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Blood 80w in the left cornrnon carotid arteries of rabbits was reduced following 

ligation above the thyroid ostiurn. Afier 48 hours, the number of non-viable cells detected 

by in vivo labeling with propidium iodide was above that seen in control vessels. 

Labeling rates for endothelial (O. 16%) and for smooth muscle (0.084%) cells were used to 

estimate a ce11 death rate per day of 3% and 1.5% respectively. A role for apoptosis in 

flow-induced vascular remodeling was suggested since low detection of apoptotic cells 

was indicative of many ce11 deaths per day. Labeled nuclei were ovoid or displayed 

chromatin condensation and clurnping, a hallmark of apoptosis. These nuclei were also 

observed in cultured endothelial cells induced to undergo apoptosis by sphingomyelinase 

treatment. Therefore, cells may display two distinct nuclear morphologies during 

apoptosis. Also, the in vitro mode1 of apoptosis was used to demonstrate decreased 

expression of connexin-43 in apoptotic cells. 
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CHAPTER 1 

LITERATURE REVIEW 



HEMODYNAlMICS AND ARTERIAL STRUCTU-RE 

Many blood vessels must continuously adapt to altered hemodynamic and 

metabolic demands. For example, the ovarian cycle is characterized by blood vessel 

growth and regression in the corpus luteum (Augustin et al. 1995). Also, during 

pregnancy and chronic exercise there is chronic alterations in blood flow rate to which 

blood vessels adapt by remodeling of the vessel wall (Hart et al, 1986). In addition. 

during development al1 blood vessels are subjected to changes in hemodynarnics imposed. 

for example, by changes in the circulation which occur at parturition and the growth of the 

tissues supplied by the blood vessel (Bendeck and Langille, 1992). Moreover, there is 

considerable evidence that during development sensitivity to hemodynamics regulates 

vascular growth and development. 

Arteries are subjected to mechanical forces of circumferential tension exerted by 

distention of the vessel wall due to blood pressure acting normal to the vessel surface and 

to shear stress applied parallel to the luminal surface. Pressure and tension are borne 

primarily by the mediai constituents while shear stress acts on the luminal surface of 

endothelial cells. Tensile stress and pressure are related according to Laplace's law which 

dictates that tensile stress is proportional to the pressure in the vessel and its radius, and 

inversely proportional to the thickness of the vessel. Therefore, during increases in blood 

pressure, which occur during hypertension, there is an increase in tensile wall stress. The 

vessel responds by thickening the wall to reduce the tensile stress. Wall shear stress is 

directly proportional to the flow velocity and blood viscosity, and inversely proportional 

to the cube of the vessel radius. Thus, alterations of blood flow in the vessel will evoke 

increases or decreases in shear stress which the vessel adapts to by changes in its 



diameter. In this section, the influence of blood flow on arterial structure will be the 

focus of the discussion. 

1. MATURE VESSELS 

i. Acute Effects 

Mature artenes undergo extensive remodeling stirnulated by changes in the amount 

of blood flow they deliver to peripheral tissues (Langille, 1993). The response to altered 

blood flow is initially vasomotor. An increase in artenal blood flow results in acute 

vasodilatation mediated, at least in part, by the production of the potent vasodilator nitric 

oxide (Palmer et al, 1987). Nitric oxide release is increased very quickly (less than 90 

seconds) by endothelial cells subjected to increased flow, then endothelial nitric oxide 

synthase is up-regulated as well (Kanai et al, 1995, Noris et al, 1995, Uematsu et al, 

1995). Prostacyclin (PGL) also may contribute to flow-mediated vasodilation. PG12 

release fiom cultured hurnan umbiIical vein endotheliai cells (HUVECs) is increased with 

elevated shear stress (Frangos et al, 1985). Other evidence dernonstrates mediation of 

flow-induced dilation by prostaglandins in some vessels in vivo (Koller and Kaley 1990). 

When there is a decrease in blood flow the artery responds by vasoconstriction 

that is likely to involve a reduction in the tonic release of nitric oxide. There is also 

evidence for the involvement of a vasoconstrictor. Jarnal et al. (1992) showed that de- 

endothelialized rabbit carotid arteries do not constrict, but if blood flow is decreased the 

vessel narrows once the endothelium has regrown, suggesting the involvement of an 

endothelial-derived vasoconstrictor in narrowing of the vessel. Endothelin- 1 is a candidate 

vasoconstrictor since preproendothelin mRNA expression and endothelin-l secretion is 



inhibited in HUVECs exposed to fluid fiow in vitro (Sharefkin et al, 1991). however a role 

in vivo remains to be proven. 

ii Chronic Effects 

When blood fiow changes persist for days to weeks, there is structural remodeling 

of the artery to accommodate both increases and decreases in blood How. Adaptations to 

increases in blood flow occur through reorganization of wall constituents that result in an 

increase in the vessel diameter. Increased lumen diarneter with increased flow was 

observed following a carotid to jugular anastomosis in the dog that resulted in a 10 fold 

increase in blood flsw (Karniya 2nd Towaga 1980). In the iliac artery of monkeys, arterial 

diameter doubled by 6 months after a 10 fold increase in blood flow due to the 

construction of an artenovenous fistula (Zarins et al, 1987). Aldiough these studies 

showed that increased blood flow resulted in increased artenal diameter, a lefi io right 

carotid anastomosis in rabbits resulted in no si,hficant increase in arterial diarneter 

(Brownlee and Langille 199 1). Since this surgicd manipulation resulted in an increase in 

blood flow of only 60%, it was suggested that this level of increased blood flow was no t 

sufficient to induce structural changes and that a threshold of increased blood flow must 

be achieved in order for diameter enlargements to be observed. 

Reduction in artenal blood flow results in adaptive responses that narrow the 

diameter of the vessel. Langilie et al. (1989) reduced blood flow in the carotid artery of 

rabbits by 70-80%. This flow reduction was accompanied by a 21% decrease in the 

intemal diameter of the artery without any net changes in total elastin, collagen or DNA 

content. In addition, this flow-compromised artery appeared contracted when viewed 

with a light microscope. Nevertheless, the observed diameter reduction was structural 

since vasodilaton did not abolish the response and the arteiy displayed smaller maximally 



dilated and constricted diameters when compared to control arteries. This remodeiing of 

the vessel wall which occurred in response to reduced blood flow was endothelium- 

dependent since there was no reduction in diameter in segments of an artery receiving 

reduced blood flow that were denuded of endothelium (Lande and O'Donnell 1986). If 

these areas become re-endothelialized by regrowth of the endothelium, narrowing in 

response to the decreased blood flow ensued (Jamal et al, 1992). 

2. DEVELOPING VESSELS 

i. Embryonic Development 

Sensitivity to hemodynamic forces associated with blood flow has a rote in 

regulating the early development of the vascular system. Thoma (1 893) first noticed that 

developing vessels in the chick embryo carrying the greatest flows became large arteries or 

veins while those carrying low flows regressed. He concluded that the growth of a vessel 

is regulated by the rate of blood flow through the lumen. Subsequent studies by Clark 

(1 9 18) supported this hypothesis. His research showed that during embryonic 

development of the aortic arches of the chick, blood flow through the arches affecied 

which vessels persisted and which regressed (Stephan 1949, Rychter 1962). From these 

studies, it is clear that early blood vessel growth is regulated in part by blood flow in the 

developing vascular system. 

ii. Perinatal Development 

The perinatal penod is marked by extensive artenal rernodeling that is associated 

with large and abrupt changes in blood flow. These hemodynamic alterations are due to 



changes in oxygen content in artenal blood. closure of fetal and vascular shunts and 

alterations in the rnetabolic demands of tissues (Heymann et al, 198 1). Also. the 

abdominal aorta exhibits a large decline in blood flow (95% in sheep) with loss of the 

placenta at birth (Langille et al, 1990). This dramatic decrease in blood flow in lambs is 

accompanied by growth arrest in the abdominal aorta and a marked decrease in the 

diameter of the vessel. In the thoracic aortic, a loss of placental perfusion is offset by 

increased flow to visceral tissues (Rosenburg et al, 1984). which resulted in a increase in 

the vessel diameter (Bendeck et al, 1994). Subsequent experiments showed that between 

3 and 21 days postpartum the elastin accumulation, but not coilagen or DNA content, in 

various arteries of the neonatal lamb correlated with blood flow changes at birth (Bendeck 

et al, 1994). Taken together these findings demonstrate that blood flow has an influence 

on postpartum arterial growth. 

In addition to flow-related modulation of arterial growth, there is rapid 

accumulation of elastin and collagen in sheep abdominal and thoracic aorta in the week 

surrounding birth, which is unrelated to. and therefore independent of blood flow changes. 

since it is initiated prior to birth (Bendeck and Langille, 199 1). It was suggested that this 

increase in comective tissue constituents before parturition pre-adapts these vessels for 

increases in artenal pressure that occurs afier parturition. A role for glucocorticoids in 

elastin synthesis was proposed when dexamethasone treatment in fetuses up-regulated 

tropoelastin mRNA. This hding is significant because cortisol stimulates elastin 

synthesis by vascular smooth muscle cells in vitro (Leitman et al, 1984). Thus, although 

blood flow changes at birth affect arterial structure, metabolic and hormonal factors may 

contribute to the growth of arterial diarneter and in some instances override the effects of 

hemodynamics (Richardson et al, 1989) 



ii. Postnatal Development 

During postnatal development, blood flow has a strong effect on growth of arterial 

diameter. The growth of the interna1 diarneter of the carotid artery of rat pups was 

impaired by about 10% by placement of a flow-restricting clip on the artery (Guyton and 

Hartley. 1988). Also. one month after a 70% reduction in blood flow in the carotid 

arteries of young rabbits, vesse1 diameter was decreased by 3 1% compared to the 

contralaterd control (Langille et al, 1989). This experirnental mode1 of flow reduction also 

produced a reduction in DNA and elastin levels by at least 30 % after 4 weeks, although 

collagen content was not affected (Langille et al, 1994). Hence, blood flow reduction can 

inhibit the growth of artenal diarneter and arterid tissue accumulation. 

Changes in arterial diameter dso follow increased blood flow. as dernonstrated by 

a carotid to carotid anastomosis in 5-6 week oid rabbits (Brownlee and Langille. 199 1). 

Afier 2 months, the diarneter of these flow-loaded vessels was significantly greater than in 

age matched controls suggesting that the artery had remodeled to accommodate the 

increase in blood flow. 

It is noteworthy, that 

greatest in growing arteries. 

the effect of blood flow modification on arterial structure is 

VesseIs of immature anirnals narrowed more extensively 

compared to adult iirteries subjected to the same surgical manipulation, indicating a greater 

sensitivity to alterations in blood flow in the developing vasculature (Langille et al, 1989, 

BrownIee and Langille, 199 1 ). 



3. INFLUENCE OF HEMODYNAMICS ON VASCULAR REMODELING 

Remodeling of blood vessels stimulated by chronic changes in arteriai blood flow 

is endothelium-dependent (Langdle and O'Donnell 1986); however, the mechanisms by 

which the endothelium is able to sense altered shear stress have not been clearly outlined. 

In addition, the mechanisms by which artenal tissue remodel remain undefined. 

i. Mechanotransduction 

In addition to inducing vasornotion and medial remodeling, endothelial cells 

respond to fluid shear stress by aligning in the direction of flow and reorganizing actin 

microfilaments and abluminal focal adhesion sites (for review see, Davies 1995). The 

endothelial ce11 response to shear stress rnay involve mechanosensitive ion charnels of the 

plasma membrane which function as mechanotransducers. Shear-sensitive, potassium 

channels have been identified and shown to induce hyperpolarization which leads to 

calcium (ca2f) influx (Olesen et al, 1988). Other possible mechanotransducers include G- 

protein-linked receptors. Mechanotransduction by these receptors is possible because G- 

proteins regulate downstream signaling and have been shown to be necessary for MAP 

(mitogen activated protein) kinase stimulation in endothelid cells exposed to shear stress 

(Neer and Clapharn, 1988, Tseng et al, 1995). Moreover, recent evidence demonstrates 

that fluid flow rapidly activates G-proteins in W E C s  (Gudi et al, 1996) 

The cytoskeleton may have a role in mechanotransduction through the 

transmission of mechanical forces fiom the lumuid ce1 swface to locations elsewhere in 

the ce11 such as cell-celi adhesion sites, the nuclear membrane and cell-substratum 

adhesion sites where these forces are sensed (Davies and Tripathi, 1992). Supporting 

evidence is provided by Wang et al, (1993) who showed that the rotation of magnetic 



beads bound to integrin receptors of endothelial cells, was resisted by the cytoskeleton. 

They concluded that i n t e g ~ s  rnay act as mechanotransducers by transmitting stress 

signal to the cytoskeleton. 

The transduction of mechanical stress to focal adhesion sites on the abluminal 

surface of the endothelial cell is of particular interest because focal adhesions contain 

integrins and protein kinases. Thus, it is conceivable that mechanotransduction may 

occur through the integrin-mediated signal transduction that allow the endothelial cell to 

respond to changes in shear stress and blood flow (Schaller et al, 1992, Hannigan et al. 

1996). 

Endothelid responses to altered shear stress involve changes in gene expression 

(for list of shear-sensitive genes see Davies, 1995). Of particular importance to vascular 

remodeling is the up-regulation of genes which have a potential role in modi@ing the 

structure of the artery. Tissue plasminogen activator mRNA is increased in endothelial 

cells exposed to elevated shear (Diamond et al, 1990). Plasminogen activaton may 

degrade the extracellular matrix directly or by activating rnatrix metalloproteinases during 

vascular remodeling. They are known to participate in artenal remodeling since they are 

expressed during migration of smooth muscle cells into the intima after artenal injury 

(Clowes et al, 1990). Platelet-derived growth factor B (PDGF-B) is increased acutely and 

can bind receptors on underlying smooth muscle cells thereby afTecting the blood vessels 

response to altered shear stress (Hsieh et al, 1991). Transforming growth factor P (TGF- 

p l )  most likely affects long tenn responses since levels remain elevated for 12 hours 

following the onset of increased flow (Ohno et al, 1995). Resnick et al. (1993) have 

identified a 'shear stress responsive element' (SSRE) in the promoier of the PDGF-B 

gene which interacts with NF-- (nuclear factor-kappa B) in aortic endothelial cells 

(Khachigian et al, 1995). Other evidence has s h o w  that shear-sensitive promoter 



sequences in the TGF-B 1 gene that contain an AP-1 site (activator protein-1) but not a 

SSRE are shear sensitive (Ohno et al, 1995). Since the transcription factors AP-1 and 

NF-icB are stimulated by shear stress, they may regulate genes which are shear 

responsive (Lan et al, 1994). 

ii. Processes of Vascular Remodeling 

The restnicturing of elastin and coUagen during vascular remodeling may involve 

the action of rnatrix degrading enzymes. New evidence shows that the carotid arteries of 

rabbits which are undergoing extensive remodeling contain active collagenases and 

gelatinases and display fragmented elastic lamellae (Bayer et ai, unpublished). Although 

their activity following blood flow reduction has not been studied. it is likely that these or 

other metailoproteinases are involved in degradation of collagen and elastin in the artenal 

wall. 

In flow-Ioaded arteries, the elevation in shear stress resulted in an increase in the 

number of endothelial cells pnor to diarneter expansion (Masuda et al 1989). The 

observed increase in endothelial ce11 density was attributed to an increase in endothelial 

ce11 proliferation. Conversely, in arteries carrying reduced flows, the endothelial ce11 

nurnber was reduced as early as 5 days following blood flow reduction (Langille et al. 

1989, Walpola et ai, unpublished). Here, death of endothelial cells may normalize the 

endotheliai ce11 density as the luminal surface area declines with decreasing diameter. 

Therefore, it appears that endothelial response to changes in shear stress may serve to 

restore normal endothelial ce11 density on the surface of the vessel. 

Smooth muscle ce11 death was associated with decreased blood flow in the 

abdominal aorta of lambs following birth (Bendeck et al, 1994). The smooth muscle ce11 

replication rate was relatively hi&, but there was no accumulation of DNA during this 



time indicating a net loss of cells. Smooth muscle cells synthesize the majonty of the 

extracellular ma&; therefore, decreased nurnbers of these cells in the vesse1 wall would 

affect the accumulation of matrix constituents. It has been recently shown that ce11 death 

by the process of apoptosis occurs in smooth muscle and endothelid cells of the 

abdominal aorta during the perinatd period (Cho et al, 1995). 

Apoptosis is often thought of as ceii suicide that is induced by environmental 

stimuli which serves to rid tissues of 'unwanted' cells. The apoptotic process appears to 

bc important in flow-induced diarneter reduction in arteries responding to chronic changes 

in blood flow. The involvement of apoptosis in flow-induced vascular remodeling is the 

subject of this thesis. 



APOPTOSIS 

Apoptosis is a morphologically and biochernically distinct form of ce11 death in 

which the cell initiates a death program triggered by intrinsic or extnnsic signals that result 

in controlled destruction of the cell (Kerr et al. 1972, Wyllie 1980). It involves the 

activation of endogenous proteases and nucleases which digest the ce11 without loss of 

plasma membrane integrity. This mode of ce11 death diffen fkom necrosis in which cells 

die in response to injury. Necrosis features rapid ce11 swelling, lysis and inflammation 

(Buja et al, 1993). 

Apoptotic ce11 death typically occurs in scattered single cells which pass through 

charactenstic morphological changes (Kerr et al, 1972, Wyllie 1980). In the early stages. 

the apoptotic ce11 separates itseif fiom surrounding cells and matrix and the cytoplasm 

condenses as the ce11 loses volume. The chromatin becomes compacted and aggregates 

into masses that abut the nuclear envelope and nuclear pores migrate, such that they are 

absent in the region of the chromatin fragments and present in areas of d i f i se  chromatin 

(Falcien et al, 1994). As the process continues, the nuclear outline becornes convoluted 

and the ce11 surface shows blebbing. Eventually, the nuclear envelope breaks down and 

the ce11 separates into membrane-bound vesicles. The vesicles, calied apoptotic bodies, 

are phagocytosed by neighboring viable cells or macrophages where they are degraded 

within lysosomes. The morphological changes which occur during apoptosis have k e n  

characterized for some time, however, the rnechanisms underlying these events are not 

fùlly understood. 



Apoptosis is involved in physiologicai processes begiming with development and 

continuing through life. During ernbryogenesis apoptosis has been implicated in the 

sculpting and shaping of tissues; examples include removal of interdigital webs in digit 

formation and palate fusion (Harnmar and Monet, 1971. Farbman et al, 1968). 

Apoptosis is responsible for the loss of neurons during development of the nervous 

system (Raff et al, 1993) and it contributes to metanephric development in the kidney 

(Koseki et al. 1992). In adult tissues. apoptosis is part of normal ceil turnover, balancing 

proliferation with death (Kerr et al, 1972). Apoptosis may serve as a method of deleting 

cells during regression of tissues. Examples include involution of glandular tissues such as 

the lactating breast following weaning (Waiker et al. 1989) and atrophy of the prostate 

following castration (Kyprianou et al, 1989). Ce11 death by apoptosis also has a role in 

the pathogenesis of HIV, neurodegenerative disorders, atherosclerosis and restenosis (see 

Thompson. 1995 for review). Furthemore, failure of cells to undergo apoptosis may 

contnbute to certain pathologies such as cancer and autoimmune diseases. 

Since deregulated apoptosis appears to be involved in pathological processes. it  

may be possible to treat disease through the regulation of the apoptotic process. In order 

to accomplish t h ,  the pathways and genes involved in apoptosis must be characterized. 

Some progess in this area has been made. For exarnple, in Caenorhabditis eiegans, 13 1 

of the 1090 cells fomed fiom the zygote die by apoptosis and two critical genes 

regulating this death are ced-3 and ced-9 which induce and inhibit ce11 death respectively 

(Ellis and Horvitz, 1986). They have structural and sequence homology to the critical 

mammalian apoptosis-related genes, ICE (interleukin converting enzyme) and bcl-2, 

respectively. Other factors cm affect apoptotic ce11 death through receptor-mediated 

events, e.g. turnor necrosis factor (TNF) and Fas ligand (FasL). Alternatively, c d  

survival cm be enhanced through the action of growth factors or cell-matrix interactions. 



Finally. protooncogenes (c-myc) and turnor suppresses (p53) are involved in regulating 

apoptosis. This next section will discuss the mechanisms responsible for the 

morphological appearance, biochemistry and signahg events of apoptotic ce11 death. 

2. MORPHOLOGICAL AM) BIOCHEMICAL FEATtTRES 

i. Nudear events 

Chrornatin Condensation 

It has k e n  suggested that ~ 3 4 ' ~ ' ~  kinase, which promotes chromatin 

condensation, nuclear lamina disassembly and breakdown of the nuclear envelope during 

mitosis, rnay be active during apoptosis (Shi et al, 1994). Phosphorylation of nuclear 

lamins by p34cdc2 kinase result in their solubilization which may mediate break-down of 

the nuclear envelope during apoptosis. It is possible that the solubilization of lamins rnay 

be required for the condensation of chrornatin observed d u ~ g  apoptosis since it would 

result in release of chromatin loops from their attachent to the nuclear matrix (Nearnati 

et al, 1995, Oberharnmer et al, 1994). Studies have s h o w  solubilization of larnins occurs 

during apoptosis and that ~ 3 4 ' ~ ' ~  kinase is active and required for DNA fragmentation 

and breakdown of the nucleus (Schr6ter et al, 1996, Shi et al, 1994). However, the 

importance of ~ 3 4 ' ~ ' ~  kinase activity during apoptosis is controversial because chromatin 

condensation during apoptosis can occur without ~ 3 4 ~ ~ ' ~  kinase activation and may not 

be essential for apoptosis in general (Martin 1995, Oberharnmer et al, 1994). 



DNA Cleavage 

During apoptosis DNA cleavage at linker regions between nucleosomes produces 

oligonucleosorne-sized subunits such that a characteristic DNA "ladder'. with bands at 

multiples of approximately 200 bp is produced on gel electrophoresis (Arrends et al, 

1990). Although this banding pattern is considered a biochemical hallmark of apoptosis, 

the morphological features of apoptosis cm occur without intemucleosomai DN A 

fragmentation and in the absence of a nucleus (Schulze-Osthoff et al. 1994, Schwartz et al, 

1993, Cohen et al. 1992). In addition, a recent study employing field inversion gel 

electrophoresis, which dlows for resolution of large (kilobase (kb) to megabase range) 

DNA fiagrnents (Oberhammer et al 1993). has s h o w  that DNA fragments of 30-50 and 

200-300 kb are produced during apoptosis. It has k e n  suggested that the generation of 

these large Fragments is indicative DNA cleavage which affects the high order chromosome 

organization of loops (50 kb) and rosettes (200 kb) (Filipski et al 1990, Oberhammer et 

al. 1993). In various cell types, these large DNA fragments are subsequently cleaved into 

oiigonucleosornes (Cohen et al, 1994. Oberharnmer et al, 1993 ). 

DNA cleavage into oligonucleosomes is believed to involve the action of an 

endogenous, neutral, ca2'/Mg2+ (magnesiurn)-dependent endonuclease which is strongly 

inhibited by zinc (Arrends et al, 1990, Cohen and Duke, 1994). Cleavage of DNA into 

high molecular weight fragments occurs in conditions which inhibit oligonucleosomal 

cleavage suggestùig the involvement of enzymes other than the ~a~+/M~'+-de~endent  

endonuclease (Brown et al, 1993). Others have also suggested that the enzyme 

responsible for the formation of high molecular weight DNA 6-agments is distinct fiom 

that which causes internucleosomal cleavage, based on ion requirements and lack of 

inhibition by zinc (Walker et al, 1994, Sun and Cohen 1994). Indeed, it is likeiy that the 



degradation of DNA during apoptosis is a multi-step process involving multiple 

endonucleases. 

The identity of the nuclease(s) involved in the cleavage of DNA during apoptosis 

is unknown, but candidates have been suggested. DNase 1 is a ~a~" /M~"-de~enden t  

endonuclease which cleaves double stranded DNA at neutral pH and mediates degradation 

of DNA into oligonucleosomes in cells exhibithg the morphological features of apoptosis 

(Pietsch et al 1993, Polzar et al, 1993). In Chinese hamster ovary ceU nuclei, the activity 

of an acidic endonuclease was associated with the generation of an apoptotic DNA ladder 

pattern (Barry and Eastman 1993). This endonuclease was identical to DNase II based 

on cation requirements (independent of ca2'/Mg2+), sensitivity to inhibitors and ability to 

effect DNA digestion at low pH. W C  18 is ~ a ~ " / M ~ ~ ' - d e ~ e n d e n t  endonuclease which is 

present in thymocytes induced into apoptosis by glucocorticoid treatment (Gadio and 

Cidlowski 199 1). It is active at neutral pH and inhibited by zinc, supporting a role for 

this enzyme during apoptotic ce11 death in these cells. 

ii. Cytoplasmic Changes 

Little is known of the rnechanisrns by which condensation of the cytoplasrn is 

affected. Shrinkage of the apoptotic ce11 is undoubtedly caused by loss of intracellular 

water and there is some evidence that rapid loss of water may be involved in trÎggering 

apoptosis in vascular smooth muscle cells (Ortov et al, 1996). 

The change in cell shape during apoptosis involves tissue transglutarninase, a 

ca2+-dependent cytosolic enzyme that is activated during apoptosis and catalyses the 

cross-linking of proteins (Fesus et al, 1989, Fesus et al, 1987). This cross-linking is 

thought to form a network that stabilizes the apoptotic ce11 by preserving the integrity of 

the plasma membrane to prevent leakage of cellular contents. 



iii. Ce11 Membrane Alterations 

During apoptosis, the ce11 membrane loses microvilli and exhibits violent pulsation 

and blebbing (Wyllie, 1980). These early changes are accompanied by detachment of the 

apoptotic ce1 fiorn neighbo~g cells and matrix in solid tissues. This isolation of cells 

seen early in apoptosis must involve changes in cell-cell and celi-ma& attachments 

(Meredith et al, 1993). Furthemore, the loss of extracellular attachments rnay trigger 

signalmg pathways which contribute to the progression of the celi through apoptosis 

(Ruoslahti and Reed, 1994). 

Ce11 surface changes in apoptotic cells contribute to their recognition and 

engulfment by phagocytosing cells. For example, lectins located on the surface of the 

macrophage mediate binding through the recognition of changes in celi surface 

carbohydrates on apoptotic thymocytes (Duval1 et al, 1985). In addition, the 

phospholipid composition of the cell membrane is altered during apoptosis such that 

there is extemal exposure of phosphatidylserine evidenced by the ability of the apoptotic 

ce11 to bind annexin V. Recent reports show binduig and recognition of apoptotic 

lymphocytes and vascular smooth muscle cells by phagocytotic cells is facilitated by this 

exposure of phosphatidylserine (Fadok et al, 1992, Bennett et al, 1995a). 

iv. Kinetics 

Apoptotic cells are identified by characteristic morphological changes such as 

condensation and clumping of chromatin and cytoplasmic blebbing as described above. 

Cells display the morphological features of apoptosis for 1-6 hours but little is known of 

the length of time between the initiation of apoptosis and the appearance of the 

characteristic morphological changes (Bursch et al, 1992, Bennett et al, 1995b). In rat 

hepatocytes, apoptosis can be averted by mitogens that are adrninistered more than 1 



hour before the morphological features of apoptosis are evident (Bursch et al, 1990). It 

was suggested that the ce11 is comrnitted to die after this point. In general. it appears that 

different ce11 systems probably have difierent response times to different apoptotic 

stimuli. 

Since apoptotic cells die asynchronously and can only be identified for a short 

period of time, the frequency at which apoptotic cells are visualized in slowly remodeling 

tissues is relatively low. Consequently, the significance of apoptosis in biological 

processes may be underestimated. For example, in the developing vertebrate nervous 

system only 400 dead cells may be seen at any one time but 10,000 cells die per day 

(Raffet al. 1993). Therefore, knowledge of the apoptotic death rate per day during tissue 

remodeling is necessary to understand the contribution of apoptosis to the resulting tissue 

arc hi tec tue.  

3. MOLECULAR MECWUVISMS 

i. Signaling 

Fas /A PO- I and TNF receptors 

Ce11 surface receptors have been implicated in apoptotic cell death. Apoptosis 

involving the FasIAPO-l(CD95) receptor has been well studied. Fas belongs to a family 

of transmembrane receptors whose members include tumor necrosis factor receptor 

(TNFR) and nerve growth factor (NGF). The initiation of apoptosis in T-lymphocytes 

requires cross-linking of Fas with it ligand, FasL or antibodies to FasL (Trauth et al, 1989, 

Itoh et al, 1991). Fas-mediated apoptosis is inhibited by crmA, a known inhibitor of ICE, 

suggesting a role for ICE or ICE-like proteases in the death response (Enari et al, 1995). 



Important to the induction of apoptosis by Fas and TNF (tumor necrosis factor), 

is a cytoplasmic region of 60-70 amino acids referred to as the 'deaîh domain' (Itoh and 

Nagata 1993). The death domain of Fas is conserved in MORTI/ FADD (Chinaiyan et 

al, 1995) and RIP (Stanger et al, 1999, which are recently cloned genes that interact with 

the death domain of Fas. TRADD is another novel protein containing this death domain 

but it interacts with the death domah of TNFR (Hsu et al 1995). Over-expression of 

MORTI, FADD and TRADD induces apoptosis. showing that there are comrnon 

pathways for Fas and TNF in the initiation of ce11 death. 

Calcium and Protein kinase C 

Ce11 surface receptors are coupled to Ca" signaling through activated 

phospholipase C (PLC) via the inositol triphosphate/diacylglycerol (DAG) pathway 

(Bemdge and Irvine 1989). ca2' is involved in many signaling processes and the 

intracellular concentration of ~ a "  regulates apoptotic ce11 death. For example, apoptotic 

ce11 death in thymocytes resulted fkom treatment with thapsigargin, which releases Ca" 

fiorn intracellular stores (Jiang et ai, 1994). Other examples include, delayed or blocked 

apoptosis by cal' chelation and the triggenng of apoptosis by tbe use of ~ a "  inophores 

which mimic the effects of inositol triphosphate (McConkey et al, 1989, Dowd et al, 

1992). In some ce11 systems, however, an increase in cytosolic ca2* does not lead to 

apoptotic ce11 death. For instance, in hematopoietic cells and neutrophils, apoptosis is 

blocked upon treatrnent with ca2+ inophores (Whyte et al, 1993, Rodriguez-Tarduchy 

and Lopez-Rivas 1990). Also, in human leukernic cells, apoptosis can proceed in ca2' 

free conditions (Lennon 1992). Increased intracellular ca2' during apoptosis is thought to 

activate tissue transglutaminase and the endonuclease involved in DNA cleavage since 

both are known to be calcium dependent (Arrends et al, 1990, Fesus et al, 199 1 ). 



Ceramide 

The sphingomyelin signahg pathway is initiated by hydrolysis of the 

sphingolipid, sphingomyelin, by sphingomyelinase to generate ceramide and DAG 

(Okazaki et al,, 1 990). Ceramide activates stress-activated protein kinases, and increases 

the release of plasminogen activator-inhibitor -1 from HUVECs and causes ce11 cycle 

arrest (Soeda et al, 1995, Verhij et al, 1995, Westwick et al, 1995 Jayadev et al, 1995). 

Extracellular addition of sphingomyelinase or ceramide is smcient to induce ce11 death by 

apoptosis in a variety of cultured cells (Jarvis et al 1994a). The sphingomyelin pathway 

is activated in response to other inducers of apoptosis where cerarnide acts as a second 

messenger in the pathway leading to ce11 death, as occurs in Fas-mediated apoptosis in 

lymphoid cells (Cifone et al, 1993, Teper et al,, 1995) and in radiation-induced apoptosis 

in cultured endothelial cells (Haimovitz-Friedman et al, 1994). Also, cell permeable 

cerarnide and sphingomyelinase mimic the ability of TNFa to initiate apoptosis 

irnplicating cerarnide as a second messenger for this pathway (Zhang et al, 1995, Obeid et 

al, 1993, Jarvis et al, 1994% Haimovitz-Friedman et al, 1994). The target of ceramide is 

unknown, however, activation of the serinelthreonine protein phosphatase. ceramide- 

activated protein phosphatase (Dobrowsky et al, 1993) , andor the serinelthreonine 

protein kinase, ceramide-activated protein kinase (Mathias et al, 199 1) is likely. 

ii Regulatory Genes 

bd-2 

The C. elegans death protection gene, ced-9, shares sequence homology with the 

mammalian gene, bcl-2 (Hengarner et al, 1992). Bcl-2 exerts its function by prolonging 

ce11 survival and when over-expressed, it can suppress apoptosis in rnany, but not al1 cells 

in response to a varïety of stimuli (Vaux et al, 1988, Vaux et al, 1992, Bisonette et al, 



1992, Armstrong et al, 1996). Several different proteins encoded by other members of the 

bcl-2 family of genes can act as positive or negative regulators of apoptosis. The protein 

Bax homodimerizes or forms heterodimers with Bcl-2 and the ratio of Bax to Scl-2 

determines ceil survival or ceil death following an apoptotic stimuli (Oltvai and 

Korsymeyer. 1994). The product of the bak gene has a s M a r  action to bax in that it 

supports apoptotic ce11 death (Chitenden et al, 1995). The gene, bcl-x, encodes a 

suppresser of apoptosis, bcl-xl , and a facilitator of apoptosis bel-%, through altemate 

splicing of the MRNA transcript (Boise et al, 1993). 

The mechanism by which bcl-2 prevents apoptosis is not understood. 

Phosphorylation affects its ability to protect cells from apoptosis in lymphoid ceils 

(Hadler et al, 1995). It has also been suggested that the localization of Bcl-2 to the inner 

rnitochondrial membrane implicates a role for oxidative phosphorylation and electron 

transport in the ce11 survival mechanism (Hockenberry et ai, 1990). However, a separate 

study has shown that Bcl-2 can still block apoptosis in serum starved cells that exhibit 

impaired rnitochondrial fùnction and localization of Bcl-2 to the nuclear envelope and 

endoplasrnic reticulurn (Jacobson et al, 1993). 

pY3 

The initiation of apoptosis can be induced by, and depend on, the expression of 

the tumor suppresser gene p53. The normal function of p53 is to arrest the ceii cycle to 

allow repair of DNA damage. Current evidence suggests that if the damage cannot be 

repaired then apoptosis is triggered (Kuerbitz et al, 1992). The exposure of rnammalian 

cells to DNA darnaging radiation often results in apoptosis via a p53-dependent pathway 

(Clarke 1993). In addition, wild type p53 induces apoptosis in a myeloid cell h e  



(Yonish-Rouach 1991). However, there are instances, . of apoptotic ce11 death which is 

not dependent on p53, or require p53 only in certain situations (Lowe et al, 1993). 

p53-nu11 mice had higher levels of bci-2 and lower levels of bax than normal 

animals suggesting a direct role in apoptosis through the down-regdation of bcl-2 and the 

up-regulation of bax (Miyashita et al, 1994). Other studies employing p53-nu11 mice 

have shown that p53 was not essential for the control of apoptosis during development, 

since these mice develop normally. Interestingly, these mice were prone to the 

development of tumors, thus p53-induced apoptosis in precancerous cells, may be 

important in tunor suppression (Lane 1993, Donehower et al, 1992). Thymocytes fiom 

p53-nu11 mice were resistant to radiation-induced apoptosis but displayed normal 

apoptosis when induced to do so by other means such as withdrawal of growth 

promoting glucocorticoids and phorbol esters (Lowe et al, 1993, Clarke et al, 1993) 

c-mye 

As with p53, the c-myc proto-oncogene is associated with ce11 cycle progression 

and has a role in the induction of apoptotic ce11 death. When growth arrested cells over- 

express c-myc, apoptosis ensues (Evan et al, 1992). This occurred in rat-1 fibroblasts 

and vascular smooth muscle cells, where the presence of c-myc resulted in apoptosis if 

growth factors are absent (Evan et al, 1992, Bennett et al, 1994). Thus, deregulated c- 

myc coupled with growth factor deprivation appear to produce incompatible growth 

signals which propel the ce11 toward death. Apoptosis involving c-myc is dependent on 

the association of the Myc partner, Max, through p53-dependent pathways (Hermking 

and Eick 1994). Other genes af5ecting c-myc-induced apoptosis include bcl-2 that inhibits 

apoptosis in sem-deprived cells afier c-myc activation (Bissonette et al, 1992, Fanidi et  

al, 1992). 



iii Proteases 

ICE and ICE-related proteuses 

The mammalian (human) counterpart to the death gene, ced-3, in C. elegans is ICE. 

a cysteine protease, which cleaves proIl- 1 p (pro-interleukin- 1 p) to Il- 1 P (interleukin- 1 P) 

or a related protease (Yuan et al, 1993). When murine ICE was over-expressed in rat 

fibroblasts, they died by apoptosis which couid be blocked by the viral protein c d  

which is an inhibitor of ICE-like proteases (Miura et ai, 1993, Ray et al, 1992 ). Other 

studies demonstrate the involvement for ICE or ICE-like proteases in Fas-induced 

apoptosis, apoptosis induced by loss of contact with the extracellular matrix, and 

apoptosis that follows growth factor withdrawai (Gagliatdini 1994, Enari et al. 1995, Los 

et al, 1995, Boudreau et ai, 1995). A developmentd role for ICE in apoptosis has not 

been supported since ICE-deficient rnice develop normally except for an impairment in 

Fas-induced apoptosis. Therefore, other members of the ICE family may be more 

important during developrnent (Kuida et al, 1995). 

Recently, a family of cysteine proteases which share structural and sequence 

similarity with ICEKED-3 has been identified. Members include TX which c m  cleave 

ICE but not proIl-1 p and Ich-1 that produces a positive and a negative regulator of 

apoptosis through altemate splicing of mRNA transcripts (Wang et al, 1994, Faucheau et 

al, 1995). CPP32 is a gene encoding another ICE-like cysteine protease. It is inhibited by 

crmA and it cleaves the DNA repair enzyme, poly(ADP-ribose) polymerase (PARP), 

that is cleaved during apoptosis as well (Satoh and Lindahi 1992, Lazebnick et ai 1994, 

Tewari et al, 1995, Satoh and Nicholson 1995). The CPP32 gene product, Apopain, 

results in apoptotic ceIl death when it is over-expressed and it is involved in Fas-mediated 

apoptosis (Fernandes-Alnemri et al, 1994, Schlegel et al, 1996). Mch-3 is a recent 



addition to this family that can also cleave PARP to induce apoptosis when over- 

expressed (Fernandes-Alnemri et al, 1995). 



VASCULAR CELL APOPTOSIS 

It has becorne apparent that ce11 death in the vasculature is ofien attributable to 

apoptosis. Current studies are focused on characterizhg the regulation of apoptotic ceii 

death in vascular endothelial and smooth muscle cells and the role of apoptosis in 

vascular biology and vascular disease. 

1. ROLE lN VASCULAR BIOLOGY 

Apoptotic cell death has been documented during vascular remodeling. The death 

of endothelial cells during luteal regression was reported over a decade ago, with dying 

cells displaying the rnorphological charactenstics of apoptotic ce11 death (Azirni and 

O'Shea 1984). In a more recent study, increases in DNA content in abdominal aortas of 

larnbs were found to be below what ce11 replication rates would predict, indicating 

substantial cell turnover (Bendeck and Langille 1992). It was then determined that 

srnooth muscle and endotheliai cells were dying by the process of apoptosis (Cho et al, 

1995). This apoptosis was associated with the decrease in blood flow in the abdominal 

aorta caused by loss of the placenta at birth. Experimental decreases in blood flow in the 

carotid artery of rabbits have resulted in increased DNA hagmentation into 

oligonucleosomes compared to the ipsilaterai controls. In addition, apoptotic smooth 

muscle cells have been detected in vascular pathologies such as atherosclerosis and 

restenosis during remodeling of the artenal wall (Isner et al, 1995, Han et al, 1995). 



Ce11 death by apoptosis may be a generai mechanism of arterial remodeling. 

Apoptosis would allow for atrophy of the tissue without an inflamrnatory response and 

with minimal disruption of the basic tissue structure. Quantification of apoptotic ce1 

death is necessary in order to determine the importance of apoptosis in vascular 

remodeling. Apoptosis is hard to assess in slowly remodeling tissues because apoptotic 

cells are observed infiequently. Detection is problematic because of the brevity of the 

apoptotic process and the engulhent and degradation of apoptotic bodies by neighboring 

cells (Bursch et al, 1990, Savil 1993). Therefore, in slowly remodeling vaxular tissues. 

only a small nurnber of cells dying by the process of apoptosis can be detected at a single 

point in time. In order to evduate the importance of apoptosis to the remodeling of the 

vesse1 wail, the ce11 death rate per day must be determined. 

Gene products known to conhibute to the regulation of apoptosis have k e n  

shown to be active during apoptosis in vascular cells. For example, plaque-derived 

smooth muscle cells, which are susceptible to apoptosis in vitro, are rescued from death 

by constitutive expression of bcl-2, a known inhibitor of apoptosis (Bennett et al, 

1995b). In addition, Bcl-2 prevented apoptosis in endothelid cells deprived of growth 

factors (Kondo et al, 1994). Other reports show that the inhibition of protein kinase C in 

rat coronary smooth muscle cells, induced apoptosis which occurred concomitantly with 

a decline in the expression of Bcl-2 (Leszczyski et al, 1994). ICE is another gene thought 

to be active in smooth muscle ce11 apoptosis since its expression is CO-localized with 

apoptotic cells (Geng and Libby, 1995). More recently, apoptotic ce11 death in 



endothelial cells induced by deprivation of bFGF was accompanied by and increase in the 

expression of ICE (Kondo et al, 1996). Et has also been revealed the deregulated c-myc 

expression in aortic smooth muscle cells in low serurn conditions induces apoptotic ce11 

death (Bennett et al, 1994). 

Cytokine involvement in vascular apoptosis has been docurnented in endothelial 

and smooth muscle in vitro. Treatment of endothelial and smooth muscle cells with IFN- 

y (interferon-y), IL- I B and TNFa can induce apoptotic ce11 death (Sato et al, 1995. Robye 

et ai, Maier et al 1995, Geng et al, 1996). This hding has implications for the 

progression of atherosclerosis since the plaques consist of macrophages and T- 

lymphocytes which are able to secrete various cytokines (Libby and Hanson 1991). 

Withdrawal of growth factors from endothelial cells in culture induces apoptosis. 

Specifically, removd of basic fibroblast growth factor (bFGF) from the medium of 

HUVECs or murine aortic endothelial cells results in death by apoptosis (Araki et al, 

1990, Kondo et al, 1994). In addition, bFGF can protect endothelial cells From the lethal 

effects of ionking radiation that lead to death by apoptosis (Harnovitz-Friedman et al, 

1994). For smooth muscle cells, Bennett et al (1995b) have shown the PDGF-£3 and 

IGF-1 (insulin-like growth factor 1)  c m  inhibit apoptotic cell death in normal and plaque- 

derived vascular smooth muscle cells Taken together, these studies suggest that 

endothelial and smooth muscle cell growth factors provide survival signals which upon 

removal result in death of the cell by apoptosis. 

As with growth factors, the extracellular maûk is thought to provide survival 

signals which will deter apoptosis. Endothelial cells grown on coilagen, a component of 

the extracellular maûix, are protected from apoptosis induced by lipopolysaccharide 

(Hoyt et al, 1995). W E C s  rapidly undergo apoptosis in suspension indicating that 

lack of attachment to substrate is incompatible with life. In contrast, apoptosis is 



blocked in HUVECs plated on dishes with antibodies to B1 integrins that bind 

fibronectin; however, apoptosis was not suppressed if other adhesion molecules were 

used to coat the dishes (Meredith et al, 1993). The ability of the extracellular ma& to 

prornote ce11 survival most likely involves other factors since the simple occupation of 

integnn receptors without ce11 spreading is not suficient to prevent apoptosis (Re et al. 

1994). 



CHAPTER 2 

APOPTOSIS IN THE CAROTID ARTERY OF 

RABBITS FOLLOWING A REDUCTION IN BLOOD 

FLOW 



INTRODUCTION 

The observation of high smooth muscle ce11 proliferation rates in the postpartum 

abdominal aorta of lambs without increased DNA accumulation suggested hi& celi 

turnover rates (Bendeck and Langdie 1991). Indeed, with further, study apoptosis rates 

were observed to be elevated in the abdominal aorta and in the intra-abdominal umbilical 

artery, both of which regress aAer birth (Cho et al. 1995). There is no flow in the intra- 

abdominal urnbilical artery of the perinatal lamb and the abdominal aorta receives a 95% 

reduction in blood flow with loss of the placenta (Langdle et al, 1990). Taken together, 

these data suggest that blood flow affects vascular ceii apoptosis rates during 

development. 

Expenmentally-reduced blood flow in the carotid artenes of rabbits confirmed that 

apoptosis in vascular cells could be induced by a decrease in blood flow (Cho. 1996). The 

experiment used to prove that apoptosis was occux-ring involved electrophoresis of end- 

labeled DNA that provided evidence of DNA fragmentation into oligonucleosornes. This 

technique is extremely sensitive and can detect low rates of apoptosis; therefore. the 

physiological significance of apoptosis in flow-compromised arteries had no t been 

established. 

In the present study, 1 set out to determine the biological importance of apoptosis 

in vascular remodeling induced by decreased blood flow. Non-viable cells were identified 

by uptake of the DNA binding dye propidium iodide that is excluded fiom viable cells. 

Propidium iodide-labeled cells were detected in control arteries and in artenes receiving a 

reduction in blood flow. Counts of labeled cells and the duration for which cells could be 

labeled with propidiurn iodide was assessed to estimate daily apoptosis rates. These 



values were compared to proliferation rates in order to determine the contribution of 

apoptotic ce11 death during vascular remodeling in flow-compromised arteries. 

During the course of this study, two nuclear morphologies of propidium iodide 

cells were observed. Chromatin within labeled nuclei was clumped into discrete masses, a 

characteristic of apoptotic cells, or the nuclei had an ovoid nuclear staining pattern. In 

order to relate these nuclear staining patterns to the sequence of morphological changes 

during apoptosis. I exarnined the fate of propidium iodide labeled cells after labeling. 

OBJECTIVES 

To provide a quantitative estimate of cell loss by apoptosis in the vascular wall following 

blood flow reduction and to determine the fate of cells with ovoid nuclei or nuclei showing 

condensed chromatin after propidium iodide Iabeling. 

1. Vascular ce11 death induced by decreased blood flow is rapid and briefly detectable by 

uptake of the DNA binding, fluorescent dye, propidium iodide. 

Ratiomie 

Apoptotic ce11 death has been demonstrated in the carotid arteries of rabbits 

following a reduction in blood flow. This study was designed to test whether non-viable 



cells can be labeled with propidium iodide and whether the time for which these cells 

persist in the artenes is consistent with apoptotic ce11 death. 

2. In flow-compromised arteries, cells with ovoid nuclear rnorphology represent an earlier 

phase of apoptotic ce11 death than cells with chromatin condensation at the periphery of 

the nucleus. 

Rationale 

In arteries receiving reduced blood flow, some propidium iodide-labeled cells had 

nuclei with chromatin clumped into discrete masses. These cells were displaying nuclear 

morphology characteristic of apoptotic cells. Labeled nuclei with an ovoid, near normal 

nuclear staining pattern were also observed and may represent apoptotic cells prior to 

chromatin condensation. 



1. Animals 

Three-week old, male New Zealand white rabbits weighing 300-600 g were used 

for experirnents. They were maintained on a diet of standard lab chow. For surgeries. 

anesthesia was induced by an intrarnuscular injection of 0.8 rrVkg of 1:9 xylazine (20 

mg/ml) : ketamine hydrochloride (100 m g / d )  mixture. At the end of experiments. rabbits 

were killed by intravenous injection of T6 1 (200 mgh i  N-[2-m-methophenyl-2- 

ethy 1 butyl-( 1 )]-2 hydroxybuty lamide, 50 mg/ml4,4'-rnethylene bis(cyclohexy1 trimethy1- 

arnonium iodide), and 5 mg/ml teracaine hydrochloride) (Hoechst Canada [nc.). 

2. Propidium iodide clearance 

In this sîudy, non-viable endothelid and smooth muscle cells were labeled in vivo 

to propidium iodide at one time point and examined at later time points for positive 

staining. In order to determine whether the labeled cells present at these time points were 

labeled at, or shortly after the time of propidium iodide administration, blood fiom the 

rabbits was collected to determine the clearance of propidium fiom the circulation. An 

incision was made over the femoral artery in anesthetized rabbits. The femoral artery was 

exposed and a catheter inserted into the abdominal aorta. One ml of blood was drawn into 

a syringe and transferred to heparinized vials on ice. Blood sarnpling was followed by the 

injection of 5 p o l e k g  propidiurn iodide (Calbiochem- Novabiochem Corp.) into the 

bloodstrearn of the rabbits via the femoral catheter. Further blood sarnples were collected 

again at 1, 5, 10, and 30 minutes following the infusion of propidium iodide. Al1 blood 

sarnples were centrifuged at 5000 rpm at 4OC for 20 minutes and the plasma transferred 



to a new tube. A 2 ml aliquot of plasma was diluted 150 with phosphate buffered saline 

(PBS) and 70 pg of calf thymus DNA was added. Fluorescence of propidium iodide 

bound to DNA was measured on a spectrofluorometer with the excitation wavelength set 

at 536 nm and emission wavelength at 6 17 m. Three measurements were taken for each 

sample and averaged. Values above background fluorescence fiom the blood sample taken 

1 minute before propidium iodide injection were calcuiated for each time point. 

3 Experimental reduction in blood tlow 

A rnidline incision over the larynx was made in anesthetized rabbits. The Ieft 

carotid artery was exposed and ligated just rostral to the thyroid ostium (Figure 2.1) with 

5-0 silk suture resulting in a 82% reduction in blood flow in the left carotid artery with a 

33% increase in blood flow in the right carotid artery (unpublished data). In sham- 

operated rabbits, the suture was passed around the left carotid artery but not Iigated. The 

incision was closed in layers and the animals were allowed to recover. 

1. In vivo labeling of non-viable cells 

Twenty-four or 48 hours after surgery, animais were briefly anesthetized and 

given 5 p o l e k g  propidium iodide via an ear vein catheter. Animais whose carotid 

arteries had been ligated were killed at 15, 45, 75, 105, 255 minutes following propidium 

iodide injection. Rabbits with sham-operated arteries were klled 15 minutes following 

the injection of propidium iodide. 

5. Tissue preparation for microscopy 

The ascending thoracic aorta was cathetenzed in a retrograde fashion. The aorta 

and carotid arteries were flushed with phosphate-buffered saline (PBS) and then 



pemision-fixed for 20 minutes at a pressure of 100 mmHg with 3% paraformaldehyde. 

The left and right carotid artenes were excised caudal to the point of ligation. The 

adventitia was cleared and the arteries were opened lengthwise and cut into segments that 

were mounted lumen side up ont0 glas  slides with glyceroVPBS (9: 1). Slides were 

viewed with a laser scanning confocal microscope (Bio-Rad MRC 600) fitted with an 

argonkrypton mixed-gas laser using a 60X objective. 

Propidiurn iodide labels the nuclei of non-viable cells but is excluded from viable 

cells; hence, dying cells can be identified by their intense nuclear fluorescence. The 

number of propidiurn iodide positive endotheliai and smooth muscle cells per Ml 

thickness field were counted. A full thickness field consists of one microscope field of 

endothelial cells and al1 medial smooth muscle cells below that field. Approximately 40- 

50 fields were viewed for labeled ceils in each artery exarnined. 

6. Ex-vivo labeliog of cells in the arterial wall 

The total number of endothelial and smooth muscle ceils per full thickness field 

was determined to examine the percent of labeled cells per field. Un-manipulated animals 

were anesthetized and killed by intravenous injection of T6 1. The arterial system was 

perfusion fixed and the lefi carotid artery excised as previously described. The adventitia 

was cleared and the artery was opened lengthwise and placed in a small plastic tube. This 

was followed by washing in PBS (5 minutes) and treatment with 1% û-itonX-100 for 5 

minutes. The arteries were then nnsed in PBS and incubated 30 minutes with 100 mg/rnl 

RNase A (Boehringer Mannheim) at room temperature. After 3 washes in PBS, the 

arteries were incubated with 0.1 mghl  propidium for 30 minutes at room temperature. 

They then received a h a i  wash in PBS and were mounted ont0 glass sides as described 

previously. Under these conditions, the nuclei of al1 the cells in the artery were labeled. 



The total number of endotheliai and smooth muscle cells per full thickness field was 

counted as described above. Five full thickness fields of the left common carotid artery 

were counted for 3 different animals. 



Nuclear morphology of labeled cells in the carotid artery 

Non-viable cells, detected by in vivo labeling with the vital dye propidiurn iodide, 

were observed in the carotid arteries of 3 week old rabbits following decreased blood flow. 

The nuclei of these labeled cells displayed highly fluorescent staining compared to normal 

nuclei (Figure 2.2). Two distinct staining morphologies were observed. The nuclei were 

ovoid but smaller than normal nuclei (Figure 2.2 A, B) or they exhibited chromatin 

condensation and clurnping into discrete masses (Figure 2.2 C, D). In cornparison, nomal 

nuclei stained with propidium iodide following triton treatment were larger and displayed 

finely dispersed chromatin (Figure 2.2 E. F). 

Propidium iodide infused intravenously cleared rapidly from the circulation 

Figure 2.3 shows that propidium iodide detected in the blood retums to near 

background levels after approximately 10 min. For this reason, the number of cells 

labeled with propidium iodide in the lef? (flow-compromised artery) and right carotid 

arteries were counted starting at 15 minutes afier propidium iodide injection. The number 

of propidium iodide positive cells in the left carotid artery was greater at 24 hours than at 

48 hours following the ligation procedure (Figure 2.4). In addition, when counts fkom the 

left and right carotid artery were compared, there was a significant difference in the 

number of propidiurn iodide positive cells 24 hours following ligation but not after 48 

hours. For these reasons, cells were counted for the 24 hour time point only for the rest 

of the study. 



Ce11 death following reduction in arterial blood flow 

There is a increase in blood flow in the nght carotid artery following the ligation of 

the left carotid artery, therefore, this vessel could not be treated as a control artery. 

Consequently, the number of  propidiurn iodide positive cells in arteries From sham- 

operated animals were counted 24 hours after surgery and compared to counts fiom left 

carotid arteries ligated for 24 hours (Figure 2.5). A significant difference was found for 

both endothelial and smooth muscle cells when experimental artenes were compared to 

arteries from sharn-operated anirnals, suggeçting that the increase in the number of non- 

viable cells observed was not an artifact of the surgical procedure. 

The total nurnber of cells per full thickness field, determined by exposure of the 

vessel to propidiurn iodide in vitro following treatment with Triton X-100. was 78.2 t 

3.1 cells/fieId for endothelial cells and 773.5 f 18.6 cells/field for smooth muscle cells. 

Fifteen minutes after propidiurn iodide injection there were 0.126 labeled endothelial ceils 

and 0.604 labeled smooth muscle cells per field in the flow-compromised artery. Sham- 

operated controls had 0.01 18 labeled endothelial cells and 0.0439 smooth muscle cells per 

field at this time. Combining these data with the counts of total labeled cells per field (see 

above), a value of O. 16% endothelial cells and 0.084% smooth muscle cells were labeled in 

the experimental arteries and 0.0 15% endothelial cells and 0.00057% smooth muscle ceIls 

were labeled in the sham-operated arteries. 

Loss of labeled cells from the vascular wall 

It is generally believed that the duration of apoptosis is short; therefore, apoptotic 

cells can only be identified for a bnef penod of tirne. If propidium iodide is used to 

identiS, apoptotic cells, only those cells which take up the dye at the tirne of propidium 

iodide administration will be labeled. The duration for which cells are labeled was 



determined under the assurnption that these cells remain labeled until degradation at the 

end of the apoptotic pathway. The number of labeled cells detected in the artery at 

different times following propidium iodide injection was counted and decreased rapidly 

with time and by 105 minutes after propidium iodide infusion, relatively few labeled cells 

were detected (Figure 2.6). At 255 minutes, no labeled endothelial cells were observed. 

This was m e  for smooth muscle cells, except one artery had relatively hi& ce11 counts at 

this time. These data show that non-viable cells in carotid arteries receiving reduced blood 

flow are labeled with propidium iodide for 1-4 hours. 

Fate of labeled cells 

Some nuclei displayed chromatin clumped into discrete masses, a nuclear 

morphology characteristic of apoptotic cells. Labeled nuclei with an ovoid staining 

pattem were also observed and may represent apoptotic cells prior to chromatin 

condensation. In order to detemine the eventual fate of the cells with ovoid nuclei, the 

number of endothelial and smooth muscle cells displaying either type of nuclear staining 

morphology at 15.45,75, 105 and 255 minutes after the injection of propidium iodide is 

represented in Figure 2.7 (endothelial cells) and Figure 2.8 (smooth muscle cells). Both 

ce11 types demonstrated a dramatic decline in the number of ovoid nuclei by the 45 minute 

time point. Counts of endothelial cells with the condensed chromatin nuclear staining 

pattern were low for al1 time points examined, except at 255 minutes after propidium 

iodide infusion when no labeled cells were detected. Smooth muscle ce11 counts produced 

a sùnilar pattem and revealed that 255 minutes d e r  the administration of propidium 

iodide, the large number of labeled cells detected in the artery of one animal displayed 

chromatin condensation. 



DISCUSSION 

Apoptotic cell de& has a role in remodeling the arteriai wall. 

Apoptosis has been proposed as a mechanism involved in the control of artenal 

growth and development ( h i  and 0 ' s  hea 1984, Cho et al, 1995). During the perinatal 

penod of larnbs, apoptosis rates were highest in those vessels which had expenenced 

dramatic reductions in blood flow at birth (Cho et al, 1995). In young rabbits, a decrease 

in blood flow to the carotid artery resulted in an hcrease in fragmentation of DNA into 

oligonucleosomes, a hallmark of apoptotic ceIl death (Cho, 1995). This thesis has shown 

that a reduction in carotid blood flow is accompanied by increased incidence of dying cells 

based on their uptake of propidium iodide. Entry of propidium iodide into the ce11 may 

occur due to the extensive plasma membrane activity in the early stages of apoptosis. 

Labeled cells displayed an ovoid nuclear morphology or nuclei with chromatin clurnped 

into discrete masses. The latter is a widely observed indication of apoptotic cell death. 

Positively labeled cells were not detected in the vesse1 wall 4 hours after 

propidium iodide injection. Also, labeling of these cells occurred at or shortly after 

propidium iodide administration since propidium iodide was cleared within minutes fiom 

the circulation. Therefore the length of time cells were labeled with propidium iodide 

coincides with reports documenting the length of time for which apoptotic cells are 

morphologically recognizable. Busch et al, (1 992) showed that in apoptotic liver 

hepatocytes the mean duration of the histologicd stages of apoptosis was approximately 

3 hours. Bennett et al, (1995a) determined that the tirne between the onset of the 

morphological changes during apoptosis and the point at which vascuiar smooth muscle 

cells became fully detached and fiagmented was 60-90 minutes. 



The short duration of apoptosis and the even shorter length of time for which 

dying cells can be labeled with propidium iodide means that a low percentage of 

positively labeled cells at any one time could indicate many ce11 deaths per day. The 

number of cells which die per day in the carotid artery following flow reduction can be 

estimated using the counts of propidiurn-iodide labeled vascular cells and the dumtion for 

which these cells were labeled. Fifieen minutes after propidiurn iodide was administered 

0.16% of the endothelial cells and 0.084% of the smooth muscle cells were labeled. I 

showed that the half-life of these labeled cells was 1-2 hours. Therefore, approximately 

3% of the endothelial cells and 1 -5% of the smooth muscle cells die per day. This is 

indicative of a net loss of cells, since ce11 proliferation rates of 0.4% in the carotid artery 

were below the ceIi death rates following flow reduction (Cho, 1995). Therefore. 

endothelid and smooth muscle ce11 death by the process of apoptosis appears to be 

important in flow-induced arterial remodeling. 

Apoptosis in endothelid and smooth muscle cells has been documented during 

vascular remodeling and in vascular pathologies. Apoptotic smooth muscle cells have 

been identified in the atheromatous plaque and during intimd hyperplasia in the rat 

vascular injury mode1 (Bochaton-Piallat et al, 1995, Geng et al, 1995). Vascular smooth 

muscle cells fiom coronary plaques appear to have an inherent disposition for death by 

apoptosis (Bennett et al, 1995b). When isolated from the artery, they undergo apoptosis 

even in growth promoting culture conditions, whereas, cells from normal arteries die only 

after growth factors had k e n  removed. These findings suggest that apoptosis in both 

endothelial and smooth muscle cells may have a role, during the pathogenesis of vascular 

disease, of mediating the remodeling of the aiterial wall and the regdation of arterial mas .  

Although apoptotic ce11 death occurs following reduced blood flow in arteries, the 

mechanism is unknown. Smooth muscle ce11 death would affect the vcssel cellularity and 



accumulation of medial matrix since these cells make most of the components of the 

vessel wall. For endothelial cells, death by apoptosis would result in a reduction in the 

number of cells on the luminal surface of the vessel which has been observed following 

chronic reductions in blood flow (Langiile 1989). It is possible that crowding of 

endothelial cells as the lumen is reduced results in the deletion of endothelial cells by the 

process of apoptosis. I have s h o w  in preliminary experiments that endothelial cells 

grown on a pre-stretched substrate died by apoptosis when the stretch was decreased by 

20% (data not shown). This study provided some in vitro evidence that the crowding of 

endothelial cells could induce apoptotic ce11 death. Another report has shown that an 

increase in endothelial ce11 density occurs following increased blood tlow (Masuda et al, 

1989). Thus it appears that endothelial cells can adjust their numbers by regulation of 

proliferation and apoptosis such that the end result of vascular remodeling is the 

maintenance of normal endothelial ce11 density; however, density-dependent signals that 

regulate these processes have not been elucidated. 

There are other mechanisms which rnay mediate vascular ce11 apoptosis following 

blood flow reduction. It is conceivable that the degradation and reorganization of matrix 

through the release of matrix degrading enzymes, which occurs during vascular remodeling, 

could mediate apoptotic ce11 death due to loss of cell-matrix interactions. Regulation of 

apoptosis by cell-matrix interactions has been demonstrated in vitro since lack of 

attachment to substrate resulted in apoptotic ce11 death in endothelial and epithelial ceiis 

(Meredith et al, 1993, Frisch and Francis, 1994). Integrins which mediate extracellular 

attachments are directly involved in the promotion of cell survival (Brooks et al, 1994, 

Boudreau et al, 1995). Focal adhesion kinase, which is localized to focal contacts and is 

involved in adhesion-dependent phosphorylation of proteins (Schaller et al, 1992), may 

have a role in integrin-mediated ce11 survival. In another study, dephosphorylation of 



protein phosphotyrosine accompanied apoptosis and protein phosphatase inhibitors 

prevented ce11 detachment and apoptotic cell death (Yang et al, 1996). Taken together, 

these studies suggest that integrin and signaling can regulate apoptotic ce11 death. 

The expression of vascular ceil rnitogens and survival factors is altered by shear 

stress. PDGF, bFGF and TGF-p are up-regulated with shear stress (Hsieh et al, 199 1, 

Malek et al. 1993. Ohno et al, 1995). If down-regulation of PDGF occurs with lowered 

shear levels, apoptotic ce11 death in the vesse1 wall may result since PDGF suppresses 

apoptosis in vascular smooth muscle cells (Resnick et al, 1993, Bennett et al, 199%). 

Apoptosis occurs when bFGF is withdrawn fiom cultured endothehl cells (Araki et al, 

1990% Kondo et al, 1994). Thus, a decrease in the expression of bFGF in vivo with 

decreased flow may have a role in initiating apoptosis in the endothelid cells of these 

vessels. Alterations in the expression of TGF-P with changes in shear stress may affect 

vascular ce11 apoptosis as well as the degradation of ma& constituents (Choi and 

Ballermann 1995, Harvrilesky et al, 1995 ). 

Endothelial cells compkre apoprosis shortiy afteer being labeled with propidium iodide. 

During apoptosis the integrity of the plasma membrane is preserved, yet vital 

dyes such as propidium iodide are taken up by the cell. In these experiments, the 

kinetics of changes in the nuclear staining pattern of apoptotic cells labeled with 

propidium iodide was andyzed. Propidium iodide-labeled cells with ovoid nuclear 

morphology and cells displaying fragmented, clumped chromatin were detected following 

a reduction in arterial blood flow. Cells staining with an ovoid nuclei do not exhibit 

condensation of chromatin into discrete masses which characterizes apoptotic cells 

morphologically. Nevertheless, they are cleared in a short period of time which is 

indicative of apoptotic celi death. In addition, both of these nuclear morphologies were 



observed in bovine aortic endotheiiai cells stained with Hoechst 33342 following 

treatrnent with cholesterol oxides (Lizard et al, 1996) and in apoptotic retinal ganglion 

cells detected by labeling fragmented DNA in situ by with biotinylated dUTP (Garcia- 

Velemela et al, 1994). These reports provide M e r  support that both nuclear 

morphologies observed in the carotid arteries of rabbits were representative of apoptotic 

cells. 

My experiments were designed to test whether cells displaying ovoid nuclear 

morphology were at an earlier phase of apoptosis than cells displaying chromatin 

condensation. Following the injection of propidium iodide, the number of positive cells 

with an ovoid nucleus decreased rapidly, while there kvas minimal change in the number of 

labeled cells with condensed chromath nuclear morphology. There are two ways of 

interpreting this data. If there is no relationship between the observed nuclear 

morphologies, then cells with an intact nuclear morphology may represent one form of 

ce11 death in which dead cells are rapidly cleared, while cells with condensed chromatin 

represent another form of ce11 death where dying cells, once labeled with propidium 

iodide, are cleared over a longer period of time. This hypothesis suggests that apoptotic 

cells follow two morphologically distinct ce11 death pathways once they are labeled with 

propidium iodide. As such, cells with ovoid nuclear morphology represent apoptotic cell 

death where the DNA is compacted but there is no separation of chromatin into discrete 

masses. 

Altematively, it is possible that a propidium iodide positive ce11 with an ovoid 

nucleus converts to a nucleus with the condensed chromatin , at which time the apoptotic 

ce11 is quickly cleared. These kinetics would explain why cells with condensed chromatin 

constitute a small proportion of the non-viable cells. Experiments performed by Lizard et 

al. (1 995) suggested that condensation of DNA preceded fragmentation of chromatin into 



discrete clumps. in this study, the nuclear morphology in cultured thymocytes was 

examined at different times after treatment with VP-16, which induces apoptosis. These 

authors f o n d  that the percentage of cells displaying the ovoid type of nuclear 

morphology peaked at 8 hours following VP-16 treatment while the proportion of ceils 

with fragmented chromatin peaked after 24 hours. 

Analysis of the changes in nuclear morphology of propidium iodide labeled cells in 

flow-compromised arteries did not conclusively determine whether cells with an ovoid 

stained nucleus progress to become cells with chromatin condensation. Data to support 

this hypothesis would reveal loss of ovoid nuclei with a concomitant increase in nuclei 

showing chromatin condensation, followed by a rapid decline in the labeled nuclei as cells 

complete the apoptotic pathway. Nevertheless, this report did establish a role for 

apoptosis in flow induced vascular remodeling. 
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Figure 2.1. Schematic diagram of rabbit carotid arteries. The arrow indicates the 

ligation site. 



Figure 2.2. Confocal photornicrographs of propidiurn iodide labeled endothelid (A. C. E) 

and smooth muscle cells (B, D, F). The nuclei in A, B, C, D were detected in the lefi 

carotid artery of rabbits following blood flow reduction and in vivo labeling with 

propidium iodide. They display either an ovoid (A, B) or condensed chrornatin nuclear 

morphology (C, D). The nuclei in E and F are from un-rnanipulated arteries labeled with 

propidium iodide following triton treatment in viîro. 
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Figure 2.3. Clearance of propidium iodide fi-om the blood of 3 rabbits. Blood samples 

were taken at 1 minute before and 1, 5, 10, and 30 minutes following the injection of 

propidium iodide. Measurements of fluorescence above background (blood sample taken 

1 minute before propidium iodide) were plotted against time. 
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Figure 2.4. Nurnber of  propidium iodide-labeled cells per full thickness field 15 minutes 

after propidium iodide exposure in the left and nght carotid arteries at 24 ( ~ 7 )  and 48 

(n=6) hours after ligation of the left common carotid artery. The nurnber of labeled cells 

in the left carotid artery was compared to the nght carotid artery at 24 and 48 hours d e r  

flow reduction. Values are t SEM (standard error of the mean) and significance (*) is 

measured by a paired t-test with p < 0.05. 
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Figure 2.5. Number of propidium iodide-labeled endothelial and smooth muscle ce1 

per full thickness field 15 minutes after propidium iodide exposure. Data are shown for 

the ligated (n=7) and sharn-operated (n=6), left carotid arteries 24 hours after surgical 

manipulation. The number of labeled endothelial and smooth muscle cells in the sharn- 

operated and the Ieft carotid arteries was compared. Values are f SEM and 

significance (*) is measured by a paired t-test with p < 0.05. 
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Figure 2.6. Loss of labeled cells with time. The number of labeled endothelial and 

smooth muscle cells in the carotid arteries of rabbits killed at the indicated time points 

after injection of 5 pnolekg propidium iodide is shown. Sample sizes are n=7 (1 5 

minutes), n=8 (45 minutes), n=9 (75 minutes), and n=6 (105 and 255 minutes). At the 

255 minute time point, there was a high number of labeled smooth muscle cells in one 

animal. Values are mean -t SEM. 
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Figure 2.7. Nuclear staining pattern of labeled endothelial cells. Rabbits were killed after 

injection of 5 pmolekg propidiurn iodide at the indicated time points. The nurnber of 

cells displaying an ovoid nucleus or one with chromatin condensation were counted for 

each time point. Sarnple sizes are n=7 (1  5 minutes), n=8 (45 minutes), n=9 (75 minutes), 

and n=6 (1  05 and 255 minutes). Values are mean + SEM. 
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Figure 2.8. Nuclear staining pattern of labeled smooth muscle cells. Rabbits were killed 

after injection of 5 pmolekg propidiurn iodide at the indicated time points. The nurnber 

of cells displaying an ovoid nucleus or one with chromatin condensation were counted for 

each time point. Sample sizes are n=7 (15 minutes), n=8 (45 minutes), n=9 (75 minutes), 

and n=6 (105 and 255 minutes). At the 255 minute time point, there was a high nurnber 

of labeled cells displaying chromatin condensation in one animal. Values are mean f 

SEM. 



CHAPTER 3 

APOPTOSIS iN PORCINE AORTIC ENDOTHELIAL 

CELLS TREATED WITH SPHINGOMYELINASE 



INTRODUCTION 

1 have shown that endothelial and smooth muscle cells apoptosis is of importance 

to flow-induced vascular remodeling (Chapter 2). The study of endothelial ce11 apoptosis 

provides an excellent model for examining the behavior of apoptotic ce11 because 

endothelial cells are contact inhibited and grow as a monolayer in culture. In the present 

study 1 have examined experimentally-induced apoptosis in endothelial cells in vitro since 

endothelial ce11 apoptosis occurs in vivo and may be important to vascular remodeling 

(Chapter 2). 

Apoptosis was induced by treatment of endothelial cells with sphingomyelinase. 

which catalyzes the hydrolysis of sphingomyelin to ceramide. The sphingomyelin 

signaiing pathway is a ubiquitous signahg pathway that has been Iinked to TNF. [L- 1, 

NGF and Fas ce11 surface receptors (Hannun 1994, Kolesnick and Golde 1994). 

Sphingomyelinase was used in these experiments because it is a physiological stimulus 

which leads to apoptotic ce11 death in various ce11 types (Jarvis et al, 1994a). 

Apoptotic cells were identifîed by labeling with propidium iodide. Labeled cells 

displayed the ovoid and condensed chromatin nuclear morphologies which were observed 

in carotid artenes (Chapter 2). In vitro induction of apoptosis followed by labeling of 

apoptotic cells with propidiurn iodide, provided some advantages over the model of 

apoptotic ce11 death in carotid arteries of rabbits. Specifically, labeled cells were easily 

located since the ceil death rates were higher and the culture could be maintained in the 

Sykes-Moore Culture Chamber during microscopy. 1 hypothesized that this model of 

apoptosis would allow documentation of the fate of individual apoptotic ce11 nuclei during 

time-lape experirnents. Therefore, the focus of this next set of experiments was to 



hrther examine questions, which were cells raised during the Ni vivo experirnents. 

concerning the fate of propidium iodide-labeled nuclei. 

In addition, this model proved usefhi for addressing new questions regarding the 

basic biology of apoptosis. Recent reports show that apoptosis is induced by loss or 

inhibition of cell-matrix or cell-cell contacts (Meridith et aI, 1993. Bates et  al, 2 994). In 

the present study, I was interested in analyzing cell-cell interactions during apoptosis, 

with specific emphasis on characterizhg the changes in the expression of the endothelid 

gap junction protein, cornexin-43. This protein was of Interest because it may be down- 

regulated in apoptosis during the dissociation of the apoptotic ce11 from its neighbon as 

cell-ce11 connections are lost. Furthemore, decreased expression of connexins. which 

comprise the gap junction cornmunicating channel, during apoptosis rnay prevent the 

transfer of molecules and ions, such as ca2+. known to induce apoptosis from entering 

neighboring viable cells. 

To use an in vitro model of apoptosis to determine the relationship between the 

ovoid and condensed chromatin nuclear morphologies and to analyze changes in the 

expression of gap junction proteins during apoptosis. 



HYPOTHESES 

1. Upon uptake of propidiurn iodide, apoptotic endothelial cells display an ovoid nuclear 

rnorpholow followed by conversion to condensed chromatin nuclear morphology Ni vitro. 

Rational e 

In the carotid arteries of rabbits I was unable to conclusively show that cells with an 

ovoid nucleus were at an earlier stage of the apoptotic pathway then cells displaying 

condensation of chrornatin (Chapter 2). An in vitro mode1 of apoptosis where cells could 

be observed in real time was used to M e r  examine the questions conceming the fate of 

labeled cells. 

2. The expression of cornexin-43 is down-regulated during apoptotic ce11 death in 

vascular endothelial celIs. 

Rationale 

During the dissociation of an apoptotic ce11 from its neighbors. connexin proteins may be 

down-regulated as cell-cell connections are lost. Since connexins comprise the gap 

junction comrnunicating channel, decreased expression of connexin protein during 

apoptosis would serve to prevent the transfer of any ions and second messengers capable 

of inducing apoptotic ce11 death from entering neighboring viable cells. 



1. Tissue culture and cells 

Porcine aortic endothelial cells were grown on 100 mm tissue culture dishes in 

Media 199 fortified with 1% Penstrep, 1% Fungisone and 10 % fetal bovine serurn. Cells 

were maintained in a humidified incubator at 37OC with 5% CO2 and fed &ce a week 

until confluent. Cells between passage 3 and 6 were used for experiments. Al1 tissue 

culture reagents were obtained fiom Gibco Laboratories. 

2. Induction of apoptosis 

Endothelid cells were seeded ont0 100 mm plastic culture dishes or ont0 square. 

glass coverslips (22 mm x 22 mm ) or round, 60 mm coverslips placed in 100 mm plastic 

dishes. At confluence, the media was removed and the endothelial cells washed twice in 

PBS containing ~ a "  and ~ g " .  The cultures were incubated in serurn-fiee media 

containing either 0.0 1, 0.1, or 1 Ulm1 sphingomyelinase fiom staphylococcus aureus 

(Sigma) for 24 or 48 hours. Sphingomyelinase has previously been shown to induce 

apoptotic cell death in cultured endothelial cells (Haimovitz-Friedman et al, 1994). In 

control experiments, cells were maintained in media containing serurn or in serum fiee 

media. 

3. Oligonucleosome detection 

After incubation with sphingomyelinase, endothelial cells were scraped from the 

surface of a 100 mm culture dish and cenû-ifbged to a pellet. DNA was extracted by 

incubation in DNA lysis buf5er (20 mmoVL Tris-HCL IpH 7.41, 1% sodium dodecyl 



sulfate, 5 rnrnoi/L EDTA, 100 @ml proteinase K (Boehringer Mannheim), and 0.5 pg/@ 

RNase A) followed by phenol chloroform extraction and precipitation with ice cold 100% 

ethanol. DNA was re-suspended in 100 pl of dHzO and quantified using a 

spectrophotometer. 

Five pg of DNA sample was end-labeled as follows. The reaction mixture had a 

total volume of 40 pl, consisting of 2X Klenow buffer (New England Biolabs), 10 pCi 

f3*p] dCTP. (ICN Biomedical Canada Ltd.), 10 U Klenow polymerase (Pharmacia 

Biotech Inc.) and the DNA sarnple in dH20. A 30 bp oligonucleotide (2.5 ng) was added 

to each sarnple as an intemal control for the labeling reaction and physical loading of the 

wells in the gel. The 30 bp oligonucleotide does not control for variability that occurs 

before it is added (e.g. variabiiity in determination of DNA in sarnples). End-Iabeling \vas 

carried out at 22OC for 15 minutes and terminated with the addition of EDTA p H 4  ro a 

final concentration of O. 1 rnM. One yg of 100 bp DNA marker (Pharmacia Biotech Inc.) 

was end-labeled as described above. Unincorporated nucleotides were removed using 

~ r o b e ~ u a d ~  G-50 microcolumns (Pharmacia Biotech Inc.) following the manufacturer's 

instructions. The labeled DNA was electrophoresed on a 1 3% agarose gel at 17 1 V for 2 

to 3 hours. A Southem blot was set up with 10% SDS as the transfer buffer. DNA From 

the gel was blotted overnight ont0 nylon membrane (ICN Biomedicals Inc.) which was 

used to expose Kodak X-OMAR X-ray film for 1 to 3 hours. 

4. I n  vitro labeling of non-viable cells 

Endothelid cells growing on g las  coverslips were treated with 1 Ulm1 

sphingomyelinase, in serum fiee media as described. AAer 48 hours, 40 Clg/rnl propidium 

iodide was added directly to the culture media for 10 minutes. During this time, cells 



were kept in the tissue culture incubator. Cultures were then washed 2 times bnefly in 

PBS, fixed for 10 minutes in 3% paraformaldehyde and washed 3 times (5 minutes each) 

in PBS. The coverslips were inverted ont0 g l a s  slides with glyceroUPBS (9: 1) and 

viewed with the confocal microscope. The number of non-viable endothelial cells. 

identified by intense nuclear fluorescence, was counted. Twenty-five fields were counted 

for each coverslip and the sample size was n=5. 

S. Clearance of propidium iodide labeled cells 

Cells on square coverslips treated with sphingomyelinase for 48 hours were 

labeled with propidium iodide as described above. They were washed with PBS and 

placed in 35 mm culture dishes with 2 r d  serurn-fiee media and kept in the tissue culture 

incubator for 0, 5, 10, 15, 30 minutes, 2,6, and 24 hours. At the end of the tirne interval, 

the media was removed and the cells washed bnefly in PBS followed by fixation in 3% 

paraformaldehyde for 10 minutes. Coverslips were mounted ont0 g l a s  siides and the 

number of labeled cells was determined by confocal microscopy as previously described. 

6. Real-time analysis of dying cells 

Endothelid cells grown on 60 mm round, g l a s  coverslips were treated with 1 U/ml 

sphingomyelinase for 48 hours, then labeled with propidiurn iodide as descnbed. These 

coverslips were washed briefly in PBS and assembled into Sykes-Moore ceIl chambers 

(Bellco Glass Inc.) (Figure 3.1). These chambers were filled with fiesh serum-fiee media 

which had been kept in the tissue culture incubator for at least 30 minutes prior to 

injection into the charnber. Using the confocal microscope, a field with a propidiurn 

iodide positive cell(s) was located. Images were captured at 5 minute intervals over the 



next 3 hours and 1 ml of fresh media was injected into the chamber every 10 minutes. 

During this time, the ce11 chamber was maintained at a constant temperature of 37°C. 

7. Connexin-43 immunocytochemistry 

Sphingomyelinase-treated cells growing on square glass coverslips were labeled 

with propidium iodide and fixed in 3% parafomaldehyde as described. After washuig 

with PBS, coverslips were incubated in b lochg  solution ( 2% BSA , 5% goat serum, 

0.3% tritonX-100 in PBS) for 1 hour at room temperature. They were then blotted (not 

rinsed) and incubated with a mouse-anti rat connexin-43 monoclonal antibody (Chernicon) 

diluted 1: 100 in blocking solution at 4'C ovemight. The secondary antibody was a Fc- 

specific FITC-conjugated goat anti-mouse IgG (Sigma) diluted 150 in blocking solution 

and applied for 1 hour at 4OC. Cells were then incubated with rhodarnine phalloidin 

(Molecular Probes) 1 :20 in PBS which labeled F-actin. The cells were washed three times 

for five minutes each between each of the steps. Staining was visualized by confocal 

microscopy. The positive control for connexin-43 was sectioned rabbit heart. Sectioned 

rabbit brain tissue, which has a lower level of cornexin43 expression, was used as the 

negative control. Immunological controls received only the secondary antibody. 



Ce11 death in cultured porcine aortic endothelial cells 

Sphingomyelinase was used to induce apoptosis in porcine aortic endothelial 

cells. DNA gels showed that there was an increase in DNA eagmentation into 

oligonucleosomes compared to controls afier a 48 hour treatrnent with 1 U h l  

sphingomyelinase in sem-fiee media (Figure 3 -2). More dilute concentrations of 

sphingomyelinase and treatment for 24 hours showed a much fainter laddering that did 

not appear to be significantly different fiom controls. 

Endothelial cells were observed with a phase contrast microscopy 48 hours 

following treatment with 1 U/ml sphingomyelinase. Phase bright cells were observed 

indicating that these cells were rounding up from the surface of the monolayer. In 

addition there were gaps in the monolayer where cells had apparently been deleted and 

endothelial cells could be observed Boating in the media above the monolayer. When the 

cells on coverslips were stained with propidiurn iodide, both ovoid nuclei and nuclei 

showing chromatin condensation were observed (Figure 3.3). The number of labeled 

endothelial cells in sphingomyelinase-treated cells was counted and found to be higher and 

significantly different fiom the untreated cells (Figure 3.4). 

Changes in nuclear staining morphology documented NI vitro 

An in vitro system was developed in order to observe the fate of individual 

apoptotic cells over tirne. Endothelial cells treated with 1U/ml sphingomyelinase for 48 

hours were used for the tirne-lapse viewing of cells in the Sykes-Moore ce11 chamber with 

the confocal microscope. Non-viable cells were identified by uptake of propidium iodide. 



Cells with an ovoid, or condensed chromatin nuclear staining pattern did not change in the 

3 hours following propidium iodide labeling and displayed intense nuclear fluorescence at 

the end of the time-lapse study. 

In ceil populations rnaintained under normal culture conditions following 

propidiurn iodide labeling (i.e. cells in serurn fiee media in a tissue culture incubator), no 

labeled cells were detected after 2 hours (Figure 3 . 9 ,  suggesting that labeled cells were 

cleared within this tirne. During this 2 hour time interval, the number of propidium iodide 

labeled cells with an ovoid nuclear morphology declined, with few ceils king detected 

after 30 minutes. The nurnber of cells with condensed chromatin displayed a decreasing 

trend with tirne afier propidium iodide labeling. An increase in the number of labeled cells 

was seen at 25 minutes, but this increase was not significant. 

In addition to the nuclear morphologies previously described, some endothelid 

cells. treated with sphingomyelinase and labeled with propidium iodide, displayed a faint 

nuclear fluorescence (Figure 3.6A). These nuclei had a lower staining intensity and most 

were larger than the cells with an intensely-stained nuclei (i.e. the ovoid or condensed 

chromatin nuclear morphologies). In fact, they could often only be visualized after the 

sensitivity of the photomultiplier on the confocal irnaging system was increased (Figure 

3.6B). Nevertheless, staining was far above background staining of surrounding cells. The 

nurnber of these faintly stained nuclei increased over time and this increase cohcided with 

the decrease in the number of the cells intensely-labeled with propidium iodide (Figure 

3.7). The total nurnber of intensely-Iabeled and faintiy-labeled cells remained at a 

constant level over time. 



Apoptotic ce11 death and the expression of connexin-43 

During the dissociation of an apoptotic ce11 fiom its neighbors, connexin proteins, 

which constitute the gap junctions between cells, rnay be dom-regulated as ceIl-ceil 

connections are lost. To test this hypothesis, sphingomyelinase-treated cells were labeled 

with cornexin-43 antibody. Connexin-43 showed punctate fluorescence in the positive 

control (heart, Figure 3.8A) with no corresponding staining in the negative control (brain, 

Figure XB). Imrnunological controls were negative. 

Non-viable cells were identified by uptake of propidium iodide while ceil shape 

and boundaries were identified by the labeling of actin with rhodamine phalloidin. 

Superimposition of the cornexin-stained m e  with its actin-stained image revealed 

punctate fluorescence at cell-cell borders in confluent endothelid cells maintained in serurn 

free media (arrow, Figure 3.9A). In most cases, the junctional staining was present 

around the entire periphery of the ce& In sphingomyelinase-treated cells however. 

junctional staining of connexin-43 was often absent at the penphery of cells labeled with 

propidium iodide (arrows, Figure 3.9B). There were aiso areas where groups of cells that 

were not stained with propidium iodide and were not positive for cornexin-43 expression. 

This phenornenon was not seen in ce11 populations that did not receive treatrnent with 

sphingomyelinase. Also, cells were observed which were not in close contact with their 

neighbors (Figure 3.9C). In all cases, these cells were not labeled with propidium iodide 

and did not express any connexin-43 or displayed sparse distribution of connexin-43 

especially where ceIIs were still attached to adjacent cells (arrow). 



DISCUSSION 

Changes in the nuclear morphology of propidium iodide-labeled cells is consistent with 

progression of the ce11 through apoptosis. 

The visualization of propidium iodide-labeled cells in time-lapse experirnents 

should have allowed documentation of changes in nuclear morphology in real time; 

however, cells labeled with propidium iodide did not demonstrate any changes in nuclear 

staining morphology during 3 hours of time-lapse microscopy. This result was 

unexpected since apoptotic endothelid cells labeled with propidium iodide were not 

detected 2 houn following labeling when cells were maintained in the tissue culture 

incubator. These fmdings imply that, labeled cells were completing the apoptotic 

pathway under normal culture conditions, whereas cells in the Sykes-Moore culture 

chamber may have been exposed to conditions which prevented them from completing the 

apoptotic pathway. These conditions were not identified in my experiments, however 

failure to complete apoptosis was not due to accumulation of an undetermined factor in 

the media which bathes the cells since fiesh media was injected into the chamber during 

the experirnent. 

There is some evidence that vascular ce11 apoptosis cm be prolonged in vivo 

(Geng et al, 1995). Apoptotic smooth muscle cells from atheromatous artenes identified 

by labeling DNA strand breaks in situ using terminal deoxy-transferase (TUNEL labeling) 

resulted in 30 to 40 % of the cells king positive. This percentage greatly exceeded 

estimates of ce11 proliferation estimates of 1 to 2% on similar types of tissues (Gordon et 

al, 1990 , Rekhter et al, 1994). Since apoptosis is normally completed in a few hours, the 

hi& rate of apoptosis as dictated by TUNEL labehg would be expected to result in 



complete loss of cells, which does not occur. The authors inferred prolonged persistence 

(mummification) of apoptotic cells. 

When cells were exposed to prûpidium iodide then incubated M e r  in serum-free 

media, faintly-stained propidium iodide positive cells were observed. In contrast, 

propidium iodide-labeled cells with shrunken but ovoid nuclei or with chromatin 

condensation were intensely-stained. The number of faintly-stained nuclei increased with 

time and the population stabilized 2 hours after propidium iodide exposure when no 

intensely-labeled nuclei were detected. The interpretation of these observations is that 

faint nuclei represent nuclei of normal cells which have been stained with propidium 

iodide liberated by apoptotic cells that they have previously phagocytosed. 

The number of apoptotic endothelial cells with an ovoid nucleus or condensed 

chromatin decrezsed rapidly in vitro. Notably, in the flow reduction mode1 only celis 

with an ovoid-stained nucleus displayed a rapid decline over tirne. When endothelid ceils 

were induced into apoptosis with sphingomyelinase, nuclei which displayed condensed 

chromatin made up a greater percentage of dying cells than in the carotid artenes following 

a reduction in blood flow. This may have allowed the decrease in the number of cells with 

condensed chromatin to be more obvious. Such an observation rnay have been obscured 

by the low sampling rates in endothelial and smooth muscle cells of the carotid artery, due 

to the smaller proportion of labelcd cells displaying condensed chromatin. Based on the 

results fiom these experiments, it can be suggested that dying cells display two distinct 

staining morphologies during the apoptotic ce11 death pathway. 

Apoptosis allers the expression of connexin-43. 

In vitro induction of apoptosis in cultured endothelial cells provided a mode1 in 

which a monolayer of cells could be exarnined by immunocytochernistry to detect changes 



in protein distribution in apoptotic cells identified by uptake of propidium iodide. The 

gap junction protein, connexin43, which is expressed in both bovine and porcine aortic 

endothelial cells was the protein of interest during this study (Larson 1989). Connexins 

comprise the gap junction channel which facilitates intercellular communication (Musil 

and Goodenough 1990). These channels are composed of two halves, comexins, one 

contributed by each membrane of two adjoining cells. 

It has been suggested that intracellular communication via gap junctions may 

facilitate apoptosis by passage of low molecular weight ions and second messengers 

capable of triggering apoptosis, such as an increased ca2+ concentration (Trosko & 

Goodman 1994). This hypothesis is supported by the recent hd ing  that apoptotic cell 

death in the regressing corpus luteum is maximal at the tirne when cornexin-43 

concentrations are at their peak (Khan-Dawood et al, 1996). The corpus luteum is an 

example of tissue involution where massive ceil death occurs. Therefore, spread of 

apoptotic signals would be 'advantageous' whereas uncontrolled apoptosis occurrhg is 

slowly remodeling tissues would be deleterious. 

This study sought to examine alterations in the distribution of connexin-43 in 

endothelial cells undergoing apoptosis. 1 report that there is a decrease in the expression 

of connexin-43 at cell-ce11 junctions in apoptotic cells and in the cell membrane of viable 

cells which adjoins dying cells. It is probable that this is initiated a few hours prier to the 

uptake of propidium iodide since the hdf  tife of comexin-43 is 2-3 hours (Laird et al, 

199 1, Arson et al, 199 1) and cells are labeled with propidium iodide for a short penod of 

time. In fact, down-regulated expression of cornexin-43 is likely to occur early in 

apoptosis when apoptotic cells separate fiom their neighbors since any cell-ce11 

interactions would have to be broken at this t h e .  



This hypothesis for down-regdation of cornexin43 early in apoptosis would 

account for the observation that propidium iodide positive cells did not express any 

connexin43 and for the detection of groups of cells lacking cornexin-43 expression but 

without a propidium iodide-labeled celi in the vicinity. An early decrease in the 

expression of cornexin-43 in vascular endothelial cells would prevent a broad spread of 

the apoptotic signals during vascular remodeling occurring, for example, following a 

reduction in artenal blood flow as discussed in Chapter 2. 

Locaiization of comexin-43 at cell-cell junctions by irnmunoçtaining is not 

necessarily an indication of a functional gap junction. Sweson et al, (1 990) showed that 

there was a decrease in cell-ce11 coupling induced by pp60V-s'C expression with cornexin- 

43 which had became tyrosine phosphorylated since the comexin-43 protein only 

recognizes the membrane-bound form of the protein, it is d s o  possible that the failure to 

detect comexin-43 at cell-ceil junctions during apoptosis is due to inhibithg the process 

which inserts the protein into the membrane. The observation of intracelluiar connexin- 

43, but not cornexin-43 in gap junction plaques has been made in non-comrnunicating ceIl 

lines due to incomplete processing of the protein (Musil et al, 1990). It must also be 

noted that cells undergoing mitosis may also exhibit decreased expression of connexin-43. 

Ce11 division is characterized by rounding up of the ce11 fiom the substratum or rnatrix a 

process that would require the loss of cell-ce11 interactions. 

In conclusion, the current study demonstrates that the clearance rate of apoptotic 

endothelial cells in vitro is similar to that of vascular ceU apoptosis in vivo. Because 

clearance of apoptotic cells did not occur during time-lapse, the question of prolonged 

apoptosis was raised. In addition, this mode1 revealed evidence which supports the 

possible phagocytosis of apoptotic cells by their neighbors and proved useful in 

documenting changes in protein distribution during apoptosis. 
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Figure 2.1. Schematic diagrarn of rabbit carotid artenes. The arrow indicates the 

ligation site. 
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Figure 3.2. Autoradiogram of a DNA gel showing DNA fiagmented into 

oligonucleosomes. DNA was isolated fiom endothelial cells treated with 0.0 1. 0.1. or 1 

U/ml sphingomyelinase for 24 or 48 hours (lanes 5-10}. DNA was end-labeled with 

[32P] dCTP. A DNA marker is shown in lane 1 (bands represent multiples of 100 bp). 

DNA from cells maintained in media contahing serum (lane 2). and cells maintained in 

media with no serum for 24 (lane 3) or 48 hours (lane 3) aas  also isolated. A 30 bp 

oligonucleotide was added to sarnples to control for variability in loading and labeling 

efficiency . 



Figure 3.3. Confocal photornicrographs of propidium iodide-labeled endothelial ceils 

following treatment with 1U/rnl sphingomyelinase for 48 hours. Nuclei with ovoid 

(A) or condensed chromatin nuciear morphology (B) are represented. 
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Figure 3.4. Number of propidium iodide-labeled porcine aortic endothelid cells following 

48 hours in media with serum, without senun or serum-fkee media containing 1 U/ml 

sphingomyelinase. The number of labeled ce11 fiom cultures treated with 

sphingomyelinase was compared to counts of labeled cells cultures with and without 

senim. Values are mean t SEM and significance (*) is rneasured by a paired t-test with 

p < 0.05. 
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Figure 3 S. Number of propidium iodide-labeled cells following treatment with 

1 U/ml sphingomyelinase for 48 hours. Cells displaying ovoid or condensed chromatin 

nuclear morpholgy were counted following administration of propidium iodide at the 

tirne points indicated. Values are mean t SEM. 



Figure 3.6. Confocal photomicrograph of a field of endothelid cells showing a propidium 

iodide positive ce11 with an ovoid nucleus (0) and a faintly-labeled nuclei (arrow). In 

(A), the faint nuclei can hardly be seen. In (B), the sensitivity o f  the photomultiplier on 

the confocal microscope was increased in order to reveal the size and shape of the faint 

nuclei. 
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Figure 3.7. Number of labeled nuclei present afier a 48 hour treatment with 1 Ulm1 

sphingomyelinase. The nurnber of propidium iodide positive cells which dispiayed an 

intense nuclear fluorescence a) or faintly-labeled nuclei @) is shown. Q) is the total 

faintly-labeled and intensely-labeled cells which were detected. Counts were made 

following administration of propidium iodide at the time points indicated . Values are 

rneanf SEM. 
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Confocal photomicrograph of  sectioned rabbit heart (A) ar 

ied for comexin-43. The heart shows expression of cornexin-43 

(arrows) which was not detected in the brain. 



Figure 3.9. Confocal photomicrograph of endothelial cells stained with connexin-43 

antibody and rhodarnine phalloidin. Cells which were not treated with sphingomyelinase 

displayed comexin-43 expression (green) at cell-ce11 junctions (arrows) which were 

visualized by F-actin staining in red (A). Connexin-43 was absent (arrows) at the cell-ce11 

junctions of propidium iodide-labeled cells (PI) and in its closest neighbors (B). In (C), a 

ce11 appears to be in the process of detaching from surrounding cells and shows connexin- 

43 expression (arrows) where still attached to the adjacent ce11 





CHAPTER 4 

SUMMARY AND FUTURE DIRECTIONS 



This thesis reports that apoptosis has an important role in-flow-induced vascular 

remodeling. The number of propidium iodide-stained cells in flow-comprornised artenes 

was counted and cells were shown to be labeled with propidium iodide for a short period 

of time. These measurernents allowed the ceil death rate per day to be calculated which 

found to be higher than the cell proliferation rates, indicating a net loss of cells. 

Therefore. eventhough there was a small number of cells labeled with propidium iodide at 

a single point in time, there was significant ce11 death per day in the ariery following blood 

flow reduction 

The next obvious step in this senes of experiments would be to determine the 

flow-related molecular mechanisms which regulate apoptosis of vascular cells. Candidate 

genes include ICE-related proteases, p53, and c-myc which have been s h o w  to have a 

roie in other systems of apoptosis in vascular tissue (Bennett et al, 1995, Bemen et ai. 

1994. Geng and Libby 1995). The role of shear-sensitive growth factor expression and 

matrix degradation during apoptosis would also be of interest. 

Another hypothesis that was assessed in this thesis was whether the decline in 

cells with ovoid nuclear morphology was attributed to their conversion to condensed 

chromatin nuclear morphology. Evidence showing changes in the nurnber of cells 

displaying ovoid nuclei or nuclei with condensed chromatin supported this hypothesis. 

However, it was also possible that propidium iodide-labeled cells displayed two distinct 

staining morphologies before king cleared. This question was M e r  exarnined in viiro 

by time-lapse microscopy of individual apoptotic endotheliai cells in order to view 

directly the changes in nuclear staining patterns over tirne. Unfortunately, the system 

employed appears to have prevented the clearance of propidium iodide-labeled cells and 

as such, progression of labeled nuclei through apoptosis could not be observed. The 

failure of cells to complete the apoptotic pathway under these conditions is intriguing and 



perhaps further study will result in the identification of the factor(s) which are 

responsible. If such a factor exists it could have implications in biological processes 

where apoptotic ce11 death contributes to pathological processes.. 

Measurements of labeled ce11 loss in vitro provided M e r  evidence that 

apoptotic cells are rapidly cleared after propidium iodide uptake. The number of 

propidiurn iodide cells declined to very low levels within hours afier propidium iodide 

exposure. In addition, the observation of faintly labeled provided evidence of 

phagocytosis of apoptotic cells by neighboring viable cells. However, the identity of 

these faintly labeled cells, their role in apoptosis and eventual fate were not firrnly 

established. In order to adequately evaluate the relationship of these cells to the 

apoptotic process, refmement of the tirne-lapse studies codd involve developrnent and 

use of a different type of cell culture system. 

In vitro induction of apoptosis provided a mode1 where apoptotic cells. identified 

by uptake of propidium iodide. could be labeled with antibodies to detect changes in the 

distribution of proteins. In studies which addressed the expression of cornexin43 during 

apoptosis, 1 concluded that there is an early decrease in the expression of connexin-43 

protein in the dying cell as well as in its closest neighbors. 1 suggested that down- 

regulation of connexin-43 may serve to protect cells fiom 'inappropriate'. catastrophic 

apoptosis by preventing the passage of apoptotic signals via gap junctions. 

I t  would be interesting to further investigate this question of gap junction 

intracellular communication in a population of cells undergohg apoptosis. This can be 

monitored using a technique known as GAP-FRAP (Fluorescence Recovery Afier 

Photobleaching) which measures the increase in fluorescence in a photo bleac hed d ye- 

labeled ce11 adjacent to an unbleached labeled ceIl (Wade et al 1986). 



The model of propidium iodide labeling of apoptotic ceils in conjunction with 

immunocytochemistry can be implemented for further characterization of changes in 

protein distribution during apoptosis. Currently studies are undenvay utilizing annexin V 

as another marker for cell death based on its ability to bind phosphatidylsenne on the 

surface of apoptotic cells (Bennett et al, 1995a Vernes et al, 1995a). 

In conclusion, this thesis provided new insights into the role of apoptosis in 

vascular remodeling and provided a model by which aspects of the apoptotic process can 

be examined. 
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