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ABSTRACT

Modification of the cholesterol content and in situ oxidative modification of

cholesterol in purified sarcolemma (SL) from dog ventricles was performed in order to

study the effects of cholesterol and its oxidation products on SL ion transport. Na+-Ca2+

exchange measured in cholesterol enriched SL vesicles was increa sed 48% over control

values. This stimulating effect was specific to the Na+-Ca2+ exchange process, since SL

ATP-dependent Ca2* uptake was depressed by 40% with cholesterol enrichment.

Na+,K+-ATPase activity was depressed in both cholesterol enriched and depleted SL

vesicles. In situ oxidation of cholesterol to cholestenone by choiesterol oxidase (CO)

inhibited Na+-Ca2+ exchange activity and ATP-dependent Caz* uptake in a concentration

dependent manner. ATP-dependent Ca2+ uptake was inhibited and conversely, passive

Ca2+ binding to the membrane was stimulated by CO. In order to determine if low

density lipoproteins (LDL) have the capacity to alter Ca2* movements in vascular smooth

muscle, isolated rabbit aortic cells were maintained in culture for 24,48, or 72hw1th

various concentrations of LDL. The rate of Ca2* exchange in a slowly exchangeable

pool was twice as fast in the LDL treated cells as in a control population. A Iå3*-

displaceable, rapidly exchangeable cell membrane associated Caz* fraction was

significantly larger in the LDL treated cells. These data suggest that cholesterol can

directly affect ionic interactions in SL vesicles and vascular smooth muscle cells.

Measurement of serum oxidized cholesterol derivatives in a population known to be at

low risk for the development of coronary heart disease revealed that level of oxidized

cholesterol may not be a reliable risk marker for this process.
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A. IIVTRODUCTION

The regulation of Ca2+ movements across the sarcolemmal membrane is of critical

importance to cardiac integrity and the excitation-contraction coupling process in the

heaft315. The observations of Reeves and Sutkoz0t identif,red the presence of a highly

active ion transpof pathway in the isolated cardiac sarcolemmal membrane which

exchanged Na+ for C**. It has been proposed that Na+-Ca2+ exchange is important in

the regulation of intracellular Ca2+ concentration and thus, force generation in the

heaÍ403. Thus, any compound which can alter the activity of the-Na+ -C** exchanger

should significantly modulate contractile activity in the heart.

Cholesterol is a common and relatively prominent component of the lipid bilayer

in the cardiac sarcolemmal membraneaø. Its role as a regulatory factor in myocardiat

ion transport has been proposed on the basis of muscle function and in víto membrane

biochemical studies. For example, mechanical dysfunction was observed in papillary

muscle from hypercholesterolemic rabbits which was suggested to be a consequence of

a defect in Ca2+ transport of the cardiac cæ,lfn. Manipulation of the cholesterol content

of isolated memb¡anes from a variety of tissues has been shown to cause alterations in

the activities of Na+,K+-ATPasel4t,3s-36 and Ca2*-Mg2* ATpase14e,150. Thus precedents

exsist for the interaction of cholesterol with cardiac sarcolemmal enzymes.

Several observations support the possibility that membrane cholesterol may

influence Na+-Ca2+ exchange. Cholesterol has a known capacity to alter the physical

properties of a membranela6. Cholesterol has also been shown to directly interact with
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membrane-bound proteinse5'a6. Thus, if the Na*-Ca2* exchange protein is sensitive to

the membrane lipid environment, cholesterol may be important in regulating its function.

Studies using doxyl group or amphiphile incorpootíon3te,3z2, phospholipase3re, or saponin.

treatmentao of the cardiac sarcolemmal membrane to alter its physical characteristics and

composition have dèmonstrated a significant dependence of the Na+-Ca2* exchange

mechanism upon the membrane lipid environment. Thus in view of (i) the capacity of

cholesterol to alter the function of other sarcolemmal ion transport enzymes and (ii) the

known dependence of the Na*-Ca2* exchanger on the membrane lipid environment, it

is likely that cholesterol may modify Na*-Ca2+ exchange. However, the effect of

cholesterol on cardiac sarc¡lemmal Na+-Ca2* exchange is presently unknown. In view

of the proposed role for Na+-Ca2* exchange in cardiac function, cholesterol modification

of its activity has potential significance.

The formation of reduced oxygen intermediates has been demonstrated to have

the capacity to cause contractile dysfunction and cellular damage in the heart. These

reduced oxygen intermediates, or oxygen free radicals, have been implicated

mechanistically in a number of pathophysiologicat processes including the oxygen

paradox, calciumparadox, adriamycin-induced cardiomyopathy, and ischemic/reperfusion

injuryr75'noa'cæ. Because the underlying defect in these pathologies is tikely to be

alterations in ion transport in the heart, research attention has focussed on the effect of

oxygen free radicals on ion flux. Exposure of cardiac membranes to free radicals results

in increased membrane permeability characteristics3Te, depressed Na+ and Ca2* pump

activities3Te'4t04l2, and altered Na*-Ca2* exchangeæs'3so.
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Several sites of action within the myocardial cell have been proposed to explain

the deleterious effects of oxygen free radicals. Oxidation of specifrc amino acid residues

in membrane bound proteinsar2'ot', ffid peroxidation of unsaturated fatty acids in the.

membranealo'4rr are the two sites of attack by oxygen free radicals that are most

frequently cited. However, another cellular site of attack for free radicals that may be

altering ion flux is membrane cholesterol34o'37E. However it is unknown what effects

cholesterol oxidation may have on the myocardium. It is possible that oxidative

modification of membrane cholesterol in situ may also affect ionic interactions within the

membrane

Hypercholesterolemia and elevated circulating low density lipoprotein (LDL)

levels have long been recognizeÅ as risk factors in the pathogenisis of atherosclerosis.

Excessive cholesterol deposition in the arterial wall is an early process in atherogenesis2s.

The vascular smooth muscle cell is a site for this cholesterol accumulation within the

atheromatous plaque2e'3o. Arterial calcification is also a common feature of the

atherosclerotic plaque3o, and many reports have documented an increased calcium content

of human atherosclerotic arteriestzc *¿ arteries from hypercholesterolemic experimental

animalsrzT'l2E. This increased tissue calcium observed in atherosclerotic lesions has been

shown to be located, in part, inside the cells382'383. However, the direct relationship

between high levels of circulating cholesterol (or LDL) and Ca2* flux is less clear.

Several studies showing altered Ca2* trans¡rort in arterial tissue segments exposed

to elevated cholesterol levels have been reporrcdr3r'l32. It was felt that changes in Ca2+

movements in in smooth muscle cells were responsible for the observed alterationsl3r'r32.
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A number of problems are associated with measuring ion flux in whole tissue

preparations and relating these data to the smooth muscle cell. These include the

presence in whole tissue of a variety of cell types which all may respond differently tq

cholesterol enrichment and may possess quite different Ca2+ flux characteristics. Kinetic

analysis of Ca2+ flux in whole tissue is also complicated by Ca2* movements through the

interstitial space. This renders it diff,rcult to resolve the movements into separate

components and introduces the complication of large amounts of matrix bound Ca2* in

the extracellular space385. These problems can be avoided by examining ion transport

characteristics in isolated cultured smooth muscle ce[s3s2,385.

Oxidatively modif,red LDL particles have also been suggested to be involved in

atherogenesisss-87, and in particular, oxidation of the cholesterol moiety has been

implicated in the atherogenic processes. Both animal studieses and epidemiological dataar?

have shown that diets high in oxidized derivatives of cholesterol results in markedly

increased morbidity resulting from coronary heart disease. In addition, a similarity

between in vitro oxidatively modified LDL particles and LDL from patients suffering

from ischemic heart disease has recently been suggested3%. It has been hypothesized that

oxidized cholesterol may be a synergistic risk factor for atherosclerosise5'e8'ar7.

Epidemiological studies have identified two populations with a higher than

expected morbidity and mortality from atherosclerosis without the commonly associated

major risk factors4rs'4le. It is felt that dietary exposure to cholesterol oxides, resulting

in high levels of circulating serum oxidized cholesterol may be responsible for the high

frequency of atherosclerotic complications in these population#7, however this has never
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been tested. In contrast, certain indigenous populations, such as the traditionalty living

Inuit have been spared the current epidemic of ischemic heart diseasea2o. It is possible

that in this population, serum levels of oxidized derivatives of cholesterol may be lower,

than in the high risk urbanized western population.

The purpose of the present study was to determine the effects on ion transport of

cholesterol enrichment and in situ cholesterol oxidation of isolated sarcolemmal

membranes. Cholesterol oxidase was used to selectively oxidize membrane cholesterol

residues. Ca2* exchange was also examined in isolated cuttured vascular smooth muscle

cells after cholesterol enrichment using isolated low density and very low density

lipoproteins. These results demonstrate that enrichment and oxidation of membrane

cholesterol can significantly alter ionic interactions in cardiac sarcolemmal vesicles. In

addition, alterations in Ca2* transport can be induced in vascular smooth muscle cetls by

interaction with LDL.

We also tested the hypothesis that serum levels of oxidized cholesterol, in

particular oxidized LDL associated cholesterol, can be used as a risk marker for the

development of coronary heart disease by comparing the levels of lipoprotein associated

cholesterol and its oxidized derivatives in two populations with differing risks for the

development of coronary heart disease. The two populations chosen were the

traditionally living Inuit and the urbanized western population. The data presented

suggest that oxidized cholesterol may not be a suitable risk marker for the development

of CHD.
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B. REYIEW OF THE LITER,ATI]RE

I. The Pathogenesis of Atherosclerosis

Cardiovascular disease remains the chief cause of death in North Americal. It is

estimated that more than 80,000 people will die as a result of circulatory diseases in

Canada in 19892. This accounts for greater than 40% of deaths from all causes2. Of

these deaths attributable to circulatory causes, more than 49,000 will occur as a result

of atherosclerotic coronary heart disease2. Despite the fact that atheroscerotic vascular

disease is the major cause of mortality in developed countriei, its cause remains

unknown.

a) Risk Factors

il Lipíds as risk factors

Incontrovertible evidence for the central role of cholesterol in the pathogenesis

of atherosclerosis and coronary heart disease is derived from experimental animal,

epidemiological, genetic and prospective intervention studies. A large body of evidence

linking elevated serum cholesterol to coronary heart disease (CHD) was reviewed

comprehensively in the recent report on diet and health from the National Research

Council - National Academy of Sciences3. fire most prominent studies which confirm

the link between cholesterol and CHD include:

The Framingham Heart Study
The Multiple Risk Intervention Trial (MRFff)
Tïte "Seven Countries Study"
Brown and Goldstein's LDL receptor research
The Coronary Primary Prevention Trial
The Helsinki Heart Study
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The Coronary Drug Project.

The Framingham Heart Study, an ongoing study which began 40 years ago, is

perhaps the best known of the clinical trials which provided evidence on the relationship

between elevated serum cholesterol and risk of morbidity and mortality from CI{Dla. In

their study, Kannel et ala reported the cholesterol and coronary histories o12,282 men

and'2,845 women in Framingham, Massachusetts over a period of 14 years. Most of the

participants in the study exhibited total sen¡m cholesterol levels between 150 and 300

mgldL (3.9 and 7.8 mmol/L). The investigators found a positive correlation between

sentm cholesterol levels and rates of CHD across the range of cholésterol measurements;

low levels of serum choleste¡ol being associated with low rates of CHD while high levels

were found to be associated with high rates of CHD.

One of two uniquely powerful studies by virtue of their sample size was the

Multiple Risk Factor Intervention Trial (MRFIT)s. This was a randomized, primary

prevention trial which tested the effects of modifying several coronary risk factors in

12,866 high risk men, aged 37-57, selected from a cohort of more than 360,000 middle-

aged men who had no history of hospital admission for myocardial infarction. The

sen¡m cholesterol levels of the larger cohort were measured and the CHD death rate over

the next six years was observed. This extraordinary epidemiological data showed: 1) the

relationship between cholesterol and CHD mortality is curvilinear and continuous over

the whole plasma cholesterol distribution (150 - 300 mg/dl,3.g - 7.8 mmoVl) without

evidence of a threshold effect, 2) the risk for CHD mortatity increases steadily,

particularily above levels of 200 mg/dL (5.2 mmol /L), and,3) the magnitude of increased
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risk is large, fourfold in the top LÙVo as compared with the bottom l0%. On the basis

of studies such as this, the American Health Foundation in 1979 concluded that individual

plasma levels of greater than 200 mgldL (5.2 mmol/L) were not optimal for health. The

MRFIT study showed that not only is there a concentration dependent relationship

between cholesterol and the risk of CHD, but that this relationship is powerfully modif,red

by the major additional risk factors of smoking and hypertension.

Keys's "seven countries study"6 was the other uniquely large study which linked

cholesterol and CHD. This study established that the countries with the highest CHD

mortality rate had the highest consumption of saturated fats and the highest circulating

cholesterol levels.

In 1985 the Nobel Prize in Medicine was awarded to Michael Brown and Joseph

Goldstein for their investigations on low density lipoprotein (LDL) receptorsT. These

investigators recognized that individuals with a deficiency of LDL receptors were prone

to atherosclerosis and premature deveþment of CHD. They observed that a diet rich

in cholesterol decreases the number of LDL receptors in the liver, which are involved

breakdown of the atherogenic LDL particles. Brown and Goldstein suggested that

lifestyle-induced deficiencies of LDL receptors results in an increased LDL concentration

and a greater risk of CHD.

The fi¡st of the major trials to provide evidence demonstrating that a reduction

in plasma cholesterol, particularily LDL cholesterol, decreases the risk of CHD was the

Lipid Research Clinics Coronary Primary Prevention Trial (CPPTf. This multicenter,

randomized, double-blind study screened more than 300,000 men to identify 3,806 who
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met strictly defined criæria. At the time of entry, the men were free of clinical

manifestations of coronary disease, were between ages 35 and 59 and had cholesterol

levels over 265 mgldL (6.89 mmol/L). The men were randomized on the basis of

cigarette smoking, diabetes and various other factors and assigned either to a treatment

or a placebo group. Both groups were placed on cholesterol lowering diets to reduce

their serum cholesterol levels by about 4%. The treatment group also received the bile

acid sequestrant cholestyramine. The "hard endpoints" were nonfatal myocardial

infarction and death due to coronary heart disease. Over the seven year trial period,

subjects in the treatment group reported reductions in tot¿l óholesterol and LDL

cholesterol of 13.4 and 20.3% respectively, which resulted in a24% decrease in CHD

mortality and a l9Vo decræse in nonfatat myocardial infarction. The CPPT results and

those of the Framingham Study indicate that a l% reductton in an individual's total

serum cholesterol translates into an approximately 2% reduction in CHD risk.

Like the CPPT study, the Helsinki Heart Studye of 1987 was a randomized,

double-blind trial. It involved 4,081 asymptomatic middle-aged men (40-55 years) with

primary dyslipidemia (non-HDL thrgh density lipoproteinl cholesterol > 5.2 mmo/L).

One group received cholesterol lowering drug therapy, the other placebo. Individuals

in the treated group exhibited an average of 8% reduction in total and LDL cholesterol

with a concommitant increase of l0% in their levels of HDL cholesterol (there exists a

strong negative correlation between HDL cholesterol and CHD, as will be discussed

below). After five years there was a 34% reduction in the incidence of CHD in the

treatment group, although there was no difference between the groups' total death rate.
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The Coronary Drug Project was a double-blind study of rirore than 8,000 male

hea¡t attack survivors which began in the early 60'sr0. The object of this study was to

evaluate the lipid lowering agents available at that time. At initiat follow-up at six yeârs,

the 1,119 treatment subjects had significantly lower levels of totat serum cholesterol,

LDL, very low density lipoprotein (VLDL), triglycerides, and incrqgsed HDL level. In

addition, these men had experienced 27% fewer non-fatal myocardial infarctions,

however overall mortality was not reduced. Drug treatment was discontinued at this

stage, and afte¡ a further nine year period, there was a significant \\Vo reduction in

overall mortality in the treatment group.

These combined studies documented that a marked reduction in serum cholesterol,

particularily LDL cholesterol was associated with a lesser progression of CHD in

addition to a regression of cardiovascular disease in some. The results of these clinical

trials created an impetus to develop a comprehensive progmm for the treatment of

hyperlipidemia.

ill Nonlípid risk factors

In addition to hyperlipidemia, several other risk factors for the development of

CHD have been identified. Male gender has been recognrzeÅ as contributing to

significant risk for the development of CHD. The rates of CHD a¡e three to four times

higher in middle-aged men than in womenrr and men deveþ CHD, on average, 10-15

years earlier than womentr. A familial predisposition to premature CHD has been

shown. In some instances this may represent clustering of other risk factors within

families rather than a unique genetic predispostion. Nevertheless, there are families with
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high rates of CIID in which none of the known risk factors appears to operate, but the

determinants of such susceptibility are not clearr2.

The association between cigarette smoking and susceptibility to CHD is firmly

established. Friedman et alr3 reported smoker/nonsmoker mortality ratios, crude and

adjusted, tobe 4.7 and 3.6 respectively for coronary hea{ disease. Several studies have

emphasized that reduction in cigarette smoking in those who smoke forty or more

cigarettes a day is associated with a marked reduction in the risk of dying from 6¡Jpt+'ts.

Hypertension has been shown to markedly accelerate atherogenesis and the

development of CHDI6. Data from the Framingham study showed that-hypertensiùe

subjects experienced a three-fold rise in coronary heart disease as well as a doubling of

peripheral atherosclerosis when compared with normotensive individualsrT. An

exponentially increasing risk was shown to be present over the whole range of blood

pressurerT, the risk of CHD in individuals with diastolic pressures greater than 105 mm

Hg was four times that of those with pressures 84 mm Hg or less16. On the average, for

every 10 mm Hg rise in pressure, there appears to be about a 30% increase in

cardiovascular risktT. The International Atherosclerosis project involving 14 countries

and 23,000 autopsied cases has provided possibly the best data on the influence of

hypertension on the extent and severity of arterial lesionsrs. The mean extent of fatty

streak and raised lesions in the coronary arteries and aortas of hlpertensives was

significantly greater than in controls, particularly in young individuals. In addition,

fibrous plaques and advanced lesions were more frequently seen in hlpertensives. Of

clinical significance was the fact that the prevalence of significant coronary artery
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stenosis was also greater in hypertensive subjects than normotensive individuals.

Diabetes is known to increase the ¡isk of CHDte. The acceleration of

atherosclerosis with diabetes is poorly understood, and genetic, environmental, metabolic

and hormonal factors all seem to be involved. A number of the factors operating in the

diabetic are similar to risk factors found in the general population, others are unique to

diabeticsre.

Many reports have indicated a connection between obesity and CHD20'21. The

relationships between obesity and CHD are confounded by the many metabolic effects

of obesity (increased blood pressure, increased serum cholesteiol, induced glucose

intolerance and reduced serum HDL). Data from the Framingham study indicate

however, that obesity is an independent risk factor for CHD22.

Thus, there has been general acceptance of the epidemiological evidence linking

atherosclerosis and several independent risk factors, despite the inherent weaknesses of

epidemiological studies. Epidemiology has a limited applicability to a chronic, insidious,

degenerative disease such as atherosclerosis. It is difflcult in epidemiological studies to

avoid bias, to have a truly representative sample of the human population, and to study

relevant factors of importance to a disease of such chronicity and slow progression.

Many of the studies mentioned used the "soft" endpoint of a "clinical" diagnosis of

coronary heart disease, which is a reflection of the complication of the disease and not

an indication of the disease itself. It is generally accepted that any clinical diagnosis has

inherent diagnostic error, the conservative estimate for the error involved in the diagnosis

of CHD is *30%ts. Yudkinu revealed in a very practical way that epidemiological
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evidence cannot stand alone. He demonstrated a correlation between the sale of radio

and television sets in the Uniæd Kingdom and the mortality rate for CHD. Epidemiology

never proves a cause and effect relationship and requires strong pathologic and

experimental supportive evidence for scientific plausibility.

b) The I-esions of Atherosclerosis

Several investigations have clarifred the specific cellular constituents of human

atheromatous lesionsã. The earliest lesions of atherosclerosis can usually be found in

young children and infants in the form of a lesion called the fatty streak. Classic fatty

streaks are raised, narrow, nonobstructive lesions that extend in the direction of blood

flow. Grossly, the fatty strealc appear as areas of yellow discoloration due to the large

amount of deposited lipid. The streala are cha¡actenzed by subendotheliat collections

of foam cells, smooth muscle cells, T-lymphocytes and an extracellular matrix of lipid,

collagen, elastin and proteoglycan26. Monoclonal antibody studies have shown that foam

cells are primarily monocyte-derived macrophages and occasionally smooth muscle cells

that have ingested cholesterol and cholesteryl esters'. Fatty streals were observed by

Staryza in a series of children and young adults. He demonstrated that by the age of ten

years, the fatty streala consisted primarily of lipid laden macrophages, beneath which

accumulated lipid laden smooth muscle cells. Stary28 also studied the fatty streal$ in the

coronary arteries in a series of children and found that they were localized at anatomical

sites identical to the sites in older individuals that were occupied by advanced

fibromuscular lesions, or fibrous plaques, suggesting that fatty streatc are the precursors

of more advanced lesions.
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The advanced lesion of atherosclerosis is called the fibrous plaque. When the

fibrous plaque becomes involved with either thrombosis, hemmorhage or calcifi.cation,

it is often called a complicated plaque or lesion. Fibrous plaques are white in appearance

and are usually elevated and, if sufficiently large, they may compromise the flow of

blood. The major cell tlpe identified in these heterogenous lesions has been shown to

be lipid laden intimal smooth muscle cell (foam cell)zs, together with numerous

macrophages30. When these cells contained lipid, the lipid was found to be in the form

of cholesterol or cholesteryl esters3O. The proliferated smooth muscle cells were shown

to be surrounded by collagen, elastin hbers, large amounts of þroteoglycans and in

hypercholesterolemic individuals, varying amounts of deposited lipid. Beneath this cell

rich region, there often existed an area of necrotic debris, cholesterol crystals and

calcification. It was shown that fibrous plaques were characteristically covered with a

fibrous cap composed of muttiple layers of a particular form of smooth muscle cell in a

lacunar-like ¿urangement in which the lacunae consisted of alternating layers of basement

membrane and proteoglycan3o.

The principal clinical implications of advanced fibrous plaques are their capacity

to partially or totally occlude the lumen of the affected dery, or because of developed

cracks and fissures lead to thrombosis and embolism, or to aneurysmal dilatation

(particularily in large vessels).

c) Hypotheses of Atherogenesis

1\ Response to injury hypothesis

Historically, the first hypothesis to explain atherogenesis was the thrombogenic
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theory put forth by Rokitansþ in 185231, and subsequently elaborated upon by Duguid32.

Their belief was that an incrustation of a small mural thrombi existed at the sites of

arterial injury and that these thrombi went on to organize by the growth of smooth

muscles into them. The second hypothesis, namely the insudative o¡ imbibition

hypothesis, wð the result of Virchow's pioneering work in 185d3. Virchow believed

that a form of low grade injury to the artery wall resulted in a type of inflammatory

insudate, which in turn caused increased passage and accumulation of plasma constituents

in the intima of the artery.

In 1973, these two notions about atherogenesis and accumulãted knowledge of the

cellular and molecular biology of the artery were combined in a hypothesis termed the

response-to-injury hypothesis of atherosclerosiss. This has become the most popular

theory of the pathogenesis of atherosclerosis as it takes into account the many aspects of

the behavior of the arterial wall as well as the numerous risk factors that have been

associated with atherogenesis, including hyperlipidemia, altered rheological forces as may

occur in hypertension, and alteration of the endothelial barrier by factors associated with

cigarette smoking and diabetes.

According to the protagonists of the response-to-injury hypothesis, the key event

in the initiation and perpetuation of the fibrous plaque, the pathognomic lesion of

atherosclerosis, is the proliferation of the smooth muscle cell in the arterial wall. This

event is followed by the deposition of intracellular and extracellular lipid and the

accumulation of extracellular mafix components including collagen, elastic fibers and

proteoglycans. In this hlpothesis, a disruption of the arterial endothelial barrier is
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essential for the proliferation of the smooth muscle cells.

Disruption of the endothelial barrier may take many forms, which cover the

spectrum from subtle changes in function to frank necrosis and denudation. The vascular

endothelium responds to various stimuli by undergoing specific alterations in function,

metabolism and structure. Some of these alterations are adjustments in normal

constitutive functions, and others are due to inductions of new functions and moleculefs.

An example of a potentially injurious stimuli is that of hypercholesterolemia or

hyperlipidemia. In chronic hyperlipidemia, the response to injury hypothesis proposes

that an increase in plasma lipoproteins, particularly low density lipoprotein, would result

in changes in the surface characteristics in both the endothelial cells and the circulating

leukocytes. Evidence for these effects has come from many sources. Jackson and

Gotto36 described the effects of an increase in the number of cholesterol molecules on the

plasma membranes of cells such as endothelium. Alterations in the

cholesterol:phospholipid ratio of the plasma membranes could lead to increased

membrane viscosity with subsequent changes in cell surface enzyme activities. Such

changes could decrease the malleability of endothelial cells, particularily at branches or

bifurcations of the arteriat ffee, where they are exposed to altered rheologic forces. This

altered plasticity has been proposed to explain the observed endothelial retraction over

fatry sneaks seen in hypercholesterolemic monkeys which in some instances is so severe

that the underlying connective tissue is exposed to the circulation3T'3E. This provides

opportunities for platelet adherence, aggregation and mural thrombosis.

One of the earliest cellular interactions that occurs in hypercholesterolemia is the
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attachment of monocytes, the precursors of macrophages, to endothelial ce[s37'3e41.

When these monocytes adhere, they probe and are chemotactically attracted to migrate

between endothelial cells and tocalize subendothelially, where they are converted to

macrophages active as scavenger cells which take up lipid3T'38. The lipid enters the

subendothelium in large quantities in the hypercholesterolemic state resulting in the

formation of foam cells and in the development of fatty streaks3T. The accumulation of

macrophages in the intimal space would then establish conditions that could lead to

further alterations in the endothelium. Macrophages are well known to be able to

synthesize and secrete numerous injurious agents incLuding oxidative metabolites, which

in this instance could further injure the overlying endothetial cells. It has been shown

in vitro that macrophages are capable of secreting superoxide anion and peroxide which

may occur in vivo as wella2.

A further and potentially important reaction of the activated macrophage is related

to its capacity to form growth factors. Macrophages have been shown to be capable of

synthesizing and secreting at least five potent growth factors These include: [1] platelet

derived growth factor (PDGF)43, a growth factor for mesenchymal cells such as smooth

muscle and fibroblasts; [2] interleukin 14, which is also somewhat mitogenic for

fibroblasts; [3] frbroblast growth factor (FGF)45, a mitogen for endothelial cells; [41

epidermal growth factor (EGF) and EGF-like molecules6 (transforming growth factor

alpha TGF-a), both of which are capable of stimulating the growth of epithelial cells and;

[5] transforming growth factor beta (IGF-b)a7, which acts synergistically with some of

the aforementioned growth factors. Thus, appropriately activated macrophages in the
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subendothelial space could potentially be involved in the secretion of growth factors that

could chemotactically atEact smooth muscle cells to migrate from the media into the

intima, to proliferate within the intima and form an intimal, fibromuscular, proliferative

lesion-

The interaction of a third cell, the platelet, is also proposed by the reslrcnse-to-

injury hypothesis. The hypothesis suggests that with endothelial injury, endothelial cell-

cell interaction may be affected and cell dysjunction may occur, leading to retraction of

endothelial cells and exposure of underlying cells or connective tissue. This would

permit opportunities for platelets to interact, adhere, a1gregate, andform m-ural thrombi.

Platelets are capable of little or no protein synthesis, however, they contain within their

granules a number of factors that participate in the coagulation cascade and at least three

extremely potent growth factors or mitogens; namely, PDGF4E, EGF4e, and TGF-b50.

With interaction with the subendothelium, the platelet could provide a potent source of

growth factors contributing to the proliferation of smooth muscle lesions of

atherosclerosis.

Arterial endothelial cells and smooth muscle cells are also capable of synthesizing

and secreting at least two mitogens; PDGF and FGFsr-s. Thus one is able to envision

paracrine mechanisms where degranulated platelets, infilüating macrophages, and

damaged or activated endothelial cells release growth factors that, in turn, stimulate

smooth muscle cell migration from the media and proliferation in the intima.

Alternatively, since smooth muscle cells themselves synthesize PDGF and FGF,

autocrine stimulated growth of smooth muscle cells might be, in part, responsible for the
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development of atherosclerotic lesions.

The response-to-injury hypothesis suggests that at least two pathways may lead

to the formation of initial smooth muscle proliferative lesionsss. One pathway,

demonstrated in hypercholesterolemia, involves monocyte and possibly platelet

interactions which may stimulate fibrous plaque formation by growth factor release from

the various involved cells, as described above. The second pathway involves direct

stimulation of endothelium which may release growth factors that can induce smooth

muscle migration and proliferation and possibly autogenous growth factor release by

proliferating smooth muscle cells. This pathway may be important-in diabetes,

hypertension, and cigarette smoking.

äf Monoclonnl hyp othesi s

Another popular hypothesis of atherogenesis is the monoclonal hypothesis

proposed by Benditt and Benditf6. Their hypothesis suggests that each lesion of

atherosclerosis is derived from a single smooth muscle cell that seryes as the source of

all the smooth muscle cells within the lesion. This theory is based upon the Lyon, or

inactive X chromosome, hypothesis which states that each tissue is made up of a small

tract of related cells that have either an active maternal or an active paternal X

chromosome, but not both. Certain females are heterozygous for the X tinked enzyme

glucose-6-phosphate dehydrogenase (G-6-PD) which exists in two isozymic forms that

can be separated by electrophoresis. This finding was taken advantage of by Benditt and

Bendid6 who examined a series of plaques from a small number of females heterozygous

for G-6-PD at autopsy. They found that some atherosclerotic plaques of heterozygotes
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contained only one of the isoenzymes, which was interpreted to indicate monoclonal

proliferation of smooth muscle cells. Atherosclerosis could thus be viewed as similar to

a benign neoplastic process in which the cell has been transformed by viruses, chemicals

or by other mutagens.

There are many adversaries to this hypothesis. Fialkoufi has indicated that the

presence of only one isoenzyme in a lesion does not necessarily indicate monoclonal

origin. He maintains that single enzyme phenotlpe might instead be a reflection of the

smooth muscle mosaic composition or tract size and distribution within the normal

intima. In addition, monoclonatity has been shown to occur as a consei¡uence of the

selection of a subpopulation of cells in several forms of focal hyperplasiass.

In summary, there is no dearth of mechanisms to account for the smooth muscle

proliferation of atherosclerosis. In the case of denuding endothelial injury, as can be

induced experimentally, platelets and macrophages can release PDGF and potentially

other growth factors. In non-denuding injury, factors from adherent macrophages (as in

hypercholesterolemia) or possibly from injured endothelial cells may cause smooth

muscle proliferation. Which of these mechanisms is relevant in vivo is uncertain.

Pharmacologic intervention which inhibits platelet adhesion and platelet function, and

antiplatelet antibodies have been shown to inhibit the acute smooth muscle proliferation

which occurs after endothelial denudationse'm. To date, anti-PDGF antisera have not

been shown to supress smooth muscle proliferation. One of the major shortcomings of

both of the theories of atherogenesis is the failure to define the genetic basis6r that

underlies the increased susceptibility of some persons to this disease and the relative
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resistance of others.

d) Lipoproteins, Cholesterol Metabolism and Atherosclerosis

The major lipids of plasma are, in order of decreasing concentration by weight,

cholesteryl esters, phospholipids, triglycerides, free cholesterol, and free fatty acids62.

None of these is water soluble and they do not circulate in a free form in the blood.

Except for free fatty acids (FFA), they are complexed with a specific group of proteins

called apolipoproteins. Lipids (except FFA) and apolipoproteins circulate through the

bloodstream in macromolecular complexes called lipoproteins, which have been classified

according to size, density, and electrophoretic mobility. These differences impart to the

lipoproteins the variations in physical and chemical properties which have become the

basis of analytical methods for their study. There are six major groups of lipoproteins

which may be separated by ultra-centrifugation: the chylomicrons, very low density

lipoproteins (VLDL), low density lipoproteins (LDL), intermediate density lþproteins

(IDL), high density lipoproteins (IIDL), and very high density lipoproteins (VHDL).

The unesterified fatty acids (FFA) of plasma are complexed to albumin by noncovalent

forces. This fraction is not identifiable by the usual lþprotein techniques and must be

measured by chemical methods and will not be further discussed. A thorough knowledge

of lipoproteins and thefu functions is essential to the understanding of cholesterol

homeostasis and their involvement in atherogenesis.

The typical structure of a plasma lipoproûein is that of a sphericat particle in

which the water insoluble nonpolar lipids (cholesteryl ester and triglyceride) are shielded

from the aqueous environment by a surface monolayer consisting of phospholipid and
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apolipoproteins. Cholesterol occupies an inærmediaæposition between the surface layer

of apoliporoteins and phospholipid and the core of neutral lipid63.

il Apolþoproteins

As already mentioned, each of the lipoproteins possesses one or more protein

constituents called apolipoproteins. The apolipoproteins exhibit the type of

polymorphism and heterogeneity seen with other plasma proûeins. An important function

of certain apolipoproteins is to mediate the binding of the lipoproteins to specific

receptors on the surface of cells.

To date at least eleven different apolipoprotein types have been identified, and are

associated with the various lipoproteins. Several functions have been identified for the

apoprotein component of the lipoprotein complexes and include structural, enzymatic,

coenzymatic and receptor binding. Currently, a great deal of interest is focussed in the

use of apoproteins as markers for CHD. In particular, investigators have found that

apolþprotein A-I (apoA-I), apolipoprotein 8-100 (apoB-100) or apolipoprotein a

(apo(a)) plasma levels are better predictors of CHD than are total plasma üpids or

lipoproteins.

lll Lipoproteíns

1. Very High Density Lipoproteins (VHDL). In addition to the FFA-albumin

complexes, from 8 to 15% of the total serum phospholipids and small amounts of

cholesterol and triglyceride are not floated by prolonged ultracentrifugation at a density

of L.ZI glmle. These lipoproteins, which resemble HDL immunologically but have a

very small lipid conüent, are called VHDL. VIIDL may function as acceptors of lipids
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destined for transport. There is evidence, however, that some of the VHDL molecules

are artificially produced from HDL by the stress of ultracentrifugation6s.

2. Chylomicrons. Thesearethelargestof thelipoproteins. Thepredominantfunction

of the chylomicrons is the transfer of the exogenousty derived triglyceride and cholesterol

from the intestinal lumen to sites of metabolism or storage. Dietary fats in micelles are

broken down to fatty acids and monoglycerides in tlie intestinal lumen. The lipid

components enter the intestinal villi where they are reassembled into triglycerides. In

the intestinal cells, cholesterol is esterified to cholesteryl esters through the enzymatic

action of acyl cholesterol acyl transferase (ACAT). The triglyóerides and esterified

cholesterol are then complexed with apoB-48, apoA-I, apoA-II and apoA-IV within the

intestinal wall. The chylomicrons enter the sytemic circulation via the lymphatic

circulation. Apo-E and apo-C are added outside of the intestine.

As the chylomicrons circulate in the blood, the triglycerides are hydrolyzed by

the action of lipoprotein lipase on endothelial surfaces, which results in the production

of cholesteryl ester-rich chylomicron remnants. These remnants are recognizeÅ by a

hepatic receptor specific for apo-Etr'67, which does not seem to be down regulated as

chylomicron remnants are taken up6E. Overall, the two step process delivers dietary

triglyceride to adþse tissue and muscle and dietary cholesterol to the liver.

The presence of chylomicrons in fasting plasma is abnormal and may indicate a

type of hyperlipoproteinemia. While chylomicronemia per se is not thought to result in

premature CHD, the accumulation of remnant particles through prolonged clearance is

damaging to the vascular endothelium and is thus thought to predispose to accelerated
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3. Very I-ow Density Lipoproteins (VLDL). Once the chylomicron remnant is taken

up by the hepatocyte, its cholesteryl esters are metabolizedto cholesterol, which together

with triglycerides, are packaged for secretion into the circulation within VLDL. They

contain triglyceride as the predominant lipid, and function to transport cholesterol and

endogenously produced triglyceride from the liver to their sites of utilization. In this

way, the metabolism of dietary fat and endogenously synthesized, fat is coordinaæd to

supply needed amounts of fuel and cholesterol to body tissues despite fluctuations in

dietary intake. VLDL contains two apolipoproteins which can be ræognizeÅ by the LDL

receptor, apoB-100 and apoE, in addition to the lipoprotein lipase regulatory

apolipoprotein apoC.

A distinct subclass of VLDL câlled beta-VLDL has been shown to accumulate in

type III hyperlipoproteinemia (characteriæd by an abnormal apoE) and in animals and

humans fed high fat and cholesterol ¿i"¡rzo'zt. The beta-VLDL differ from VLDL in that

the former are much higher in cholesterol. The presence of beta-VLDL in plasma has

been linked with the deveþment of accelerated atherosclerosis (for revi.ew see Mahley

and Innerarity6s, Mahley7o, iltd Mahley et aÍt).

4. Intermediate Density Lipoproteins (,IDL). IDL are formed from the metabolism of

VLDL triglyceride by lipoprotein lipase in the peripheral tissues. After their formation

from VLDL approximately one half of the IDL is cleared within two to six hours by the

high affinity apoE receptor on the liverz. The IDL not removed by this mechanism

remains in the circulation for a prolonged period where the last traces of trigtyceride are
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hydrolyzed and the apoE and apoC moieties are transferred to HDL, leaving an LDL

particle.

5. I-ow Density Lipoproteins (LDL). LDL are the major cholesterol carrying

components of plasma. ApoB-100 is virtually the only apolipoprotein present in LDL.

LDL are mainly formed from the breakdown of VLDL, but m4y be synthesized

directlyT3. LDL are cleared from the circulation much more slowly than VLDL or IDL,

the half life of LDL in the circulation being approximately sixty hours?2.

LDL is metabolized in liver and in extrahepatic tissues by at least two pathways.

One pathway involves specific LDL (apoB/E) receptors first ciescribed in cultured

fibroblasts by Goldstein and Browda, receptors which are located on the surface of

hepatic and extrahepatic cells. The receptor recognizes the apoB-100 component of

LDL. Binding leads to the uptake of LDL through recepto¡ mediated endocytosis. LDL

proceeds through a pathway of endocytic vesicles to lysosomes where the LDL are

hydrolyzed, liberating amino acids from apoB and free cholesterol from cholesteryl

esters. The free cholesterol migrates into the cytoplasm where it elicits three

int¡acellular regulatory responses that maintain cholesterol homeostasis and protect the

cells from the ove¡accumulation of cholesterol. First, LDL derived sterols suppress the

activity of 3-hydroxy-3-methylglutaryl-CoA reductase (ÍIMG-CoA reductase), the rate-

conftolling enzyme in cholesterol biosynthesis, thereby turning off cellular cholesterol

biosynthesisTs. Second, the cholesterol activates a cholesterol-esterifying enzyme called

acyl-CoA:cholesterol acyl transferase (ACAT) which allows the cells to store excess

cholesterol in the form of cholesteryl esters76. Third, the synthesis of new LDL receptors
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is suppressed (down regulation of expression), preventing further cellular entry of LDL

and thus cholesterol or cholesteryl ester overloadingT. This LDl-receptor based

regulatory system allows the coordination of intra- and extracellular sources of

cholesterol, which all cells require for synthesis of new plasma membranes and which

specialized cells need for the synthesis of steroid hormones and bile acids.

In humans, the LDL receptor mediates the degradation of about two thirds of the

LDL particles that are metabolized each day^. The remainder of LDL is metabolized

by LDL receptor independent pathways. Some of this degradation is believed to occur

in macrophages and cells of the reticuloendothelial system, which degrade alt plasma

proteins. Brown and Goldstein have referred to these pathways collectively as "the

scavenger pathway"Te. It is tikely that several pathways and mechanisms are involved,

some receptor dependent and some nonspecific.

Two lines of evidence strongly suggest that the arterial uptake of LDL, giving rise

to foam cells and fatty streaks, are independent of the LDL receptor. First, lesions rich

in macrophage foam cells develop even in patients and animals deficient in LDL

receptors (homozygous patients with familiat hypercholesterolemia and V/atanabe

heritable hyperlipidemic ¡abbits¡zr-st. 5oond, normal monocytes and monocyte-derived

macrophages in culture cannot be converted to foam cells by incubation with even high

concentrations of native LDI:e.

Goldstein and his cowo¡kers82 were the first to descibe a modified form of LDL

that could be taken up rapidly enough by macrophages to convert them into foam cells.

They found that chemical acetylation converted LDL to a form recognized by a saturable
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specific receptor on the macrophage which could not recognue, nattve LDL. They

designated this receptor as the "acetyl LDL receptor" or the "scåvenger receptor'.

Subsequently, it was found that oxidatively modified LDL is also recognized by the

acetyl LDL receptof3'e and recent evidence suggests that oxidative modification may

play a significant role in atherogenesis in vivo85-87.

In vitro observations show that three major cells in the arterial wall; endothelial

cellsE3'88, smooth muscle ollrsHo and macrophagese,et,ø are able to modify LDL to a

scavenger receptor rccognizable form. These cells are able to generate active oxygen

species, which can induce the peroxidation of polyunsaturated fatty acids in the LDL

lipidse3. A rapid reaction sequence follows fatty acid lipid peroxidation, that amplifies

the number of free radicals and leads to fragmentation of the fatty acid chains. These

fragments have been shown to attach covalently to apoprotein B, masking the epsilon-

amino group%, which is recognized by the scavenger receptor. It should be noted that

LDL cholesterol is also oxidized during LDL modification, which has been postulated

to enhance its atherogenicityes.

In vitro studies have suggested four mechanisms by which oxidatively modified

LDL might contribute to the atherogenic process. First, oxidatively modified LDL is

taken up via scavenger receptors which have been shown to be present on macrophagess2-

e, endothelial cellss'e, Kupffer cellse and have been postulated to be present on smooth

muscle cells6, which could promote foam cell formation.

The second way oxidatively modified LDL may be atherogenic is by being

chemotactic for monocytes. Recent studieses have shown that oxidatively modified LDL,
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but not native LDL, is a potent chemoattractant for circulating human monocytes, but not

for neutrophils. As one of the earliest events observed in experimental atherosclerosis

is the binding of monocytes to the arærial endothelium3T'3ear, oxidizúLDL may serve

to recruit monocytes into the subendothelial space. Neutrophils are very rarely seen in

early atherosclerotic lesions. Quinn et al have shown that most of the chemotactic

activity of oxidatively modified LDL resided in the lipid component, and much of it was

attributable to the lysolecithin generated during the conversion of LDL to its oxidized

forms.

Not only is oxidatively modified LDL chemot¿ctic for the circulating monocyte,

but it has also been shown to be a potent inhibitor of the motility of the macrophagees.

Both basal motility and the increase in motility in response to chemoattractant stimuli

have been shown to be strongly inhibited by the oxidized LDLe8. Thus, the third way

in which modified LDL may contribute to atherogenesis is by retaining the macrophage

in the arterial wall after its phenotypic conversion from a monocyte.

A fourth means in which oxidatively modified LDL may be atherogenic is by way

of its cytotoxicity. Oxidized LDL, in particular the oxidized derivatives of cholesterol,

have been shown to be cytotoxic to a variety of cells including endotheliumrO0,ror and

smooth muscle ceilsror-ro3. Thus, oxidized LDllcholesterol may contribute to the loss of

endothelial cells that has been observed on the surface of established fatty streaks37. * It

has been hypothesized that the cytotoxicity of oxidized LDL may be sufficient to lead to

epithelial denudation which would promote further infiltration of lipoproteins, circulating

monocytes and platelets, setting the stage for the evolution of the advanced
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atherosclerotic plaquee3.

Critical to the importance of oxidized LDL in the atherogenic process is the

demonstration of the presence of these modifred derivatives in vivo, in particular

associated with atherosclerotic lesions. Several lines of evidence indicate that oxidized

LDL is generated in vivo. First, antibodies against ín vttro oxidized LDL have been

shown to recognize material in rabbit aortic atherosclerotic lesions, but not in the normal

a¡eas of the rabbit aorta87. Second, LDL that is eluted from atherosclerotic plaques from

humans and rabbits show cross reactivity with antibodies produced to exogenously

oxidized ¡p¡az'tos. Third, the plasma of Watanabe Heritable ffypeilipidemic rabbits and

that of human subjects has been shown to contain autoantibodies that react with various

forms of oxidized LDL87. Fourth, atherosclerotic lesion LDL showed many of the

chemical and physical properties of oxidized r T1Lr05,106 and lesion LDL (but not normal

intimal LDL or plasma LDL) was shown to be chemotactic for monocytesr0s, as was

oxidized LDLe8. Finally, oxidated LDL has been isolated from human plasmarü.

6. High Density Lipoproteins (,HDL). These lipoproteins are produced by the liver

and the gut and by the peripherat catabolism of chylomicrons and VLDL. They contain

by weight approximately 30% cholesterol, 45% protein, z5vo phospholipid

(predominantly phosphatidylcholine) and a small amount of triglyceride. HDL may be

subdivided into several subfractions, ÐLr,r,r, according to their behavior in the

ultracentrifuge. HDLr is a minor component and of uncerüain physiologic significance.

HDl" consists of larger particles that are more lipid rich and of lower density. HDI.

particles are smaller and more protein rich, lipid poor, and denser. There is a very
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strong negative correlation between HDL cholesterol and CHD. Some studies suggest

that HDþ may correlate with the presence of disease better than does HDIot*.

The most attractive hypothesis concerning the protective mechanism of HDL is

the reverse cholesterol transport hypothesis advanced by Glomsetræ. This hypothesis

stemmed from the observation that Tangier disease, which is an inherited deficiency of

HDL, is associated with a very low serum cholesterol level and generalized deposition

of cholesterol esters in tissues. The reverse cholesterot transport hypothesis proposes that

HDL facilitates the removal of cholesterol from tissues, particularly the cells of the

reticuloendothelial system by a receptor mediated "reverse endocytosis" process with

subsequent delivery to the liver for excretion. There is evidence for the existence of an

HDL receptor which seems to interact with apoA-I or apoA-Ilrro facilitating the removal

of cholesterol from peripheral tissues. Several studies have shown even greater

complexity of HDL subclasses exists when the tipoprotein is examined using newer

methods. About 5Vo of the HDL population has been shown to contain apoA-I onlyttt'ttz.

This subfraction, which itself is heterogenous, has been suggested to be particularly

important in reverse cholesterol hansport because it contains most of two proteins

believed to be involved in that process; lecithin:cholesterol acyltransferase (LCAT) and

the cholesterol ester transport proteinrl3. The apoA-I only subfraction is also the most

active fraction in vitro in transferring free cholesterol from the surface of cultured cells

to plasmarr3. Unfortunately, all of the evidence for the reverse endocytosis hypothesis

has come from in vitro studies and direct in vivo quantification and demonstration of

reverse cholesterol transport is still lacking.
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There are alternative hypotheses on the inverse relationship between levels of

HDL and CHD. HDL has been shown to inhibit the binding of LDL to matrix

connective tissuerra, subfractions of HDL with apoE can compete with LDL for uptake

by way of the LDL receptofs, HDL inhibits the oxidation of LDL which may protect

against its cytotoxic actions, and HDL inhibits the receptor mediated uptake of oxidized

LDLrrs. Finally, the possibility exists that HDL is itself not directly involved in

protecting against atherogenesis. Instead, a high HDL level may only be a marker for

some metabolic process that somehow interferes with atherogenesis and only incidently

leads to a rise in plasma HDL levels.

7. Lipoprotein a. A unique lipoprotein given the label lipoprotein a (lp(a)) was first

identif,red in 1963 and is found mainly in the density range of HDLI16. It is a relatively

minor lþprotein containing less than 15% of the plasma cholesterol but is ubiquitous

in human plasmarrT. Although there are no published prospective studies of lp(a) as an

atherogenesis risk factor, numerous retrospective epidemiologic studies have shown that

plasma lp(a) levels seem directty related to cardiovascular ¡r¡1t8-t20. The range of levels,

given in units of g/L, is from near zero to more than 1.0 g/L. A threshold level of 0.2

g/L seems to be directly related to atherosclerosis riskr2r. Furthermore, elevated lp(a)

levels seem to be an independent risk factor for myocardial infarction unrelated to other

differences in cholesterol, lipoprotein subfractions or non-lipid risk facto/e.

Lp(a) is very similar to LDL except that it contains apolipoprotein (a) (apo(a))t".

Apo(a) is a heterogenous protein which forms disulf,rde bonds with the apoB-100

apolipoprotein of the LDL moleculel22. Apo(a) has been shown to exhibit significant
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structural similarity to plasminogen. Plasminogen is theprecursor of plasmin, a naturally

occuring anticoagulant, and can avidly bind frbrin; as can apo(a). One of the theories

of the atherogenic nature of lp(a) is that it is this fibrin binding ability which brings the

cholesterol laden lp(a) directly to the site of intravascular damage where fibrin has been

deposited. Lp(a) with both its cholesterol and protein components, might then be taken

up by the macrophages at the site of the intravascular lesion.

Another possible effect of the lp(a) on atherosclerosis may result from the

homology between apo(a) and plasminogen. Apo(a) has no intrinsic fibrinolytic activity

and cannot be activated by tPA (tissue plasminogen activator). Lp(a) has been shown to

compete with plasminogen for the plasminogen binding site on vascular endothelial cells

with an equivalent affinity and capacity, but with no effect on circulating plasmintz3't2s.

It has been estimated that at plasma concentrations of 0.3 glL tp(a) reduces cellular

plasminogen binding by 20%, thereby supressing endothelial cell frbrinolysis and

producing a procoagulant stater23. In addition, there has been shown a striking

accumulation of lp(a) on the endothelium of atherosclerotic coronary arteries of humans,

but not in normal blood vesselsr2a. Thus, the atherogenic potential of tp(a) may be based

on two putative mechanisms; a potential role in plaque formation and a poæntial role in

thrombogenesis.

e) Calcium and Atherosclerosis

Arterial calcification has long been recognized as a universal feature of the

atherosclerotic plaque3o. Many reports have documented an increased calcium content

of human athe¡osclerotic arteriesl26 rtt¿ arteries from hypercholesterolemic experimental
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animalsrzT't2E. Although the calcified deposits in coronary athe¡osclerosis have been

shown to be primarily intimal, medial calcinosis has been reported by several

investigators at necropsy of individuals with hypercholesterolemia and concommitant

hypercalce*i"12e'r30. The increased tissue calcium seen in atherosclerotic lesions of

experimental animals has been shown to be a result of, in part, increased cellular calcium

uptaksr3t'trz. Kinetic analysis of altered calcium transport in atherosclerotic rabbit aorta

suggested an increase in total intracellular calcium content, consistent with a 4.8-fold

elevation in calcium permeability when compared with controlsr3r. Enrichment of

membrane cholesterol of human erythrocyte has also been shown to ihcrease C**

influxr33. The observed increase in intracellular calcium supports the hypothesis,

advanced by several groups of investigators, that atherogenesis is dependent upon

increased cytosolic calciuml2e'130'134'r3s.

Two lines of evidence support the hypothesis that increased intracellular calcium

is atherogenic. First, it has been demonstrated numerous times that componds which

prevent extracellular to intracellular calcium transport can ameliorate or prevent

atherosclerosis (for review see Jackson et alr36). These agents have been effective

without reducing arterial blood pressure or blood lipids, and compounds from each of the

three major classes of organic calcium channel blockers has been shown to be effective.

Second, Phairl37 has reported a Z.l-fold increase in the cholesteryl ester content of

thoracic aortic tissue of rabbit that had been artificially loaded with calcium using the

calcium ionophore A23L87. This preliminary study illustrates that at least one of the

many cellular events associated with athe¡ogenesis can be initiated by artif,rcially
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increasing cellular calcium.

The precise mechanism whereby cellular calcium participates in atherosclerosis

is presently unclear. Regardless of the ntaure of the underlying risk factor, the resulting

atherosclerotic lesions all progress in a similar manner. This has led to the suggestion

that regardless of the initiating stimulus, atheroma formation is mediated by a single

common factor. Ca2* has been implicated as that fînal common mediatorr3r.

Increased smooth muscle cell membrane cholesterol has been suggested to cause

the intracellular calcium overload seen in tissue from atherosclerotic lesionsr3T. There

is considerable evidence that the function of integral membrane trarisport pfoteins can be

regulated by their lþid environmentl3s. Cholesterol modulation of membrãne ion

transport systems has been studied in detail on two ion pumps in particular: Na+,K+-

ATPase and Ca2+-ATpase.

7l Na+,K+-ATpase

The Na+,K+-ATPaseof plasma membranes is an electrogenic enzymeresponsible

for pumping sodium out of the cell and potassium into the cell against their respective

concentration gradients. Inhibition of the ouabain-sensitve ATP hydrolyzing activity

(Na+,K+-ATPase) by high cholesterol levels (above those found in native membranes)

was observed in reconstituted enzyme of human erythrocytesr3e, human erythrocyte

membranesl4o'l4l, rabbit erythrocyte membranesla2, guinea pig erythrocyte membranesra3,

rat liver membranesr4, and kidney basolateral membranestas. t has been speculated that

the inhibition results from the physical effects of cholesterol on membrane propertiest3E.

Cholesterol has been shown to increase the anisotropic motional ordering of the bilayer
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as a result of the effects of its rigid sterol structure on the lipid components of the

membranet6. Cholesterol also exhibits a preferential ordered distribution within a

membrane characterized by "lines" that are arranged in a rhombic patternlaT. This

general increase in ordering may also lead to constraints in the conformation of the

Na+,K+-ATPaser38, which may inhibit its function.

When low levels of cholesterol are present in the membrane, cholesterol has been

shown to stimulate the Na+,K+-ATPase enzymeras. Since other sterols did not show

similar stimulation, it has been suggested that the stimulatory effect was a result of a

direct site specific sterol-protein interactionras.

ltl Ca2+-Mf*-ATpase

This enzyme has been observed to optimally pump two calcium ions out of the

cell per ATP hydrolyred and can maintain transmembrane calcium gradients of several

orders of magnitude in ion concentration. Increasing the cholesterol content of

reconstituted membranes has been shown to depress the activity of the Ca2+-Mrg2+-

ATPase (Cat* pump) of skeletal muscle sarcoplasmic reticulumras,lae. Several

investigators have proposed the presence of a cholesterol free, phospholipid annulus

surrounding the ATPase protein which is essential for futl enzyme activityr4s,r4e. They

suggested that the inhibition of enzyme activity that they observed when cholesterol was

included in the annulus was a result of the motion-restricted environment produced by

cholesterol. Similarly, the Ca2*-Mg2*-ATPase of isolated rabbit cardiac sarcolemma was

shown to be depressed with cholesterol enrichmentlso. In reconstitution experiments in

which phosphatidylethanolamine was used as a dominant lipid component in the
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membrane, cholesûerol appeared to stimulate the Ca2* pumprsr. T'hus, under special

circumstances, cholesterol appears capable of stimulating the function of the calcium

pump protein.

f) Coronary Artery Spasm

Coronary artery spasm can be defined as a transient reduction in lumen diameter

of an epicardial (or large septal) coronary artery. This abnormal constriction of the

conductive arteries is of sufficient degree to produce myocardial ischemia in the absence

of any significant increases in heart rate or blood pressure. The ischemia is a transient

phenomenon and is promptly reversed by the administration of niftoglycerin.

Coronary spasm had been proposed as an important mechanism of myocardial

ischemia over 140 years ago, and the concept remained popular through the early part

of this century (for review see Glazier et alt52). In the 1940's, particularily as a result

of a strong rebuttal by Blumgartttt, the coronary artery spasm hypothesis fell into

disrepute. Many cnttcized the theory because there was no direct way to visualize

coronary arteries invivo and also because some believed the thickened, fibrotic coronary

arteries found at necropsy in nearly all patients with angina were too rigid to have

undergone spasm.

The concept of coronary artery spasm began to regain favour once again with the

description in 1959 by Prinzmetal and his colleguesls of variant angina. They postulated

that the mechanism of chest pain in patients with this finding was due to coronary artery

spasm associated with fixed coronary obstructive disease. Theirs was the first description

of angina occurring at rest associated with ST-segment elevation on electrocardiogram,
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often associated with arrythmias, and without an obvious increase in myocardial oxygen

demand. They proposed that in these patients, the mechanism of ischemia was an

increase in coronary vasomotor tone around an eccentric lesion. Concommitant with the

observations of Prinzmetal and his colleagues came the development of coronary

arteriography. In 1962 the first of many repofis documenting coronary artery spasm

during coronary arteriography of a patient experiencing angina was publishedlss.

Coronary artery luminal narrowing is now recognized to be associated with angina

pectoris, acute myocardial infarction and sudden deathrs6. In addition, when coronary

artery spasm occurs, it usually does so at the site of an atherosclerotic but n-ot necessarily

stenotic lesionrs?. Several mechanisms have been proposed for the change in smooth

muscle tone as seen with coronary artery spasm.

1f Mechanical injury mechantsm

Focat coronary artery atherosclerosis has been produced in animals subjected to

balloon catheter induced endothelial denudation and hypercholesterolemiarsE'rse. After

development of these lesions, provocative testing with histamine produced locaJized

coronary artery spasmr58, while ergonovine and serotonin produced exaggerated

constrictor responsesrse. Thus it seems plausible that, ín vivo, endofhelial injury leads

to inc¡eased constrictor response of the vascular smooth muscle to vasoactive mediators.

The possibility that endothelial injury from causes other than mechanical denudation can

result in increased coronary a¡tery smooth muscle sensitivity has not been addressed.

iLI En¿othelial dependcnt vnoactive mcdiaor mechnnism

Since Furchgott and Tawadzkir@ demonstrated the obligatory role of endothelial
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cells in the relaxation of arterial smooth muscle by acetylcholine, numerous findings have

indicated that this cell layer modulates the degree of contraction of the underlying

vascular smooth musclelór{63. It does so by releasing vasoactive substances such as

prostacyclin, endothelium-derived relaxing factor (EDRF¡tct, endothelium-derived

hyperpolarizingfactor (EDIIF)t*, and endothelium-derived contracting factor (EDCF)165.

EDRF has recieved much attention, and changes in the release of EDRF are thought to

be involved in the pathogenesis of coronary artery spasml6.

Among the physiologic stimuli that can elicit the release of EDRF are platelet

products, thrombin, hormones, neurotransmitters, local autacoitls, shear stress and

changes in oxygen tensionr6r-163. EDRF has been shown to cause relaxation of the

underlying smooth muscle by the activation of soluble guanylate cyclase leading to cyclic

GMP-dependent protein phosphorylationr6T. Elevation of cyclic GMP evoked by EDRF

inhibits Ca2* release from intracellular storage sites and Ca2* influx through receptor-

operated channelsló8. Since contraction and tone of vascular smooth muscle depends on

an increase in free intracellular calcium available to the contractile proteins (vid.e infra),

EDRF may effectively inhibit vascular smooth muscle contraction through its effects on

intracellular Ca2* concentrations.

It has been observed that the activity of EDRF appears to be diminished or lost

as a consequence of atherosclerosis, and stimuli that cause vasodilation via the EDRF

pathway in normal vessels seem to cause vasoconstriction in atherosclerotic arteriesr66,r6e.

It addition chronic hypercholesterolemia causes a reduction in the production of EDRF

in endothelial tissuel7o. Oxidized LDL has also been observed to enhance agonist-induced
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v¿rsoconstriction by a direct effect on vascular smooth musclerTr. It is speculated that this

occurs through modulation of voltage-gated Ca2* channels through stimulation of

phosphatidylinositol metabolism. Thus it is apparent that cholesterol and Ca2* regulation

by vascular smooth muscle cells are interrelated, and involved in the pathogenesis of both

coronary artery spasm and atherosclerosis. These studies lend credence to the hypothesis

that both atherosclerosis and coronary artery spasm are consequences ofa single disease

processlT2'173.

II. Excitation-Contraction Coupling in Heart and Smooth Muscle 
-

Since the pioneering work RingerrTa on the dependence of cardiac contraction on

the presence of calcium ions (Ca2+ ), C** has been recognizæd as having a fundamental

role in the contraction of both cardiac and vascular smooth muscle as well as in the

coupling of the excitatory event of membrane depolarization to the mechanical event of

muscle shortening (excitation-contraction coupting). It is the level of intracellular

calcium which is now recognized to play the central role in the contraction-relaxation

cycles of muscle tissue; however, important functional interactions of Ca2* with other

vital cations such as sodium, potassium and magnesium are involved as well.

Fundamental differences are known to exist between cardiac and vascular smooth muscle

in the excitation-contraction coupling process.

a) Excitation-Contraction @-C) Coupling in Cardiac Muscle

E-C coupling in the heart can be separated into four steps. First an action

potential depolarizes the sarcolemma. Next, the depolarization releases Caz* from the
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subsa¡colemmal cisternae of the sarcoplasmic reticulum (SR) and/or allows enbry of

extracellular calcium. Third, Ca2+ binds to the troponin-C protein on the thin fi.lament

of the myofibrils, and by a complex sequence of events, permits actin and myosin to

interact. Fourth, relaxation occurs when the intracellular Ca2* concentration falls as a

result of SR reaccumulation and extrusion of Ca2* through the sarcolemma causing the

dissociation of Ca2+ from troponin-C.

1) Depolarizatíon of thc nryocardial cell

Depolarization of the myocardial cell leads to a rapid and brief pedod of inward

movement of Na+ ion through tetrodotoxin sensitive sodium channels into the sarcoplasm

from extracellular sources (phase 0). After a brief delay from the onset of membrane

depolarization, there is a slower and more prolonged inward movement of Ca2* ion

through voltage dependent slow Ca2+ channels or via a Na*-Ca2* exchange mechanism

(phase 0,1 and 2)17s.

The Ca2* current through the voltage sensitive membrane channels (Ij is

composed of an initial fast component, followed by a slow componenttz6. ¡n mammalian

cardiac cells, which have an extensive SR, most of the inflowing Ca2* seems to be

rapidly taken up by SR Ca2* stores. From there it can be released during subsequent

depolarizations into the cytoplasm as activator Ca2+ for the contractile proteinslz.

Therefore, the amount of Ca2+ entering the cell during an action potential determines the

degree of filling of SR stores and hence the contractile state of the heart. The fast

component of the Io niggers a tension transient mediated by Ca2+-induced release of

Ca2* from the SRr76. The slow component does not affect the tension transient caused
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by the fast component, but does potentiate subsequent tension transientstT6. Thus the fast

initial component of [- triggers release of Ca2+, whereas the slow component loads the

sR with ca2* that becomes available for release during subsequent beats.

The Ca2* channels are gated by the electric poæntial across the sarcolemma

membrane. Upon depolarization of the membrane, inward Ca2* currents become

apparent at potentials around -60 mV and reach a maximum around 0 mVr7E. At least

two types of Ca2+ channels have been identified in mammalian sarcolemma, the T

(transient) channel and the L (tong) channelrTs. Ca2+ conductance is low in the T channel

(as a result of their rapid inactivation) and high in the L channel (which are more slowly

inactivated)L7e. A significant difference between T and L channels is in their sensitivity

to blockade: only nickel ion can inhibit Ca2* conductance through T channels, while L

channels are sensitve to blockade by the organic calcium channel blockers (diltiazem,

verapamil and nifedipine) and to cadmiumrTe'lEo.

The cardiac cell membrane contains a number of receptors that, on activation with

an appropriate neurotransmitter (catecholamines, acetylcholine, histamine, serotonin,

adenosine, and vasopressin), can modulate the function of, the voltage dependent Ca2+

channel. The current evidence suggests that phosphorylation through the cyclic AMP-

dependent protein kinase enhances the entry of Ca2+ through the voltage dependent

channelsr8r. Increases in cyclic AMP produce a rapid increase in the number of slow

channels available for voltage activation during membrane depolarization, increase the

probability of a slow channel opening at a given voltage and increase the mean time

during which the channel remains in an open süater82. These changes in channel function
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are presumed to be associated with phosphorylation of a specifrc proûein siæ in the slow

channel, which leads to a conformational change favouring the passage of Ca2* through

the water filled central pore of the channell82. Guanine nucleotide-binding proteins may

have a role in activating and inactivating these Ca2* channelsls3'lE4.

ilf Sarcoplasmíc reticulutn Caz* release and Na*-Cd* exchnnge

The cardiac cell SR, is a tubular, lipid bilayer membranous structure within the

cell which is the analogue of the endoplasmic reticulum in noncontracting cells. The

main functions of the SR are to release stored C*+ to provide the signal for the

activation of the contractile elements, and to reaccumulate C*+ tõ afford relaxation of

the muscle. The SR calcium pump and the Ca2+ release channel are t*o primary protein

components of the SR which give rise to the necessaÐ¡ Ca2+ exchange. The Ca2+ pump

is responsible for accumulation of C** to effect relaxation, whereas the Ca2+ channel

is responsible for the rapid release of ca2+ to provide for contraction.

Several mechanisms operate in cardiac muscle cells to stimulate the release of

Ca2* from the SR. It is thought that the most physiologically important mechanism

operating in cardiac muscle is Ca2+-induced release of Ca2*. The hypothesis of Caz*-

induced release of Ca2* is that the increase in cytosolic free Ca2+ resulting from the

transsarcolemmal influx of Ca2+ is insufficient to activate the myofilaments directly, but

induces a release of Ca2* from the SR which activates the myofilaments. Experiments

on skinned cardiac cells suggest that the activation of Ca2* induced release of Ca2* is

both Ca2+ dependent and time dependentrss. Thus, a fast increase of free Ca2* will

trigger a release of Ca2*, whereas a slower increase to the same final level will load the



43

SR with an amount of Ca2+ that will be available for release during subsequent

contractions.

Stimulation of some cell surface receptors initiates hydrolysis of a membrane-

bound inositol lipid, which produces at least two second messengers; diacylglycerol

(DAG) and inositol 1,4,5-Eiphosphate [ns(1,4,5)P¡]ttu. These messengers are generated

by a membrane transduction process composed of three main components; a receptor,

a coupling G protein and phosphoinositidase C. Hirata et alrE7, were the first to show

that Ins(l,4,5)P, can induce Ca2* release from isolated cardiac SR. The amount of Ca2*

release induced by Ins(1,4,5)P, was only a small fraction of the total intravésicular Caz* .

These results were not reproducibte by othersrss, and results from studies on isolated

skinned myocytesls8 and skinned multicellular muscle preparationsrse have not been able

to demonstrate Ca2* release by Ins(1,4,5)P3. It is accepted, however, that Ins(l,4,5)P,

can potentiate the caffeine induced release of Ca2* by the 5pt8e-tet. Although a primary

role for Ins(1,4,5)P, in E-C coupling seems unlikely, it has been postulated to have a

physiological function in receptor mediated cardiac inotropismre.

The relative importance of SR sequestered Ca2+ in E-C coupling in the cardiac

myocyte has been the subject of intense investigation (for review see Feher and

Fabiatore3). According to one hypothesis, the SR is the sole source of activator C*+,

and all of this Ca2* is reaccumulated into the SRrss'l%. An alternative postulate is that

some of the Ca2+ which activates the myofrbrils is derived from transsarcolemmal

influxrss-rer/. Until recently, most of the studies on the mechanisms of E-C coupling in

skeletal and cardiac muscles have been performed on preparations in which the
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sarcolemma has been made permeable ta C*+ by chemical treatmentret'tt; the skinned

fibre preparation. This preparation allowed control of the chemical environment

surrounding the fibre by varying the bathing solution. With the advent of new

experimental approaches for the study of SR released Caz* and refinements in the

preparations of isolated ca¡diac myocJrtes, the relative importance of the SR in E-C

coupling in cardiac myocytes has come under question.

It is accepted that most of the Ca2+ crossing the sarcolemma, whether it be for

triggering Ca2+ release by the SR, sequestration by the SR, or direct activation of the

myofilaments, traverses the membrane via Ca2* channels. There eiists another pathway

that has been postulated to contribute to transsarcolemmal Ca2* influx, namely the

sarcolemmal Na+-Ca2+ exchanger. The Na*-Ca2* exchange system was first described

by Reuter and Seitz2m more than 20 years ago, and subsequentty identified in isolated

cardiac sarcolemmal membranes2or. Since its first descríption, much effort has been

expended in attempts to isolate the exchange protein. Using a novel isolation technique,

Barzilia et al have achieved the isolation of a 70 tÒ protein from brain plasma membrane

which they have identified as the exchangef@'26. In addition, the Na+-Ca2* exchanger

from Bovine rod outer segments has been isolated by two separate groups2s'205, ild

found to be a glycoprotein with a lrd, of about 215 lÒ. Recently, Nicoll et a126 have

reported the molecular cloning, expression and deduced amino acid sequence of a 108

kD protein from canine cardiac sarcolemma that they have identified as the Na+-Ca2*

exchange protein.

The cardiac Na*-Ca2+ exchange protein has been extensively investigated using
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biochemical, patch clamp and Ca2+-sensitive dye techniques. It is known that the

stoichiometry of Na*-Ca2+ exchange in the heart is three Na+ for each caz*

transportedzcn-2tt, making it electrogenic and sensitive to membrane potential2r2-2l5.

Many kinetic studies have been published reporting the Kr(Ca2*) of [Na*],-

dependent C** uptake measured in various cardiac sarcolemmal vesicle

preparationst13'201'2r3'2t7'223'228'232'316'322'3s6'371. Despiæ the varied preparation techniques and

heterogeneity of the vesicle preparations (inside out vs right side out), most values fall

between 15 and 40 ¡rM. Unfortunately, the affinity of the exchanger for external Ca2+

{rr(Cr"'*)} reported for cultured myocytes does not correlate weIl with those obtained

using isolated sarcolemma. Values for the Kr(Ca.t*) have been reported as 150 ¡ÌvPr7

and 350 p.lfrrB. More diffrcult to measure is the affinity of the exchanger for internal

calcium K^n(Cat'*) in intact cells. Using isolated internally perfused pig ventricular cells,

Miura et alzte have reported a Kr(C42+) of 0.6 ¡rM. This finding suggests that an

assymetry may exist in the Ca2* binding sites of the cardiac Na*-Ca2* exchanger in situ.

Inclusion of the ion chelator EGTA in the perftrsion medium of the study of Miura et

al2re may have confounded their results as EGTA has been shown to increase the apparent

affinity of the exchanger several fold220. In contrast, the external Na+ dependence of the

Na*-Ca2* exchanger has been measured by several groups and found to be reproducibly

between 12 and 30 ¡rM in both cardiac sarcolemmal vesicles22t-2u ütd isolated myocytes

with similar values measured for Kr(N4+)2@,21e.

The regulatory control of the Na+-Ca2+ exchanger has been the subject of much

interest. It appears that the int¿cellula¡ surface of the exchanger has a Ca2+ binding site
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that modulates Na+-Ca2+ exchange activity. Internal Ca2* regulatory siæs have been

described in cardiac n11tus'ns'nu, with a K*r(Ca) of near 50 nl./¡g,n6. Intracellular Ca2+

increases the apparent affinity of the exchanger for Na+ and increases the maximal rate

of exchange2r6. The physiologicat significance of the internal Ca2* regulatory siæ is still

unclear, but it is hypothesized to prevent the Na+-Ca2* exchanger from extruding too

much Ca2* from the ællzn. It has been suggested that as the exchanger lowers Ca2*

below 100nM, the regulatory site loses bound C**, Na*-Ca2* is inhibited, and further

Ca2* efflux stops2u.

Phosphorylation/dephosphorylation reactions have been shown to regulate the

Na*-Ca2* exchanger in cardiac sarcolemmal vesicles228. The reactions can be catalyzed

by a kinase and a phosphatase endogenous to the sarcolemmal membrane. Both the

kinase and the phosphatase require Ca2* and calmodulin. To date no cAMP-dependent

regulation has been found. Phosphorylated sarcolemmal vesicles have been shown to

have both a higher Ca2+ affinity and â V-"* than dephosphorylated vesiclesso. It has

been speculated that the intracellular C** concentration would determine the

phosphorylation state ln viv&E, although the physiologic significance of this regulatory

mechanism has not yet been determined.

Na*-Ca2* exchange activity has been shown to be sfrongly pH dependent, with

activity being inhibited at low pH and stimulated at high vùuei;2û'ne-233. Ca uptake has

been shown to be strikingly inhibited at pH 6 and stimulated at pH 9 which has led to

the suggestion that the ionization of a histidine residue may be of importance in Na+-

Ca2* exchangee. The mechanism appears to be through competition between H+ ions
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and Ca2+ for binding sites on the exchange protein, the effects of pH being much more

noticeable at low Ca2* levels than at high levelsze. Thus, in the intact myocardium, a

change in extracellular pH would have little effect on Na+-Ca2+ exchange due to the high

external Ca2* concentration. In contrast, a fall in intracellular pH could drasticatty

inhibit Na+-Ca2+ exchange due to the effective competition of increased proton

concentration with the relatively low intracellular C** . Since the cellular pH can change

in many pathophysiological situations, effects of pH on Na+-Ca2* may have significant

clinical relevance.

A variety of oxidation/reduction reactions have been shown-to stimulate the Na+-

Ca2* exchanger of ca¡diac sarcolemmal vesicles235. It is suggested that redox modulation

of exchange activity is through thiol-disutf,rde interchange, a process which is thought to

alter the conformation of the exchange carrier from a less active to a more active form.

It is speculated that this mechanism may protect the myocyte from oxidative stresses,

activating Na+-ca2+ exchange and protecting the cells against ca2+ overloadæs.

The relative contribution of the Na+-Caz+ exchanger to calcium influx during the

cardiac contraction cycle is an area of active investigation. Although sarcolemmal C**

channels are thought to provide the princþal source of trigger Ca2* for the release of

Caz+ from the SR as well as providin E C** for the loading of the SR'u, recent studies

have supported the hypothesis that the Na*-Ca2+ exchanger may contribute to Ca2* entry

into cardiac cells and trigger sarcoplasmic calcium release. Using voltage-clamped,

isolated cardiac myocytes Iæblanc and Humeæ7 have shown that in the absence of

calcium entry through voltage-dependent calcium channels, membrane depolarization
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elicited release of Ca2+ from the sarcoplasmic reticulum, supporting a role for the Na+-

Ca2+ exchanger as provider of trigger Caz*. It has also been shown that the Na+-Ca2*

exchanger is a high capacity system that under certain conditions can supply Ca2* for

activation of the contractile apparatus. Bers et a1æ8 have shown that in the presence of

nifedipine to block Ca2+ channels, caffeine or ryanodine to inhibit SR function and

acetylstrophanthin to raise intracellular Na+, rabbit ventricular muscle demonsEated

substantial contractile activity. With the recent identification of a potent inhibitor of the

cardiac sarcolemmal Na+-Ca2+ exchange#e, detailed studies on the relative contribution

of the exchange mechanism to C** influx through the sarcolemma will now be possible.

iLLl My ofibrillar iweraction

Cytosolic Caz* in cardiac tissue serves as the activator for myocardial contraction.

Although not as well charactenzæd, the proteins that make up the contractile apparatus

in cardiac muscie are very similar to those of skeletal muscle. Paratlet Íurays of thick

and thin filaments are interdigitated, which allows an energy dependent sliding motion

between the two types of filaments, causing shortening of the muscle fibre during

contraction. Upon relaxation, the sliding motion is passively reversed. Connected in

series, these parallel arrays consist of individual sarcomeres, which are made of of

groups of individual myofilaments. The sarcomeres are grouped to form fibrils, and

sheets of fibrils cooperaûe to form functional whole muscle.

The thick filament consists of specifically aligned myosin molecules. Each

myosin molecule is a dimer of two identical subunits; two chains associated as an alpha-

helical coiled tail, with each chain terminating at one end in a globular head. The
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resulting dimeric myosin molecule is assymetric, with both globular regions present at

the same end. In each thick filament, myosin is oriented so that the overall filament is

bþlar, with the alpha-helicat tails oriented to the center of the filament. The result is

that of a filament with globular heads protruding in a staggered pattern at each end of the

filament with a narrow midregion devoid of globular "heads". A myosin ATPase present

in the globular head of the myosin molecule is activated by a specific interaction of

myosin with actin. The association of myosin with actin, coupled with the consequent

enzymatic activity is termed actomyosin ATPase. The hydrolysis of adenine triphosphate

(ATP) to adenine diphosphate (ADP) and inorganic phosphate (P) by the actin activated

myosin ATPase provides the energy for contraction.

The actin of actomyosin is found in the thin filament of the contractile complex.

Actin is composed of filamentous actin (F-actin) plus tropomyosin and troponin, in a

molar ratio of l:L:L2ao. The F-actin itself is a double-stranded helix composed of

globular actin (G-actin) monomers. Tropomyosin is a helicat dimer which associates as

a head to tail continuum of dimers along the actin polymers in or near the helical groove

of the actin double strand. It has been hypothesized that the movement of tropomyosin

in and out of the actin helical groove effects the activation and inactivation of the actin-

myosin interactionør.

The movement of tropomyosin is thought to be caused in part by the thin filament

associated troponin, a complex of three functionally distinct subunits associated in a 1:1:1

molar stoichiometry. Troponin I $nf) is the subunit that functions to inhibit actomyosin

ATPase activity. Calcium sensitivity is afforded by another subunit, troponin C (TnC).
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With Ca2+ binding to TnC, the inhibitory action of TnI on ATPase is decreased in the

presence of troponin T (fnÐ. In the absence of TnT, TnC can restrict the inhibitory

action of TnI regardless of the presence or absence of calcium. In addition to mediating

the effect of TnC upon TnI, the TnT subunit appears to anchor the troponin complex to

tropomyosin.

By examining the amino acid sequence of bovine cardiac TnC, van Eerd and

Takahashi2a2 predicted that the molecule would bind three moles of calcium per mole of

TnC. Subsequent studies have shown that whole bovine cardiac troponin does indeed

bind three moles of C*+ per mole of protein as predicted2a2. Three sites with two

different affinities for Ca2+ are seen. Two of the sites had an affinity binding constant

for calcium of I.47 x 107 M{, and the third site had a constant of 2.5 x ld M-t. In the

presence of 4 mM magnesium, the affinity for calcium at the higher affinity sites

decreased to 3.6 x lff M-r, whereas calcium binding affinty at the third site remained

unchanged2a3.

At a suffient level of cytosolic free Ca2*, association of calcium to the calcium

specific binding site of TnC takes place. At a threshold point of increasing binding of

calcium, the myofilament associated TnC undergoes a still undefined change in its

intimate interaction with another troponin subunit, TnI. That association influences the

relationship of TnT with TnI and with tropomyosin. It is supposed that the protein-

protein interactions in the myofilament induces a shift of tropomyosin relative to actin

that also includes a shift of TnI association with actin, thereby removing the TnI

inhibition of actin-myosin interaction. The association of myosin with actin activates
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myosin ATPase, ATP is hydrolyzæd, and biochemical energy is t¡ansduced to mechanical

force causing contraction. Changes in the amount of cytoplasmic free calcium or

changes in the strength of binding at the several sites of troponin C are the means by

which the physiologic mechanism can be modulated to provide greater or lesser

contractile respon siveness.

ivf Relascøion

Relaxation of the cardiac myofibrillar apparatus is a passive process and occurs

when the concentration of calcium in the vicinity of the troponin-tropomyosin complex

decreases below a critical level. As the intracellular concen[ration of fren, C**

decreases, Ca2+ ion dissociates from its binding site on troponin C, and the regulatory

protein resumes its function of modulating the interaction between actin and myosin. The

fall in intracellular Caz+ occurs with the sequestration of myoplasmic Ca2+ by the

sarcoplasmic reticulum and the surface membrane. An ATP-dependent Ca2* pump is

responsible for the accumulation of Ca2* into the sarcoplasmic reticulum. The

sarcolemma contains two mechanisms that mediate the efflux of Ca2* from the myocyte;

an ATP-dependent ca2+ pump, and the sarcolemmal Na*-ca2+ exchanger.

The involvement of a specific ATPase in the pumping of Ca2* out of cells was

first suggested by Dunham and Glynn n 19612A4, and first demonstrated in erythrocyte

membranes by Schatzmann n L97Vs. The existence of an ATP-dependent Ca2+

transport protein (Ca2*-ATPase) in the myocardial sarcolemma was established by Caroni

and Carafoli26. Since its identification in cardiac sarcolemma, the pump has been

studied in great detail in many labo¡atories.
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The sarcolemmal Ca2*-ATPase has been isolated as a single polypeptide of 140

l<D247. It has been shown to be an ATPase of the P-t)¡pe, as it forms a phosphoenzyme

during the transport cycle. Phosphorylation of heart sarcolemmal membranes by the

cAMPdependent protein kinase has been shown to stimulate the incorporation of ? from

labeled ATP into the membrane as well as stimulate the activity of the Ca2* pumpus.

In reconstituted lþsomes, it has been shown to hansport Ca2* with a 1:1 stoichiometry

to ATP2ae. The sarcolemmal Ca2*-ATPase is a high affinity enzyme which, in the

presence of activating calmodulin interacts with C*+ at a Ç of 0.4 p.Mw. It has,

however, a low capacity, transporting only about 0.5 nmoles-of ca2* per mg of

membrane protein per second2aT. The high affinity for Ca2* suggests that the pump

operates continuously, extruding Ca2+ from the celt during both diastolic and systolic

periods.

The dominant Ca2* efflux mechanism of cardiac myocytes appears to be the Na+-

Ca2* exchanger. In comparison to the sarcolemmal Ca2*-ATPase it is a high capacity,

low affinity efflux process. Many investigations have supported this idea. Bers and

Bridgeão studied relaxation of rabbit ventricular muscles. In tissue specially treated such

that relaxation relied on transsarcolemmal trans¡rort, they showed that relaxation wÍLs

slowed by almost an order of magnitude in the absence of external Na+. Other studies

have concluded that Na*-Ca2*, but not the sarcolemma Ca2* pump, conúibutes to beat-

to-beat relaxationãl'ã2.

b) Excitation-Contraction and Pharmacomechanical Coupling in Vascular Smooth Muscle

E-C coupling in vascular smooth muscle can be considered in four separate steps.
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First, membrane depolarization occurs. Second, the membrane depolarization causes an

increase of myoplasmic calcium from both extracellular sources, as well as from

intracellular SR stores. Third, this intracellular calcium causes activation of myosin light

chain kinase (MLCK) which leads to muscle contraction. Finally, Ca2* is resequestered

into the SR and extruded from the cell allowing relaxation.

Although E-C coupling in skeletal and cardiac muscle involves membrane

excitation followed by calcium release into the myoplasm, in vascular smooth muscle,

membrane depolarization does not seem to be a prerequisite for contraction. There exsist

in smooth muscle nonelectric or pharmacomechanical coupling m-echanisms which can

operate independently of membrane potential. In both excitation-contraction coupling and

pharmacomechanical coupling the final common pathway is an increase in the

myoplasmic free calcium concentration.

1l Depolarization of the smooth muscle cell

Vascular smooth muscle is usually subdivided into two functional classes, phasic

and tonicã3. Phasic muscle (eg., that in the portal vein) generates action potential spikes,

which frequently occur in bursts. In contrast, tonic muscle (eg., that in large arteries)

does not generate action potentials, rather it exhibits prolonged low amplitude (5 mV)

membrane potential oscillations. The electrochemical gradient of ions in tonic vascular

cells supports a membrane poüential of -55 to -60 mV in resting cells, while that of the

phasic type is less negative and averages around -4ús+2s6. Several ion pumps and

exchangers which support the electrochemical gradient have been identified in vascular

smooth muscle. The sarcolemma has been shown to conûain a Na*,K+-ATpase257, as
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well as an outwardly directed ca2* pumpãE, a Na*-H* exchangefle, ild a Na+-Ca2+

exchangef@'2ór.

The sarcolemma of vascular smooth muscle cells has been shown to lack

tetrodotoxin sensitive Na+ channels, and to ¡rcssess lower permeability to K+ ions

compared with cardiac muscle262. In res¡rcnse to depolarization, the inward current is

ca¡ried by Caz* ions through voltage{ependent Ca2* channels that are functionally

analogous to the L-type channels described earlier in cardiac muscle263'2ú. Unlike cardiac

sarcolemma, vascular smooth muscle does not contain an L channel that can be

phosphorylated by a ß-receptor-mediated activation of adenylate ðyclase26s. Evidence

exsists for another type of voltage regulated L-type channel in vascula¡ smooth muscle

t"11tzcs'zø in which Ca2+ entry is modulated by a receptor operated mechanism. This

channel is coupled directly by a G protein to an ar-adrenergic receptor, stimulation of

which increases calcium influx through this channel265'267. A transient T-t)¡pe calcium

channel analogous to that in cardiac muscle has also been identified in vascular smooth

musclel90,

lll Extracellular Caz* entry and SR Cd+ release

Like cardiac muscle, vascular smooth muscle contains a sarcoplasmic reticular

network that functions as the sequestration site for contractile calcium. The amount of

SR in a particular smooth muscle tlpe varies depending on the type of tissue. For

example, large conduit arteries appear to have a much more extensive SR than do smaller

muscular a¡teries268. In all vascular smooth muscle, however, contraction can be

inhibited by the drug ryanodine, indicating that Ca2+ release channels of SR particþate
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in mobilization of Ca2* during cell activation26e.

Release of Ca2* from vascular smooth muscle SR is thought to be regulated by

a calcium-induced calcium release mechanism simila¡ to that operating in cardiac

muscleu0'271. The source of trigger calcium being that traversing the sarcolemma through

both voltage and receptor operated L channels, T channels as well as through Na*-Ca2*

exchange. In addition to the calcium-induced calcium release from SR, Ca2* can be

released from internal sites via an Ins(1,4,5)i-activated channelm. This

phosphoinositide pathway and its regulation forms the subcellular basis of

"pharmacomechanical coupling" first described by somlyo and Somlyo273.

Pharmacomechanical coupling is hormone or drug induced contraction of vascular smooth

muscle in the absence of membrane depolarization. ar-receptor stimulation is coupled

to phosphotidylinositol hydrolysis via G-protein27a. It has been hypothesized that the

activated a-subunit of the G-protein complex is phospholipase Cns. Activated

phospholipase C hydrolyzes phosphatidylinositol biphosphate into two active components,

diacylglycerol, which can activate protein kinase C, and inositol trisphosphate

Ins(l,4,5)P3186'ns'n6. Ins(l,4,5)P, serves as an intracellular messenger that interacts via

a receptor protein2T with an Ins(l,4,5)Pr-responsive Ca2+ channel in the SR of vascular

smooth muscle to cause Ca2* release from this organelle's. It has been suggested that

protein kinase C may phosphorylate the Na+-H+ and Na+-Ca2+ exchangers, stimulating

their activities2Te'28o. Protein kinase C may also enhance L-type Ca2+ channel activity via

phosphorylation2sl.

Controversy continues to surround the issue of the relative importance of voltage
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sensitive versus receptor-activated Ca2* ion release in the control of vascular smooth

muscle tone. Recent studies indicate that in peripheral artery smooth muscle, the

primary control of intracellular Ca2+ resides in the sarcolemmal Caz* transport

systems267. It has been proposed that the relatively sparse SR in these vessels functions

as a modulator or buffer to help dampen large changes in intracellular Ca2* and not as

the primary source of conEactile ü* . In contrast, in large conduit vessels like the aorta

which contains considerably more SR than smaller muscula¡ arteries, it has been

suggested that the SR plays an important role in excitation-contraction coupling26e. Thus

in different vascular beds, there may be multiple mechanisml particiþating in the

maintenance of smooth muscle tone.

äll Contractile protein acñvaion

Three types of filaments comprise the contractile apparatus of smooth muscle;

thick, thin, and intermediate filaments282. The thick filaments (L3.5-17.5 nm diameter)

are composed of myosin, while the thin f,rlaments (5-8 nm diametÐ are composed of

actin, tropomyosin and other proteins2E2. Each thick filament is surrounded by thin

filaments, and both fibers run mostly parallel to the long axis of the smooth muscle cell.

The tone generating capacity of vascular smooth muscle is dependent on the interaction

between the thick and thin filaments, analogous to the sliding filament model proposed

for cardiac muscle conúaction283.

In smooth muscle, the thin filaments are anchored to the cell membrane via

membrane plaques that contain the proteins vinculin, metavinculin, a-actinin, and talin,

as well as others2e. Within the myoplasm, thin filaments insert into fusiform dense
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bodies2ts, which contain a-actinin as well as other unidentified proteins286. The protein

filamin crosslinls some of these actin filaments287. The dense bodies are held together

in a three dimensional network by the intermediate filaments2ss which are composed of

vimentin and desmin288. The intermediate filaments with their associated dense bodies

are thought to form the cytoskeleton of the vascular smooth muscle cell.

The contraction of vascular smooth muscle is regulated by Ca2* in many ways and

several mechanisms have been described for the activation of actomyosin ATPase

activity. One mechanism involves the phosphorylation of the myosin molecule2se.

Vascular myosin is composed of two heavy chains and two sets of light chains, one of

which are the so-called LCro subunits (M, : 20,000 Da). The LCro subunits a¡e

phosphorylated by the enzyme myosin light chain kinase (MLCK), which is activated by

Ca2* and the Ca2*-binding protein calmodulinzse. Itis the protein calmodulin which acts

as a type of Ca2* receptor, activating MLCK only when it is occupied by four Caz+ ions

per moleculezeo. In vitro studies have shown that LCr6 phosphorylation increases the rate

limiting step in the actomyosin ATPase cycle by more than 1,000 fold2er, and hence is

the signal that activates the cycling of crossbridges and initiaæs contraction. Studies on

tracheal smooth muscle have shown that MLCK itself can be phosphorylated in vivo

which may regulate its activity2e2. Several phosphoprotein phosphatases have been

isolated from vascular muscle tissue that dephosphorylate LCrfn, however, none has

been shown to exhibit substrate specificity.

Recently, two actin binding proteins with purporæd regulatory properties have

been identified in smooth muscle. Calponin, binds to both actin and tropomyosin and



58

inhibits actomyosin ATPase activitfs. This inhibition is reversed by Ca2* and

calmodulin, as well as by phosphorylation of calponin by protein kinase C or by

Ca2*/calmodulin-dependent protein kinase II2e5. Caldesmon, a much larger protein, also

inhibits actomyosin ATPase activity and can be phosphorylated in vitro by several protein

kinases2e6. In addition, it is a weak Caz+/calmodulin binding protein2%. The amino acid

sequence of an avian caldesmon has been determined, ild shown to have carboxyl

terminus sequence homology to troponin T as well as calmodutin binding proteins3m.

The physiologic importance of these two proteins in the regulation of vascular muscle

contractility has not yet been elucidated, but a role for calponin in the modulation of the

Ca2+ sensitivity of smooth muscle has been suggested2es while phosphorylated caldesmon

is thought to slow crossbridge detachment facilitating tonic contractionzs.

ivf Reløration

As in cardiac muscle, relaxation of vascular smooth muscle occurs when the

concentration of myoplasmic Ca2* falls. This fall can be accomplished by either

extrusion of cellula¡ Caz* through the plasmalemma, or uptake into the SR.

Sequestration of Ca2* into the SR is under the control of two transport mechanisms.

Like cardiac tissue, vascular smooth muscle contains a SR Ca2+ pump. It has been

suggested that in vascular smooth muscle the affinity of the SR Ca2+ pump for Caz* is

enhanced by agents that increase cGMP levels, whereas agents that activate protein

kinase C increase the maximal activity of the pump300. In addition to the Ca2* pump,

vascular smooth muscle SR contains the protein phospholamban3or. This protein

possesses Ca2+ channel activitt'@, ffid has been implicated in the cAMP stimulated Ca2+
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uptake by SR seen in smooth muscle3ß, potentially through a cAMPdependent protein

kinase mediated phosphorylation mechanism.

In addition to its effects on SR Ca2+ uptake, activation of cAMP-dependent

protein kinase by ß-receptor stimulated increases in cAMP also results in a decrease in

the Ca2+ sensitivity of the contractile structures3É3ffi. This is thought to occur by

phosphorylation of MLCK by the cAMP-dependent protein kinase inhibiting its

interaction with calcium and calmodulin3o. The result is relaxation and inhibition of

actomyosin ATPase.

An increase in K+ efflux from the smooth muscle cell also contributes to cell

relaxation. Several types of K+ channels have been identified in vascular myocytes,

including Ca2+-activated K+ channels, detayed rectif,rer K+ channels, and ATP-sensitive

K+ channels30s-310. Activation of any of these channels leads to increased K+ conductance

and results in membrane hyperpolarization with subsequent inactivation of voltage

dependent Ca2+ channels3lr, and enhanced extrusion via Na*-Ca2* exchange3l2 with

resulting reduction in smooth muscle tone. The open time and frequency of opening of

Ca2*-activated K+ channels are increased by 5'-GMP, a metabolite of cGMEÉr3. cGMP

levels are enhanced in smooth muscle cells by the action of EDRF and atrial natriuretic

factor (ANF) on cell surface receptors3l3. In addition cGMP activates a cGMP-dependent

protein kinase which, in a manner analogous to that of cAMP-dependent protein kinase,

may inhibit the action of MLCK inducing relaxation by a direct effect on the contractile

apparatus3la.

c) Membrane Lipid Modulation of Cation Transport
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Mammalian plasma membrane consists of an assymetric bilayer of phospholipid

(PL), cholesterol and protein. It is generally agreed that membrane proteins differ in

their association with this lipid matrix. Some proteins are bound to the surface of the

bilayer, while others are integrated into the hydrophobic liquid core and some may span

the membrane surfaces. It is not suprising that the biochemical properties of these

integral membrane proteins depends not only on the physical state of the cell membrane

but also on the nature of their dynamic interactions with the other components of the lipid

bilayer. Many studies have shown that the composition of the lipid bilayer modulates

the activity of the membrane transport proteins.

The regulation of Ca2* movements across the sarcolemmal mer_nbrane is of critical

importance in maintaining the contractile, metabolic and electrophysiological integrity of

the myocardium3rs. It is for this reason that emphasis has been placed on the study of

the regulation of sarcolemmal C** hansport mechanisms, in particular the Na*-Ca2*

exchanger, by the components of the membrane lipid environment.

Regulatory mechanisms affecting Na*-Caz* calcium exchange are the subject of

very active research. In cardiac sarcolemmal vesicles, Na*-Ca2* exchange may be

modulated by pretreatment with various enzymes. Based on experiments with

phospholipases3r6'3r7, various amphiphile {tte-322, and solubilization/reconstitution

techniquesær it has been shown that the Na+-Ca2+ exchanger must interact with specifrc

anionic lipid components for optimal transport activity. Phospholipase C has been used

to remove the phosphate containing head group from neutral phospholipids in

sarcolemmal vesicles. The resulting diacylglycerol forms droplets outside the membrane
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vesicles, thus increasing the percentage of the negatively charged phospholipids,

phosphatidylinositol and phosphatidylserine, in the membrane. It has been shown that

Na*-Ca2+ exchange activity is stimulated up to 700% over control when l0% to 70Vo of

the sarcolemmal phosphotipid is hydrolyzd?l7. This stimulation is thought to be a result

of the greater concentration of negatively charged phospholipids in the lipid milieu of the

exchange protein.

More dramatic effects on Na+-Ca2+ exchange activity have been shown to occur

after treatment of sarcolemmal vesicles with phospholipase D3r5, which converts

phospholipids to the negatively charged phosphatidic acid. Whèn about L0% of the

membrane phospholipid was converted to phosphatidic acid, Na*-Caz* exchange activity

increased up to 400% over control values in native vesicles3l6. Apparent Ç(Ca) was

shown to decrease from 18.2 to 6.3 p,M, whereas V-,* increased 75Vo after enzyme

treatment. The results of these phospholipase treatment studies are consistent with the

hypothesis that negatively charged phospholipids exert a regulatory effect on Na+-Caz*

exchange. An increase in sarcolemmal bound Ca2* after phospholipase D treatment

might be related to the observed stirnulation of exchange activitt'rs.

It has been demonstrated that incorporation of anionic or cationic amphiphiles into

cardiac sarcolemmal membranes stimulates or inhibits, respectively, Na*-Ca2+ exchange

actlitytts-tzz. The exogenous amphiphiles act as analogues of charged phospholipids,

supporting the hypothesis that exchange is modified by anionic phospholipids. These

changes could not be attributed to changes in passive Ca2* permeability or membrane

surface potential3re. Exogenous charged amphiphiles also alter the membrane fluidity of
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isolated sarcolemma3æ and therefore, part of the modulation of exchange activity may be

due to alterations in the physical environment of the protein.

Reconstitution of solubilized Na+-Ca2+ exchange protein into vesicles of defined

lipid composition by Vemuri and Philipsonal revealed that inclusion of both specific

anionic phospholipids and cholesterol are required for optimal activity. The mechanism

of action of cholesterol on the exchanger was not determined, although the effects of

cholesterol on membrane fluidity, phospholipid spacing and membrane thickness have

been establishedras.

In order to determine if a direct interaction of cholesteroll with the Na*-Ca2*

exchange protein was operating, reconstitution studies were performed incoqporating the

solubilized exchange protein into lipid vesicles containing cholesterol or one of a variety

of cholesterol analogues3za. The sterol requirement of the Na*-Ca2* was shown to be

highly selective for cholesterol, even cholesterol analogues with minor structural changes

were unable to support Na+-Ca2* exchange. Similar results were also observed for

sarcolemmal Na+, K+ -ATPase.
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C. MATERIALS AND METHODS

I. Maærials

All chemicals and reagents were purchased from Sigma Chemical Co., St. Louis.

Cholesterol oxidase @seudomonas fluorescens) was purchased from Sigma. The

alamethicin was kindly donated by R.L. Keene, The Upjohn Co. Deoxyribonuclase

@Nase) was purchased from Cooper Biomedical Inc., Malvern, PA. All chemicals were

of standard reagent grade.

II. Vesicular Preparations

Phosphatidylcholine and phosphatidylcholine-cholesterol liposomes were prepared

using a modifred method of Papahadjopoulos3ã. Since it has been shown that the

addition of 1 mol % of alpha-tocopopherol protects against lþid peroxidation326,

chloroform solutions of phosphatidylcholine and mixtures of phosphatidylcholine with

cholesterol (1:0.5, I:L, L:2) in the presence of 1 mol of alpha-tocopherol/lO0 mol of

phospholipid were dried in the dark under a stream of nitrogen gas. All traces of

chloroform were removed by further drying under vacuum for L2h at room temperature.

Buffer A (140 mM NaCl, 20 mM MOPS {4-morpholinepropanesulfonic acid}, pH 7.a)

or buffer B (140 mM KCt, 20 mM Mops, pH7.4),0.2 ml/mol of phospholipid, was

added, and the mixture was allowed to swell for 10 min. The aqueous dispersions were

sonicated for 45 min in a Bransonic 1200 sonicato¡. After sonication, the lþsome

suspensions were centrifuged at 1M,0@ x g at 5oC for 60 min in a Beckman TL-100
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supernatant contained lþsomes with cholesterol/phospholipid in proportions of 0:1 to

a maximum of 1.5:1, which is near the upper limit reported for incorporation of

cholesterol into phospholipid vesicles328. The lþsomes were used immediately.

Lþsomal cholesterol/ phospholipid ratios indicate the initial proportion of cholesterol

to phosphatidylcholine before incorporation of the sterol into phospholipid vesicles.

Sarcolemmal membrane vesicles were isolated from canine left ventricular tissue

as described in detail previouslt'2e-33r. The vesicles exhibited relatively high activities

of enzymes commonly associated with the sarcolemmal membranê. For éxample Na*,

K+ -ATPase activity in the membranes (n:9) was26.4 + 4.I and 131.5 + L7.5 ¡rmol

Pr/mg/hr in the absence and presence, respectively, of L2.5 pg alamethicin/ml¡eaction

medium. K+ -dependent p-nitrophenyl phosphatase activity was 26.1 t 1.8 ¡rmol

phenol/mg/hr, which represented an enrichment of I07 + 22-foß over homogenate

values. Cross-contamination of this preparation with other subcellular organelles is

minimal33o'331.

Cholesterol enrichment was performed by incubation of sarcolemmal vesicles with

cholesterol-rich lþsomes at 4eC overnight (16-18 h). Cholesterol-depleted sarcolemma

was obtained by a similar incubation of the vesicles with phosphatidylcholine lþsomes.

The lþsome-sarcolemma suspensions were spun for 20 min at 104,000 x g in a

Beckman TL-100 ultracentrifuge. The pellets were washed once and the final pellet

resuspended in the appropriate medium (buffer A or B).

To ensure that fusion, adsorption, or entrapment of the lþsomes with
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sarcolemma did not confound our results, sarcolemmal vesicles were treated as described

with cholesterol-phosphatidylcholine lþsomes prepared in the presence of 14C sucrose

(2.8 pÌM,350 p.Crlpmol). To rule out any nonspecific sucrose adsorption, sarcolemmal

vesicles were incubated with a liposome-free [t4C]sucrose medium. The sarcolemmal

vesicles were incubated overnight with identical amounts of [laC]sucrose in the presenæ

or absence of lþsomes, centrifuged and washed once as above, and then resuspended

and analyzed for the presence of radiolabeled sucrose.

III. Assay Procedures

All assays were carried out at 37'C. K* dependent p-nitrophenylphosphatase

activity was measured in 50 mM Tris, 5 mM Mgclr, lmM EGTA, 5 mM p-

nitrophenylphosphate, ild 20 mM KCl, pH 7.8, at 37.c. The K+-independent

phosphatase activity, measured in the same reaction medium without KCl, was

subtracted. The reaction volume was I ml and contained about 8 ¡rg of sarcolemmal

protein. The reaction wa.s quenched after 7 min with 2 ml of 1 N NaOH, and the

absorbance at 410 nm was used to determine the amount of p-nitrophenol formed.

Na+,K+ adenosine triphosphatase (Na+,K+-ATPase) activity was assayed in a medium

containing 50 mM Tris, 120 mM Nacl, 3.5 mM Mgclr, 1 mM EGTA, 5 mM NaN3, 20

mM KCl, 3 mM ATP, pH 7.0, at 37"c. The reaction time was 10 min. ATpase

activity measured in a KCI-free mixture was subtracted. ATPase activity in the absence

of K* was the same as ATPase activity in the presence of K* plus 2.5 ¡rM digitoxigenin.

Maximally stimulated ATPase activity was meâsured in the presence of 12.5 y.g of
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alamethicin/ml. Inorganic phosphaæ liberated was measured by the method of Fiske and

SubbaRow332.

Na*-Ca2+ exchange was measured as the rate of Na+,.-dependent Ca2* uptake as

described elsewhere330'333. Briefly, 0.005 ml of Na+-loaded @uffer A) sarcolemmal

vesicles (I.2-L.5 mg of protein/ml) was rapidly diluted into 0.245 ml of Ca2+ uptake

medium containing buffer B with 0.4 ¡rM valinomycin , 0.3 p.Ciof asCaClr, and various

Ca2+ concentrations. After the appropriate reaction time, the Ca2* uptake was stopped

by the addition of 0.03 ml of 140 mM KCl, 1 mM I-aCl3 via a rapid quenching device,

as described333. Vesicles were retained on Sa¡torius cellulose nitrafe filters (pore size :

0.45¡rm) and washed with trvo 3-ml aliquots of 140 mM KCl, 0.1 mM IåClr. Values

were corrected for passive (Na+-independent) Ca2* uptake and for bound C** bty

subtraction of blank values obtained by using Ca2* uptake medium which contained 140

mM NaCl instead of KCl. Previous studies on the time course of Na+-dependent Caz+

uptake have shown the exchange to exhibit linearity to about 5 s232.

When cholesterol oxidase (cholesterol:oxygen oxidoreductase) was included in the

reaction medium, catalase was also present at 75 times (units:units) the cholesterol

oxidase concentration. This catalase concentration was in excess of the amount required

to quench the H2O2 produced by the reaction of cholesterol oxidase with the membrane

cholesterol, assuming that 1 mol HrO, was produced for each mole of cholesterol

oxidized3s and all of the membrane cholesterol was oxidized. Catalase itself had no

effect on the Na+-Ca2* exchange reaction. In preliminary experiments, it was discovered

that I-a3+ caused large increases in background counts in the presence of C** and the
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cholesterol oxidase. Similarproblems havebeen encountered by others32r. This problem

was circumvented by eliminating the use of I-a3+ to stop the reaction and instead using

0.03 ml of 140 mM KCI, 10 mM EGTA, and 20 mM MopS @H 7.4) delivered wirh

a rapid quenching device described elsewhere333. A l-ml aliquot of ice-cold 140 mM

KCI, 1 mM EGTA, and 20 mM MOPS (pH 7.4) was then immediately added to the

reaction tube, and 1 ml was removed for filtration. The filærs were then washed with

twice with 3 ml of this same solution. This modified quenching and wash solution has

been used previously with success32r. Background counts were reduced to approximately

5% of total counts, and activity was similar in control experiménts whéther I-a3* or

EGTA was used as the stop/wash solution. These results were also qualitatively similar

using another cholesterol oxidase preparation (Nocardia erythropolis).

In order to ensure that the effect of cholesterol oxidase was not due to generated

H2O2, sarcolemmal vesicles (I-2 mg of protein/ml) in buffer A or B were incubated for

15 min at 37'C with either 4 units of cholesterol oxidase/mg of sarcolemmal protein or

with hydrogen peroxide (0.1 or 100mM) in buffer A or B prior to gssay for Na*-Ca2*

exchange activity. Catalase (300 units/mg of sarcolemma protein), preincubated with

sarcolemma before the addition of HrO, or cholesterol oxidase, was used as a peroxide

scavenger.

Passive Ca2+ efflux was assayed as previously described32r. Vesicles were

allowed to accumulate asCa via Na+-Ca2+ exchange and were then dituted into a medium

to allow Ca2+ efflux. In this method, 0.005 ml of sarcolemmal vesicles (1.2-1.5 mg of

protein/ml) in buffer A was diluted into 0.245 ml of a medium containing 140 mM KCl,
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10mM MOPS (pIJ7.4,37"C),10 ¡rM æ*,0.3 ¡rCi of 4scaclr. After 2 minat3'1"C,

0.245 ml of 140 mM KCl, 0.2 mM EGTA solution was added. After various incubation

times, the vesicles were filtered on Sartorius filærs as described above and washed with

two 3-ml aliquots of 140 mM KCl, 0.1 mM I-aCl3. Values were corrected for ATP-

independent C** binding by subtracting blank values obtained by using uptake medium

which contained 140 mM NaCl instead of KCl, and therefore provided no

transsarcolemmal Na+ gradient. Ca2+ efflux was also measured in the presence of

cholesterol oxidase plus catalase (as above).

ATP-dependent Ca2+ pumping activity of the sarcolemma vesicles was determined

by the method of Philipson and NishimotoË2 which involved addition of 0.005 ml of K+-

loaded sarcolemmal vesicles (1.2-L.5 mg of protein/ml) to0.245 ml of 140 mM KCl,I.2

mM Tris/ATP, 1.2 mM MgClz,5 þMCaCIr,0.3 ¡rCi of 4scaclr, 20 mM MOPS, pH

7.4,37oC. The reaction was stopped by the addition of I-a3* and the vesicles cotlected

on Sartorius membrane filters as described above. Blank tubes did not contain Mg2* or

ATP. In experiments employing cholesterol oxidase the stop/wash solution was as

described above for the Na+-Ca2* exchange.

Measurement of ATP-independent (passive) Ca2+ binding was made by the

method of Bers et a1.335 in which 0.005 ml of sarcolemmal vesicles suspended at aprotein

concenüation of 1.2-L.5 mg/ml in buffer B was diluted into 0.245 ml of a medium

containing 140 mM KCl, 20 mM MOPS (pH 7.4,37T), CaCl, (0.05, 0.50, 1.00, or

2.50 mM), I pCi of 45caclr. The reaction mixtures were incubated at 37"C for 1 min,

filtered through Sartorius filters as described above, and washed with trvo l-ml aliquots
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of ice-cold water. The values were oorrected for nonspecific binding of 45Ca2+ to the

filters by subtracting blank values obtained by filûering an equal volume of incubation

medium without added sarcolemma, as described33s. In experiments employing

cholesterol oxidase treatment, I pM A23L87 was included in the incubation medium.

The 423187 was included to permeabilize the membranes to Ca2+ and allow free access

of the ion to both sides of the sa¡colemmal vesicles. Thus, even if cholesterol oxidase

treatment of the sarcolemma increased vesicular permeability, this change in permeability

could not account for the alteration in passive Ca2* binding capacity of the membranes.

The reaction was carried out for 1 minute at37"C and was termiriated by filtration.

Cholesterol content of the vesicles was determined by the enzymatic method of

Sale et a1.336 after enzymalc conversion of esterified derivatives of cholesterol to free

cholesterol. Lipid phosphorus measurements were made using the procedure described

by BartletÉ37.

Oxidation of membrane cholesterol by cholesterol oxidase was verified using a

thin layer chromatographic procedure described by Smith et a1.338, or when necessaÐ/,

identification of the oxidized species was made using a high-perforlnance liquid

chromatographic (HPLC) technique. For HPLC analysis, sarcolemmal vesicles (L5 ¡Ã,

=30 pE) were suspended on the side of a ground-glass homogenization vessel, and a

¡eaction was initiated by vortexing with 7 units of cholesterol oxidase (+catalase) in 140

mM KCI and 20 mM MOPS, pH 7.4 (total volume was 250 ¡rl). All reactions were

carried out at 37"C and were terminated at specified times with the addition of 2 ml of

2:I (vollvol) chloroform:methanol. The sample was further disrupted by homogenization
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with a glass pestle; then the vessel was rinsed with 2 ml plus I ml of the above solution.

Lipids were extracted from membranes in a2:1 (voVvol) chloroform:methanol solution

as described33e and were then evalrcrated under a stream of nitrogen and suspended in

100 ¡rl methylene chloride for separation via HPLC. For the separation of oxidized

cholesterol species, a modification of the technique of Sevanian and Mcl-eodm was used.

A 20-50 ¡rl aliquot was injected into an HPLC system (Beckman Instruments, fnc.,

Fullerton, Calif.) frtted with a 5-¡rm particle size Beckman Ultrasphere silica column (4.6

X 156 mm). Flow rate was maintained at 1.0 ml/min, and the mobile phase was 95:5

(vol/vol) hexane:isopropanol. Ultraviolet detection of the peat<s was carried out at an

absorbance of 208 nm using a Beckman model 166 programmable UV-visible detector.

Appropriate standards (Sigma; Steraloids Inc., Wilton, N.H.) were run to identify the

cholesterol species.

Protein concentration was determined by the method of I-owry et alsr using

bovine serum albumin as a standa¡d.

IV. Cell Isolation and Culture

Adult male albino rabbits weighing 2 to 3 kg were sacrificed with a lethal i.v.

dose of sodium pentobarbital via the marginal ear vein. A 6 to 9 cm segment of the

thoracic aorû4, distal to the subclavian artery and proximal to the diaphragm was removed

under sterile conditions. Vascular smooth muscle cells were isolated from this segment

as described elsewhereaz's3. Briefly, the intima, adventitia and outer third of the medial

layer were carefully dissected from the remaining medial layer. The luminal surface was
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scraped with a sterile scâlpel to remove endothelial cells. The medial tissue was minced

and incubated for L20 to 180 min at 3TC with gentle shaking in 10 ml of a medium

containing Medium 199 (Gibco) , 2.5 mg elastase (Sigma Chemic¿l Co., Type m), 7.s

mg soybean trypsin inhibitor (Sigma Chemical Co.), 10 mg bovine serum albumin

(Sigma Chemical Co.) and 20 mg Type I collagenase (Wofhington Biochemicals Corp.).

This mixture was poured through a 100 um Bellco stainless steel sieve and the tissue

retained on the sieve was triturated 10 times through a 12 gauge stainless steel cannula.

This digest was resieved and the cells in the filtrate were pelleted by centrifugation and

plated on 60 X 15 mm Primaria culture dishes (Falcon Plastics) iñ n{øiúm 199 which

contained 20% fetal calf serum, 2.0 mM glutamine, 100 U penicillin/ml and 100 ¡rg

streptomycin/ml. Primary cultures grew to confluence within 1 week. Cells were

typically plated at a density of 1 X ld cells/cm2. This procedure yields a homogenous

population of smooth muscle cells as identified previously*t by positive staining with

fluorescence labelled mouse anti-smooth muscle contractile protein monoclonal antibody

as described by Gown et alw.

V. Lipoprotein Isolation Procedure

Rabbits fed for six weeks with a 2% ehoLesterol diet were used to obtain blood

for lipoprotein isolation. Blood was drawn via arterial puncture into evacuated containers

to which EDTA (4 mM final concentration) was added as a heavy metal sequestrant to

prevent oxidative degradation of the lipoprotein speciesss. Plasma was isolated by

centrifugation at 1500 x g at 4'C for 15 min. To the separated plasma, Ellman's reagent
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[5,5'-dithio'bis-(2-nitrobenzoic acid)] was added to a final concentration of 1.5 mM in

order to inhibitLCAT, and phenylmethyl-sulphonyl fluoride (2 mM) was added to inhibit

proteolytic enzymesffi. Thimerosal (0.08 mg/ml) was added both as a bactericide as well

as an inhibitor of lipoprotein lipasesT.

vlDl-chylomicra (ô < 1.006) and LDL (1.085 > ô > 1.006) fracrions were

prepared from plasma by a serial ultra-centrifugation technique described by Lindgrenss.

Briefly, this involved flotation ultracentrifugation of the treated plasma at 37,000 rpm for

24 h in a Beckman 5100 ultra-centrifuge fitted with a fixed angle typ 42.1 rotor. The

well def,ined surface layer corresponding to VLDL particles (ô < -1.006) 
was aspirated

off and the density of the remaining infranatant was adjusted to ô : 1.085 g/ml with

solid Nacl according to the equation described by Radding and steinberg34e:

X : V¡(ô¡ôJ/l-Iör

where X is the weight in gms of solid NaCl to be added, V, is the initial volume of

plasma, ô¡ is the final density required, ô, is the initial density of the solution, and V is

the partial specific volume of NaCl, determined by interpolation of data from Baxter and

Wal1ace350. In all calculations, the paftial solvent volume (: 0.9+ times the actual If

was used to calculate density adjustments instead of the true initial volume to account for

the colloidal nature of isolated plasma. LDL particles were isolated by flotation

ultracentrifugation of the VlDl-chylomicra free density adjusted (ô : 1.085) infranatant

at42,000 rpm for 24hin a Beckman 5100 ultracentrifuge fitted with a type 42.L fixed

angle rotor, and aspirated off.

The VLDL and LDL enriched subfractions were dialyzæd against a solution
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containing (in mM): 133 NaCl, 3.6 KCl, 0.3 MgClr, 1.0 CaClr, 16 dextrose, 3.0 Hepes

çm7.4) in order to remove all preservatives. The dialysed preparations were sterilized

by passage through an MSI Cameo trS 0.22 ¡rm filter unit and immediately used to treat

smooth muscle cell cultures. Experimental cells were incubated at confluence for varying

times with Medium 199 supplemented with varying aliquots of the sterilized lipoprotein.

If the incubation time was longer than 24 hours, the entire medium was replaced daily.

Control cells were incubaæd with Medium 199 which was not supplemented with

lipoproteins. After the experimental Eeatment was complete, cells were scraped from

the culture dishes and lipid content analyzrÀ. The cholesterol cõntent @oth free and

esterified) of control and t¡eated cell monolayers and of isolated lipoproteins was

determined from chloroform:methanol extractrt" by the enzymatic method of Sale et a133ó

after enzymatic conversion of esterified derivatives of cholesterol to free choleste¡ol.

The free and esterified cholesterol cont€nt of the isolated lipoprotein fractions were

determined as described after lipid exhaction by the method of Folch et al35r.

VI. Ca2+ Exchange in Cultured Smooth Muscle Cells

Ca2* exchange in cultured vascular smooth muscle cells was measured by an on-

line isotopic method described in detail elsewheres3'352. Briefly, this technique involved

the growth of isolated muscle cells on Primaria-coated (Falcon Plastics) polystyrene discs

which contained a scintillant material @icron, Medford, Ohio). After the cells achieved

a confluent monolayer, the discs were inserted into a speciatly designed flow cell so that

the discs with their cells formed the sides of the chambefs2 @gure 1). The flow cell
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SCINTILLATOR
DISCS

FrcunE 1. Schematíc diagram of specially designed flow cell for on line
measurement of ascaflux in cultured rabbit aortic smooth muscle cells. The cells are
grown on one side of Primaria-coated plastic discs which contain a scintillant material.
The flow cell is assembled such that the discs with the attached cells form the sides of
the apparatus. Perfusion medium enters the flow cell via 4 ports, and exits via one
larger port. Once assembled, the entire apparatus is inserted into a specially designed
spectrometer which has photomultiplier tubes in close apposition to the scintillator discs
(4 to 5 mm). see "Materials and Methods" for experimental protocol.
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was then inserted into a modified specûometer (fennelec, Tennessee) which had

photomultiplier tubes (fhorn EMI, Gencom, New lersey) in close apposition to the flow

cell discs. Once the flow cell was inserted into the apparatus, perfusion media of various

composition was introduced. The standard perfusate contained (in mM): 133 NaCl, 3.6

KCl, 0.3 Mgclr, 1.0 caclr, 16 dextrose, 3.0 Hepes (pH 7.4) and r.0 pci4sca/mr. In

different experiments it was necessary to modify the perfusate composition to include 1

mM I-aCl, or the NaCl concentration was reduced to 35 mM and was replaced with an

isosmotic concentration of sucrose.

A typical experiment consisted of perfusing control and tréated ceÍ monolayers

at23C for 30 min with a radioisotope free standard perfusion medium, followed by asCa

containing perfusate. At an appropriate time, the perfusate was switched to a medium

of altered composition, or returned to the radioisotope free standard solution to observe

asCa washout characteristics. Since the 45Ca associated with the cells on the scintillator

disc is counted with a relatively high efficiency (38.8 + I.16%) when compared with

the quenched background a5Ca counting efficiency (<5%), on-line monitoring of uptake

and washout could be performed continuouslfa3. The background count level was high,

but stable over many hours of perfusion. Given this stability, and the fact that primaria-

treated discs do not bind C**, changes in cellular Ca2+ uptake of +500 cpm can easily

be measured. This represents *5 x 1ût0 mol Cal2 discs. The system was even more

sensitive during washout when the background attributable to the chamber falls rapidly

to ( 200 clmin. IåCI3 displaceable exchangeable 4sC** in the smooth muscle cells

could be measured by including 1.0 mM IaCl, in the perfusate.
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On completion of Ca2* exchange experiments, the flow cell was drained,

disassembled, and the cells scraped onto preweighed filters. These were dried at 10OC

for 18 hours, then reweighed to obtain dry tissue weight. The discs, now without the

cells, were replaced into the flow cell apparatus and underwent an identical experimental

protocol as was completed in the presence of vascular muscle cells. These cell free

scintillator disc counts represented background isotopic activity which subsequently could

be subtracted from the cell associated a5Ca activity.

a5Ca counting effrciency of the cells in the flow cell was determined by

comparison to counts made in a liquid scintillation counter and wás identii¿l in control

and experimental cell preparations. Cells were perfused with normal perfusate which had

4 p,Ci 4scalml until a near asymptotic value was achieved. The perfusate was then

switched to a non-isotopic perfusate and washout continued until it was certrain that the

flow cell had been cleared of perfusate otc^ (-8 min). The final cpm measurement

(which was solely cell associated 45Ca) was recorded and the flow cell rapidty drained.

The cells were scraped onto filters and placed into a scintillation vial to which 1.0 ml of

0.1 N NaOH was added. This was heated at 8OC for t h to solubilize the filær and cell

sample, then allowed to cool to room temperature. A 0.1 ml aliquot of 1.0 N HCI was

added to neutraliræ, the mixture and then 10 ml of scintillant fluid was added.

Radioactivity was measured in a scintillation counter and the cpm obtained was the¡

compared to the final clmin obtained in the flow cell spectrometer.

VII. Plasma Lipid and Lipoprotein Pattern of Human Subjects
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a) Subjects

The study subjects were Inuit males (n:13) of the Keewatin district of the North

West Territories greater than 18 years of age who presented to the Churchill Health

Centre between May l, 1989 and June 13, 1989. Control subjects consisted of L2

healthy male Caucasian volunteers aged 18-52 years living in an urban centre.

Examination of thepatients included measurements of heightand weight. Medical

histories were obtained and individuals with documented coronary afiery disease or

diabetes were excluded from the study.

b) Lipid and Lipoprotein Measurements

All measurements in this study were performed on random draw blood samples

which conforms to the guidelines established by the Manitoba Health Services Comission

for screening for hypercholesterolemia. Alt blood was collected at least two hours

posþrandial to avoid confounding the results with chylomicra. Venous blood samples

were collected in the presence and absence of EDTA. Plasma was separated immediately

and collected by centrifugation at 1500 x g for 10 min at 4C, quickly frozen, and

maintained at -30'C for later isolation of lipoproteins. Serum was separated from the

EDTA-free aliquot by centrifugation at 1500 x g for 10 min at 4C. Serum samples were

maintained at 4C and sampled for total HDL and LDL cholesterol and triglycerides.

None of the samples contained evidence of chylomicrons and all were sampled within 1

week.

Triglyceride concentrations in serum were measured by the enzymatic method of

Bucolo and David353. Total free and esterified senrm cholesterol was assayed by the
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enzymatic assay of Sale et a1336 as described. ß-lipoproteins (roughly equivalent to VLDL

and LDL fractions) were isolated by precipitation from sen¡m by the addition of

phosphotungstaþ3s4. The remaining supernatant containing lipoproteins (roughly

equivalent to the HDL fraction) was assayed for total esterif,red plus free cholesterol. By

using a correction factor, the lipoprotein fraction was corrected for high triglyceride

containing particles which correlated with the VLDL fraction.

Lipoprotein isolation from plasma was performed by the method of Lindgrenss,

as previosly described. Total apo-protein concentration of the LDL and VLDL solutions

was determined by the method of Lowryst. HPLC dete¡minaúon of the oxidation

products of cholesterol was performed as described above.

VIII. Statistical Analysis

Data were ualyzed for statistical signif,rcance using a Student's t-test or, where

appropriate, a multiple analysis of variance test followed by Duncan's multiple range test

for comparison of individual fieatment means. A p level less than 0.05 was considered

statistically signifi cant.
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D. RBSI]LTS

I. Modification of Sterol Content of Sarcolemmal Vesicles

Cardiac sarcolemmal vesicles were incubated at 4"C fo¡ various periods of time

(0-18 h) in the presence of phosphatidylcholine or cholesteroUphosphatidylcholine

lþsomes (cholesteroVphospholipid ratio of 2:I mol/mol). Portions of the mixtures were

removed at various times and centifuged at 104,000 x g for 20 min to separate the treated

sarcolemmal vesicles from the lþsomal vesicles. Previous studies355 have shown that

one centrifugal step is adequate to cleanly separate lþsomes from-microsomal vesicles.

In order to be absolutely sure of this separation, two centrifugal steps were employed in

the present study. To futher ensure that any recovered.sterol associated with the enriched

sarcolemma represented incorporation into the membrane and not entrapment of the

lþsomes, sarcolemmal vesicles were cholesterol-enriched using [raC]sucrose containing

liposomes. Less than 0.5% of the initial [raC]sucrose was associated with sarcolemmal

vesicles incubated with either a liposome-free [t4C]sucrose medium or a suspension of

liposomes containing [IaC]sucrose.

Figure 2 shows a typical sterol modulation experiment. After a 16-18-h

incubation with pure phosphatidylcholine vesicles, a 17% depletion in sarcolemmal

membrane cholesterol content was observed, although this was not statistically

significant. The deptetion of cholesterol was time-dependent but relatively slow,

requiring overnight (ON) treatment. Incubation of sarcolemma with lþsomes rich in

cholesterol (2:1 mol/mol cholesterol/phospholipid) resulted in a rapid transfer of
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Frcunp 2. Time dependence of cholesterol incorporation and deptetion in
sarcolemmal membrane vesicles. Cholesterol enrichment of membrane vesicles was
performed by incubation of sarcolemma with 2:L cholesterol/phospholipid liposomes at
4C. Cholesterol-depleted membrane preparations were obtained by incubation of
sarcolemmal vesicles with cholesterol-free phosopholipid liposomes at 4oC. See
"Materials and Methods" for details. ON : overnight incubation. These data represent
the results of a typical experiment.
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cholesterol to the membrane vesicles during the fi¡st 5 min of exlrcsure. After 18 h,

cholesterol enrichiment was 96% over control values.

In a further attempt to control the amount of cholesterol transferred, sarcolemmal

vesicles were incubated with lþsomes prepared with increasing proportions of

cholesterol to phospholipid. As shown in Figure 3, maximal cholesterol enrichment was

accomplished using lþsomes prepared with an initial cholesterol/phospholipid ratio of

1.5:1 or 2:1. I-ess cholesterol transfer occurred when liposomes of lower

cholesterol/phospholipid ratios were used.

II. Effects of Cholesterol on Ion Transport Activity

The effects of alterations of membrane cholesterol content on Na+-Ca2* exchange

were monitored during the linear phase of the exchange process (1.5 s). Enrichment of

sarcolemmal membranes with cholesterol resulted in a stimulation in Na*-Ca2* exchange

activity (Figure 4). With an increase in cholesterol of 64% above control values, there

was a correspondng 30% increase in Na+-Ca2* exchange activity. Modification of

sarcolemmal cholesterol content with liposomes of lower cholesterol:phospholipid ratio

resulted in no significant change in Na*-Ca2+ exchange.

Na+-Ca2+ exchange in control, cholesterol-depleted, and cholesterol-enriched

sarcolemmal membranes was examined as a function of assay reaction time (Figure 5).

Similar to the results presented in Figure 4, enrichment of membrane vesicles with

cholesterol resulted on a25% increase in the initial rate of exchange (1.5 s). At longer

incubation times, the cholesterot-enriched membrane vesicles exhibited a 48% greatrer
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Frcunn 3. Effect of liposomal cholesterol/phosphotipid ratio on cholesterol
content of sarcolemma. Sarcolemmal vesicles were incubated at 4"C for 16-18 h with
liposomes prepared with various cholesterol/phospholipid ratios. Ratios indicated
represent the mol fraction of initial lipid composition before sonication. See "Materials
and Methods" fot details. Results are expressed as the average + S.E. percent increase
in cholesterol content over controls (control cholesterol content : 0.49 i O.OS ¡rmol/mg
of protein). (n : 5-7 except for bar at 1.5:1.0 cholesterol/phosphotipid which is the
mean of two experiments). *, p10.05 versus control values.
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FÏcUnB 4. Effect of liposomal cholesterol/phospholipid ratio on Na+-CaL+
exchange. Sarcolemmal vesicles were incubated at 4'C for 16-18 h with liposomes
prepared with various cholesterol/phospholipid ratios. Ratios indicated represent the mol
fraction of initial tipid composition before sonication. The Na+¡dependent Ca2+ uptake
reaction proceeded for 1.5 s at [Ca2*] : 10 pM. Control Na*-Ca2* exchange was 2.3
+ 0.5 nmol of Ca2* accumulated/mg/s. See "Materials and Methods" for details.
Values represent means + S.E. percent of control (n : 5). *, p10.05 versus control
values.
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FrcuRE 5. Time dependence of sarcolemmal Na+-Caz* exchange in control,
cholesterol-depleted, and cholesterol-enriched sarcolemmal membrane preparations.
Cholesterol depletion of sarcolemmal vesicles was performed by incubation of membrane
with cholesterol-free phospholipid liposomes for 16-18 h at 4'C. Cholesterol-enriched
vesicles were obtained by overnight incubation of sarcolemma with 2:I
cholesterol/phospholipid liposomes at 4'C. The Na+¡dependent Ca2* influx ¡eaction
proceeded at various times at [Ca2+] : 10 ¡¿M. See ,'Materials and Methods" for
details. Values represent means + S.E. (n : 4-6). *, p10.05 versus control values. l
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Ca2* accumulating ability than control vesicles. No significant differences from control

were observed in cholesterol-depleted vesicle preparations.

Figure 6 presents the results from several experiments relating Na+-Ca2+

exchange to the sarcolemmal membrane cholesterol content. The exchange shows a

positive correlation with cholesterol content (r : 0.7).

The dependence of the initial rate of Na+¡dependent Ca2+ uptake on Ca2*

concentrations in control, cholesterol-depeleted, and cholesterol-enriched membranes is

shown as a Lineweaver-Burk plot in Figure 7. The Ç for the control preparations was

found to be 22.3 + 3.8 ¡rM which is similar to that reportéd by others23o,322,3s6.

Cholesterol enrichment of sarcolemmal vesicles increased the apparent affinity of the

exchange mechanism for Ca2* (K- : 17.3 + 0.9 pM), while cholesterol depletion had

the opposite effect (IÇ : 26.5 + 7.2 p.M). The vo,* of the exchange mechanism for

control, cholesterol-depleted, and cholesterol-enriched membranevesicles was 7.9 + 0.9,

7.4 + 1.0 and 8.0 + 0.8 nmol/mg/s, respectively.

For comparative pulposes, the effect of cholesterol enrichment on the

sarcolemmal ca2+ pump (Ca2*-Mg2+-ATpase) is shown in Figure g. The ca2+

accumulating ability of the Ca2* pump is inhibited a0% by cholesterol enrichment at all

incubation times.

Since the observed alteration in the Ca2* accumulating abilities of the isolated

sarcolemmal vesicles may be due to changes in the Ca2* permeability of these vesicles,

it was important to examine passive Caz+ efflux from control, cholesterol-enriched, and

cholesterol-depleted membrane preparations after loading the vesicles with asç¡!+. No
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Frcnnn 6. Na+;dependent ca2+ inJtux rate as a function of membrane
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Frcnnn 7. Lineweaver-Burkplot of the Cd+ dependence of Na+¡dependent Ca2+
influx in control, cholesterol-depleted, and cholesterol-enriched membrane preparations.
Time for Ca2+ uptake was 1.5 s (n : 3).
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differences were observed in passive membrane permeability of treated vesicles compared

with control preparations (Figure 9).

It has been suggested that sarcolemmal bound calcium may be involved in the

Na+-Ca2+ exchange process357. Therefore, it was imperative that the effect of

modification of membrane cholesterol content on energy-independent C** binding to

sarcolemmal vesicles be investigated. As shown in Table I, no signif,rcant differences

were observed in the amount of Ca2+ bound at any Ca2* concentration examined.

Table II shows the effect of cholesterol enrichment and depletion on Na+,K+-

ATPase and K+-p-nitrophenylphosphatase activities of control, cholesterol-ênriched, and

cholesterol-depleted membrane preparations. A reduction in the Na+,K+-ATPase activity

in cholesterol-depleted membrane preparations was observed. The same qualitative

response was seen in cholesterol-enriched membranes although the reduction in Na+,K+-

ATPase activity was not as marked. This inhibitory trend persisted in the presence or

absence of alamethicin.

trI. Effects of Oxidation of Cholesterol on Ion Transport

To obtain further information regarding the nature of the cholesterol-modulating

effect on transsarcolemmal calcium movements, the effects of cholesterol modification

in situ were examined. Cardiac sarcolemmal vesicles were treaüed with cholesterol

oxidase which converts cholesterol to several oxidized derivatives, one of which has been

identified as cholest-4-en-3-one (cholestenone), as shown in Figure 10. After treatment

of sarcolemma with cholesterol oxidase (16 U/ml; =0.l4IJ/pg sarcolemmal protein),
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F¡cwn 9. Tíme dependence of passive Cê* eflux. Control, cholesterol-
depleted, and cholesterol-enriched membrane vesicles were fi¡st loaded with Ca2* by
Na+¡dependent Ca2+ influx for 2 min in 0.25 ml of uptake medium. After 2 mlrr^,0.25
ml of EGTA solution was added, and Ca2* efflux was allowed to proceed for various
times. See "Materials and Methods" for details. The data Íìre presented as the percent
of the initial Ca2* load remaining in the membrane vesicles. The initial Ca2* loads were:
control, 32 + I nmol/mg protein; cholesterol-depleted, 34 t I nmoVmg protein;
cholesterol-enriched, 37 t 1 nmoVmg protein (n : 3).
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Tenr.n 1

Calcium
Calcium Bound

Concentration Control Cholesterol- Cholesterol-
membranes depleted membranes enriched membranes

mM nmol/mg protein

0.05 7.0 + 0.3 7.O + O.4 7.O + O.2
0.50 38.7 + 2.O 38.0 + 2.1 39.1 + 2.1
1.00 65.4 + 2.1 69.2 + 3.7 72.O + 2.7
2.50 132.2 + 4.2 134.6 + 5.8 136.5 + 6.2

Effect of cholesterol depletion and enrichment on energy-independent
Caz* bínding to isotated sarcolemmal membranes

Cholesterol depletion ínvolved overnight incubation of sarcolemmal vesicles with
cholesterol-free phospholipid liposomes, and cholesterolenrichment was performed by
incubating membrane vesicles with 2:1 cholesterol/phospholipid liposomes. See
"Experimental Procedures" for Ca2* binding protocol. Values are expressed as mean
+ S.E. (n = 6).
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T,mln 2

- Effeot of Chol€stêr.ol Dep1etlon a¡d Eurfohnent on K+-pNPPase aüd4Â
Na' K' ATPase ln Isolated Saroolemal Henbranes

Cholesterol depJ.etlon lnvolved overnlght lnoubatloû of sarooleDEal
veslcl.es rlth oholesterol. free phosphollpfd llposones a¡d oholest€roL
enrlohnent ras perforrod by lnoubating nenbra¡e vesfcløs wlth 2:1
oholesteroJ.l/pbosphollpid llposones.

See iExperlneatal Proceduregt for K+-pNPPase and Na* K+ ATPase
aasay procedures. Va1ues represenü Eea¡s + S.E. (n=5).

Control Cholesterol Cholesberol
Henbranes Depleted Enrlched

Heubranes Henbranes

K+-pNPPase ac¿lvity
(unol phenot/W/b) 23.0 r 1.9 ZZ.4 + 3.5 ZZ.5 + 1.3

f of control SZ.8 + i4.o 98.8 ;5.5

Na* K* ATPase acÈlv1ty
(unol Pl,/ng/b)

I of coutrol

Na' K' ATPase actlvlty
+ ala.nethloln
(uno1 Pl,¿ns,/h)' I of control

79.1 + 2.\ 58.3 ! 2.3. 65.3 + 3.1'
lJ.8 + 2.7 82.4 + 1.7

213.8 + 9.5 189.6 + 12.4 199.0 + 8.8

84.5 + 4.6 92.6 + 3.6

* p < 0.05 vs control values
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Frcunp 10. Illustration of nvo-dimenstonat thin layer chromatographic ptates of
cholesterol oxidase-treated and control sarcolemmal vesícles. A, cholesterol oxidase-
treated sarcolemma; B, control sarcolemma. a, origin; b, unidentified oxidation product;
c, native cholesterol; d, cholest-4-en-3-one; e, unidentified oxidation product; f, solvent
front materials.
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cholest-4-en-3-one was generated (Figure 11) in a rapid, time-dependent manner in the

myocardial membrane vesicles (Figure 12). The oxidation product was observed as early

as 1.5 seconds after incubation and appeared to exhibit equilibrium after 5-10 minutes

of exposure. Generation of cholestenone from cholesterol was also dependent on the

cholesterol oxidase concentration (Figure 13).

Na+-Ca2+ exchange was meå.sured as Na+¡de¡rendent Ca2+ uptake in the isolated

cardiac sarcolemmal vesicles. The reaction was linear through the first 2 seconds of the

reaction, then exhibited equitibrium by 30-60 seconds. This pattern is similar to results

reported previously, as is the absolute activity demonstrated hére (Figure 14)321,330.

Inclusion of 2.0 units/ml cholesterol oxidase in the reaction medium inhibited Na+-Ca2+

exchange. As shown in the inset graph of Figure 14, this inhibition was particularly

striking (67%) during the early linear part of the reaction (0.5 seconds), then lessened

as the reaction progressed. Approximately 30% inhtbition was observed during the

nonlinear phase of the reaction (5-60 seconds).

A separate series of experiments was conducted to determine the concentration

dependency of the cholesterol oxidase effects. From I to20 units/ml cholesterol oxidase,

Na*-Ca2* exchange (1.5-second reaction time) was inhibited in a concentration dependent

manner (Figure 15). Twenty units of cholesterol oxidase almost eliminated exchange

activity.

The dependence of the initial rate of Na+-Ca2+ exchange on [Ca2+] in untreated

and cholesterol oxidase-treated sarcolemmal vesicles is shown as a double reciprocal plot

in Figure 16. Reaction time was 1.0 second, and the cholesterol oxidase concentration
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Frcnnn lL. Representative chromatographs obtained from high-perÍormance
liquid chromatography analysis of lipids extracted from cardiac sarcolemma before
(Panel A) and arter @anel B) exposure to 7 units of cholesterol oxidase for 30 seconds.
Peak a, cholestenone (cholest-4-en-3-one); peak b, cholesterol; peak sf, solvent front.



96

40

35

30

25

'2 J 4 s 6 7

lncubotion Tme (min)

Frcnnn 12. Early (inset) and late time coursefor the generation of cholestenone
(cholest4-en-3-one) from cholesterol in cardiac sarcolemmal membranes afrer exposure
to cholesterol oxidase. Values represent mean for five experiments. Cholesterol oxidase
concentration : 16 U/ml (: 0.t4 Ulpg sarcolemmal protein). See "Materials and
Methods" for experimental details.
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Frctrnn 13. Concentation dependency of cholesterol oxidase for the generation
of cholestenone from in situ sarcolemmal membrane cholesterol. Values represent the
mean + SEM for four to six samples. Reaction time was 1 minute. Cholesterol oxidase
concentrations are expressed as U/ml (:U/18 mg sarcolemmal protein). *,p<0.05
yersus control values.
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Frcunn 14. Time dependency of Na+-Ca2* exchange in cardiac sarcolemmal
vesicles with (o¡ or wíthout (r,) cholesterol oxidase (2.0 units/ml) treannenr. Values are
mean + SEM (n:5). Insert graph depicts same data presented as a percent of untreated
values. Absolutevalues in the absence of treatment were 1.78 t 0.16, 5.97 + 0.I9,
12.53 + 0.85, 22.04 + 2.17, and22.70 + 2.16 nmol ca2+/mg for 0.5, L.5, 5, 30, and
60 seconds of reaction time, respectively. *,p<0.05 versus control values.
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Frcnnn 1,5. Na*-caz* exchange examined in the presence of varyíng
concentrations of cholesterol oxidase. Values represent mean + SEM of three to five
experiments. The control value (I00%) in the absence of choleste¡ol oxidase treatment
was 4. 14 + 0.78 nmol ca2+/mg/sec. t,p < 0.05 versus control values.
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Frcr¡nn 16. Lineweaver-Burke plot of Na+-Cez+ exchange in untreated (r) and
cholesterol oxidase-fteated (.) sarcolemmal vesicles. Absolute values for Na*-Ca2+
exchange in untreated sarcolemma were 5.08 + 0.33, j.22 + 0.39, 9.77 + 0.66, and
13.87 + 1.32 nmol ca2*lmglsecat 10, 20,40, and 100 ptr{Caz+, respectively. values
represent mean + SEM of four experiments. If the standard error bar is not present, the
data point was larger than the standard errot.



101

was 2.5 units/ml. The Ç for the control preparations (n:4) was 21.73 * 1.85 ¡rM,

which is similar to values reported previouslyïzt,33o. Cholesterol modification in the

membrane vesicles strikingly increased the K- to 84.03 + L0.94 ¡rM (n:4). The V,,*

for the reaction was 15.87 + 1.40 and 24.58 + 2.72 nmol/mglsec in the untreated and

cholesterol oxidase-treated vesicles, respectively (n:4).

To ensure that the effects of cholesterol oxidase on Na*-Ca2+ exchange activity

were due to modified cholesterol effects and not due to the effects of membrane

peroxidation, sarcolemmal vesicles were treated with either cholesterol oxidase or lf,.r}2

in the presence and absence of catalase. The results of a typical oxidation experiment

are shown in Figure 17. On pretreatment of the sarcolemmal vesicles with 4 units

cholesterol oxidase per mg membrane protein for 15 min, Na+-Ca2+ exchange activity

was virtually eliminated. Since 1 mol of HrO, is generated per mol of cholesterol

oxidized, oxidation of all membrane cholesterol with cholesterol oxidase would yield 0.5

¡rmol of HrOrlmg of protein. On pretreatment of the vesicles with increased I{rO, (50

¡rmol/mg of protein) for 15 min, a 30% reduction in enzyme activity was observed. This

decrease in Na+-Ca2+ exchange activity caused by 50 ¡rmol of II2O2/mg of protein was

prevented by the inclusion of catalase in the reaction mixture. Catalase, however, did

not protect the membrane vesicles from the inhibitory effects of cholesterol oxidase on

the Na+-Ca2* exchanger.

It seemed possible that the depression in exchange was due to an increase in the

permeability properties of the membrane. Thus, experiments were caried out to test the

relativepermeability characteristics of the untreated and cholesterol-modified membranes
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FrcunE 17. Effect of cholesterol oxidase and HrO, treatment on Na+-Ca2+
exclqnge. A, Na+¡dependent Ca2* influx in untreated membrane vesicles. B, exchange
activity in cholesterol oxidase (4 units/mg protein)-treated sarcolemma. C, membrane
treated with 0.05 ¡r,mol of HrOrlmg of sarcolemmal protein. D, membrane treated with
50 ¡rmol of Hrorlmg of protein. E, membrane treated with 50 ¡rmol of ]í.ro'lmg of
protein in the presence of 300 units of catalase/mg of proteifl. F, membrane treated with
cholesterol oxidase in the presence of 300 units of catalase/mg of protein. See
"Materials and Methods" fot details. Data are the results of a typical experiment.
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to Ca2* flux. Vesicles we¡e loaded with 45Ca2* via Na*-Ca2+ exchange (initial load was

7.42 + 0.67 nmol/mg), then diluted into a medium which was optimal to allow for the

passive efflux of 45Ca2* from the vesicles, both in the presence and absence of cholesterol

oxidase. As shown in Figure 18, after 30 seconds of efflux, vesicular Ca2+ content had

declined about 10% in the control vesicles. Inclusion of cholesterol oxidase in the efflux

medium up to 2.5 units/ml had no significant effects on this efflux rate. However, 10

units/ml did significantly enhance the passive efflux of Ca2+ from the sarcolemmal

vesicles, indicating that the passive permeability characæristics of the membrane had

been compromised. Further study of the time dependency of the elflux reáction (Figure

19) demonstrated that even low cholesterol oxidase concentrations (1.5 U/mI) could

inc¡ease passive Ca2* efflux from the vesicles if the incubation time was substantially

increased up to 5 minutes. This effect was accentuated in the presence of 10 units/ml

cholesterol oxidase.

For the pulpose of comparison, the effects of ín siru cholesterol modification on

another transsarcolemmal ion transport system, the Ca2+ pump, was studied. ATp-

dependent Ca2+ uptake by the cardiac sarcolemmal vesicles was studied as a function of

reaction time in the presence or absence of 4 units/ml cholesterol oxidase (Figure 20).

The absolute activity for the control vesicles was 5.48 + 0.71 nmol Ca2+ taken up per

mg/min, which is in the same range as values reported elsewhere32l. As shown in the

inset graph of Figure 20, cholesterol oxidase inhibited ATP-dependent Ca2+ uptake by

22%, 36To, and 52% at 15, 30, and 60 seconds of reaction time, respectively.

The concentration dependence of the inhibition of ATP-dependent Ca2+ uptake by
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Frcrnn 18. Effects of varying concentrations of cholesterol oxidase onpassive
effiux of 4sc0t¿+ from cardiac sarcolemmal vesicles. Efflux time was 30 seconds.
Results are mean + SEM of four separate experiments. Values are presented as a
percent of total vesicular asçu2+ content at time Obefore initiation of efflux. Cholesterol
oxidase, if present, was included only during the efflux period. *,p<0.05 versus
untreated vesicles.
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14 for further ex¡rerimental details. *,p < 0.05 versus control values.
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cholesterol oxidase was examined over the 60-second reaction time @gure 21).

Cholesterol oxidase concentrations above 1.0 unit/ml significantly depressed this transport

pathway. Cholesterol oxidase (10 units/mt) could reduce uptake almost completely.

Passive (ATP-independent) Ca2* binding to cardiac sarcolemma was examined in

the presence of varying concentrations of cholesterol oxidase. Because of the possibitity

that cholesterol oxidase may make the vesicles leaþ an¿ therefore expose more potential

Ca2* binding sites on the intravesicular surface of the sarcolemm a, I p.M 
^23187 

, a C*+

ionophore, was included in the reaction medium for both control and oxidase-treated

membrane preparations. Thus, artifactual increases in sarcolémmal Ca2* binding

produced by the increased membrane permeability to Ca2+ were not a factor in the

present series of experimental ¡esults. As shown in Table 3, cholesterol oxidase

concentrations of 1-10 units/ml, produced signifrcant increases in sarcolemmal Ca2*

binding capacity. This peaked at 5.0 units/ml, where Ca2* binding capacity almost

doubled from control values. Extensive oxidative modification of membrane cholesterol

with 20 units/ml resulted in an inhibition of passive binding capacity.

Sarcolemmal passive Ca2* binding was examined in the absence or presence of

2.0 units/ml cholesterol oxidase over a range of Ca2* concentrations (0.01-5 mM). At

all [Ca2+] examined, cholesterol oxidase treatment stimulated sarcolemm at C** binding

capacity (Figure 22).

IV. Effects of LDL on ca2* Flux in cultured smooth Muscle

a) Cell Appearance
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FrcUnB 21. Effect of dffirent concentrations of cholesterol oxidase on ATP-
dependent Ca2* uptake. Absolute values for ATP-dependent Ca2* uptake by cardiac
sarcolemmal vesicles was 2.55 + 0.44 nmol/mg/min (n:6). Reaction time was 60
seconds at 10 ¡,rM [Cat*]. *,p<0.05 yersus control values.
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Tnnr.B 3 Passive calcium binding to isolated sarcolemmal

after treatment with varyìng concentrations of

membrane vesicles

choìesterol oxidase.

Cholesterol 0xidase
(u/mt ¡

ca2+ Binding
(nmoì/mg)

%of
control

0.0

0.2

1.0

2.0

5.0

10.0

20.0

50.5 t 3.0

54.5 t 4.0

62.9 * 4.2

78.8 t 7.1

89.0 t i0.9

72.3 t 13.1

25.7 x 5.7

100

108t1

L25 x 2*

156 t 5*

175 t 9*

141 t 15*

50t6*

Vaìues represent

was included in

entire reaction

preparation).

mean r S.E. of 4 separate experiments. Choìesterol oxidase

the reaction medium with 1 uM 423187 and I nt4 Ca2+ for the

time (1 min) at 37'C. * P < 0.05 vs controì (untreated
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The cells isolated from the rabbit thoracic aorta using the method of Colucci et

alYz teptesent a homogenous preparation of vascular smooth muscle cells without

apparent contamination from other cell typess3. A q¡pical primary culture of vascular

smooth muscle cells at confluence is shown in Figure 234. These cells show the

characteristic spindle shaped morphology of cultured vascular smooth muscle cells with

Iitle cytoplasmic vacuolization. In contrast, cultured vascular smooth muscle cells

incubated for 72 h in the presence of sterilized LDL (2.5 ¡rmol LDL cholesterol/ml)

showed increased vacuolization with frequent rounded cells, centrally more dense with

increased cytoplasmic lucency (Figure 238).

b) cholesterol content'of Lipoprotein Treated smooth Muscre

Confluent monolayers of aortic smooth muscle cells were exposed to varying

concentrations of LDL for 24, 48, and 72 hours. The cells were then washed briefly,

scraped from the culture dishes and the free and esterified cholesterol content of the cells

determined. The total cellula¡ cholesterol content (the sum of the free and esterified

cholesterol) was also determined. As shown in Figure 24A, fræ, cholesterol content

doubled in cells exposed to LDL at a concentration of 2.5 ¡rmol/ml for 24 hours. Free

cholesterol accumulation was greater if the incubation period was longer thaû24 hours.

Furthermore, the cells accumulated more free cholesterol with increasing [LDL],

however, an [LDL] of at least 1.25 ¡rmol LDL cholesterol was required to demonstrate

statistical significance. For the purpose of comparison, free cholesterol accumulation in

cells after exposure to VLDL for the same three time periods w¿ls also examined (Figure

248). Quantitatively, the effects were similar to that observed with LDL, however,
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Frcunn 23. Representative phase contrest micrographs-of conflucnt prímary
cultures of control and LDL treated vascular smooth muscle cells. A, vascular smooth
muscle cells incubated with normal growth medium (Medium 199 containing20% fetzJ
calf serum, 2.0 mM glutamine, 100 U penicillin/ml and 100 ¡rg streptomycin/ml). B,
vascular smooth muscle cells incubated for T2hinnormal culture medium supplemented
with 2.5 ¡rmol LDL cholesterol/ml.
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Frcnnn 24. Effect of dffirent concentrations of LDL or WDL cholesterol and
various times of incubation onfree cholesterol content of cultured rabbit aortic smooth
muscle cells. A, vascular smooth muscle cells treated with 0.0-2.5 ¡rmol LDL
cholesterol/ml growth medium for 24 (o), 48 ( o ), or 72 (t) hours. B, vascular smooth
muscle cells treated with 0.0-3.1 ¡rmol VLDL cholesterol/ml growth medium for 24 (o¡,
48 (0), or 72 (v) hours. After the appropriate incubation time the cells were washed
and assayed for free cholesterol. See "Materials and Methods" for details. Values
represent mean for six experiments. *, p(0.05 versus untreated control values.



114

VLDL was less potent than LDL.

A similar pattern for esterified cholesterol accumulation in cells was observed as

for the free cholesterol (Figure 254). The accumulation of esterified cholesterol was

dependent upon both time and tLDLl. Extended exposure of cells to VLDL also resulted

in accumulation of esterif,red cholesterol (Figure 25F). At short exposure times (24

hours), a high IVLDL] was required before a statistically significant increase in

cholesterol esters was observed. Since total cellular cholesterol is the sum of free and

esterified cholesterol, total cellular cholesterol responded to LDL and VLDL (Figures 26

A and B) in a manner similar to that observed in Figures 24 A andB and 25 A and B.

Accumulation of cholesterol in the cells was dependent upon the time of exposure and

the concentration of LDL and VLDL. Total cholesterol in the cells was similar at high

lipoprotein levels after 48 or 72 hours of incubation which would indicate attainment of

equilibrium.

c) Pattern of Ca2+ Flux

Figure 27 illusfrates a representative a5Ca washout experiment with the cultured

vascular smooth muscle cells. After a period of stable 45Ca labelling at 10 ml/min,

perfusion medium was switched to non-isotopic medium and a5Ca efflux was monito¡ed

at a flow rate of 34 mVmin. The upper curve represents cell specific counts, which are

the counts obtained from scintillator discs which had cells attached minus the bacþround

counts obtained from washout of blank discs. After 19 min of washout, the flow cell

was evacuated, the cells scraped f¡om the discs and the same discs re-inserted into the

spectrometer to obtain asCa efflux values in the absence of cells (blank values). The
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FrcrnB 25. Effect of dffirent concewralions oÍ LDL or WDL cholesterol and
varíotn times of íncubation on esterified cholesterol õowent of cultured rabbit aonic
smooth muscle cells. A, vascular smooth muscle cells treated with 0.0-2.5 ¡rmol LDL
cholesterol/ml growth medium for 24 (.), 48 (v), or 72 (o) hours. B, vascular smooth
muscle cells treated with 0.0-3.1 ¡rmol VLDL cholesterol/ml growth medium for 24 (o),
48 (v), ot 72 (o) hours. After the appropriate incubation time the cells were washed and
assayed for esterified cholesterol. See "Materials and Methods" for details. Values
represent mean for six experiments. *, p<0.05 versrÆ control.
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Frcnnn 26. Effect of dffirent concentrations of LDL or WDL cholesterol and
various times of incubøíon on total (free + esterified) cholesterol conÍent of cultured
rabbít oortic smooth muscle cells. A, vascular smooth muscle cells treated *ittr O.O-Z.S
¡rmol LDL cholesterol/ml growth medium for 24 (.), 48 (v), or 72 (o) hours. B,
vascular smooth muscle cells treated with 0.0-3.1 pmol VLDL cholesterol/ml growth
medium for 24 (.), 48 (v), or 72 (o) hours. After the appropriate incubation time the
cells were washed and assayed for total (free * esterified) cholesterol. See "Materials
and Methods" for details. Values represent mean for six experiments. *, p < 0.05 versus
control.
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FrcUnn 27. Representative øcperíment of theasCawashoutÍrom control smooth
muscle ceils arter equilibrationfor 30 min inasCa-containing perfinate. Thelower curve
(3) represent counts obtained from the washout of blank discJ. Line no. 2 represents cell
specific counts (counts obtained with cells on discs minus line 3). Exchange can be
separated into a rapid component (no. 1: rate K : 5.57lmn) and a slow component (no.
2:rate K:0.016/min).
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lower curve of Figure 27 was obtained and the counts/min were subtracted from values

obtained in the presence of cells to obtain the upper curve which is the cell-specifrcosca

washout curve. In this experiment, the rapid exchange component had a rat€ constant

of 5.57lmin (line 1, Tau 2), and the slowly exchangeable component had a rate constant

of 1.56 x 10-2lmin (lineZ, Tau 1). These values yield a tnof 7.46gs (: 0. L24 min) for

the rapidly exchangeable Ca2* and tn : 44.40 min for the slowly exchangeable Ca2*.

However, the rapidly exchangeable Caz+ remains completely perfusion limited at the 34

ml/min washout rate used. This is because the washout rate of the flow cell and the cell

layer are not separable for the first minute of washout. It is clear, however, that the

cells wash out at least as rapidly (tu, : 7.468) as the flow cell. The zero time intercept

of line 2 represents the total 45Ca associated with the slowly exchangeable Ca2* poot at

the beginning of washout. In the experiment shown in Figure 27, this amounted to 780

cpm or 1.16 mmol Ca2* lkg dry wt of smooth muscle cells. However, because we know

that this pool was not fully equilibrated, (the cells had been exposed to 45Ca for 30 min

prior to washout and with atnfor equitibration of M.40 min, it will be less than l/2

equilibrated) a correction factor must be inhoduced. The correction for the phase

labelled immediately prior to washout can be determined using the equation:

ilro:l - eft

where r is the activity at any time (t) relative to the asymptotic (r) labelling of the slow

phase with a defined exchange rate constant (Õ). In this experiment, therefore, this

correction factor is 2.65. Thus the actual capacity of the slowly exchangeable Ca2+ pool

is 1.16 x2.65 : 3.07 mmol Caz*lkg dry weight. This Ca2* was not displaceable by
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LaCl3 but I-aClr could reduce the efflux rate of the slowly exchangeable C*+ to zcro.

Similar representative asca washout curves are shown for VLDL and LDL treated

vascular smooth muscle cells (Figures 28 and 29 respectively).

The Ca2+ exchange kinetics of untreated, VLDL and LDL treated rabbit aortic

smooth muscle cells are summa¡ized in Table 4. The rapidly exchangeable Ca2* in

control (untreated) vascular smooth muscle preparations had a rate constant of 5.31 +

0.37lmin with an exchange half-time of 0.134 + 0.009 min. No significant differences

were observed in the rapidly exchangeable Ca2+ as a function of lipoprotein treatm ent (72

hours with 3.00 ¡rmol/ml VLDL cholesterol or 2.50 ¡rmol/ml LÚl cholesterol). The

rapidly exchangeable Ca2+ in control smooth muscle cells exhibited kinetics that were

over 300 fold faster than the slow component of Ca2+ exchange. Its rate consüant was

0.015 + 0.002 with an exchange half-time of over 50 min. The slowly exchangeable

C** rate constant was significantly different (p < 0.05) in both VLDL and LDL treated

aortic smooth muscle cells than conhol. The exchange half-time (tù was about half or

less than control in the VLDL and LDL treated cells.

Calcium exchange compartmentation was examined in control and lipoprotein

treated vascular smooth muscle cells. As shown in Table 5, total exchangeable C**,

which is the sum of both the rapidly and slowly exchangeable C** components, was

4-27 + 0.53 mmoVkg dry weight in control cells. Greater than 50% of this

exchangeable Ca2* *"i ,"pr"sented by a I-a3* displaceable rapidly exchangeable

component as has been reported previoustf'. No significant differences were observed

in the total exchangeable Ca2* pool in lipoprotein treated vascular smooth muscle cells.
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Flcunn 28. Representative experiment of the asCa washout from wDL treated
smooth muscle ceils arter equilibrationÍor 30 min inasCa-containing perfusate. Cultwes
were incubated with 3.1 pcmol VLDL cholesterol/ml growth medium for 72h. See
"Materials and Methods" for details. The lower curve (3) represent counts obtained from
the washout of blank discs. Line no. 2 represents cell specihc counts (counts obtained
with cells on discs minus line 3). Exchange can be separated into a rapid component
(no. 1: rate K : 4.40lmin) and a slow component (no. 2: rate K : 0.029lmin).
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Frcnnn 29. Representative experiment oÍ the asCa woshout from LDL teated
smooth muscle ceils arter equilibrationfor 30 min inasca-containíng ierfinate. curttres
were incubated with 2.5 pmol LDL cholesterol/ml growth medium for 72 h. See
"Materials and Methods" for details. The lower curve (3) represent counts obtained from
the washout of blank discs. Line no. 2 represents cell specific counts (counts obtained
with cells on discs minus line 3). Exchange can be separated into a rapid component
(no. 1: rate K : 4.42lmin) and a slow component (no.2: rate K : 0.0¡z¡min).
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T.lsLD 4

Calcium exchange kinetics of vascuìar snooth muscle cells as a function of treatment with

ì i poprote i ns .

Exper irnenta ì
Group

Rate Constant (per min) Exchange Half Time (nin)

Rapid Component Sìow Cornponent Rapid Component Slow Component

Contro ì

VLDL Treated

LDL Treated

5.31 t 0.37 0.015 t 0.002 0.134 t 0.009 50.4 ¡ 7

4.42 x 0.28 0.028 r 0.002* 0.160 i 0.0i0 25.3 r L*

4.58 r 0.33 0.033 r 0.002* 0.155 * 0.011 ZL.6 x I*

Values represent nean t S.E. (n = 4-8). * P < 0.05 vs. respectjve control value.
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T¡¡r.n 5
Caìcium exchange characteristics of vascular smooth muscle cells maintaìned in the presence or

absence of lipoproteins.

Êxperinentaì Rapidìv Exchanqeable Sìowìy Exclangeable Totaì ExchanqeableGroup La3+ d-isptaceaËle ca2* Ca¿+ 'ôlZ;""
(nrnol/kg drv wt) (rmnor/kg drv wt) (nmor/[g dry wt)

Contro I 2.23 * 0.21

VLDL Treated 3.63 * 0.59

LDL Treated 4.72 x 0.98*

2.04 x 0.34

1.79 ¡ 0.42

1.42 i 0.15

4.27 t 0.53

5.42 x 0.79

6.15 * 0.92

Vaìues represent mean * S.E. (n = 4-8), * P < 0.05 vs. respect.ive controì value.



124

However, the I¡.3+ displaceable Ca2+ fraction was significantly increased in the LDL

treated cells as compared to control.

d) Modulation of Ca2* Exchange

It has been shown that exposure of cells to a low sodium solution will resutt in

an increase in celt associated C**, and alter Ca2+ exchange35E,35e. This intervention was

employed in the current study to further understand the nature of the LDL effects on

Ca2+ exchange in vascular smooth muscle. The results of a typical control experiment

are shown in Figure 30. After equilibrium of Ca2* flux had been reached in the smooth

muscle cells, ¡rerfusate was introduced which contained a lower NãCl conöentration (35

mM). a5Ca associated with these cells rose 6100 counts/min or 6.53 mmol Caz+lkg dry

weight during the 55 min low Na* perfusion period. On return to the normal perfusate

(identical to that used during the first 30 min of perfusion), cell-associated Ca2* declined

very quickly for the first 5 minutes, and then at a much slower rate. Extrapolation of

this decline back to the zero time intercept (time zerc in these experiments being the time

of re-introduction of normal perfusate, ie. the 85ú min of total perfusion time) represents

a slowly exchangeable Ca component. This value was clearly greater than the stable

Ca2* pool measured before the introduction of the low Na+ perfusate. The content of

4sca?+ in the slowly exchangeable pool increased 2750 counts/min over the stable values

prior to low Na+ perfusion (L3II50-L28400 counts/min), which represents an increase

of 2.64 mmol C**/kg dry weight or 40% of the total increase (6.53 mmol Ca2*¡. This

indicates that the asCa associated with the cell increased during low Na* perfusion and

its slow rate of decline (minutes 90 to 120) suggest that this 45Ca is at least partly
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FTGURE 30. þpical experimew demorutatíng the response of vascular smooth
Tnwcle cells to perfusate with lowered Na* concentration. After 30 min of equilibration
in a normal medium, the perfusate was changed to one which contained 35 mM Na+ and
an isosmoti_c replacememt of sucrose. This caused an immediate increase in cell
associated a5Ca activity which could be partially reversed after 55 min of perfi,rsion in a
normal 140 mM Na+ containing medium. Note the rapid rise in counts from 30 to 40
min., the rapid drop from 85 to 90 min. and the tnuch slower decline in 45Ca activity
during the 90 to L25 min. reperfusion period.
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intracellular in origin.

Table 6 shows results of a series of experiments involving perfusion of both

control and LDL treated smooth muscle cells with low Na+ containing medium.

Perfusion of the cells with low Na+ perfusion medium resulted in an average increase in

cell associateÃ C*+ of 8.L2 + 1.2I mmol CaT+ lkg dry weight in control cell cultures.

In cells exposed to LDL for 72 hours (2.5 pmollml LDL cholesterol) this increase in cell

associated Ca2* was signif,rcantly greater (13.77 + 1.81 mmol) than that of control. The

slow exchange Ca2* component immediatly on re-introduction of Ca2* represented

38.57% of the total increase in cell associated Ca2* in control cultures, which was not

significantly differenr fron that seen with LDL treated cells (29.9g%).

It has been suggested that the increased cellular Ca2* seen with low sodium

perfusion of this type is likely to be associated with the cell surface, as ionic Na+ is

replaced with neutral sucrose in the perfusing solution. Inclusion of La3* in the

perfusion solution was used to detect cell surface CaT*. The results from a typical

control experiment are depicted in Figure 314. Cells at a stable level of Ca2* exchange

were exposed to low Na+ medium at minute 15. This resulted in an increase in cell

associated Ca2* of 5.75 mmol/kg dry weight consistent with the results in Figure 30.

At minute 35, the cells were exposed to a low Na+ solution which now included 1 mM

I-4C13. This resulted in a reduction of the cell associated Ca2+ of 9250 counts/min or

6.63 mmol/kg dry cell weight. Typical results for low Na+ perfusion of LDL treated

vascular smooth muscle cells is shown in Figure 318. As in control cultures low sodium

perfusion resulted in an increase in the cell associated C*+. In this experiment, this
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T¿¡r-r 6

Effect of low Na* perfusion on the calcium exchange characteristics
of vascular smooth muscle cells mai¡¡¿i¡ed in the preseuce or

absence of low density lipoprotein.

Experimental
Group (mmol/kg dry weighr)

Slowly
Increase in cell-Associated I-a3 + Displaceable ca?* Exchaageable ca

Ca2* (mmolikg dry weight) (70 of Total
Increase)

Control

LDL Treated

8.r2 + L.zt 7.40 X 0.65 38.57 r 4.61

13.77 + 1.81* t4.46 ¡ 2.49* 29.98 + 3.55

values represeot meåtr i s.E. (n - 5). * p < 0.05 vs respective control value.
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control cell cultures; after equilibration with a normal medium, the perfi.rsate was
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of sucrose. This caused an immediate increase in cell associated asCa activity. At
minute 35, the perfusate was switched to one which contained 1 mM Iå3*. ú, cell
cultures incubated with 2.5 ¡rmol/ml LDL cholesterol for 72 h prior to experimentation.
Cells were perfused as described above for control cultures. Note the diiference in the
increase in cell associated a5ca between control and LDL treated cultures on exposure
to low Na+ perfusate and the rapid decline in cell associated a5Ca activity in both control
and LDL treated cultures.
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increase amounted to 9.55 mmoUkg Ca2* dry weight. On perfusion with a low Na+

solution containing 1 mM La3*, celL associated Ca2* was reduced by 10.68 mmoVkg dry

weight. In a series of experiments, this I-a3* displaceable C*+ amounted to 14.46 +

2.49 mmol lkgdry weight in LDL treated cultures, which was signihcantly different from

the control value of 7.40 + 0.65 (Table 6). If the normal I-a3* displaceable Ca2+

fraction is 2.23 mmol/kg dry in control cells (fable 5), the extra I-a3+ displaceabl e C**

induced by the low Na+ perfusion would be 7 .40 - z.z3 : 5.L7 mmol/kg dry wt. This

extra La3+ displaceable C*+ induced by the low sodium perfusion of 5.L7 mmol

represents 64% of the total increase of cell ca2* 1g.12 mmollkg dry wt., Table 6).

Similarily for the LDL treated cultures, 14.46 - 4.72 : 9.74 mmol/kg dry wt. which

represents 70% of the total increase of cell C** in these treated cultures. Thus, in this

series of experiments, low Na+ perfusion of the cells for 20 minutes resulted in an

increase in Ca2+ exchange, of which 64% wasla3+ displaceable in control cultures, and

70% was La3* displaceable in LDL treated cultures, and the remainder was localized in

a slowly exchangeable intraceltular compartment.

V. Plasma Lipid and Lipoprotein pattern of Human Subjects

a) Characteristics of the Study Group

Table 7 shows the age and heighlweight relationships of the two groups in this

study. The Inuit subjects had a mean age that was significantly greater than the control

group. In addition, the Inuit group had a significantly greater ponderal index than

controls.
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Tanr.n 7
Age and height/weight characteristics of study popuìation.

Ponderaì IndexAge

Inuit

Contro ì

44t6*

32¡3
11 .8 t 0.4*

12.5 * 0.2

Ponderaì index is caìculated by dividing height (in inches) by the cube root

of weight (in pounds). Values represent means r S.E. (n = 1l - lZ).
* P < 0.05 versus control values.
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Table 8 shows the lipoprotein profile of serum from both control and Inuit

subjects. No significant difference was apparent in the total cholesterol (free plus

esterified) or in the triglyceride levels of the serum. The a-lipoprotein fraction (which

roughly corresponds to HDL ¿rs obtained by floatation ultracentrifugation) was

significantly higher in the Inuit population. No difference was observed between the

groups in the ß-lipoprotein fraction (roughly corresponding to LDL). The Inuit also

exhibited a significantly lower ß-lipoprotein to aJipoprotein ratio.

In table 9 the VLDLILDL lipoprotein profüle of both control and Inuit plasma as

determined by floatation ultracentrifugation is shown. Inuit plasma éxhibited significantþ

lower levels of both VLDL and LDL apolipoproteins. The decreased concentration of

LDL apoprotein is reflected in the significantty higher value for LDL native cholesterol

(0.92 + 0.06) and LDL cholesterol esters (1.73 + 0.13) as determined by enzymatic

assay and expressed per mg protein compared with control subjects (0.65 + 0.03 and

0.88 + 0.07). No significant differences were observed in the content of VLDL

cholesterol or cholesterol esters. For comparison, Table 10 shows the Inuit and control

native and oxidized cholesterol content of the isolated LDL and VLDL subfractions of

plasma as determined by HPLC. There are no significant differences between the control

and the Inuit VLDL cholesterol content whereas the LDL native cholesterol content is

significantly higher in the Inuit (0.41 + 0.17) compared with that of control subjects

(0.17 + 0.02). This is consistent with the data presented in Table 9 obtained using the

enzymattc assy. When the oxidized cholesterol species are included, the Inuit VLDL

content of total cholesterol (0.97 + 0.22) is significantly different from that of control
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Tasr,n 8
Serum I ipoprotein prof i ìe.

Total
Cho lestero ì

(rrf''l/L )

Tri g lycer ides

(rnY/L )

o( -L i poprote i n
Cho lestero I

( rrf't/L )

B-L i poprote in
Cho lestero ì

(m!/L )

B/.(

Inuit

Contro l

5.9 t 0.7

5.2 * Q.3

1.6 r 0.7

2.0 r 0.4

1.8 t 0.3*

1.2 x 9.1

3.4 t 0.5 2.1 r 0.4*

3.2 x 9.2 2.8 t 0.¡

See "Experinental Procedures" for Assay Procedures. o( -Lipoprotein corresponds roughìy to
HDL. B-Lipoprotein corresponds roughìy to LDL. Values represent neans * S.E. (n = S-12).
* P < 0.05 versus control.
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T.tnr.n 9

Pìasma lipoprotein profile as determined by enzymàtic assay.

VLDL LDL VLDL LDL
apo-llpoprotein apo-lipoprotein Choìesterol Cholesteroln9/ml mg/ml unroì/ng umoì/mg

protein protein

VLDL LOL
Cholesterol Esters Cholesterol Esters

umol/mg unnì/mg
protein proteiñ

Inuit 0.50 r 0.05r

Control 0.71 i 0.10

2.01 r 0.141 0.59 r 0.13 0.92 r 0.06i

3.67 r 0.14 0.79 t 0.08 0.65 t 0.03

0.63 t 0.10

0.49 r 0.06

1.73 r 0.13r

0.88 r 0.07

See'Experimntal Procedures" for assay procedures. vaìues represent rîeans a s.t. r p < 0.05 versus controì.
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Tmr.n 10
Native and oxidized cholesterol

HPLC.

content of pìasma as determined by

Inuit

Control

VLDL

0.58 t 0.t0

0.42 * Q.g6

LDL

0.41 t 0.05*

0. 17 r 0.02

Native choìesterol
umoì/mg protein

Total cholesterol
umoì/mg protein

VLDL LDL

0.97 t 0.22* 0.43 r 0.06*

0.53 t 0.10 0.18 t 0.02

Total cholesterol represents the sum of native and the identifiable

derivatjves. Values for totaì cholesteroì represent mean r SE. * p

versus contro'l .

oxi dated

< 0.05
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subjects (0.53 + 0.10). This information cannot be obtained with the more

conventionally employed enzymatic determination of cholesterol as oxidized derivatives

of cholesterol are not detected with the enzymatic method.

b) Quantification of Oxidized Derivatives of Cholesterol

In order to determine the content of oxidized derivatrives of cholesterol in the

lipoprotein subfractions, aliquots of LDL and VLDL were subjected to HPLC analysis.

Table 11 shows the incidence of two identified oxidated derivatives of cholesterol.

Cholesr4-en-3-one (4-cholesten-3-one) was observú, n 46% of the VLDL isolates from

the Inuit plasma. The range of concentrations detected was from 0.004 ¡rmôl/mg protein

to 0.514 ¡rmol/mg protein. Only 3 of 12 control VLDL isolares Q5%) exhibited rhis

derivative (range of 0.108 to 0.199 ¡rmol/mg protein). Only one of the Inuit subjects

(8%) demonstrated the 3-keto derivative in the LDL isolate and none of the control LDL

isolates exhibited this oxidized form. The more prevalent oxidation product, 25-a-

hydroxycholesterol, was present in 46% of the Inuit VLDL isolates (6 of 13), the levels

ranging from 0.013 ¡^cmoVmg protein to 1.78 ¡rmol/mg protein. Fifty-eight percent (7

of 12) of the control VLDL isolates exhibited the 25-hydroxy derivative, with levels

ranging from 0.002 ¡rmol/mg to 0.353 ¡rmoVmg protein. Five of thirteen (38%) of the

Inuit subjects showed the 25-hydroxy derivative (0.002 pmollmg to 0.242 ¡rmol/mg)

while only 2 of the control subjects (17%) exhibired this derivative (0.014 and 0.123

¡rmolimg).
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T¿¡r.n 11

Incidence of identified oxidated derivatives of cholesterol in

isolated lipoprotein fractions of pìasma.

4-cho I esten-3-one

VLDL LDL

25-< -hydroxycho ìestero I

VLDL LDL

Inuit 46

Control 25

8

0

46 38

58 17

Values represent ? of total population.
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E. DISCUSSION

Incubation of cholesterol-rich lþsomes with cardiac sarcolemmal vesicles

resulted in a net transfer of cholesterol from lþsomes to membrane vesicles. The extent

of cholesterol transfer could be controlled by varying the vesicle-lþsome incubation

time or by altering the lþsome cholesteroVphospholipid ratio. Several previous studies

have shown that cholesterol moves between vesicles by transfer through the aqueous

phase and not via fusion between the donor and acceptor vesicles3o362. In this study,

experiments involving the incubation of sarcolemma with [taC]sucros'e containing

lþsomes and phosphotipid profiles of the cholesterol-enriched membrane preparations

(data not presented) indicated that fusion between donor liposomes and sarcolemmal

vesicles was not a significant problem. These observations suggest that neither

adsorption of lþsomes to membrane nor co-sedimentation of lþsomes confounded out

results.

The present results support an important role fo¡ membrane cholesterol in

sarcolemmal Na+-Ca2+ exchange. Cholesterol enrichment of sarcolemmal vesicles

resulted in a significant increase in the initial rate of Na+ -C** exchange (Figure 4). The

stimulation was not due to a decrease in the permeability of the membrane for Ca2*

(Figure 9), nor was it due to a change in the amount of Ca2+ bound to the membrane

(fable 1). Cholesterol enrichment decreased the Ç but did not alter the V."* for Ca2+

of the Na*-Ca2* exchange process (Figure 7).

The stimulation of Na+-Ca2+ exchange by cholesterol appears to be a specific
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effect. Sarcolemmal C**-Mtz* ATPase activity was inhibited after cholesterol

enrichmentrso (Figure 8). Changes in the cholesterol content of sarcolemmal vesicles had

no effect on K*-p-nitrophenylphosphatase activity, while enrichment of sarcolemmal

cholesterol inhibited Na+,K+-ATPase activity, similar to results reported elsewherelal,3É

366- This enhanced sensitivity of Na+,K+-ATpase, as opposed to K*-p-

nitrophenylphosphatase, has been observed previouslt'u'. The present study also showed

that cholesterol depletion decreased the activity of Na+,K+-ATPase. Using a bovine

kidney medulla basolateral membrane preparation, Yeagle et alr4s have also shown

inhibition of Na+,K*-ATPase activity both when the membrane cholesterol content was

enriched, and when the cholesterol content was decreased from that found in native

membranes. They reported a linear decrease in ouabain-sensitive ATP hydrolyzing

activity with increases in cholesterol content similar in character to the linear increase

in motional o¡dering of the membrane with cholesterol enrichment that has been

described elsewhereltr. They proposed that the correlation between increases in motional

order of the lipid hydrocarbon chains, induced by cholesterol, and decreases in enzyme

activity, induced by cholesterol, resulted from a decrease in conformational flexibility of

the enzyme, limited by the increase in motional order of the lipid hydrocarbon chains in

the membrane. They felt the inhibition of Na+,K+-ATpase activity with cholesterol

depletion suggested an essential role for cholesterol in the activity of the Na+,K+-

ATPase. A requirement for cholesterol of the cardiac sarcolemmal membrane Na+,K+-

ATPase and Na+-Ca2* exchange processes in reconstituted proteoliposomes has recently

been shown by Vemuri and Philipson3%. Using proteolþsomes with varying
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phospholipid composition they showed the sterol requirement for both Na+-Ca2+

exchange and Na+,K+-ATPase was highly specific for cholesterol. Cholesterol analogues

with minor structural changes were unable to support ion transport activity. Their results

as suggested a direct interaction of sterols with sarcolemmal ion transporters. The results

of the present study support those of Yeagle et alr45 and Vemuri and philipson3u. With

cholesterol enrichment it is possible that increases in the motional order of the membrane

acount for the observed inhibition of Na+,K+-ATPase activity. With cholesterol

depletion, Na+,K+-ATPase activity may be inhibited secondary to removal of this

essential sterol from the lipid milieu of the transport protein. 
- 

In this regard, the

cholesterol content found in native bovine kidney basolateral membranes was sufficient

to support maximal Na+,K+-ATpase activityr4s.

The observed inhibition of Na*,K+-ATPase with cholesterol enrichment may be

of clinical relevance for patients receiving ca¡diac glycosides, many of whom are

hypercholesterolemic. It has recently been shown that not only is the sensitivity to

ouabain increased in the myocardium of patients with CHD, (thought to be a reflection

of decreased receptor number), but the maximally achievable positive inotropic effect is

decreasedtG. The present data may correlate with the latter observation. Inhibition of

Na+,K+-ATPase with increased membrane cholesterol may produce a positive inoftopic

effect in the heart, causing the tissue to be relatively refractory to cardiac glycosides with

respect to an observed increase in contractitify. In the patient with CHD receiving

cardiac glycosides, this refractory state with respect to an observed response coupled with

a dec¡eased receptor number could contribute to increased toxicity from cardiac
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inglycosides. A der¡eased minimum toxic dose of ouabain has been observed

myocardial tissue of individuals with atherosclerosisre.

The existence of membrane lipid annuli which exclude cholesterol has been

proposed for two membrane-bound ion transport proteins (C**-Mg2+-ATPase and

Na+,K+-ATPase¡tas'iø. Conversely our results can best be interpreted considering the

presence of a cholesterol-rich annulus surrounding the Na+-Ca2+ exchange protein which

modulates its function. In the cholesterol enrichment studies, cholesterol would be

preferentially absorbed into membrane regions of lower cholesterol content, away from

the cholesterol-rich microdomain. Only with signif,rcant cholesterol transfer would the

region surrounding the exchanger be affected. In contrast, with cholesterol depletion the

driving force for cholesterol desorption would be greatest from the cholesterol-rich

annulus, and this region would be depleted earliest. Cholesterol-enriched membrane

preparations exhibit decreased fluiditt's, and it has been suggested that the decreased

fluidity around membrane transport proteins is one of the mechanisms contributing to the

observed depression in the activites of several transport systemsrae,3s. The observation

of a stimulation of Na*-Ca2* exchange suggests that cholesterol may be interacting with

the exchange protein and modulating its activity. However, further investigation of the

mechanism associated with the cholesterol effects is necessary.

Several reports have suggested that hypercholesterolemia may affect the

myocardium independent of the atherosclerotic processatatd. In view of the present

results, it is reasonable to hypothesizæ, that cholesterol may directly alter myocardial

function through its effects on sarcolemmal ion transport. Since Na+,K+-ATpase is
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inhibited by cholesterol enrichment, intracellular Na+ concentrations may increase in the

intact cell, favouring a gain of Ca2* through elevated Na+-Ca2* exchange. This may be

further aggravated by the direct stimulation of Na*-Ca2+ exchange by cholesterol.

Coupled with depressed Ca2+ pumping activity, intracellular Ca2* overload may develop.

In this regard, cholesterol accumulation in the myocardium has been associated with

altered Ca2+ homeostasis and cardiac dysfunction367,368. Derangements in intracellular

Ca2+ contents secondary to cholesterol enrichment are felt to account for the observed

changes in the contractile properties of papillary muscle from hypercholeste¡olemic

rabbiß367, and functional changes in the isolated rat heart perfrised with cholesteròl

containing perfu satearT.

The requirement of Na*-Ca2* exchange for membrane cholesterol was further

demonstrated by oxidative modif,rcation of native cholesterol. Cholest-4-en-3-one was

the only oxidized species produced in the membrane after incubation with cholesterol

oxidase. This resulted in essentially complete inhibition of exchange activity. It was

possible that this inhibition of Na+-Ca2+ exchange after cholesterol oxidase was due to

the generation of HrO, since hydrogen peroxide inhibited Na*-Ca2* exchange (Figure 17)

and scavenging the HzOz with catalase protected the Na+-Ca2* exchanger. However,

catalase could not protect the Na+ -C** exchanger from the effects of cholesterol

oxidase. Further, large concentrations of II,O, (5 mM) are required before an effect

(30% inhlbition) on Na+-ca2+ exchange is produced (Figure 17). This tHror] would not

be achieved under the assay conditions in these experiments. These data indicate that the

effects of cholesterol oxidase on sarcolemma are not the result of non-specific peroxide
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effects on other membrane components. Data from subsequent studies showed that no

lipid peroxidation occurred on treatment of LDL particles with cholesterol oxidase in the

presence of catalase, as indicated by the absence of malondialdehyde productiona2r.

These data can be extrapolaæd to suggest that no lipid peroxidation products result from

the treatment of membrane vesicles with cholesteror oxidase.

Other nonspecif,rc effects of including cholesterol oxidase in the assay medium are

unlikely. First, pretreatment of sarcolemmal membranes with cholesterol oxidase, and

then centrifuging the membranes, resuspending the pellet, and assaying for Na*-Ca2*

exchange (now in the absence of cholesterol oxidase) resulted in á similar inhibition as

including the enzyme in the reaction,medium directly (data not shown). This would

indicate that the effects on Na*-Ca2+ exchange were not due to the presence of the

cholesterol oxidase molecule per se, but rather, a result of its enzymic properties.

Second, the use of a different preparation of cholesterol oxidase elicited similar effects

on Na+-Ca2* exchange (data not shown). These similar effects with two different

sources of cholesterol oxidase would, therefore, argue against a contaminant in the

enzyme preparation being the cause of the observed depression of Na+-Ca2+ exchange

activity. Thus, the effects of cholesterol oxidase on ion flux appear to be due to the

generation of oxidized cholesterol in situ in the sarcolemmal membrane.

The possibility exists that the depression in ion movements may be due to the

increase in membrane permeability. This is highly unlikely with respect to the Na*-Ca2*

exchange reaction for several reasons. First, 2.0 units/ml cholesterol oxidase produced

a 35-70% inhibition of the initial rate of Na+-Ca2+ exchange (Figure l4), but 2.5
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units/ml did not alter passive permeability characteristics of the membrane (Figure 18).

Second, one would expect the inhibitory effect of cholesterol oxidase on Na+-Ca2+

exchange to increase as the reaction progressed in time if membrane permeability were

a significant factor. Instead, the most dramatic effects of cholesterol oxidase were at the

earliest time points of the rlction (Figure 14, inset). Third, the effects of cholesterol

oxidase on exchange were observed after very short reaction times (0.5 second), whereas

even after 30 seconds of incubation, passive efflux was unaffected at these lower

concentrations of enzyme (Figures 18 and 19). Fourth, because the rate of C**

accumulation via exchange is much greater than that lost through-passive Ca2+ efflux,

large increases in membrane leakiness are required before any effect on Na+Ca2+

exchange would be observed32z. Thus, the data argue for a direct inhibitory effect of

oxidized cholesterol on the Na*-Ca2* exchange pathway.

Oxidation of in s¿'ru membrane cholesterol also depressed another important

transsarcolemmal ca2* transport pathway; the ATp-dependent ca2* pump. changes in

membrane permeability may account for the observed depression in this ATp-dependent

pathway of Ca2* uptake. Since the concentrations of cholesterol oxidase required to

increase membrane permeability and inhibit ATP-dependent Caz+ uptake are simila¡

(Figures I9-2L), the incubation times are similar (30-60 seconds), and the rate of ATp-

dependent Ca2* uptake is slower than that of Na+-Ca2+ exchange, it is more difficult to

separate the effects of cholesterol oxidase on active Ca2+ transport from passive Ca2*

flux. Certainly, it is ctear that Na+-Ca2* exchange is far more sensitive to oxidized

cholesterol in the membrane than is the sarcolemmal ca2* pump.
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The results may provide information on the relationship of membrane cholesterol

with these two sarcolemmal ion flux pathways. Oxysterols are less polar than

cholesterol, occupy a higher molecular area in the membranet6e,37o, and are dis6ibuted

very differently in the membrane. Cholesterol ænds to form cholesterol-rich domains

in the membrane and is most effective on the hydrophobic region of the membrane

bilayer. Conversely, oxysterols such as cholestenone are randomly distributed ac¡oss the

bilayer plane and do not form defined domains36e. In addition it has been suggested that

oxidation of the 3ß-hydroxy group alters the ability of the molecule to hydrogen bond

with membrane phospholipid3Tt. It is clear that higher concentiations of membrane

oxysterols will cause a disordering of the membrane lipids leading to an increase in

membrane fluidity and permeability characteristics3Tr. This would account for the

observations of enhanced passive Ca2+ efflux after extensive treatment of the membrane

with cholesterol oxidase. However, membrane fluidity has been shown to be unaltered

even after 24% of the membrane cholesterol was oxidized372. Thus, although changes

in membrane fluidity may explain the increased permeability properties of the membrane,

they are unlikely to provide a fulI explanation for the effects on Na*-Ca2* exchange.

Instead, the disturbance of cholesterol-rich domains in the membrane by the oxidation

reaction may better explain the effects demonstrated on the Na+-Ca2* exchanger. This

is consistent with the results of membrane cholesterol enrichment/depletion experiments

which are also compatible with a cholesterol rich annulus associated with the Na+-Ca2*

exchange protein.

As indicated earlier, oxidation of cholesterol ín situ would atter the hydrophobic
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region of the membraneffi. Because cholesterol primarily exerts its effects in the

hydrophobic core of the membrane bilayet'6e, these results suggest that the Na+-Ca2+

exchanger is more sensitive to this region of the membrane. This interpretation is

consistent with the data of Philipson and Ward322, who used doxyl-stearates and suggested

that the hydrophobic region of the membrane may be the most important area for

affecting the Na+-Ca2* exchange reaction. However, this does not detract from the

significant effects that modification of the hydrophilic head group can have on Na*-Ca2*

exChangee'324'330.

Despite a depression in Na+-Ca2+ exchange activity an inciease in passive C**

binding to the sarcolemma after oxidation of the membrane cholesterol was seen. The

observation of a dissociation between the bulk Caz* binding to the membrane and Na+-

Ca2* exchange (stimulation of binding and inhibition of exchange) is not novel. Other

agents have also produced similar qualitative effects330'373, ffid the present findings further

strengthens the arguement that the two processes are unrelated. Instead, a pool of C**

locatized in close proximity to the Na+-Ca2+ proüein may be far more functionally

important to the exchanger than the bulk Ca2+ bound to the entire sarcolemmal

membrane.

It is important to emphasize that these results should not be interpreted as

infening a role for the enzyme cholesterol oxidase in cardiac pathophysiology. It is

found in tissues other than the hearÉ7a. Instead, the enzyme was used in these

experiments to selectively oxidize membrane cholesterol to better understand the effects

on ion movements of this oxysterol and of native cholesterol. These observations,
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however, may have implications with regard to the mechanism of oxygen free radical

action on the myocardium. Oxygen free radicals have been demonstrated to play a role

in ischemic/reperfusion damage in the heaft375. A depression in Na+-Ca2* exchange in

isolated sarcolemmal vesiclesrzc -¿ enhanced membrane permeabilitt'u have been

reported during ischemic/reperfusion challenge. Free radicals can oxidizæ, membrane

cholesteroluo'37&, increase membrane permeabilitf'n 
^d 

inhibit Na+-Ca2* exchange38o,

although the effect on Na+-Ca2+ exchange remains controversialæs. As shown in the

present study, oxidized membrane cholesterol can depress sarcolemmal Na*-Ca2*

exchange and increase membrane permeability. The data are consistent, therefore, with

the possibility that free radicals may alter ion movements across the sarcolemmal

membrane during ischemia/reperfusion challenge through an oxidation of membrane

cholesterol residues, as well as other sites on the membrane such as target proteins or

fatty acid ¡esidues. However, further experiments to determine the presence of

oxidatively modified membrane cholesterol in ischemic/reperfused hearts are required.

Oxidatively modified lipids contained in low density lipoproteins have been

recently proposed to play an important role in atherogenesiss5-s7,e3, and oxidation of LDL

cholesterol has been postulaüed to inc¡ease the atherogenicity of the LDL particlees.

Although it is clear that oxidized lipids like cholesterol may enter the cell via a low

densify lþprotein receptor-independent scavenger pathway, the role of the oxidatively

modified cholesterol once it is deposited within the cell is not known. These data suggest

the possibility that this oxidized lipid may alter ionic interactions within the muscle cell.

The importance of increased vascular smooth muscle cell-associated C*+ in the
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process of atherogenesis and in the conhactile abnormalities associated with

hypercholesterolemia is well documentedtnl2s,t3t,t32,38l-383. Many reports have identified

an increased calcium content of human atherosclerotic arteriesl3r -¿ arteries from

hypercholesterolemic experimental animalstnl2s.3Et. This increased tissue calcium seen

in atherosclerotic lesions of experimental animals has been shown to be a result of, in

part, increased cellular calciuinupt"t" into vascular smooth muscle ce[s382,383. However

the direct relationship between high levels of circulating cholesterol and Ca2+ flux in

arterial smooth muscle cells is less clear. Several studies have shown that arterial tissue

segments exhibit altered C** transport when exposed to 
- 
elevated levels of

cholesterolt3l'L3z. There exists controversy, however, concerning the effects of cholesterol

on arterial segments in a perfusing bath. Yokoyama and Henry3e have suggested that

cholesterol may act as a direct vasoconstrictor by altering the intrinsic characteristics of

the membrane and thereby altering arterial Ca2+ movements and tension development.

Others have demonstrated that cholesterol-treated arteriat segments exhibit alterations in

C** movements and tension development only during stimulation with certain

agonistsr3z. The results of the present study support the observations of yokoyama and

Henry3e. In the absence of agonists, significant alterations in the rate of Ca2+ exchange

in the slowly exchangeable component and in the La3* displaceable Ca2+ of vascular

smooth muscle cells were observed-

Enrichment with cholesterol and measurement of Ca2* flux in isolated smooth

muscle cells as described in the present study has several advantages over the previously

reported techniques employing tissue segments from muscular arteries132,384. Kinetic
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analysis of Ca2+ flux in intact tissue preparations is complicated by diffusion delays in

the extracellular space, as well as by the presence of large amounts of matrix-bound or

free background calcium385. The presence of a variety of cell types in intact vascular

preparations, with diverse responses to cholesterol and distinct C** flux characteristics

renders it impossible to unambiguously relate the exchange characteristics to the muscle

cells. These problems can be avoided by examining ion transpoft characteristics in

isolated cultured smooth muscle ceils352,385. In the present study, it can be conclusively

determined that the smooth muscle cell cholesterol content and Ca2* flux are being

altered by exposure to lipoproteins.

The scintillator disc flow cell technique for measuring Ca2* exchange in isolated,

cultured aortic smooth muscle cells employed in this study has several advantages over

other previously described techniques2ffi,u2,38s'38e. First, in this method, the cells from

each experiment serve as their own controls. Ca2+ exchange was measured in the cells,

and the same cells were used to to assess sensitivities to low Na+ or Lú*. Second, the

measurement of cellular Ca2* movements was on{ine and continuously monitored. It

was not necessary to remove the cells from their environment, wash and solubiliznthem

to obtain information on Ca2+ flux as has been done in other studies. Third, because the

system is on-line and the flow cell can accomodate relatively high flow rates, Ca2+

exchange kinetics were resolved into very rapid and slow com¡ronents. These results

demonstrate that > 50% of the exchangeable Ca2* in vascular smooth muscle cells is

rapidly exchangeable with a half-time for exchange of < 10 s. Since the mo¡e

conventional previously employed techniques require more time than this to remove
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extracellular Ca2*, much of that Ca2*flux wilt be missed.

The experimental protocol in this study involved the use of isolated VLDL and

LDL to modify the cellular cholesterol levels of isolated cultured vascular smooth

muscle. In view of recent arguments regarding the optimat mode of cholesterol

enrichment (cholesterol in aqueous sus¡rension versus cholesterol containing lþsomes3),

the present data using isolated lipoproteins must represent an improvement in the

methodology for delivering lipid to the cell. This contention is based on two lines of

reasoning. First, exposure of smooth muscle cells to lipoproteins represents a more

physiological approach to cholesterol enrichment than cholesterol/phosphatidylcholine

lþsomes or crystalline cholesterol which is only sparingly soluble. in aqueous

suspension. Second, delivery of lipids via lipoproteins will result in accumulation of

esterified as well as native cholesterol. This has not been been possible using only free

cholesterol with methods employed in the previous studies.

The rapid and slow Ca2+ exchange components are similar to those observed

previouslf3. As discussed in detail elsewhere3n', Lrit* does not displace any Ca2* from

the slowly exchangeable fraction and therefore, this com¡ronent probably represents an

intracellular pool of Ca2* localizedto the SR. This component is also sensitive to agents

like caffeine which are well known to affect Ca2* movements in the SR3e2. The rapidty

exchangeable Ca2* component is I¿.3* sensitive. Because I¿3* does not enter the

cell352'358'35e'3er, this Ca2+ must be in very rapid equilibration with the sarcolemmal

membrane of the smooth muscle cell. The bulk of this la3+-displaceable Ca2+ is felt to
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be associated with the surface of the sarcolemma, however, the possibility exists that an

intracellular subsarcolemmal Ca2* pool, if it is in rapid equilibration with plasma

membrane Ca'*, may also be affected by I-at* perfusion. The presence of such a pool

has been advanced for myocardial cell Ca2* exchange3er.

The present investigation demonstrated changes in both the rapidly and slowly

exchangeable Ca2* fractions after extended incubation of the cells with isolated LDL.

LDL treatment enhanced the rate of exchange in the slowly exchangeable pool and

increased the amount of Ca2+ associated with the sarcolemma (I-a3+ displaceabt e C**).

Measurement of cell associated calcium in a low Na+ environment which is felt to

increase cell surface associated Ca2* revealed a signiñcantly greater increase in cell

surface Ca2* in LDL treated cells. The pathophysiological consequences of this are

unclear, however a plasmalemmal bound Ca2+ pool has been suggested to be involved

in contractile activity of the rabbit aorta3E8. The concentrations of LDL cholesterol

employed in the present study (0.1-2.5 ¡rmol/ml) were within the physiological range for

humans3e3. VLDL also increased the rate of exchange in the slowly exchangeable pool

and tended to increase the I¿3* displaceable C** (although the latter did not reach

statistical signif,rcance). The data are in accord with previous studies which have

demonstrated that atherosclerotic conditions or elevated cholesterol levels in aortic tissue

result in a substantial increase in tissue associated .ul"iurrzcrso. Afthough much of the

Ca2* found in an atherosclerotic plaque is extracellular in origin, a large portion does

appear to be intracellular'13r-132. The data presented here suggest that alterations in the

Ca2* handling capabilities of both the SR and the sarcolemma may be responsible for this
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change. The data also indicate that LDL is directty capable of affecting these changes

in the smooth muscle cell.

The mechanism of action of LDL on the cells is not entirely clear but increased

cholesterol deposition within the smooth muscle cell would be the most probable

interpretation. Alterations in sarcolemmal membrane cholesterol are capable of affecting

speciñc ion transport pathways in other tissuesra&rso. This would appear to be the case

in the present study, although isolation of the plasma membrane would be required for

definitive proof of this mechanism. No study to date has examined Ca2+ flux in

cholesterol-enriched sarcolemmal membranes from vascular smoofh muscle. It is clear

that the effects observed were not due to a change in the passive permeability properties

of the cells as this exchange component is much slower than the ZO-50 minute exchange

half-time for the slow exchange fraction exhibited by the cells in the present study.

Oxidatively modified LDL particles have been suggested to play a signif,rcant role

in atherogenesisss-87, and oxidation of the cholesterol moiety of the LDL complex has

been implicated as contributing to this enhanced atherogenicityes. Recently, panasenko

et a13% have shown that incubation of erythrocytes with in vitro oxidized LDL particles

or LDL particles of patients with known ischemic heart disease resulted in a similar

enhanced transport of cholesterol to these cells over that observed using LDL particles

from healthy volunteers. They suggested a similarity between oxidatively modified LDL

particles and those found in patients with ischemic heart disease. In the present study,

blood lipoprotein, lipid, and oxidized cholesterol levels were measured in a group of

individuals known to be at decreased risk for ischemic heart disease, namely the
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derivatives of cholesterol can be used as a risk marker

atherosclerosis.
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The Inuit included in this study showed characteristics different from the control

population. They exhibited a mean age L2 years greaúer than controls. In addition, the

ponderal index @I) was significantly lower in the Inuit group. This is consistent with

previous studies which have also shown the Inuit to have ponderal indices lower than

those of the predominantly caucasian North Ame¡ican population. Insurance statistics

have shown significantly higher mortality rates for non-Inuit North-Americans with a pI

below l2.53es - The validity of using PI to assess obesity has come under question3%.

Other assessments of obesity, such as skinfold measurements, have shown the Inuit to

be more lean than their North American counterparts, and a lower pI is thought to reflect

a constitutive difference in stature in this population3tr.

Previous studies have shown that the Inuit population had significantty lower

levels of triglycerides, cholesterol and ß-lipoproteins compared with caucasian

controls3e'3eE. fn contrast, the present study shows no significant differences between the

Inuit and control subjects with respect to these parameters (Table 8). This discrepancy

may in part be due to the acculturization of the Inuit, which has been particularily rapid

over the past 15 years3s. Similar to previous re¡rcrts3ø,rre 1¡" data presented in the

present study show the Inuit to have significantly higher levels of serum a-lipoprotein

(IIDL)' which has been shown to have a strong negative relationship with coronary artery

disease3e3. This may be one explanation for the continued lowered incidence of ischemic
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heart disease in the Inuit.

The Inuit showed a decreased concentration of both VLDL and LDL associated

apolipoprotein compared with control subjects, despiûe similar ß-lipoprotein cholesterol

levels. Since the apolipoprotein component of LDL particles is thought to consist

entirely of apoBam, this suggests a lower apolipoprotein B level in the Inuit. Elevated

apoB has been identified as a predictor for the risk of premature co¡onary artery disease

despite normal serum and LDL cholesterol levelsor,@. Thus a decreased LDl-associated

apoB level might also be contributing to the reduced risk of ischemic heart disease in the

Inuit population.

Both the incidence of identifiable species of oxidized cholesterol, and the total

amount of oxidized cholesterol expressed per mg of apolipoprotein was found to be

higher in the Inuit as compared to the control subjects. Although limited by sample size,

the data obtained in this pilot study suggest that in this population, the levels of oxidized

cholesterol in the various lipoprotein fractions cannot be used as negative risk ma¡kers

for the development of coronary artery disease. However, the simultaneous presence of

another disease process could also be a confounding factor in the inuit population studied

here. In order to conclusively demonstrate the validity of using oxidated derivatives of

cholesterol as risk markers, a prospective study involving a large number of subjects

needs to be performed.

In summary, thepresent results demonstrated that incorporation of cholesterol into

isolated cardiac sarcolemmal vesicles resulted in a signif,rcant stimulation of Na*-Ca2*

exchange. This stimulation was specif,rc to Na+-Ca2+ exchange as the activities of both
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Ca2*-M*z* ATPase (C** pump) and Na+,K+ ATpase were inhibited by cholesterol

enrichment. Extensive oxidation of membrane cholesterol by cholesterol oxidase

significantly increased membrane permeability characteristics. I-ess extensive oxidation

of membrane cholesterol directty inhibited sarcolemmal Na*-Ca2* exchange and to a

lesser extent, Ca2* pump activiry. Passive Ca2* binding to the sarcolemma was

strikingly stimulated. These data suggest that cholesterol plays an important role in the

modulation of cardiac sarcolemma Na+-Ca2+ exchange activity. Oxidation of membrane

cholesterol significantly altered ionic interactions in cardiac sarcolemma and may

represent an important mechanism whereby free radicals exert their effects.

This study also established that extended incubation of cultured vascula¡ smooth

muscle cells with LDL alters Ca2+ interactions within the cell. Both the sarcolemmal and

SR Ca2+ pools appeared to be affected. Since both of these pools have been suggested

to be involved in contractile activity of vascular smooth muscle, these results may have

implications for abnormal contractile activity of arterial tissue segments under

atherosclerotic conditions and may help explain the vascula¡ hlperreactivity observed in

hypercholesterolemia and atherosclerosis.

Examination of the sen¡m lipid and lipoprotein profile in a population with

decreased risk of developing CHD, namely the Inuit showed levels of triglycerides,

cholesterol and ß-lipoprotein similar to a westernized caucasian cohort. Both HDL and

oxidized derivatives of cholesterol were found to be higher in the Inuit subjects. These

findings suggest that serum levels of oxidized cholesterol cannot be used as a an

independent risk marker for the development of CHD. More epidemiological studies are
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required to assess the clinical correlates of an increased serum level of oxidized

derivatives of cholesterol-
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