 Results
7.4.4.1 Effect of MIBG on MAP kinase activation
As demonstrated in Figure 53, MAP kinase is activated by a vanety of growth

factors, inchding FBS and PGE2. To determine if the ce11 growth inhibitory effect of
MIBG is due to inhibition of MAP kinase activation, MIBG (50 pM) was added to SMCs
10 min pnor to growth factor stimulation. It was observed that MIBG was not able to
abrogate the MAP kinase response activated by PGE2 ( 1 0 - ~M) (Figure 68A).
Densitometric anaIysis of a separate experiment confimed thr finding that LMIBGdid not
inhibit the MAP kinase activation (Figure 68B). These data demonstrate that MIBG does
not affect this critical ce11 growth pathway and fûrther indicates that an arg-mART does
not participate in the activation cf MAP kinase. Similar results were obtained with H4IIE
celIs in chapter 5.
7.4.4.2 Effect of MIBG on p21-Ras activation
As demonstrated previously (Table 3), p21-Ras is not activated by PGE2.

However, the effect of MIBG on this process was still examined in case MIBG treatment
would activate or potentiate p21-Ras activity. In other words, mART activation could
function as a negative reguIator of p2l-Ras. Addition of MIBG (50 PM) 10 min prior to
PGE2 ( 1 0 - ~M) addition revealed that MIBG did not influence p21-Ras stimulation (Table

3). These findings indicate that MIBG does not affect p21-Ras activity and that a mART
does not serve as a negative regulator of this enzyme.
7.4.4.3 Effect of MIBG on PI3-kinase activation
As established in Figures 56 to 58, PI3-kinasc is activated by PGE2. Pretreatment

of SMCs with MIBG (50 FM) for 10 min, did not inhibit P13-kinase-dependent formation
of PIP, stirnulated by PGEz (10~' M), as dctermined by an in vivo P13-kinase assay
(Figure 69A,B). Thcsc findings demonstratc that MIBG docs not inhibit PI3-kinase

FIGURE 68: Effecr of MIBG on Prostaglandin E?stimuiated MilP Kinase Activation.
(A) MAP kinase activiîy was measured by activity gel assay over 20 min afier treatrnent

with PGEz (106 M). Cells were pretreated with MIBG (50 j
M
)
for 10 min prior to PGEz

stimulation. Specific phosphorylation of myelin basic protein by ~

1

4and2

~

~ is

shown. One of three independent experiments with different SMC isolations is presented,
al1 of which exhibited the sarne response. (B) MAP kinase activity was measued by
activity gel assay after 6 min of PGEî (10" M) stimulation. Cells were pretreated with

MIBG (50 PM) 10 min pnor to PGE2 addition. Band intensities were determined by
densitometry and the data plotted for the 42-kDa band. Data are representative of one of
three independent experiments with different SMC isolations, al1 of which exhibited a
similar response.
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FIGURE 69: Effect of MIBG on PI3-Kinase Activation in Prostaglandin Eptreated
SMCs.
Phosphate pools in quiescent SMCs were labelled with 200 pCi [32~]orthophosphatefor 4
h pnor to treatment with MIBG (50 pM) for 10 min followed by addition of PGEz (10'~

M) or TxAz (IO-' M) for 15 min. Phosphoinositides were extracted from the cells and the
phosphorylated forms of phosphoinositol were resolved by thin layer chromatography

(TLC) as descnbed in Materials and Methods (section 4.9.3). (A) A representative
autoradiogram of a TLC plate is shown. PIP, P P 2 and P P 3 are indicated. These results
were confïrmed in two independent experiments. (B) Graphical representation of PIP3
formation observed in (A) after densitometric analysis of the autoradiogram.

cOrigin

directly or any process leading to PI3-kinase activation and that a rnART does not
participate to regulate this s i g n a h g molecule.
7.4.4.4 Effect of MIBG on c-fos gene expression

As demonstrated in Figure 51, c-fos mRNA levels are transiently increased by
treatment with PGE2- Pretreatment of SMCs with MIBG (50 PM) for 10 min inhibited the
increase in c-fos mRNA levels observed in response to PGEr ( 1 0 - ~M) (Figure 70A).
Densitometric analysis of a separate experiment confirmed the finding that MLBG
treatrnent inhibited PGEr-dependent c-fos gene expression (Figure 70B). This observation
indicates that a step required for induction of c-fos gene transcription is sensitive to

MLBG treatment and rnay involve regulation by a mART. Although the results presented
in this section suggest that MIBG operates after MAP kinase, p21-Ras and PI3-kinase,
but before the activation of c-fus gene expression, the results may also indicate that

MIBG affects a parallel and independent pathway.

7.4.5

Discussion

The results of this section suggest that MIBG does not have an effect on s i g n a h g
processes that lead to MAP kinase in SMCs (Figures 68, 69), simiIar to that which was
observed with H4IIE cells in chapter 5. This would indicate that MIBG is not having an
effect on either the PGEz receptor or the G protein to which it is coupled, and also not the
downstream effectors that iead to MAP kinase. Activation of MAP kinase pathways by G
protein-coupled receptors progresses through tyrosine phosphorylated intermediates (Le.
PI3-kinase) which subsequently activate MAP kinase through Ras-dependent or Rasindependent rnechanisms (Ami & Escobedo 1996; de Vries-Smits et al. 1992; Egan et a!.
1993; Hedin et ai. 1999b; Seger & Krebs 1995; Thomas et al. 1992; Treisman 1995;

Treisman 1996; Ueda et al, 1996; van Biesen et al. 1996; Zhang et al. 1993b). As

FIGURE 70: EfSect of M?BG on Prostaglandin E~stimulatedc-fos Gene Expression.
(A) Quiescent SMCs were treated for 15 min with PGE2 (10'~M) subsequent to a 10 min

pretrearnent with MIl3G (50 pM). RNA was extracted and c-fos mRNA levels assessed
by RT-PCR. Molecular mass markers (cpX174 and DNA Marker VI) were used to
confîrm the size of the PCR products. One representative agarose gel is shown. These
results were confirmed in three independent experiments using different SMC isolations.

(B)Intensity of the c-fos bands was determined by scanning densitometry and the data
shown relative to treatment.

Treatrnent

discussed previously, PGE-, does not activate Ras in porcine SMCs (Table 3), which
would suggest that stimulation of the MAP kinase cascade by PGs occurs tlirough a Rasindependent n-iechanism that is P13-kinase-depetident. The internediary n-iolecule may
thus be an isoform of PKC or, alternatively, the step is PKA-dependent (Takeda er al.
1999; Wan & Huang 1998). Altl-iough p21-Ras \vas not activated by PGEz, it was still of
interest to study the effect of MIBG on p21-Ras since recombinant Ras protcins have
been found to be acceptors For rnARTs in eucaryotic ceHs (Miwa & Sugirnura 1990).
MIBG treatment did not alter the GTP-binding status of Ras and confirms that PGEz
modulates MAP kinase via a Ras-independent pathway (Table 3 ) - Moreover, the lack of
effect of MIBG indicates that tlie GTP-bindinz activity of p21-Ras is not negatively
regulated by a niART activity.
When the activation of MAP kinase by PGE2 was examined in the presence of
MIBG treatment, it was found that MIBG did not affect tlie activation of MAP kinase by
PGEz (Figure 68). MIBG also did not inhibit the production of PLP3 by PGEz-activatcd
PI3-kinase (Figure 69). On the otlier hand, the induction of c-fos expression by PGE2 was
inhibited by MIBG treatment (Figure 70). This suggests that MIBG is working at a step
subsequent to MAP kinase, since MAP kinase activates c-fos gene transcription directly
by pliosphorylating Elk- 1 (Janknecht er ai. 1993; Marais et al. 1993; Rao & Reddy I994),
and PI3-kinase activation is associated with MAP kinase activation (Dclla Rocca et cil.
1997; Ferby et cri- 1994; Force & Bonvcntre 1998; Hawcs er al. 1996; Lopez-Ilasaca er nl.
1997; Takcda er al. 1999). interestingly, the c a s results prcsented here contrast with
thosc of Tliyberç

el

ul. ( 1995b) who reported that MIBG did not block expression of c-

fis, c-jr~nor c-iuyc in rat aortic SMCs. This discrcpancy can bc cxplaincd by i) tlic usc of
difrcrcnt primary SMC culturc modcls (i.c. rat vs. piç), i i ) tlic addition ofdiffcrcnt çrowtli

factors (Le. newbom calf serum vs. PGE2) and iii) the activation of alternative signaling
pathways leading to c-fos gene transcription.
While MIBG may inhibit cytosolic arg-mARTs cntical for signal transmission to
the nucleus, inhibition of an ADP-ribosylation event within the nucleus cannot be
excluded. From MAP kinase, the signal typically diverges. MAP kinase either
translocates into the nucleus (Kim & Kahn 1997) or activates S6 kinase (Eldar-Finkelman
et al. 1995; Sale et al- 1995; Terada et al. 1994)- Within the nucleus, MAP kinase

phosphorylates Elk-1, a transcription factor necessary for expression of the c-fos gene
(Janknecht el al. 1993; Marais

el

al. 1993; Rao & Reddy 1994; Treisman et al. 1992).

Thus, MiBG could inhibit the translocation of MAP kinase from the cytosol into the
nucleus, although its activation and function are not suppressed within the cytosol.
Preliminary Western blot evidence (data not shown; L. Yau, unpublished observations)
would indicate that MIBG does not block the phosphorylation of Elk-1 in SMCs, and
thus inhibition of c-fos gene expression does not occur via this route. The alternative is
that MIBG is affecting S6 kinase (likely p90RSK)and its ability to phosphorylate SRF,
which can also modulate the expression of c-fos (Eldar-Finkelman et al. 1995; Sale et al.
1995; Terada et al. 1994).
Although an emphasis has been placed on known s i g n a h g mechanisms
associated with MAP kinase in these experiments, the most important resuIt is the
obvious link between MIBG and c-fos gene expression. No other ce11 system has to this
point been identified as a target for this inhibitor. But how is it possible that MIBG
inhibits c-fos expression without affecting MAP kinase? The speculation in the previous
paragraphs derives from an examination of the known signal transduction pathways
coupling immediate early gene induction to mitogenic factors. However, scveral
alternative, but significantly lcss well characterizcd, pathways exist. The c-fos gene

promoter, in addition to binding EIk-1 requires both CREB and SRF. The CAMP
response element (CRE) located at (-56) may be the target for cAMPlPKA mediated
signals. This idea is highly plausible since PGEz is thought to operate via this signal
mechanism (see section 7.2). ALtematively, Rho-dependent phosphorylation of S W
activates c-fos gene trasncription via the serum response element (-300). This pathway
may have the greatest relevance given the known association between Rho and ADPnbosylation (Aktories 1997; Ehrengruber et al. 1995; L e m er al. 2000; Maehama et al.
1994; Zhang et al. 1993a). Moreover, the transcription of c-fos has been s h o w to be
regulated by both SRF and Elk-1 (Treisman et al. 1992). For these reasons, both CREB
and SRF are now being studied to determine whether phosphorylation of these
transcription factors is prevented by MIBG.
To sumrnarize, the only signal step in the chain of events stimulated by PGE2 and
resulting in SMC growth that was inhibited by MIBG treatment was the expression of cfox A more detailed examination of the signaling pathways that might be Iinked to

cellular growth and that may be affected by MIBG will need to can-ïed out. Presently, the
mode of action of MIBG still remains uncertain, although MIBG is a substrate of argmART and cornpetes with physiological acceptors of this enzyme (Loesberg et al. 1990b;
Smets el al. 1990b; Zolkiewska er al. 1994). Until a complete characterization of the
substrates of these enzymes is available, the role of rnono(ADP-ribosy1)ation in ceII cycle
control and regulation of ce11 prolifcration will not be understood. Mowever, it will now
be possible to use c-fos gene expression as the endpoint to identify those cellular events
that are sensitive to MIBG.

7.5

Effect of MIBG on SMC migration

7.5.1

Background/rationale
Ce11 migration has been extensively studied because it is known to occur during

embryogenesis, wound healing, tumour metastasis and angiogenesis. Although complete
details of ce11 migration are not well understood, ceIl migration is known to involve
regulated attachment and detachment, cytoskeletal plasticity, contraction of non-muscle
myosin and actin, and protein synthesis (Caterina & Devreotes 199 1; Kelley et al. 199 1 ;
Madn et al. 199 1). Many extracellular signals can stimulate migration, including physical
forces (Ingber & Folkman 1989), vasoactive hormones (Bell & Madn 1989; Bell &
Madri 1990), growth factors (Madri et al. 1991), ions, pH and pO2 (Banai et al. 1990).
Other factors that regulate SMC migration include plasma and platelets, hemodynamics,
macrophages, SMCs and endothelial cells. Unfortunately, the intraceHular signaling
pathways involved in migration and directed ce11 movement are presently not clear.
However, reorganization of the cytoskeleton and alterations in ECM contacts must occur,
but how these events are coordinated is unknown (Stossel 1993).
Migration of cells plays a key role in the formation of a restenotic lesion postvascular injury. Normal SMCs in the media1 layer of the vesse1 wall undergo phenotypic
modulation from the contractile state tc a synthetic state after injury. This change in ce11
state renders the SMCs capable of directional movement in response to chemoattractant
factors (Le. PDGF, AngII, TGF-P, bFGF, etc.) and other environmental stimuli, and
involves a marked change in cytoskeletal structure. The typical schema of events
described for neointimal lesion formation in a rat carotid mode1 involves a short burst of

SMC proliferation, followed by migration of the cells from the media to the (neo)intirna
through breaks in the interna1 elastic lamina, with subsequent rounds of ce11 proliferation
and ECM deposition (Casscells t 992; Schwartz ei al. 1995a; Schwartz & Reidy 1996). in

other animal n~odelso f injury, the ccllular events and timelinc o f progression lnay not be
similar to that of the rat niodel, but still include both cellular migration from the media of
the vesse1 wall into the (neo)intima and cellular proliferation with deposition of ECM
(Schwartz 1994). Both ce11 migration and ceIl proliferation are equally important for
neointirnal formation, since restenosis can be prevented by inhibitors of either migration
o r ce11 proliferation (in many experinlental systems) (Landzbcrg et aL 1997; Lefkovits &
Topo1 1997)The progression o f tumours is a k o characterized by ce11 proliferation
(tumor~rigenicity)and ceII migration (metastasis). Metastasis involves the rnovement of
cancerous cells from one location to another and involves cellular migration. Many
cancer therapies involve the use o f compounds which not only halt the growth of a
tumour but also retard the spreading of tumour cells. MIBG, a known inhibitor of arg-

mART, used as both a radiolabelled and chemotherapeutic agent for the treatment of
neuroendocrine turnours and neuroblastoma, inhibits both tumour growth and metastases
o f neuroblastoma type tumours (Hoefnagel et al. 1987; Hoefnagel et al. 199 1; Kuin et al.
1999; Smets et al. 1988b; Taal el al. 1999; Taal et al. 1996; Zuetenhorst et al. 1999).
Moreover, inhibitors o f ARTS were found to inhibit thc chernotaxis of human
polyn~orphonuclearneutrophi 1s (PMNs) and inhibition of tlic enzyme activi ty correlated
closely with the inhibition o f both chemotaxis and actin asscnibly (Allport et ni. 1996a;
Al Iport et QI. I996b)- intcrestingly, cheniotactic activity in PMNs has bcen associated

witli ART1 (Kcfalas et al. 1997; Kefalas et al. 1998), a GPi-linked cc11 srirfacc enzyme
also found in skcletal nmscle and lyn~phocytes(Nemoto et al. 1996; Zolkiewska et cd.
1992). In skclctal niusclc, the substrate for thc enzyme appears to bc intcçrin a7
(Zolkicwska 6r Moss 1993). an üdlicsion rcccptor for Ian~inin,whcrcas in T cells thc
siibstrütc appcars to bc lympliocytc Iùnction-activatcd niolccrilc 1 (LFA- 1 ) (Ncinoto er cd.

1996). It may then be reasonable to assume that ADP-ribosylation of integrins on the
sul-face of SMCs could perhaps trigger integrin signaling for cytoskeletal re-alignment or
affect the adhesion of SMCs to the ECM. Saxty et al. (1 998b) have already investigated
the possibility that a mART activity might be found on SMCs. Using the A7r5 SMC ceIl
line derived from embyronic rat thoracic aorta, they found that the chemotactic activity of
A7r5 cells was independent of mART activity, even though a novel panel of mART
inhibitors reduced the ce11 migration- Although a lack of cell surface mART may have
been indicated, this study does not rule out the possibility that an intracerlular mART is
being activated dunng ce11 migration events, particularly since intracellular rnARTs have
already been shown to be associated with desmin filament rearrangement and the
rearrangement of actin cytoskeletal components (Clancy et al. 1995; Huang et al- 1993;
Okazaki & Moss 1996b; Terashima et al. 1992; Terashima et al. 1999; Terashima et al.
1995; Yuan et al. 1999; Zhou et al. 1996)- As a result, it was of interest to determine if

MIBG was capable of inhibiting SMC migration, an event that is associated with intima1
lesion formation-

7.5.2

Specific aims
1, To assess the chemotactic action of AnglI and PGE2.

2. To deterrnine the effect of MIBG on SMC migration.

7.5.3

Experimental design
Growing porcine SMCs were seeded into a Boyden chamber and migration

through a membrane with 5 pM pores assessed with and without chemoattractant in the
lower wells of the chamber, Inclusion of MIBG in the upper weIk of the chamber was
used to measure the effect of MIBG on SMC migration.

7.5.4

Results

7 5 4 . 1 Effect of PGEz and AngII on SMC migration

SeveraI growth factors are known to stirnulate SMC migration, including PDGF,
interIeukins and TNFa (Abedi et al. 1995; Abedi & Zachary 1995; Jang et al. 1993; Yue

et al. 1994). AngII has also been shown to induce chemotaxis (Bell & Madri 1990;
Dubey et al- 1995). It was therefore of interest to determine whether PGEl was also
capable of stimulating SMC migration across a membrane in an artificial setting. Using
the Boyden chamber method, it was observed that PGEz ( 1 0 - ~M) was able to stirnulate
SMC migration (Figure 71A). Similady, AngII (IO-' M) could direct SMC migration, as
well as TxAz (IO-' M) and to a lesser extent PGIz

(lod

M) (Figure 71A). These data

c o n f i m that hg11 is a chemoattractant factor for porcine coronary artery SMCs and also
establish that PGE2 is a chernoattractant for SMCs as are other prostanoids.
7.5.4.2 Effect of MIBG on AngII-rnediated SMC migration

Since MIBG prevents the differentiation of L6 skeletal myoblasts, and inhibits
ce11 growth and proliferation of both H4IIE hepatoma cells and SMCs, it was of interest
to deterrnine if MIBG would also affect SMC migration. Addition of MIBG (50 PM) to
the upper wells of the Boyden chamber demonstrated that MIBG was capable of
significantly decreasing the migratory response of SMCs to AngII (1O-' M), returning the
levels to almost basal (Figure 7113). These data demonstrate that MIBG inhibits SMC
migration.

7.5.5

Discussion

Migration and proliferation of SMCs are hallmark features of restenotic lesion
formation (Landzbcrg er al. 1997; Schwartz et al. 1995a). Several reports in the Iiterature
have provided evidencc that factors derivcd from platelets, injurcd cndothelia1 cells and

FIGURE 71:Activation of Migration in SMCs by Angioîensin 11and Prostaglandin
Er. Inhibition by M B G .
Growing SMCs were placed into a Boyden chamber and directional movement of SMCs
through a 5 p membrane towards a chemoattractant over 48 h monitored as described in
section 4.5. SMCs on the underside of the membrane were fured, stained and counted.
(A) Chemoattractants placed into the lower chamber included angiotensin II (AngII) (105

M),PGEt (10" M),PGG (106M) or TxAz (IO-'

m.(B) AngII (10" M) was placed into

the lower chamber and MEBG (50 pM) in the upper chamber for the migration penod (48
h). Data are presented as mean

+ SE (n = 6). The graphs are representative of one of two

independent experiments using different SMC isolations, both of which exhibited a
sirnilar response. Cornparisons in (A) were made relative to untreated SMCs while
comparkons in (B) were made relative to hg11 treated SMCs with the Student's t-test
(*, p < 0.05). (Data generated by Shawn Thomas, a B.Sc.Med surnrner student, and

shown with his permission).
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SMCs are the pnmary products leading to both migration and prolitèration of SMCs
(Casscells 1992; Golino et al. 1997; Ross et al. 1986). Althougli thc best characterized
factors include PDGF, EGF, FGF, IL-1, IL-6 and TNFa, other agents, including
thrombin and prostanoids such as TxAr and PGE?, may also be involved (Hanasaki et al.
1990; Morinelli et al. 1994; Nagata et al. 1992).
In this study the ability of a peptide growth factor, An&

and a nonpeptide

growth factor, PGE2 (as established in section 7.2), to promote SMC migration \\las
studied using a Boyden charnber. AngII is already an established cliemotactic factor for
SMCs (Bell & Madn 1990; Dubey et al. 1995) and was used to determine the degree of
chemotaxis induced by PGE2. The ability of PGEz to cause migration was almost of the
same magnitude as AngII (Figure 7 1A), suggesting a similar efficacy. In comparison to
the proliferative response generated by these cornpounds (Figures 44. 45. 46), the results
of this study would support the conclusion that AngII is a stronger chemotactic agent than

PGE2. Other prostanoids have previously been sliown to have chernotactic abilities with
respect to a variety of different ceIl types (Hofbauer et al. 2000; 'lie el al. 2000). More
recently, Ratti et al. (1998) indirectly dernonstrated the importance of TxA2 in promoting

SMC migration and proliferation by reporting that picotamide, an anti-thromboxane
agent, inhibitcd both the migration and proliferation of rat arterial myocytes. The ability
of PGEz to promote migration of SMCs may be related to its ability to stimulate the
prolifcration of quiescent SMCs (section 7.2). Lnterestingly, PGEl has also been shown to
decrease collagcn syntliesis, which may be a factor in SiMC migration (Diaz el al- 1993;
Holnies et al. 1997). Wticther the brcakdown of collagcn promotcd by PGEz is due to
incrcascs in MMP activity (Le. MMP-9) remains to bc detcrmined.

MIBC trcatnlcnt inhibited the migration OF SMCs promotcd by AngII (Figure
71 8).Saxty et al. (1998b) had previously dcmonstratcd that a pancl of structurally

unrelated ADP-ribosylation inhibitors prevented chemotaxis in a rat thoracic aorta S MC
ce11 Iine (A7r5)- These inhibitors included Vitamin KLI3,novobiocin, nico tinamide and
small guanidine containing analogues of arginine such as agrnatine (decarboxyl-arginine),
arginine rnethyIester (AME) and DEA-BAG (Banasik et al. 1992; Soman et al. 1986).
Although al1 of the inhibitors were capable of inhibiting chemotaxis, and the efflcacy of
the panel of inhibitors suggested that it might be through inhibition of ART1 (a GPIlinked extracellular mART discovered by Zolkiewska and col teagues (Zolkiewska &
Moss 1993; Zolkiewska et al. 1992)), it was concluded that these inhibitors could not
operate by this mechanism since ART1 was not present on A7r5 SMCs (Saxty et al.
1998b). Rather, the authors agreed with the findings of Taguchi et al. (1993) that, similar
to L-arginine, the inhibitory effects were Iikely due to an effect on nitric oxide generation
instead of ADP-ribosylation. While it is possible that the SMCs used in this study do
express ART 1, MIBG may alternatively influence an intracellular ADP-ribosylation
reaction. This assumption can be made based on the ability of AnglI to increase an argmART activity in a previous section (section 7.3). Although enzyme activity was
explored with respect to the capacity of AngIi as a mitogen, a similar arg-mART reaction
may be activated for the regulation of migration since both proliferation and migration
are characteristic of the synthetic SMC phenotype. For exampIe, MIBG may be inhibiting
an ADP-ribosylation reaction involved in the assembIy/disassembly of actin filaments
(Clancy et al. 1995; Okazaki & Moss 1996b; Terashima et al. 1992; Terashima et al.
1999; Terashima et al. 1995). Actin is an important protein conlponent of the
cytoskekton and is an important filamentous protein with respect to motiIity and
contraction in SMCs (EIbaum et al. 1999; Takai et al, 1995; Taylor 1986). Altematively,

MIBG inhibits desmin assembly/disassembly (Huang ef al, 1993; Yuan ef ai. 1999; Zhou
et ul, 1996) which can also affect the ability of thc ce11 to migratc (and possibly cvcn

proliferate) (Berna1 & Statiel 1985; Li er al. 1997: Siegel et cil. 1998). It also remains
plausible tliat MIBG niay affect the cytoskeletal rearrangeinents iieccssary for migration
through key GTP-binding proteins such as Rho, Rac and cdc42.
Although a number of potential modes of action have becn supplied, a cytotoxic
effect of MIBG on the SMCs cannot be ruled out. Nevertheles? based on the response of
SMCs in cuIture to MiBG seen in the previous section (section 7.3), it is unlikely that
cytotoxicity is the mechanism o f action on ceIl nligration. Pressntly, the niechanism
whereby MIBG inhibits SMC migration remains unknown and will the subject o f future
studies. Additional studies wiil include: i) actin and desmin assembly/disassenibly and its
regulation by arg-rnART/MIBG in SMCs, ii) an examination o f extracellular components
that may be affected by MIBG, and iii) identification and characterization o f the mART
involved in SMC niigration.

7.6

Summary
The studies summarïzed in this chapter cover the ce11 proliferative and migratory

activities of SMCs, including the characterization of a novcl stimuhtor of' SMC
prolifcration and migration, PGE?, and an e~aminationof how MIBG might inhibit both
o f thesc ccllular events. Furthermore, a rnitogen-activated arg-mART activity associated
with the microsomal Fraction of SMCs was detectcd. While the mcchanism OF MIBG
action was not fully clarified, thc expcrinlcnts tliat wcrc dcscribcd led to the identification
o f the c-fos gcnc as a targct for this inhibitor. Morc nicchanistic studics arc now possiblc
givcn this inforniation. Morcovcr, the rcsiilts of tlicsc studics, which inciicatc that MIBG
c m succcssfulIy and crficicntly inhibit botli thc migration and prolifcration of SMCs, two
of tlic critical cvcnts in rcstcnotic lcsion formation, warrant furthcr invcstigation o f this
cornpound in niodcls of vascular injury and intimai lcsion formation. Thc ncxt chaptcr

describes the initial studies that were undertaken to examine the suitability of this
compound for the treatment of restenosis.

I

8.0

Models of neointimal lesion formation

8.1

Introduction

Restenosis remains a significant problern following a11 types of revascularization
procedures, including coronary angioplasty, occurring in 30 to 50% of cases (Badimon et
al. 1995; Casterella & Teirstein 1999). Several factors contribute to the formation of an
(neo)intimaI lesion within injured coronary arteries, including thrombus formation,
elastic artery recoii, migration and proliferation of SMCs, and vascular rernodeling (Ellis
& Muller 1992; Glagov 1994; Harker 1987; Lafont et al. 1995; Lau & Sigwart 1995; Liu
et al. 1989; Mintz et al. 1996; Post et al. 1994; Schwartz et al. 1992a; Schwartz et al.

1995a; Schwartz & Reidy 1996; SteeIe el al. 1985; Wilentz et al. 1987). Although al1 of
these factors contribute to lesion formation, the central mechanism appears to involve the

SMC. For this reason, inhibition of S.MC activation (Le. migration and/or proliferation
and/or deposition of ECM) could have a large impact on the pathogenesis on the
morbidity of revascularization procedures. As a result, the behaviour of SMCs has been
studied in a variety of systems in vitro and in vivo, and these cells have been the target of
many studies and therapeutic treatments for the arnelioration of restenosis (Andres 1998;
Landzberg et ai. 1997; Neville & Sidawy 1998; Nikol & Hofling 1995).
Many different types of animal models have been used for the study of restenosis
post-angioplasty. Smaller animals (Le. rats, rabbits and mice) have always been more
popular and, as such, the pathogenesis and physioIogical relevance of injury in these
models is better defined (Schwartz et al. 1995a). The popularity of these models is based
on the Fact that smaller animals are well characterized genetically, less expensive and
more readily available. ,4s well, they are easier to manipulate and, because they are
smaller, the quantities of investigational new drugs required for in vivo screening are Iess
(Handiey 1995; Johnson et al. 1999). On thc other hand, with the use of thcse smaller

animal models, especially for the cesting of therapeutic cornpounds for the treatrnent of
restenosis, the predictive value of Che data is limited (Johnson et al. 1999). Likely this is
the result of differences in pathophysiotogy and physiology of the animal models

themselves (Schwartz 1994). DifEerent portions of the vascular tree would aIso by
empIoyed, since in the rat. for example, the coronary arteries are too smal
Larger anirnals (Le. pigs,, dogs and primates), though less popular, have
nevertheless been utilized for t h e pre-chical evaluation of interven ions to reduce
restenosis. The disadvantages of t h e larger animal models are primariiy the converse of
the advantages of srnall animal models. These include greatly increased cost and limited
distribution potential, less precise genetic characterization, paucity of transgenic models,
more difficulty in rnanipulatiorm and the requirernent for larger quantities of
investigational new drugs (Johnson el ai. 1999; Schwartz 1994). However, the larger size
of the animals allows for the use mf instrumentation and evaIuation of results much as
would be done in humans. As weell, in the case of pigs, there is a similarity of the
coronary artery anatomy, and the histopathological characteristics of the proliferative
response following deep coronary artery injury closely resemble that seen in humans
(Schwartz

el

al. 1990; Steele et al.1985). Thus, large animal models of restenosis,

although less defined, have provided valuable insight into the progression of hurnan
disease. However, both the coronary vasculature and other vascular beds such as the
femoral artery and carotid artery- have been ernployed. Since there are significant
differences in the responses of these vessels, interpretation of results frorn other vascular
beds shouId be applied to the humam coronaries with judicious care (Badimon et ui. 1998;
Pyles et al. 1997).

To this point, al1 studics in tzliis thesis have cmployed cells in culture. It is cvidcnt
from tlicse cxperimcnts that M I B C is an agent that has potcnt anti-prolifcrativc, anti-

migratory and anti-differentiation properties. Thus, MlBG might have application for the
prevention o f restenosis. Although an animal study appears warranted, an organ culture
system was first employed to validate the effect o f MIBG on neointimal formation.
A balloon injury sirnilar to that wbich occurs duting coronary angioplasty can be

easily applied to the coronary vasculature o f an ex vivo heart (Koo & Gotlieb 1992).
Studies by Gotlieb and colleagues (Gotlieb & Boden 1984; Koo & Gotlieb 1989; Koo &
Gotlieb 199 1; Koo & Gotlieb 1992) and Wilson et al. (1 999) have established that
intimal proliferation occurs in coronary artenes in organ culture following medial
distention by balloon inflation. Furthermore, with this model Wilson et al. (1999)
demonstrated that the neointirnal formation within the coronary artery segments can be
inhibited by agents that alter the progression of restenosis.
The study that was conducted examined neointimal formation in the presence and
absence of MlBG (O to 50 PM) for 14 days. As reported by Wilson et al. (1999), a
reduction in neointimal formation is indicated by a decrease in neointimal index, a ratio
of intima1 area to media1 area (Figure 72). It was observed that MIBG reduced the
neointimal index to basal levels at and above concentrations of 10 pM (Figure 73)Furthemore, there is no evidence of adverse effects upon histological examination
(Figure 73A). Interestingly, migration may have a greater contribution to this mode1 than
ce11 proliferation (Wilson, Wong & Zahradka, unpublished observations). Regardless,
these data clearly establish that MlBG has the potentiaI to prevent resteriosis. Extension
to a live animal model was therefore initiated.
Based on the findings of the previous chapters and the succcss of MIBG to
prevent intimal lesion formation in an organ culture mode1 of restenosis, a specific
hypothesis was proposed: MIBG will redrrce the exteizt of neoitztimal forntaiioiz irtd~tced

FIGURE 72: Organ Culture Model of Balloon Angioplasty.
Porcine left anterior descending coronary artenes from ex vivo hearts were injured with a
balloon catheter and placed into culture for 14 days according to Wilson et al. (1999).
Control non-injured artenes were excised fiom weight-matched hearts and also placed
into culture for 14 days. Segments were then fixed, embedded in resin and transected
with an ultramicrotome. Lee's methylene blue stained sections were visualized under
light microscopy. (A) Photomicrographs of control and balloon-injured segments are
shown. Magnification: I lx. The different layers of the vasculature are indicated. (B)
Quantitave analysis of neointimal thickening in control and injured vessels. Neointimal
index = [neointimal arealmedial area]. Data are presented as mean I SE with the values
for the control vesse1 set to 100%. Cornparisons were made between non-injured and
injured vessels using the Student's t-test (*, p c 0.05). One of three expenments is
presented, all of which exhibited a similar response. For each experiment n
were generated by Jeff Werner, and are shown with his permission).
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FIGURE 73: Effect of MLBG on Neointimal Formation afier BaCZoon Angiopiasty in
an Organ Culture ModeL

Porcine left anterior descending coronary artenes fiom ex vivo hearts were injured with a
balloon catheter and placed into culture for 14 days according to Wilson et al. (1999).
Control non-injured arteries were excised from weight-matched hearts and also placed
into culture for 14 days. Some balloon-injured segments were exposed to MIBG
continuously over the 14 day period. Segments were then fmed, embeddec! in resin and
transected with an ultramicrotome. Lee's methylene blue stained sections were visualized
by light microscopy. (A) Photomicrographs of non-injured, control (control), ballooninjured (injured) and balloon-injured with MIBG (MIBG treated) are shown.
Magnification: 15x. One of three experiments is presented, al1 of which exhibited a
similar response. (B) Quantitative analysis of neointimal thickening in control, injured

and MU3G-treated vessels. MIBG concentrations were varied in this experirnent (10, 40
and 100 pM). Neointimal index = [neointimal area/medial area]. Data are presented as

mean t SE. Cornparisons were made between non-injured and injured vessels (#, p <
0.05) and injured vessels and MIBG treated vessels (*, p < 0.05) with the Student's t-test.
For each experiment n = 6. (Data were generated by Jeff Werner and are s h o w with his
permission).
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by balloon mzgioplusty wlzen applied to the perivasctriar sutface wifh a stcrgical fibrin
glue (Tisseel).

8.2

irt vivo porcine femoral angioplasty model of restenosis

8.2.1

Background/rationale

MIBG was tested for its ability to inhibit restenosis with an organ culture model
of neointimal formation. With this system, MIBG was shotvn to be effective under
conditions where injury and repair were simulated in an ex vivo culture environment. To
extend these studies and provide expenmental information that would eventually permit
clinical application, a live animal model of balloon angioplasty was developed- The pig

was chosen because of its greater sirnilarity to humans (Ferrell et al. 1992; Johnson et al.
1999), while the fernoral artery was selected for its accessibility. Atthough this particular

vesse1 is not identical to the coronary artenes in structure and properties, both vessels
nevertheless respond similarly to vascular injury and this perrnits an examination of

events cornmon to both peripheral and coronary vascular disease. Furthemore,
Larnawansa et al- (1997 and 1999) and Yang et al- (1996) demonstrated that balloon
injury of the porcine femoral artery results in the formation of a neointirna, This
particular pig mode1 has a number of advantages: i) it is easy to produce a consistent
injury, ii) it is accessible for angiography and IVUS (intravascular ultrasound), and iii)
the response to injury is similar to human arteries (Ferrell et al. 1992)-

8.2.2

Specific Aims
1. To establish the porcine femoral artery model of balIoon injury as a viable

experimental model for the study OF restenosis.

2. To determine the effect of MIBG on neointimal tesion formation in this

model-

8.2.3

Experimental Design
An NI vivo mode1 of balloon injury will be used to extend the findings generated

using the organ culture mode1 of balloon injury and restenosis. Porcine femoral artet-ies
will be injured, and fibrin glue applied

+ MIBG in a random, double-blind rnanner. n

e

animals will be allowed to recover and the arteries will be harvested after 14 days. Each
animal will serve as its own control (vessel

+ MIBG), and each vessel will contain both

positive and negative controls (k injury). Each femoral artery will be divided into four
sections (Le. proximal, balloon-injured, distal and arteriotomy). Each region is depicted
on the angiogram presented in Figure 74. Vessels will be cut into segments and frozen in

OCT for cryosectioning. Following staining with Lee's methylene blue, rnorphornetric
analysis will be used to calculate the neointirnal index.

8.2.4

Results

8.2-4.1 Effect of MIBG on femoral artery balloon injury and restenosis
To define the response of the femoral artery to balloon injury, proximal segments
of the vessel were compared to the balloon-injured region of the vessel. Balloon-injury
resulted in a significant thickening of t h e intima1 region (Figure 75B) compared to
uninjured regions (Figure 75A) consistent with induction of a lesion. Treatment of the
balloon-injured segment with MIBG significantly inhibited neointimal formation (Figure
75C). Tt was also interesting to note that the media1 layer o r injured segments (Figure

75B) had a more cellular and fibrotic pattern of staining compared to uninjured regions
(Figurc 75A), and injurcd regions treatcd with MIBG (Figurc 7%). Morcover, in the

'

FIGURE 74: Angiogrum of Porcine FernorufArfery Region.
Porcine femoral arteries were subjected to balloon angioplasty Ni vivo and harvested after
14 days (see Materials and Methods section 4.2.4). Angiography was performed at the
t h e of sacrifice (see Materials

and Methods section 4.2.4.1). The four regions of the

femoral artery analyzed in the experiment are identif'ed: proximal region, balloon-injured
region (site of angioplasty), distal region and arteriotomy site.

FIGURE 75: Porcine Femoral Artery Balloon-Injury Modei. Effect of MIBG on
Neointimal Formation.
Porcine femoral arteries were injured with a balloon catheter in vivo and the vesseIs
harvested after 14 days. Femoral arteries were divided into four regions: proximal (noninjured control), balloon (balloon-injured region), distal (region with possible endothelial
denudation) and arteriotomy (cut site injury and site of entry for balloon). Each segment
of femoral artery was overlayed with fibrin glue after the balloon-angioplasty procedure
was completed. The fibrin glue contained either MIBG (25 mM) or no inhibitor. At the
time of harvest, vesse1 regions were cut into two and each segment placed into
OCT/Tissue Tek, flash fkozen in a dry ice/ethanol bath and stored at -80°C.Segments
were transected using a cryostat and sections stained with Lee's methylene blue after
fixation. Photomicrographs were captured fi-orn (A) uninjured proximal region, (B)
balloon-injured region, and (C) balloon-injured region with MIBG treatment. For each
treatrnent condition n = 13. Magnification = 9 0 x .

injured segment treated with MIBG, re-endothelialization appears to bc occurring (Figure
75C) when compared to the injured segment without MIBG treatment (Figure 75B). This

observation would need to be confirmed by conducting immunostaining experiments
using antibodies for endothdial ce11 specific markcrs. These data suggest that MIBG is
effective in preventing intimai lesion fom~ationafter arterial injury and that it will be an
effective tlierapeutic option for the trcatment of restenosis. The data also indicate that

MIBG in vivo tnay be affecting not only the proliferation of SMCs. but perhaps also SMC
migration, which supports the data presented in chapter 7.
A quantitative measure of neointimal formation revealed that MIBG treatment
significantly decreased the neointimal index of the balIoon injured region cornpared to
the non-MIBG treated balloon injured region, (Figure 76). Moreover, in the distal and
arteriotoniy vesse1 segments, MIBG treatment was able to decrease the degree of
neointima1 formation observed (Figure 76) although statistically significant differences

were not attained. The neointimal index was calculated for al1 13 pigs that were in the
experimental group, however, one pig was exchded from both the graphical and
statistical analysis due to rupture of the femoral artery on one side during the angioplasty
procedure and lack of balloon inflation on the other side. The decision to exclude this pig
from the analysis was made at the time of the initial procedure. The efficacy of MIBG
trcatment for attenuating intima1 lesion formation in the balloon injured region was
confimied by a match-paircd t-test (p = 0.009) (data not shown) that compared thc niean
of the differcnce of the neointimal indiccs in MIBG treated and untrcated balloon injured
regions to zero. Tliese data suggcst that MIBG effectively inhibits restenosis. In addition,
MIBG n-iay in flucncc vesscl rcmodcl ing.

FIGURE 76:Quantitative AnuCyss of Vessel Sections from the Porcine Fernord
Artery Iltjuty Mudei.

Quantitative analysis of whole vesse1 photomicrographs was used to determine
neointimal thickening in al1 segments -Ir MIBG treatment (25 mM). Neointimal index =
[neointimal aredmedial area]. Data are presented as mean

+ SE (n = 12). One animal was

not included in the statistical anaiysis due to rupture of the vessels during balloon injury.
Cornpansons were made between untreated @aN) and treated (balM) balloon injured
segments (*, p < 0.05) and injured untreated (baIN, distN, arthi) vs. proximal untreated
@roxN) femoral artery segments ($, p < 0.05). Column designations: proximal region =
prox, baIloon-injured region = bal, distal region
N and MIBG-treated

= M.

= dist,

arteriotomy site = art; untreated =

8.2-5

Discussion
Balloon injury o f the porcine femoral artery resulted in a visible intimal

thickening (Figure 75). It was noted that the media1 Iayer had a more cellular and fibrous
appearance than uninjured segments of the femoral artery, possibly indicating that SMCs
from the media1 layer had migrated to the lumen side and initiated the formation of the
intimal lesion. Hypercellularity is also a hallmark of the wound healing response.
Interestingly, the morphological appearance of the MIBG-treated segments was similar to
that of the uninjured controI segments, indicating that MIBG had indeed inhibited
formation of the neointima. In the MBG-treated segment, there appear to be cells that
have partially re-colonized the lumen surface (Figure 75C). Although specific staining for
endothelial cells (ECs) was not done, and is planned for the future, this may suggest that
MIBG is promoting the re-endothelialization o f the lumen surface and could potentially
be one of the mechanisms by which MIBG inhibits neointimal formation- The endothelial
layer has been shown to play an important role in maintaining the low rate of SMC
proliferation and migration under normal conditions (Fishrnan et al. 1975).

In the balloon-injured segment, MIBG treatment significantly reduced the
neointimaI index compared to injured segments (Figure 76). MIBG also decreased the
neointimal index in the dista1 and arteriotomy segments, although significance was not
observed (Figure 76). This latter observation may indicate that MIBG is working in part
by promoting positive remodeling o f the vesse1 so that the lumen diameter is larger.
Alternatively, MIBG rnay be reducing the sympathetically-mediated vasoconstriction that
occurs following angioplasty (Gregorini et al. 1994; Gregorini et al. 1997). Neuronal
rclease of N E is increased for up to 4 weeks following experimental angiopIasty and
pcrsistcnt liypcrscnsitivity to catccholaniines is scen after angioplasiy (Candipan et ai.
1994). Considcring tl-ic iniportancc of clastic rccoil to constrictive arterial remodeling and

tlius rcstenosia (Ardissino et cd. 1991; Candipan er cd. 1994: Tesfaniariani & Cohen

1988), an effccr by MIBG on this process would provide additional benefits beyond those
specific to cell migration and prdiferation. Studies of the relationship between MIBG
and vasoconstriction sliould be pursued in the futureThe latter tinding from above may also suggest tbat MIBG is capable ofrcducing
intima1 lesion formation regardless of the type of vascular injury that is observed (Figure
76)- The ançioplasty segment is subjected to a stretch/cmsh injury, the distal segment is

primarily an endothdial cell denudation injury and the arteriotomy site contains a cut site
injury witli suture. Regardless of injury type, if SMCs were activated to migrate a n d o r
proliferate, the amount of intima1 tliickening seen at a given site would increase assuming
that intima1 Iiyperplasia has a substantial contribution to restenosis, If MIBG were
capablc of inhibiting either or botli SMC migation and proliferation, which is shown in
chapter 7, MIBG should effectiveIy decrease the neointimal index.

MlBG was applied to the perivascular surface in Tisseel. TisseeI is a
cornmercially available fibrin glue tlzat is used routinely in the surgicaI suite. The
biochcniical reaction that produces tlic coaguluni involves a rcaction between thrombin
and fibrinogcn. This particular rcaction has been capitalized upon to produce a naturat,
biodegradable adhesivc tliat has since been applied for sustained drug dclivcry (Scnderoff
et al. 199 1)- Intercstingly, duc to the dcpcndency of the reaction on conditions such as pH

and ionic strcngth, tlic microstructure of the fibrin poIynicr can bc manipulatcd to controI
the rciativc availabil ity of cncapsulatcd drug (Scndcro ff cr crl. 1 99 1 ). I n Our cspcrimental
systcni, t l x only conccrns associatcd witli the usc of Tissccl wcrc thc fact that thrombin
lias bccn sho\vn to proniotc f'ibrosis and formation of ncointinia (Gallo et crl. 1998;
Maruyaiiia cr cd. 1997; Pakala & Bciicdict 1999; Salvioni el al. 1998; Stouffcr ef al.
1996) aiid tliat fibrin dcgradation products can proniotc SMC niiçration and prolifct-alion

(Naito et al, 2000). However, considering the results, MIBG apparentfy is suffrciently
potent to overrîde any negative effects that might be attributed to thrombin andor fibrin.
Release of MIBG fkom its depot will Iead to distribution within the adjacent
region o f the vessel. MIBG will then enter the cells. The mechanism of entry may involve
either passive diffusion or a NE transporter based uptake and release system. Within
neuroblastoma tumours, the latter mechanism leads to the redistribution of MIBG over a
significant distance from its original point of application (Servidei et al. 1995; Smets et

al. 1989; Weber et al. 1996). In this way, MIBG may be reaching the media1 Iayer and
affecting the migration and proliferation of SMCs. On the other hand, if the adventitia
plays an important role in the formation of neointima (Li et al, 2000; Shi et al. L996a; Shi
et al. 1996b; Zalewski & Shi 19971, then placement of MIBG on the adventitia1 surface

should prevent the migration of myofibroblasts to the luminal surface. Future studies will
examine the distribution and Iocalization of activity for MIBG in preventing neointimal
thickening,
Direct application of MIBG to a vessel sudace avoids the potential probIems
associated with systemic delivery (Taal et al. 1996). However, one of the unknown
factors then becomes the actual concentration of MIBG that reaches the cells/tissue
within the Iocalized area. In these experiments, MIBG at a concentration of 25 rnM was
encapsulated within a 1.O mL bolus of Tisseel, which was applied to each femoral artery.
It is assumed that 25 mM would not be the concentration that the local tissues are
exposed to after whole body and other local environmental considerations are factored in.
NevertheIess, in any local application, the question as to the amount that reaches the
systemic circulation is a concern. Although the concentration of MIBG encapsultated
within the Tisseel (25 mM) was 3 orders of magnitude higher that than required in Our
ccllular studics for cfficacy (i.c. 20 to 50 PM), the equivalcnt dosage (25 rnM) given

systemicaIIy

would

be

0.5

mg/kg

or

8.9

M .

Use

of

MIBG

as

a

pharrnacological/chemotherapeutic agent for the suppression of tumour growth (Taal et
al- 1999; Taal et al- 1996; Zuetenhorst er al. 1999) has demonstrated that a non-toxic

single dose bolus in humans is approximately 15 mg/kg. Animal studies of higher dosage
regimens (up to 60 mglkg) have shown that renal function is compromised first (at 40
mg/kg) and is the primary cause of death (Kuin et al. 1999). In these studies, the apparent
systemic dosage would be considerably Iess than the concentrations already employed by
Taal and colIeagues for treatment of carcinoids syndromes (15 mgkg) (Taal et al- 1999;
Taal et al. 1996; Zuetenhorst et al. 1999) and onIy 4 times higher than the concentrations

of MIBG empIoyed for scintillographic detection purposes (Hoefnagel et al. 1987).
Further investigations wiIl be required to determine the local effective concentration of

MIBG after release fiom the Tisseel depot, and the Iength of time that MIBG remains in
the depot and the timc period over which it is released.
MIBG may have an additional effect on inflammation and/or thrombus formation.
Jonsson et al. (L998) demonstrated that MIBG inhibits histamine receptor binding on
endothelial cells and prevents histamine-induced inositol-triphosphate and prostacyclin
production, and arachidonic acid release (Halldorsson et al. 1992). Histamine,
prostanoids and arachidonic acid participatc in activation of pathways for inflammatory
responses (Bach 1982; Hedqvist et al. 2000; Vane & Botting 1987). MLBG may thus be
affecting the progression of restenosis, in part, by inhibiting the inflammatory response.
Moreover, Hauscliildt et al. (1998) have demonstrated that MIBG can prevent the
production of TNF-a and IL-6 at the protein and mRNA level in Iiuman monocytes.
Thus, if MIBG is ablc to inhibit the production of proinflammatory cytokines by
monocytcs, the inflammatory responsc may be considerably reduced and thus any effects
on SMCs dccrcascd. This is highly relcvant to restenosis sincc both TNF-cc and

interleukins have been shown to stimulate migration of SMCs (Shawn Thomas,
unpublished obsenrations; Jang et ai. 1993; Rectenwald et al. 2000; Yue et al. I994), and

the Enflammatory response has been proposed to play a role in intima1 lesion formation
(Biasucci et al. 1999; Forrester et ai. 1991; Nikol & Hofling 1995; Virmani & Farb
1999).
Longer term studies are now in progress to determine if the inhibitory effects of

MLBG are sustainable beyond 14 days. A 45 day study period also more closely reflects
the time over which patients develop restenosis when relative growth rates are factored
in. Moreover, pathology specimens will enable an exarnination for adverse effects caused

by MIBG with respect to cytotoxicity.

8.3

Summary
This final section of the thesis deals with the use of modeIs of angioplasty and

subsequent restenosis, both in vitro and in vivo, in order to assess the efficacy of MIBG
as an inhibitor of intimal lesion formation. Both the organ culture model of restenosis and
the in vivo femoral artery angioplasty model of restenosis demonstrated significant
formation of neointima in the injured regions of the vasculature in comparison with noninjured segments. In both models, MIBG treatment was associated with a significant
reduction in intimal lesion size, with a neointimal index (neointimdmedia ratio)
approaching baseline values. These findings suggest that MIBG has potential for use in
the treatment of restenosis post-angioplasty. Furthemore, Tisseel has been identified as
an effective delivery vehicIe. Although a mechanism for the action of MIBG is not yet
known, based on findings in previous chapters of this thesis, it is speculated that MIBG is
affccting an arg-mART that may be important for signaling pathways associatcd with
proliferation and migration of SMCs. Futurc studies will bc dircctcd at proving thc safcty

and effrcacy of MIBG in a porcine mode[ with the goal of initiating clinica1 trials to test

MIBG as a treatment for revascuIanzation-induced restenosis-

9.0

Conclusions and Significance
Twenty years after the first successfûl PTCA procedure (and approximately 30

years after the first successfûl CABG procedure), restenosis remains a significant
complication in the battle against CAD. To date, an effective form of therapy to
neutralize the problem has not been found (Landzberg et al. 1997; Lefkovits & Topo1
1997), although there are promising therapeutic interventions in the early stages of

dinical testing (eg. probuco1, tranilast and radioactive stents)- The time-span covered by
my research has seen many technical, technological, methodological and therapeutic

advances implemented for the treatrnent of CAD and subsequent restenosis. However, the
improvernent in short-term and long-term outcomes has only been satisfactory. Whether
this is due to the increased practice of coronary interventions in the face of lagging
knowIedge of the pathohiology of restenosis remains to be determined. Nevertheless,
advances in our understanding of the biology of the complications resulting from
interventional procedures, coupled with technical improvements, should heIp with the
development of more rational and endunng strztegies for the treatment of restenosis.
Over the past 20 years, much time and effort has been invested in both the
experimental and clinical testing of compounds that target ce11 migration and ce11
proliferation, specifrc growth factor receptors, tlirombus formation and the ensuing
inflammatory process, and, more recently, ECM degradation. Mechanical strategies (Le,
stents) are now favoured in many treatrnent centres, however, upon comparison with
more traditional interventional procedures such as balloon angioplasty, it is apparent that
the rates of restenosis are equivalent. The advent of adenoviral vectors and improvements
in anti-sense strategies coupled with the attractiveness and assumed spccificity of gene

therapy has led many rescarchers to evaluatc this modality of trcatmcnt for restenosis.
Howcvcr, paticnt safcty is still of major conccrn and Iong-tcrm outcomcs arc not provcn.

interestingly, the uniforn~failure of clinical trials usiilg systeniic thcrapies to prevent
restenosis and the amval of gene therapy sparked a revolution in the field of dmg
delivery systems, since the ability to specifically tarset a region of vascular tissue was
required. lntraluniinal drug and gene delivery systems that could be coupled to the
angioplasty catheter werc developed in quick succession, as were technolo_oics for
polymenc-based, biodegradable perivascular appIication. An assessrnent of thc success of
these delivery systems coupled to pharmacological and gene therapies is still pending,
although controversies about their use and utility have already been reviewed (Chorny et

al. 2000). Nevertheless, the success of therapies applied in these manncrs will be
dependent on drug and vehicle type, dosage, rates of release, length of sustained release,
and ease of cornpliance and integration into the clinical setting.
Restenosis is a niulti-factorial disease process witli a very cornplex pathogenesisThe Iimited success that has been demonstrated with single modality therapy is Iikely due
to the eficiency at which the body initiates and maintains the repair proccss (and the
myriad of coordinatcd events that are involved therein), and tlic rcdundancy found in the
niany cellular rcsponscs and cellular signaling pathways that are involved. In addition,
the diffcrcnccs in patient-to-patient response, and the diffcrential contribution of
neointimal thickcning, remodeling, elastic recoil, etc., that varies on an individual basis,
add Iayers of complcxity to the treatment of rcstenosis that have yct to be accounted for.

Our prescnt undcrstanding of the progression of artcrial wound rcpaidintimal lcsion
fomiation is liimitcd to the specific ccllular proccsscs (i.c. migration, prolifcration and
(de)-difkrcntiation) that we can nionitor as physical cndpoints in our expcrimental
systcius. On thc othcr Iiand, thc interactions tliat occur bctwcen cclls and thc coordination
of ccllular cvcnts is still rclativcly unknown, as arc rnany of tlic cxtcrnal, cnvironmcntal
and intraccllular hctors and signals,

The studies described within this thesis summarize the efforts to characterize
cornponents of three cellular processes that are critical to the developrnent of restenotic
lesions post-angiopiasty, namely cell proliferation, ce11 migration and phenotypic
plasticity (Le. differentiation). The experimental culture systems that were utilized
provided the capabifity to study distinct endpoints, the contribution of unique factors and
discreet cellular responses, while the animal mode1 that was developed provided a
feasible system for relevant phamacoiogical testing. Using these resources, the work
surnmarized by this thesis is the first to recognize the contribution of post-translational
modification by arginine-dependent mono(ADP-ribosy1)transferases to ce11 proliferation,
ce11 migration and differentiation. Furthemore, MIBG, an inhibitor of argininedependent ADP-ribosylation reactions (Loesberg et al. 1990b; Smets et al. 1990b), was
identified as a potential therapeutic agent for the treatment of restenosis post-angioplasty.

MLBG was previously demonstrated to exhibit anti-proliferative activity and this
property forrned the basis for evaluating its applicability in the treatment of certain
diseases such as cancer. Trials for cancer have been reported (Taal et al. 1999; Taal et al-

1996; Zuetenhorst et al. 1999) and the success rate is moderately good. Application to
other related disease processes, however, has been overlooked. Restenosis is a
multifactonal repair-based disease process that includes a ce11 proliferation component.
Based on this reason alone, MIBG should success h l l y prevent restenosis. However,
highly selective inhibitors of ce11 proliferation have proven unsuccessful in treating
restenosis (Landzberg et al. 1997; Lefkovits & Topo1 1997; Muller et al. 1991 ; Muller et
ul. 1992b). Nevertheless, we have shown that MIBG should still be able to prevent

restenosis since MIBG is capable of inhibiting celt migration and differentiation in
addition to ce11 proliferation. These muItiple efFccts give MIBG an advantage ovcr
traditional pharmacological intcrvcntions that targct a single ccllular cvcnt (ix,

proliferation or migration or differentiation). Thus. MIBG, and a n y compound with
similar properties, should be suitable for the purpose o f preventing vascular restenosis
following injury regardless o f cause (eg. angioplasty, vascular grafting, etc.).
How does MIBG influence al1 three cellular events and inhibit restenosis? The
answer lies with the ability o f MIBG to inhibit the activity o f arginine-dependent

mono(ADP-ribosyl)transferases. ADP-ribosylation reactions are activated in vanous ce11
types in response to a variety of stimuli, and the activation of these regulatory enzymes
may be an important component o f ce11 proliferation, ce11 differentiation and ce11
migration (Kharadia el al. 1992; Saxty et al. 1998a; Terashima el al. 1992; Thyberg er al.
1995b). Oddly enougli, even after having been studied for over thirty years, the precise
regulatory functions of these enzymes are not well known. What is intriguing though, is
that ADP-ribosylation, much like p hosphorylation, is reversible via the action o f ADPribosyl-hydrolases (Moss et al. 1997). But how ADP-ribosy lation exerts its regulatory
effects remains a mystery. In large part, this uncertainty is a consequence o f our lack of
information regarding the targets of this modification. It is conceivable that ADPribosylation reactions operate tlirough G proteins, which are not typically regulated by
phosphorylation. Integration of ADP-ribosyltransferases as a regulatory component of
cellular signaling patliways would add a further layer of control, and thereby pemiit more
subtlc coordination o f ce11 functions. In accordance with this prcmise, dual regulation of

bFGF by both phosphorylation and ADP-ribosylation has becn dcmonstrated (Boulle et
al. 1995; Feige & Baird 1989; Jones & Baird 1997; Vilgrain & Baird 1991 ; Vilgrain et (II.
1993). Ofparticular interest is that fact that this faniily o f enzymes appears to be closely
linked to distinct ccllular processcs, namcly prolifcration, migration and differentiation
(Kliaradia et al. 1992; Saxty ef al. 199%; Tcrashima

el

al. 1992; Thybcrg et al. 1995b).

tliat arc criticai componcnts of rcstcnotic lcsion formation (Büutcrs & Isncr 1997; Davics

& Hagen 1994). Thus, MIBG, an inhibitor of arginine-dependent niono(ADP-

ribosy1)ation reactions, would inhibit restenosis via its effect on multiple and independent
targets. How ADP-ribosyIation functions to regulate each of these distinct cellular
processes (Le. proliferation, migration and differentiation) remains to be detemined and
should be the subject of future studies.
While it is fine to discuss the individual events involved in the pathogenesis of
restenosis post-angioplasty, neointimal formation is actually highly integrated and
coordinated with other systernic and local processes in the whole animal, such as
thrombus formation, vesse1 spasm/elastic recoil, inflammation, and remodehg (Biasucci
et al 1999; CaZiff et al. 1991; Glagov 1994; Liu et ai. 1989). Whether MIBG also has an

effect on these phenomena, however, remains to be detennined. Based on its structure
and reports in the Iiterature, at Ieast one possibility exists by which it may influence these
processes independent of its effect via arg-rnART. Since MIBG resernbles NE and is
taken into cells via the NE specific uptake- 1, it may modulate adrenergic function, which
has been shown to have detrimental effects towards elastic recoil and the development of
restenosis (Candipan et al. 1994; Gregorini et al. 1994; Gregorini et al. 1997). MIBG
may thus be able to decrease elastic recoil. In this way, the long-term ramifications for
arterial remodeling may be improved, adding yet another beneficial feature to the
restenosis fighting capacity of MIBG.
At the ceIlular level, MtBG does not appear to function by inhibiting traditionai

kinase cascade signaling pathways sincc the cellular intemediates nornîally associatcd
with proliferation, migration and differentiation, specifically MAP kinase, Pt3-kinase and
p2 1-Ras (Coolican et al. 1997; Cowley et al. 1994; Klcmke et al. 1997; Lopez-Ilasacü
1998; Marshall 1996; Pages el al. 1993; Poser et al. 2000; Pyles et al. 1997), arc not
afrcctcd by MIBG. Yct, MIBG is capüblc of intcrfcring with agonist-dcpcndcnt c - - J S

mRNA expression. An alternate pathway for thc regutation of c-jos. and its downstreani
effects, by MIBG has tlierefore been proposed. A mode1 has been developcd in which the
traditionat pathways that are initiated by growth factors and other stimuli diverge
intracellularly. but converge at the level of the nuclcus to regutate the transcription of
early growth response genes (Figure 77). Since the induction of c-fos gsne transcription
requires the coordinate activation of several transcription factors including CREB. SRF
and Elk-1 for temary cornplex formation. a contribution by multiple intracelMar
pathways and intemediatcs is not implausible. Furthermore, the activation of at least one

of these transcription factors (SRF) is regulated by a signaling pathway that is linked to
the srna11 GTP-binding protein Rlio. Since the ADP-ribosylation of Rho has already been
documented in the literature (-4ktories 1997; Aktories & Wegner 1992; Lemi er al-2000:
Schmidt & Aktorics 1998; Tsakiridis er al. 1998), MIBG couId inhibit c-fos gene
expression via this route, indcpendent of MAP kinase.
The research surnmarized in this thesis presents evidence that MIBG will be a
useful tool in the prevention of restenosis post-angioplasty. Further rescarcli will need to
confirm not onIy the efficacy of this conipound, but also to clarify the safety of this
conipound whcn directly applied to vascuIar tissues. Although extensive study of whole
body toxicity has establishcd the limits for systemic appIication, safcty concems for local
delivcry must be addressed before the compound can proceed to clinical trials. In
addition, it will be of utmost importance to detcmine the niode of action of MIBG within
ccllular and cxpcrinicntal animal niodcl systcnis, and to charactcrizc t t ~ cniodc of
distribution not only within a c d , but also as it pcrtains to local dclivcry. Tlius, future
cspcrirncnts arc rcconmcndcd to procccd in a direction tliat will dcfinc not only tlic
functions of MIBG, but will also providc ncw insight into the pathobiology of rcstcnosis.

FIGURE 77:Model of Signal Intermediates Associaled with c-fos Gene tenduction by a
Growth Stimulus or Injury.

Targets for inhibitors of the traditional kinase cascade leading to c-fos gene transcription
are shown. A plausible site for MIBG action in a parallel signaling pathway is presented.
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Research efforts deaIing with the problem or restenosis promise to bring new
modalities of therapy to cIinicaI trial before the end of the next decade. Tt is hoped that
the novel compound descrïbed herein, MIBG, will be thoroughly investigated with
respect to its clinical suitabiIity so that patients undergoing revascularization procedures
for CAD or other peripheral vascular disease could benefit frorn these findings.
Regardless, in the end, it is hoped that the studies reported within this thesis will provide
a broader perspective for understanding the cornplex biology of restenosis and the

coordinated cellular repair process that it represents, and ultimately assist in the rational
design of new compounds for the treatment of restenosis.
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