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Abstract

The high density lipoprotein (HDL) receptor Scavenger Receptor, Class B, Type I (SR-
BI) is a 509 amino acid integral membrane protein which has been shown to have an
important role in HDL-mediated reverse cholesterol transport. SR-BI has been shown to
mediate selective uptake of cholesterol, and also mediates efflux of cholesterol to HDL as
seen in in vitro cell culture studies. SR-BI is abundant in the liver and steroidogenic
tissues, and is also present in macrophages, which play an important role in the initial
stages of atherosclerotic development. SR-BI has been shown to be protective against
atherosclerosis by way of overexpression and knockout (KO) studies in murine
atherosclerosis models, including low density lipoprotein receptor (LDLR) knockout
mice, apolipoprotein E (ApoE) knockout mice, and human apolipoprotein B (ApoB)
transgenic mice. SR-BI/LDLR double knockout (dKO) mice show a 6-fold increase in
diet-induced atherosclerosis compared to LDLR single KO controls, and SR-BI/ApoE
dKO mice show severe coronary occlusion, myocardial infarction, and premature death
on a normal chow diet. In both, plasma total cholesterol levels are significantly elevated,
and associated with abnormally large HDL particles. The majority of SR-BI’s
atheroprotective effect has been shown to result from plasma cholesterol clearance by
way of selective uptake in the liver. Recently, Covey et al showed that elimination of SR-
BI expression in macrophages of LDLR KO mice resulted in increased diet-induced
atherosclerosis. To see if SR-BI in macrophages contributes to the overall

atheroprotective effect of SR-BI in ApoE KO mice, presumably by mediating cellular
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cholesterol efflux to HDL, selective deletion of SR-BI was induced in bone marrow
derived cells of ApoE KO mice using bone marrow transplantation. Female ApoE -/-
recipient mice were transplanted with either SR-BI +/+ ApoE -/- or SR-BI -/- ApoE -/-
bone marrow from male donor mice, and fed a high fat diet for 12 weeks. This resulted in
significantly increased atherosclerosis in mice transplanted with SR-BI -/- ApoE -/- bone
marrow, with a concomitant decrease in cholesterol associated with HDL-sized
lipoproteins. No significant differences were seen in plasma total cholesterol levels or
levels of cholesterol associated with non-HDL lipoproteins. These data suggest that SR-
BI in macrophages contributes to SR-BI’s overall protective effect against
atherosclerosis, and also plays a role in the regulation of HDL cholesterol, in ApoE

deficient mice.
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1. Introduction

1.1 Atherosclerosis and Plasma Cholesterol

Atherosclerosis, the leading cause of death in North America, is characterized by
deposition of lipid and fibrosis in artery walls, and is a major risk factor for stroke, heart
disease, and vascular disease [Mahley RW, 1983]. Atherosclerosis is currently viewed as
an inflammatory process instrumental in initiating and promoting plaque lesion
development eventually resulting in thrombotic events [Libby P, 2003].
Hypercholesterolemia is a significant risk factor for the development of atherosclerosis.
This link between elevated plasma cholesterol levels and atherosclerosis was first
described a century ago when atherosclerosis was relatively uncommon [La Rosa JC,
2003]. Prevalence of atherosclerosis and coronary heart disease increased thereon as a
result of factors such as cigarette smoking, high-fat diets, and sedentary lifestyles [La
Rosa JC, 2003].

Cholesterol is primarily transported in blood via lipoproteins, including low
density lipoproteins (LDL) and high density lipoproteins (HDL) [Libby P et a/, 2001].
After being absorbed in the digestive system, cholesterol is packaged into chylomicrons,
which are transported to the liver; chylomicrons mainly transport dietary triglycerides to
extrahepatic tissues such as adipose tissue and muscles [Gotto AM Jr, 1988]. Cholesterol
and remaining triglycerides are then transported to the liver, and chylomicron remnants

are endocytosed and internalized into hepatic cells [Gotto AM Jr, 1988]. From the liver,
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cholesterol is packaged into very low density lipoproteins (VLDL) and sent into
circulation; VLDL also mainly consists of triglycerides, which is transported from the
liver to extrahepatic tissues [Tulenko TN et al, 2002]. Lipoprotein lipase converts VLDL
to LDL, by first hydrolyzing triglycerides, resulting in the generation of intermediate
density lipoprotein (IDL), which is then converted to LDL [Tulenko TN ez al, 2002].
LDL and HDL differ from chylomicrons and VLDL in that they are both composed of a
hydrophobic core of cholesteryl esters, with a much smaller triglyceride component
[Krieger M, 1998]. LDL is the major lipoprotein involved in the transport of cholesterol
to peripheral tissues, whereas HDL is involved in a process called reverse cholesterol
transport, mediating delivery of cholesterol from peripheral tissues back to the liver and
steroidogenic tissues for metabolism, excretion, or steroid biosynthesis [Krieger M,
1998].

Unlike chqumicrons and VLDL, which are composed mainly of triglycerides,
both LDL and HDL consist of an outer layer of phospholipid and free cholesterol
surrounding a central hydrophobic core of cholesteryl esters [Krieger M, 1998]. Various
apolipoproteins are associated with HDL and LDL. For instance, apolipoprotein Al
(ApoAl) and apolipoprotein AIl (ApoAll) are associated with HDL and are required for
structural integrity as well as for the activity of enzymes such as lecithin cholesterol
acyltransferase (LCAT), involved in cholesteryl ester synthesis, described later [Tailleux
A, 2002]. Apolipoprotein B100 (ApoB100) is the only lipoprotein associated with LDL,

playing an important function in binding to the LDL receptor [Krieger M, 1998].
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The atherosclerotic process begins with endothelial injury and the accumulation
of cholesterol (in the form of lipoproteins such as LDL) in the subendothelial region of
the artery known as the intima [de Villiers W] ef al, 1999]. Oxidation of LDL, along with
a variety of other factors, triggers monocytic invasion of the site. As the monocytes
differentiate into macrophages, endocytosis of oxidized LDL occurs, and the intracellular
accumulation of cholesterol results in the formation of foam cells, resulting in a fatty
streak [Schwartz CJ et al, 1991; de Villiers WJ ef al, 1999]. This is followed by smooth
muscle cell migration and proliferation and the subsequent formation of an
atherosclerotic plaque. As the lesion progresses, plaque rupture or thrombus formation
may occur, potentially resulting in complete occlusion of the vessel and distal infarction
[Schwartz CJ ef al, 1991; de Villiers W et al, 1999].

The discovery of the LDL receptor by Brown and Goldstein in 1985 was a major
contribution in the effort to partially understand the metabolic bases for vascular disease.
Later, the Framingham Heart Study provided epidemiological evidence for a low plasma
HDL level being an independent predictor for coronary artery disease development
[Gordon T et al, 1977], meaning that plasma levels of plasma low density lipoprotein
(LDL) cholesterol are directly related to the risk of developing atherosclerosis, whereas
levels of plasma high density lipoprotein (HDL) cholesterol are inversely related to this
risk [Krieger M, 1998; Kwiterovich PO Jr, 1998]. This is now known to be because of the
role of HDL in reverse cholesterol transport.

Reverse cholesterol transport is the primary physiological process that protects

peripheral tissues, such as macrophages in atherosclerotic plaque in the artery wall, from
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excessive cholesterol accumulation [Krieger M, 2001; Tall AR, 1998]. This process is
largely HDL mediated [Rigotti A et al, 1997]. The protein ABCA1 (ATP binding cassette
transporter A1) mediates efflux of cholesterol from macrophages to ApoAl [Singaraja
RR et al, 2003], a major apolipoprotein associated with HDL. Esterification of
cholesterol is carried out by LCAT; from here, cholesteryl esters can be shuttled to other
lipoproteins such as VLDL and LDL via cholesteryl ester transfer protein (CETP)
[Yamashita S et al, 2001]. Any remaining HDL associated cholesteryl esters are taken up
in the liver by a process known as selective lipid uptake [Glass C et al, 1983; see 1.2
Scavenger Receptor, Class B, Type I and Selective Uptake]. Although most current
atherosclerosis treatments revolve around lowering LDL levels, recent trials involving
manipulations of the reverse cholesterol transport pathway by increasing HDL levels
have shown promising results in the treatment of atherosclerosis: infusion of
reconstituted HDL and synthetic ApoAl/phospholipid complexes has been shown in
animals and humans to result in marked regression of atherosclerotic disease [Newton RS
et al, 2002].

Apart from reverse cholesterol transport, HDL also protects against
atherosclerosis via its roles in the inhibition of processes such as monocyte chemotaxis
and LDL oxidation [Nofer JR et al, 2002; Bonnefont-Rousselot D ef al, 1999], both of
which are instrumental in the initiation of atherosclerotic plaque formation. At the heart
of reverse cholesterol transport is the interaction between cells and lipoproteins, which
results in cholesterol flux between the two. This flux consists of cholesterol efflux,

cholesterol influx, and net cholesterol flux [Ji Y ef al, 1997; Jian B et al, 1998]. The



M.Sc. Thesis — A. Rizvi McMaster -- Biochemistry

discovery of proteins that mediate cholesterol movement between cells and acceptors
such as the scavenger receptor, class B, type 1 (SR-BI) and ABCA1 have revitalized the
study of the interaction between cells and lipoprotein, the flux of cholesterol, and its

physiological implications [Rothblat GH et al, 2002].

1.2 Scavenger Receptor, Class B, Type I and Selective Uptake

The HDL receptor Scavenger Receptor, Class B, Type I (SR-BI) is a 509 amino
acid integral membrane protein with a molecular weight of 84 kDa, which has been
shown to have an important role in HDL-mediated reverse cholesterol transport [Krieger
M, 2001]. It is composed of two transmembrane domains, a short N terminus, a slightly
longer C terminus, and a large extracellular portion [Krieger M, 2001; Trigatti et al,
2000°]. SR-BI is a member of the CD36 family of proteins, with 30% sequence
homology to CD36, and is expressed in a variety of tissues [Trigatti BL ef al, 2000?]. SR-
Bl is abundant in liver hepatocytes and Kupffer cells in the liver, as well as steroidogenic
tissues such as the adrenal glands, testes, and ovaries [Trigatti BL ef al, 2000°; Krieger
M, 2001]. SR-Bl is also present in macrophages, vascular endothelium, and a variety of
other tissues [Krieger M, 2001]. It is a multi-ligand receptor that mediates binding of
various ligands including HDL, LDL, modified HDL and LDL, apolipoproteins such as
ApoAl and ApoE, and modified (but not native) serum albumin [Trigatti BL ef al, 2000%;

Krieger M, 2001; Acton S et al, 1996].
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The process of cholesterol delivery to the liver and steroidogenic tissues via HDL
was initially thought to be receptor independent [Krieger M, 2001]. It was later found to
involve a unique process mediated by SR-BI called selective cholesterol uptake [Acton S
et al, 1996; Trigatti BL et al, 2000°]. In the case of the LDL receptor, bound lipoproteiné
are taken up via a well-characterized pathway involving endocytosis in clathrin-coated
pits, with subsequent hydrolysis of LDL in lysosomes [Goldstein JL ef al, 1985]. Like the
LDL receptor, SR-BI mediates the uptake of cholesterol from lipoproteins via binding of
the lipoprotein; however, cholesterol from HDL is taken up by SR-BI mediated selective
uptake, where cholesteryl esters are transferred into cells from the hydrophobic core of
the lipoprotein, without net internalization or subsequent degradation of the entire particle
[Acton S et al, 1996]. After transfer of lipids, the lipoprotein particle is released back into
the extracellular space [Trigatti BL et al, 2000°; Krieger M, 2001]. The detailed
mechanism behind the dissociation of lipids from proteins in selective uptake is not yet
clear, but several mechanisms have been suggested. First, SR-BI may mediate this by
providing a hydrophobic channel allowing lipid transfer by diffusion from the lipoprotein
particle to the plasma membrane [Rodrigueza WV et al, 1999]. By hydrolyzing
phospholipids on the surfaces of HDL and the plasma membrane, phospholipases such as
hepatic lipase may help facilitate the transfer of lipid from lipoprotein to cell [Lambert G
et al, 1999]. A second postulated mechanism involves transient internalization of the
HDL particle into the early endosome system in the cell via SR-BI mediated endocytosis,

with emptying of its cholesteryl ester components, and subsequent recycling and
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transport of depleted HDL particles back to the membrane for resecretion [Silver DL et
al, 2001]. The exact mechanism behind SR-BI mediated selective uptake is not yet clear.

As mentioned, CETP has been implicated in the facilitation of selective uptake.
CETP facilitates the transfer of cholesteryl esters from HDL to apolipoprotein B (ApoB)-
containing lipoproteins such as VLDL, IDL, and LDL [Yamashita S et al, 2001], and this
remodeling by CETP is thought to further predispose HDL to selective uptake [von
Eckardstein A et al, 2001]. Because mice do not express CETP, a much larger proportion
of cholesteryl ester elimination in them is carried out via selective uptake, whereas
selective uptake accounts for significantly less cholesteryl ester elimination in species
that express CETP [Barter PJ et al, 2003]. Indeed, CETP is currently being studied as a
therapeutic target in the treatment of atherosclerosis because CETP inhibitors have been
shown to raise HDL concentration and decrease concentrations of LDL and ApoB [Barter
PJ et al, 2003]. ApoE may also have a role in the mediation of selective uptake. In ApoE
deficient mice, selective uptake is seen to be reduced [Arai T ef al, 1999], suggesting that
ApoE may also have a role in HDL-SR-BI interaction.

In cell culture studies, SR-BI has been shown to mediate cholesterol efflux from
cells [Ji Y ef al, 1997]. It has been seen that levels of cholesterol efflux from cells to
HDL are related to the level of SR-BI expression in these cell types [Jian B ef al, 1998].
The rate of cholesterol release shows most sensitivity at the lower concentrations of SR-
BI; however, the rate is not proportional the level of SR-BI expression [Jian B et al,
1998; Rothblat G et al, 1999]. Further, cholesterol efflux to HDL is significantly

increased from cells transiently transfected with SR-BI [Rigotti A et al, 1995]. Studies
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conducted using stably transfected CHO or transiently transfected COS cells showed that
SR-BI expression can stimulate bi-directional cholesterol flux by mediating efflux of cell
cholesterol as well as influx of cholesterol from HDL [de la Llera-Moya M et al, 1999].
Some have suggested that SR-BI expression can stimulate cholesterol efflux to
phospholipid vesicles not bound to SR-BI [Calvo D et al, 1998]. Studies with CD36 have
demonstrated that although binding occurs with both SR-BI and CD36, lipid transport is
only established with SR-BI [Gu X et al, 1998; de la Llera-Moya M ef al, 1999]. In
addition, experiments using an anti-mSR-BI blocking antibody have shown that blocking
lipoprotein binding to SR-BI also blocked cholesterol efflux to HDL and LDL [Gu X et
al, 2000]. Based on these data, binding seems to be important yet not sufﬁéient for lipid
transfer [Gu X et al, 1998; Gu X et al, 2000].

The fact that SR-BI is expressed most highly in the liver and steroidogenic tissues
suggests that it is a physiologically relevant receptor. This is because these tissues have
been shown to have the highest levels of selective HDL cholesteryl ester uptake [Krieger
M, 2001]. Additionally, studies in transgenic and knockout mice, described next, have

shown that SR-BI alteration has a corresponding effect on cholesterol metabolism.
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1.3 Role of SR-BI in Various Physiological Systems

1.3.1 Role of SR-BI in Lipoprotein Metabolism

The role of SR-BI in lipoprotein metabolism and cardiovascular pathology has
been revealed by studies conducted in mice lacking SR-BI, partially lacking SR-BI, and
with hepatic overexpression of SR-BI on wild-type backgrounds as well as on various
murine models of atherosclerosis. These models include: the ApoE knockout mouse,
which is hypercholesterolemic and develops atherosclerosis spontaneously [Nakashima Y
et al, 1994; Reddick RL et al, 1994], the LDL receptor knockout mouse, a murine model
for familial hypercholesterolemia that develops diet-induced atherosclerosis [Breslow JL,
1996], and the human ApoB transgenic mouse model of diet-induced atherosclerosis
[Purcell-Huynh DA et al, 1995; Callow MJ et al, 1995].

Wild-type mice normally have plasma cholesterol levels of ~100 mg/dl, primarily
associated with a single lipoprotein, HDL [Rigotti ef al, 1997]. ApoE knockout mice have
plasma cholesterol levels of about 400 to 500 mg/dl [Breslow JL, 1996; Dansky HM et
al, 1999], mainly due to collections of VLDL remnants and IDL/LDL sized lipoproteins
[Plump AS et al, 1992]. Plasma cholesterol levels in LDL receptor knockout mice are not
as elevated as in the ApoE knockout mouse, but are raised slightly to about 175 to 225
mg/dL [Ishibashi S, 1993], due to the appearance of LDL in the plasma. Human ApoB
transgenic mice have plasma cholesterol levels of approximately 140 mg/dl on a chow

diet [Purcell-Huynh DA er al, 1995].
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When fed a high fat diet, both LDL receptor knockout and ApoE knockout mice
develop severely elevated plasma cholesterol compared to mice on normal chow, from 2
to 5-fold, due to increased VLDL sized and IDL/LDL sized lipoproteins. [Plump AS et
al, 1992; Breslow JL, 1996; D‘avis HR et al, 2001; Covey SD et al, 2003]. Human ApoB
transgenic mice fed a high fat diet have total plasma cholesterol levels of about 310 mg/dl
[Purcell-Huynh DA et al, 1995], due to increased synthesis and decreased clearance of
human ApoB containing lipoproteins [Purcell-Huynh DA ef al, 1995; Ueda Y et al,
2000].

Table 1 shows the effects of SR-BI manipulations in various backgrounds on
lipoprotein metabolism and atherosclerosis. Adenovirus-mediated SR-BI overexpression
in the liver results in decreased plasma cholesterol levels and increased biliary cholesterol
[Kozarsky KF et al, 1997]. Although these mice show low levels of HDL in plasma, this
1s more indicative of increased clearance of cholesterol from plasma than the associated
elevated risk for atherosclerosis. In transgenic mice with hepatic overexpression of SR-BI
introduced by replacing the SR-BI promoter region with the human ApoAl promoter,
HDL was seen to be decreased in plasma in both normal chow and fat fed mice [Ueda Y
et al, 1999]. Similar results were seen in SR-BI transgenic mice created using the
ApoE/C-I promoter [Wang N ef al, 1998].

Conversely, SR-BI knockout mice show larger quantities of circulating HDL than
wild-type mice in their lipoprotein profiles [Rigotti A et al, 1997]. In addition, these
particles are abnormally large. This is believed to result from a lack of hepatic cholesterol

clearance from the plasma [Rigotti A et al, 1997; Van Eck ef al, 2003; Trigatti BL et al,

10
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2000%; Trigatti B ef al, 2000°, Mardones P ef al, 2001]. In mice lacking SR-BI, biliary
cholesterol is decreased, without any significant differences in bile acid or fecal bile
secretion; bile acid pool size also remains unaltered [Mardones P et a/, 2001]. These
findings show that cholesterol uptake in the liver is reduced with SR-BI deletion,
evidenced by lowered cholesterol secretion in bile, signifying the importance of SR-BI in
the regulation of HDL metabolism, HDL cholesterol uptake and clearance (by
steroidogenic tissues and/or the liver), and biliary cholesterol levels [Mardones P et al,
2001]. Supporting this are studies in SR-BI attenuated (SR-Blatt) mice. These mice have
a mutation in the SR-BI promoter; in homozygous SR-Blatt mice, hepatic SR-BI
expression is reduced by about 50%, total plasma cholesterol is increased by about 50-
70% almost exclusively due to increased HDL, HDL particles are increased in size, and
HDL phospholipids as well as ApoAl levels are raised [Varban M et al, 1998].

SR-BI is also known to mediate cholesterol clearance from ApoB containing
lipoproteins such as VLDL and LDL. In fact, the initial identification of SR-Bl as a
scavenger receptor was based on its ability to bind acetylated LDL (AcLDL) [Acton S et
al, 1994], and this binding property was the first used in defining scavenger receptors
[Brown MS et al, 1983]. Studies involving SR-BI overexpression in the liver of wild-type
mice have shown reduced levels of both ApoB and VLDL/LDL cholesterol in addition to
HDL [Kozarsky KF ef al, 1997; Ueda Y et al, 1999]. Moreover, in hemizygous human
ApoB transgenic animals, mice fed normal chow showed reduced HDL and VLDL/LDL.
However, when fed a high fat diet, only HDL was seen to be reduced, with normal VLDL

and LDL levels [Arai T et al, 1999]. Interestingly, attenuated SR-BI levels in LDL

11
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receptor knockout mice showed increased ApoB and LDL levels compared to LDL
receptor knockout mice with normal levels of SR-BI; this was found to be due to
increased LDL cholesterol production rather than reduced clearance, suggesting that
increased atherosclerosis due to down-regulation of SR-BI may result partially from
increased LDL cholesterol [Huszar D et a’l, 2000]. Complete deletion of SR-BI in mice
on an ApoE -/- or LDL receptor -/- backgrounds, however, showed raised total
cholesterol due to large HDL particles, and reduced ApoB and LDL cholesterol [ Trigatti
B et al, 1999; Covey SD et al, 2003]. The reduced ApoB and LDL may be a result of
altered VLDL/LDL secretion resulting from altered HDL uptake [Sniderman et al, 2003].
These findings point to a strong role for SR-BI in cholesterol and lipoprotein
metabolism and clearance, and suggest a significant role for SR-BI in the pathogenesis of

atherosclerosis.

1.3.2 Role of SR-BI in Cardiovascular Pathology

Lack of SR-BI has been shown to markedly accelerate atherosclerotic
development in both ApoE and LDL receptor knockout mice [Trigatti B et al, 1999 ;
Braun A et al, 2002; Covey SD et al, 2003]. SR-BI/ApoE double knockout mice fed
normal chow show marked atherosclerosis development within a few weeks of age and
die at an average of about 6 weeks of age from extensive coronary occlusions and
myocardial infarctions [Braun A et al, 2002] in contrast to ApoE single knockout mice,
which normally live over 1 year and develop less severe atherosclerosis [Calara F ef al,

2001]. These findings have suggested that SR-BI is protective against atherosclerosis.

12
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A summary of the effects of SR-BI manipulations on atherosclerosis in mice with
various genetic backgrounds is shown in Table 1. Atherosclerosis is generally seen to be
reduced with SR-BI overexpression, presumably due to increased clearance of HDL and
non-HDL cholesterol [Kozarsky KF et al, 2000; Arai T et al, 1999]. The exception is
seen in human ApoB-transgenic mice fed a high fat diet, in which 2-fold hepatic SR-BI
overexpression resulted in decreased atherosclerosis, whereas 10-fold overexpression
resulted in three times more atherosclerosis than with 2-fold overexpression, indicating
that extremely high levels of SR-BI expression may result in a pro-atherogenic state that
could potentially be a result of marked changes in lipoprotein structure, composition, and
function [Ueda Y et al, 2000]. Atherosclerosis is seen to increase in wild-type or LDL
receptor knockout mice lacking SR-BI placed on a high fat diet [Covey SD et al, 2003,
Van Eck et al, 2003]. However, as described, SR-BI/ApoE double knockout mice show
dramatically accelerated atherosclerosis development on a normal chow diet, associated
with premature mortality [Braun A et al, 2002].

The antioxidant drug probucol cén be used to help overcome the effects seen in
the SR-BI/ApoE double knockout mouse [Braun A ef al, 2003]. Probucol has been shown
to rescue infertility in SR-BI -/- females [Miettinen H ez a/, 2001, Introduction, /.3.3 Role
of SR-BI in the Female Reproductive System]. It also has recently been seen that probucol
can rescue the premature mortality seen in SR-BI/ApoE double knockout mice, extending
lifespan from 6 weeks to up to 60 weeks. It has been shown to almost completely reverse

all cardiac and most erythrocyte abnormalities, as well as abnormal lipoprotein
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morphologies seen in SR-BI/ApoE double knockout mice, by about 5-6 weeks of age

[Braun A et al, 2003].

1.3.3 Role of SR-BI in the Female Reproductive System

SR-BI knockout female mice are infertile, and their ovaries have been seen to
have significantly reduced lipid stores, again consistent with the idea that SR-BI mediates
selective uptake of cholesterol into cells; however, their estrus cycles and ovulation
patterns are not significantly different from their wild-type counterparts [Trigatti B et al,
1999; Krieger M, 2001]. Other murine homozygous knockout mutants [LCAT, acyl-coA
cholesterol acyl transferase (ACAT), and ApoAl] show similar lipid-depletion patterns in
steroidogenic tissues without infertility; also, relatively normal levels of estrogen and
progesterone in SR-BI knockout mice indicate that steroid hormone biosynthesis activity
is adequate in these models [Trigatti B et al, 1999]. On further analysis, viability studies
have shown that alterations in morphology of oocytes from SR-BI knockout females
seem to have a role in the arrested development of embryos in these mice [Krieger M,
2001; Trigatti B et al, 1999].

SR-BI knockout females have been shown to regain fertility with administration
of the drug probucol [C 31H4802S2: 516.84; 4, 4' - Isopropylidenedithio - bis (2,6 - di -
tert - butyl — phenol)], a cholesterol-lowering, anti-atherogenic antioxidant drug
[Miettinen H ef al, 2001]. Inactivation of the ApoA1 gene can also rescue infertility in

SR-BI knockout females [Miettinen H ef al, 2001]. In light of these findings, it is likely
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that infertility in SR-BI knockout females is the result of abnormal lipoprotein
metabolism. As mentioned, other female homozygous mutants with low plasma
cholesterol levels retain fertility; therefore, it seems that low plasma cholesterol is not the
primary phenomenon leading to loss of fertility in female SR-BI knockout mice. It has
been suggested that specific abnormalities in the composition and structure of
lipoproteins may be responsible for this phenotype [Miettinen H ef al, 2001; Krieger M,
2001]. For instance, HDL normally contains the lipid soluble Vitamin E [Mardones P et
al, 2002]. Vitamin E is transported in lipoproteins and is required for murine female
fertility; it may be delivered to cells via SR-BI [Mardones P et al, 2002], along with other
fertility factors, and hindrances in delivery may result in disruptions in important ovarian
functions and normal oocyte production [Miettinen H ef al, 2001]. Although there is a lot
yet to uncover, this information suggests that the primary reason for infertility in SR-BI
knockout females has more to do with abnormal lipoprotein structure and metabolism
than with alterations in plasma cholesterol levels or with a direct effect of a lack of SR-BI

in the ovary.

1.3.4 Role of SR-BI in the Gastrointestinal System

In the gastrointestinal system, SR-BI is expressed on the apical surfaces of
intestinal epithelial cells, and in vitro cell culture studies have shown that SR-BI may
have a role in cholesterol absorption [Hauser H ef al, 1998]. As mentioned, SR-BI

knockouts and SR-Blatt mice both show a decrease in biliary cholesterol levels, in the
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absence of altered absorption or fecal sterol excretion in mice lacking functioning SR-BI
[Trigatti B et al, 1999; Ji Y et al, 1999; Mardones P et al, 2001]. This indicates that
although SR-BI may have a role in intestinal absorption of cholesterol, there are likely
several effective compensatory mechanisms at play that result in normal cholesterol
absorption rates in SR-BI knockout mice [Krieger M, 2001; Mardones P et al, 2001].
Whereas hepatic expression of SR-BI plays a critical role in HDL-associated cholesterol
metabolism, intestinal expression of SR-BI does not seem to be essential for adequate

cholesterol absorption [Mardones, P et al, 2001].

1.3.5 Effects of SR-BI on Erythrocyte Morphology

SR-BI has also been shown to have an effect on erythrocyte morphology. SR-BI
knockout mice show disruptions in late erythroid differentiation [Holm TM et al, 2002].
These morphological abnormalities are more pronounced with marked
hypercholesterolemia, as seen in the SR-BI/ApoE double knockout mouse; in contrast to
ApoE single knockout mice showing normal erythrocyte morphology, erythrocytes from
SR-BI double knockout mice show characteristics of intermediates in reticulocyte
differentiation such as macrocytosis, irregular shape, and large autophagosomes [Krieger
M, 2001; Holm TM ef al, 2002; Covey SD et al, 2003].

These effects are likely due to increased cholesterol content in cells; expulsion of
autophagosomes can be induced in vitro by cholesterol removing agents such as methyl 3

cyclodextrin, or in vivo by infusing abnormal cells into SR-BI expressing mice [Holm
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TM et al, 2002]. Furthermore, abnormal erythrocyte morphology can be corrected with
probucol [Braun A et al, 2003]. This suggests that this phenotype results from altered
lipoprotein metabolism and/or lipoprotein structure in these cells [Holm TM et al, 2002;

Braun A et al, 2003; Covey SD et al, 2003].
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Manipulation Genetic HDL VLDL/LDL | Atherosclerosis
background | Cholesterol | Cholesterol
Adenovirus- Wild type Decreased [1] | Decreased [1]
mediated
[1,2] LDL receptor | Decreased [2] | No effect [2] Decreased [2]
KO'
Liver Transgenic Wild type Decreased [3] | Decreased [3]
Overexpression | [APOA-l o o
promoter] Human apoB | Decreased [4] Minimal Decreased in mice
[3,4] transgenic difference [4] with 2x-
overexpression [4]
No reduction in
mice with 10x
overexpression [4]
Transgenic Wild type Decreased [5] | Decreased [5]
{ApoE
promoter] Heterozygous | Decreased [6] | Increased [6] Decreased [6]
[5,6] LDL receptor
mutant
Wild type Increased Increased diet
[7,15] cholesterol induced [15]
SR-BI KO associated
ApoE KO [16] | with large size Increased on chow
HDL [16]
Reduction of LDL receptor [7,8,15,16] No change on
SR-BI KO [8] chow Increased diet
Decreased on induced [8]
HF? diet [8]
SR-BI att Wild type Increased [11] { No effect [11]
ApoE KO No effect [14] | No effect [14]
LDL receptor | No effect [13] | Increased on Increased on HF
KO HF diet [13] diet [13]

Table 1. Effects of SR-BI manipulation on plasma lipoprotein cholesterol levels and
atherosclerosis in mice with various genetic manipulations. [References for Table 1
on the following page].

' KO: knockout
2 HF: high fat
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1.4 Macrophage SR-BI and Bone Marrow Transplantation

SR-BI is expressed in macrophages [Krieger M, 2001} and macrophages are
directly involved in atherosclerotic plaque development [Schwartz CJ ef al, 1991; de
Villiers WJ et al, 1999]. As mentioned, deletion of SR-BI accelerates atherosclerosis
development in both ApoE and LDL receptor knockout mice. A major component in the
anti-atherogenic effects of SR-BI has to do with increased hepatic clearance of
cholesterol from plasma [Mardones P ef al, 2001] as described. It is also known that SR-
BI mediates cholesterol efflux from cells to lipoprotein acceptors [Ji Y et al, 1997]. What
is the physiological relevance of SR-BI in macrophages in vivo? Potentially, does SR-BI
in macrophages have a contributing role in cardiovascular pathology? Whether SR-BI
can facilitate efflux of cholesterol from macrophages to HDL in vivo has not yet been
established. Based on its properties in mediating bi-directional flux, SR-BI in
macrophages may play an important anti-atherogenic role presumably by facilitating
efflux to HDL or, alternatively, mediate cholesterol delivery to macrophages and thus
accelerate foam cell formation.

An effective and efficient method to study the roles of genes in macrophages is
via bone marrow transplantation and the creation of chimeric mice. Macrophages are
derived from monocytes, which originate in the bone marrow; therefore, bone marrow
transplantation makes available a method whereby selective genetic alterations can be
introduced into bone marrow derived cells, including macrophages [Linton MF, 1999;

Herjgers N et al, 1997]. This technique has been used, for example, to test the role of
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ApoE in mouse macrophages, where ApoE -/- bone marrow cells were transplanted into
wild-type mice, showing an increase in atherosclerosis compared to control wild-type
mice transplanted with ApoE +/+ bone marrow [Fazio S et al, 1997]. Bone marrow
transplantation has also been used to create chimeric mice (on an LDL receptor knockout
background) expressing ApoE only in bone marrow derived cells, showing that
physiological expression of ApoE in macrophages reduced atherosclerosis in
hyperlipidemic mice [Fazio S et al, 2002]. Similar studies have been carried out to test
the role of proteins implicated in cholesterol efflux such as ABCA1 [Aiello R ef al,
2002]. ABCA1 encodes a membrane protein that facilitates cholesterol efflux from cells
to lipid-deficient ApoAl; homozygous mutations in ABCAL1 result in Tangier disease,
characterized by accumulation of cholesterol-laden macrophages and HDL deficiency
[Rust S ef al, 1999]. R. Aiello and colleagues used bone marrow transplantation to create
chimeras with ABCAI1 selectively knocked out in bone marrow derived cells, showing
that atherosclerosis increased in ApoE knockout as well as LDL receptor knockout mice
that lacked functioning ABCA1 in macrophages [Aiello R ef al, 2002; van Eck M et al,
2002]. The role of macrophage fatty-acid-binding protein aP2 (a protein involved in the
regulation of systemic insulin resistance and lipid metabolism) in atherosclerosis has also
been tested via bone marrow transplantation, showing increased atherosclerosis in mice
with aP2 null macrophages [Makowski L et al, 2001; Layne MD et al, 2001].

Bone marrow transplantation has thus been used widely as a method to test the
roles of specific proteins in macrophages and their contribution to the development of or

protection against atherosclerosis.
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Using bone marrow transplantation to create chimeric mice selectively lacking
functional SR-BI in bone marrow derived cells has shed light on the physiological
relevance of macrophage SR-BI on atherogenesis. This may open up new avenues of
research into the mechanisms by which macrophage SR-BI confers these effects in vivo.
Atherosclerosis development in hyperlipidemic chimeric mice (of an ApoE or LDL
receptor knockout background) lacking normal, functioning SR-BI in bone marrow
derived cells was compared to mice possessing normal, functioning SR-BI in bone
marrow derived cells as a test to see what role macrophage SR-BI plays in the
development of atherosclerosis. This can also indicate whether macrophage SR-Bl is a
contributing factor in the overall anti-atherogenicity conferred by SR-BI in mice.

Recently, Scott Covey, a colleague in the laboratory found that selective
elimination of SR-BI expression in bone marrow derived cells increased diet-induced
atherosclerosis development in LDL receptor knockout mice [Covey SD et al, 2003]. My
project has centered on looking at the effects of bone marrow-specific SR-BI deletion on

atherosclerosis development in ApoE knockout mice.
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1.5 Project Overview

To study the role of SR-BI in macrophages in hyperlipidemic mice (ApoE -/-),
bone marrow transplantation was used to generate chimeric mice lacking SR-BI in bone
marrow derived cells, including monocytes and macrophages. Bone marrow cells from
mice either lacking or possessing normal levels of SR-BI were transplanted into recipient
mice and the development of atherosclerosis in these chimeric mice was determined.

I used inbred female C57Bl/6 ApoE knockout mice as recipients to reduce
variability due to genetic background differences, and due to their elevated susceptibility
to developing atherosclerosis compared to mice of mixed or other genetic backgrounds
[Fazio S et al, 2001; Dansky HM et al, 1999]. Mixed background SR-BI +/+ ApoE -/-
control or SR-BI -/- ApoE -/- mice were used as donors. The effect of altering SR-BI in
macrophages on atherosclerotic development was assessed histologically via analysis of
aortic root cross sections and measurement of plaque surface area in mouse aortas. The
effect of elimination of macrophage SR-BI on plasma cholesterol levels and lipoprotein
profiles was also assessed via analysis of blood samples from these mice.

The project was geared towards the following objectives:

1. To establish conditions for bone marrow repopulation of C57BL/6 ApoE

knockout mice.

2. To use bone marrow transplantation to generate ApoE knockout mice

selectively SR-BI-deficient in bone marrow derived cells.
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3. To determine the effect of selective SR-BI deficiency in bone marrow derived
cells of ApoE knockout mice on lipoprotein cholesterol levels.

4. To determine the effect of selective SR-BI-deficiency in bone marrow derived
cells of ApoE knockout mice on diet induced atherosclerosis in the aortic

sinus and proximal and distal aorta.

1.6 Hypothesis

We predict that SR-BI in macrophages contributes to the athero-protective effect

of SR-BI as demonstrated in transgenic and knockout animals. Whereas hepatic SR-BI

contributes to this effect via cholesterol uptake, macrophage SR-BI may do so via

mediating cholesterol efflux from cells to HDL, as it has been shown to do in vitro.
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2. Materials and Methods

2.1 Materials

Chemicals and reagents used are listed in Table 2.

Table 2. Reagents and Suppliers

Chemical/Reagent Supplier

Acetone BDH

Agarose GibcoBRL

Ammonium Chloride BDH

Ammonium Sulfate BDH

Anti-CD11b (MAC-1)-biotinylated antibody PharMingen, Catalog #
01712D

Aquaperm Mounting Medium ThermoShandon

f-mercaptoethanol Sigma

Bovine Serum Albumin GibcoBRL

Cholesterol Stock Solution 2 g/l Wako Chemicals

Cryomatrix ThermoShandon

dATP, dCTP, dGTP, dTTP (all 100 mM) MBI Fermentas

Dimethyl Sulfoxide (DMSO) Sigma

EDTA BDH

Ethidium Bromide Sigma

Fc Blocker/Purified CD16/CD32 PharMingen, Catalog #
553141

Fetal Bovine Serum GibcoBRL, Sigma

10% Formaldehyde Solution Sigma

37% Formaldehyde Solution ACP

L-Glutamine Invitrogen

Glycerol-Gelatin Sigma

Heparin Sigma

High Fat Western-Type Mouse Diet Harlan Teklad, Dyets

Hydrogen Chloride EM Science

Infinity Cholesterol Liquid Stable Reagent Kit ThermoDMA

Iscove’s Medium GibcoBRL

Isoflurane Abbott Laboratories

Isopropanol Sigma, ACP

Jell-O Kraft
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Lactated Ringer’s Injection USP Baxter Corporation

Magnesium Chloride EM Science

Mayer’s Hematoxylin Sigma

2-Methyl-2-Butanol Fischer

2-Methylbutane EM Science

Normal Chow Mouse Diet Harlan Teklad (#7004,
#7904 irradiated)

NucleoSpin Blood Quick Pure Mini Kit BD Biosciences, Clontech

NutriCal (Nutritional Supplement Paste) Tomlyn Products

Oil Red O Sigma

Penicillin-Streptomycin GibcoBRL

Potassium Chloride Bioshop

Potassium Dihydrogen Orthophosphate BDH

Probucol Mouse Diet (0.5% Probucol) TestDiets

Proteinase K Roche

SDS Bioshop

Sodium Azide J.T. Baker Chemical Co.

Sodium Chloride Bioshop

Sodium Dihydrogen Orthophosphate Bioshop

SR-BI Primer, oDT44, common Mobix

SR-BI Primer, oDT66, wild-type specific Mobix

SR-BI Primer, Si75, neo-specific Mobix

Streptavidin-Cy-Chrome (Cy5) Conjugate PharMingen, Catalog #
554062

Sudan IV Sigma

Taq Polymerase Promega

2,2,2 Tribromoethanol Aldrich

Trimethaprim-Sulfamethoxazole (Apo Sulfa-Trim) Apotex Inc.

Tris Bioshop
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2.2 Methods

2.2.1 Generation and Maintenance of Mice

C57B1/6 ApoE -/- or C57B1/6 LDLR -/- founders (backcrossed 10 times) were

obtained from Jackson Laboratories (http://www.jax.org) and bred in the Barrier Unit of

the Central Animal Facility at the McMaster University Health Sciences Centre. SR-BI
+/- ApoE -/- mice on a mixed C57Bl/6 x 129 Agouti genetic background were obtained
from Dr. Monty Krieger at the Massachusetts Institute of Technology, and mated to
generate SR-BI +/+ ApoE -/- and SR-BI -/- ApoE -/- donor mice. Green fluorescent
protein (GFP) transgenic mice were provided by Dr. Masaru Okabe at the Osaka
University, Japan. After irradiation and/or transplantation, mice were housed in an ultra-
clean “biobubble” facility in the main Central Animal Facility at the McMaster
University Health Sciences Centre.

Female C57Bl/6 ApoE -/- mice were used as bone marrow recipients. Recipients
received bone marrow cells from male SR-BI +/+ ApoE -/- (control group) or SR-BI -/-
ApoE -/- (experimental group) donor mice on a mixed genetic background.

Due to the infertility of SR-BI -/- female mice [Trigatti B et a/, 1999], limitations
on the generation of SR-BI -/- ApoE -/- donor mice necessitated regular genotyping of
mice generated from breeding pairs in which females were heterozygous for SR-BI and

the males were either heterozygous or homozygous for mutant SR-BI. This problem was
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handled successfully later on during the course of the project, when we obtained the drug
probucol to rescue the infertility of the female SR-BI -/- breeders.

Recipient mice were maintained on a normal chow diet. Donor mice and the
breeders used to generate them were maintained on a diet containing the drug probucol
(0.5% probucol) [Miettinen H ef al, 2001] to aid the generation of desired offspring (see
1.3 Role of SR-BI in Various Physiological Systems). Probucol can also be administered
to breeding pairs with homozygous SR-BI knockout females, allowing for efficient and
expedient generation of SR-BI knockout mice [Miettinen H et al, 2001].

Breeding pairs and pups were housed in separate rooms. Pups were separated

from parents at 3 weeks of age, and males and females housed in separate cages.

2.2.2. Preparation of DNA from Mouse Tail Biopsies

Two days after weaning, mice were anesthetized using the inhalational anesthetic
Isoflurane. Numbered identification was assigned to mice via ear tags. Tail samples were
obtained for genotyping by cutting approximately 1 cm of tail with a clean razor blade.
Bleeding ends were cauterized, and samples were placed in 400 pl tail lysis buffer (200
mM NaCl, 40 mM Tris pH 8.0, 20 mM EDTA, 0.5% SDS, and 0.5% [B-mercaptoethanol)
with 20 mg/ml Proteinase K in a 1.5 ml microtube [Laird PW et al, 1991]. Tail samples
were digested overnight at 55°C, vortexed periodically during digestion, and centrifuged
at 14,000 rpm for 10 minutes. Supernatant containing DNA was transferred to a fresh

tube, 1 ml of 99% isopropanol was added, and precipitation of DNA was brought about
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by inverting the tube several times [Laird PW ef al, 1991]. The whitish strands of
precipitated DNA were lifted out using a clean pipette tip and transferred to a fresh tube.
After approximately 30 minutes to 1 hour of drying time, DNA was placed in 0.2 ml TE
(pH 8.0) buffer overnight at 37°C for complete dissolution [Laird PW et al, 1991]. 4 ul
DNA solution was diluted 100-fold in ddH,O.

PCR was used to identify wild type and mutant alleles for each mouse. (see 2.2.8.

PCR Genotyping).

2.2.3. Collection of Blood

Mice were anesthetized using the injectable anesthetic Avertin (2.5 g 2,2,2
tribromoethanol, 5 ml 2-methyl-2-butanol, diluted to a 2.5% concentration in PBS,
neutral pH). 0.3-0.5 ml 2.5% Avertin in PBS was injected intraperitoneally for anesthesia
in mice to collect blood for flow cytometric analysis, PCR genotyping, or plasma analysis
for cholesterol and lipoprotein levels prior to being placed on a high fat diet. Once
anesthetized, mice were bled through the tail vein, by cutting approximately 1 cm of the
tail end and the tail was “milked” with the fingers, allowing blood to collect in a 1.5 ml
microtube containing 1 pl of the anticoagulant heparin (10,000 U/ml PBS). The tube was
inverted and gently shaken sporadically to allow heparin to mix with the blood. An
average of ~150 ul blood per mouse was collected by this method.

For exsanguination by cardiac puncture, a lethal dose of approximately 0.8-0.9 ml

2.5% Avertin in PBS was injected intraperitoneally. A 1 ml syringe was heparinized by

29



M.Sc. Thesis — A. Rizvi McMaster -- Biochemistry

loading approximately 10-20 pl heparin (10,000 U/ml PBS) to coat the walls of the
syringe. A 25G% needle was used to collect blood in the syringe by cardiac puncture,
carried out by insertion of the needle just under the left subcostal margin, close to the
sternum, and further into the left ventricle of the heart, from which blood was gently
drawn. Collected blood was transferred to a fresh heparinized 1.5 ml microtube (1 pl
heparin, 10,000 U/ml PBS), and mixed. An average of ~0.8 ml blood per mouse was

collected by this method.

2.2.4. Preparation of Plasma and Analysis of Plasma and Lipoprotein Cholesterol

For plasma analysis, blood was collected by tail vein bleeding at 4 weeks post-
transplantation (before placing mice on a high fat diet). For analysis at the end of the 12
week period during which mice were fed a high fat diet, blood was collected by cardiac
puncture (see 2.2.3. Collection of Blood). Blood samples were centrifuged at 14,000 rpm
for 5 minutes at 4°C, and plasma (supernatant) containing lipoproteins was isolated and
transferred to a fresh tube. Plasma samples from mice in the same group (experimental or
control) were pooled, and lipoproteins were separated by size from 0.1 ml pooled plasma
by gel filtration chromatography using an AKTA FPLC with a Superose 6 HR 10/30
column and 154 mM NaCl/1 mM EDTA, pH 8 (lipoprotein FPLC buffer) as the elution
solution [Rigotti A ef al, 1997]. 0.25 ml fractions were assayed for total cholesterol levels
using a coupled enzymatic assay comprised of cholesterol esterase, cholesterol oxidase,
and peroxidase (Infinity Cholesterol Liquid Stable Reagent Kit) [Allain CC ef al, 1974;

Roeschlau P et al, 1974] with the reactions shown in Table 3.

30



M.Sc. Thesis — A. Rizvi McMaster -- Biochemistry

Table 3. Coupled enzymatic assay (Infinity Cholesterol Liquid Stable Reagent Kit)
kinetics.

Substrate/Reactants Enzyme Products
Cholesterol Esters Cholesterol Esterase Cholesterol + Fatty Acids
Cholesterol + O, Cholesterol Oxidase Cholest-4-en-3-one + H,0O,
2H,0; + hydroxybenzoic Peroxidase Quinoneimine Dye + 4H,0
acid + 4-aminoantipyrine

Each 0.25 ml fraction was mixed and 0.05 ml was diluted 2-fold with lipoprotein
FPLC buffer to a total volume of 0.1 ml on a 96 well plate. 0.2 ml reagent was added to
each sample. The samples were incubated at 37°C for 30 minutes and absorbance values
at 500 nm were determined using a 96 well plate reader machine. Standard curves were
plotted based on a range covering 0-30 pg cholesterol, from a cholesterol stock solution
(2 g/1). The quantity of total cholesterol in each sample was determined based on the
linear equation, and corrected to total cholesterol in mg/dl of plasma per fraction. These
data were used to generate lipoprotein profiles. Total cholesterol levels (mg/dl of
plasma) for each fraction were plotted against fraction number for both the experimental
and control groups, before and after administration of the high fat diet.

Original plasma samples were also assayed for total plasma cholesterol levels. In

this case, 1 pl of sample was diluted 100-fold with the described lipoprotein FPLC
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buffer, and the assay technique described was applied using the same range of cholesterol

amounts for standard curves.

2.2.5. Bone Marrow Transplantation

Male donor mice with genotypes SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- were
euthanized by carbon dioxide asphyxiation and cervical dislocation. In the case of
experiments to test for repopulation by flow cytometry (Results, 3.1 Conditions for Bone
Marrow Transplantation and Repopulation), donor mice were ApoE -/- and green
fluorescent protein (GFP) transgenic. Donor mice were then sprayed with ethanol, a
superficial incision was made in the abdomen, and abdominal skin was removed, keeping
the peritoneal membrane intact. Femurs and tibias were removed and dissected free of
extraneous tissue using autoclaved instruments. Bones were placed in a 35 mm cell
culture dish containing Iscove’s medium with 2% heat-inactivated fetal bovine serum
supplemented with 2 mM L-glutamine and 50 mg/ml-50 U/ml penicillin-streptomycin.
Under sterile conditions in the tissue culture hood, the ends of bones were cut with sterile
instruments, and bone marrow was flushed out of the bones with Iscove’s medium (with
supplementations described previously) using a 26GY%; needle and 1 ml syringe, from both
ends of each bone. Cells were placed in the same media and cell culture dishes were kept

on ice. Bone marrow cells were dispersed by passage through a 21 G needle twice and

through a 26 G needle 4 times. Cells were filtered using a 100 pm cell strainer (Falcon)
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into a sterile 5 ml tube and kept on ice. The total volume of each suspension was adjusted
to 400-500 pl with media with the goal to transplant a volume of 200 pl (~7.5 x 10° cells)
into each mouse.

Female C57B1/6 ApoE-/- recipient mice were irradiated during two sessions three
hours apart to ablate their bone marrow. A total dose of 1000 ¢Gy or 900 cGy was
divided into 600 cGy and either 400 cGy or 300 cGy. Irradiation was carried out using
either a cobalt (Co-60) source in the hot cell at the McMaster Nuclear Reactor facility, or
a cesium (Cs-137) 7y source in the ultra-clean “biobubble” facility mentioned above.

After irradiation, recipients were anesthetized via the administration of
intraperitoneal injections of 0.3-0.4 ml 2.5% Avertin in PBS. Mice were placed on their
sides on a cushion of autoclaved paper towels, and eyelids retracted until the eye bulged
out. A 1 ml syringe containing 200 pl of bone marrow cell suspension was used to inject
cells intravenously into the retro-orbital plexus of the recipient mouse through a 26G%2
needle perpendicularly inserted 2-3 mm deep through the conjunctiva into the eye socket
behind the eyeball. Bone marrow cells harvested from a single donor were injected into
the retro-orbital venous plexuses of two recipients (~7.5 x 10° cells per mouse).

Using SR-BI/ApoE double knockout mice as donors had the limitation that these
mice die at ~6-8 weeks of age [Braun A et al, 2002]; for this reason, careful coordination
was required to ensure that recipient mice reached the age of 12 weeks, the age at which
they are transplanted, at a time when SR-BI/ApoE double knockout mice were within
their range of life. To counter this, donor mice in both experimental and control groups

were fed a diet containing probucol, a drug useful in this case for its lipid-lowering, anti-
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atherogenic, and antioxidant properties [Braun A et al, 2003], and shown to rescue early
mortality in SR-BI/ApoE double knockout mice as well as infertility in SR-BI knockout
females as mentioned [Miettinen H et al, 2001; Braun A et al, 2003]. Probucol was
administered to both SR-BI+/+ ApoE-/- and SR-BI-/- ApoE-/- donor mice awaiting bone
marrow harvesting, making up 0.5% of the composition of their diets. This extended their
lifespan and allowed for better coordination of donor-recipient co-availability for
experiments.

For about 4 to 7 days before transplantation, mice in both groups were also given
water containing 6.25 ml 40 mg/ml trimethaprim and 8 mg/ml sulfamethoxazole per
200ml (1.25 mg/ml trimethaprim, 0.25 mg/ml sulfamethoxazole, final concentrations), to
help accustom them to antibiotic-containing drinking water and also to prophylactically
counter infection during the immediate, post-radiation stage. After transplantation, all
mice were daily given water containing trimethaprim-sulfamethoxazole at the
concentrations described above, Jell-O containing‘the same concentration of
trimethaprim-sulfamethoxazole, powdered food with nutritional supplement paste

(NutriCal) dissolved in water, and dry pelleted food for a period of two weeks.
2.2.6. Induction of Atherosclerosis
Four and a half weeks after transplantation, mice were fasted for 14-16 hours, and

blood samples were obtained from mice by tail vein bleeding for the purpose of assessing

bone marrow reconstitution by PCR and analysis of plasma for cholesterol levels (see
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2.2.3. Collection of Blood). The mice were then placed on a high fat western-type diet
(Harlan Teklad, Dyets: 42% fat, 0.15% cholesterol) to accelerate the development of
atherosclerosis. After twelve weeks on the high fat diet, mice were again fasted for 14-16
hours, euthanized via a lethal intraperitoneal dose of 2.5% Avertin in PBS, and blood was
collected (see 2.2.3 Collection of Blood) for assessment of plasma cholesterol and

lipoprotein levels. Aortas and hearts were harvested for histological analysis.

2.2.7. Preparation of Blood Cell DNA

Four and a half weeks after transplantation, mice were anesthetized using Avertin
and blood was withdrawn from their tail veins into 1.5 ml heparinized microtubes (see
2.2.3. Collection of Blood). 50 ul of collected blood was used for DNA isolation and
bone marrow reconstitution assessment by PCR. DNA from blood samples was isolated
using a NucleoSpin Blood Quick Pure Mini kit. 5 pl of the eluted DNA (total volume 50
ul) was diluted 5-fold with ddH,O, and samples were genotyped using PCR for wild-type

and mutant SR-BI alleles. (see 2.2.9. PCR Genotyping).

2.2.8. Flow Cytometric Analysis of Blood Cells

Four and a half weeks after transplantation with GFP-transgenic bone marrow in
the same way as described in 2.2.5 Bone Marrow Transplantation, blood was withdrawn

from mice by tail bleeding for flow cytometric analysis (see 2.2.3. Collection of Blood).
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30 pl of each blood sample was placed in individual wells on a round-bottomed 96 well
tray. 0.1 ml of Tris-NH4Cl1 (17 mM Tris, 0.747% NH4Cl, filter sterilized) was added to
the blood samples, and samples were incubated at 37°C for 10 minutes for lysis of red
blood cells. Samples were centrifuged at 4°C at 1000 x g for 3 minutes, and supernatants
were removed. Again, 0.1 ml Tris-NH4Cl was added and incubation and centrifugation
was repeated as above. Supernatants were removed, and pellets were washed with ice
cold FACS (fluorescence activated cell sorting) buffer (PBS with 0.1% BSA and 0.1%
sodium azide), centrifuged again as above, and supernatants removed.

Apart from those cells representing the non-CD11b controls, cells were labelled
first with Anti-CD11b (MAC-1)-biotinylated antibody (0.5 mg/ml). For each sample,
originally from 30 pl blood, cells were suspended in 50 pil labeling solution (50 pl FACS

buffer, 0.5 pl antibody, 0.1 pl Fc blocker' or purified CD16/CD32, 0.5 mg/ml) and

incubated at 4°C for 30 minutes in the dark. Cells were then centrifuged at 4°C at 1000 x
g for 3 minutes. Supernatants were drained and cells were washed with ice cold FACS
buffer as above. Following this, secondary labeling solution was added containing
Streptavidin-Cy-Chrome (Cy5) conjugate” (0.2 mg/ml). In this case, 0.3 ul Streptavidin-

Cy-Chrome conjugate was added to 50 pl ice cold FACS buffer, but with no Fc block.

! Antibody that reacts specifically with a common nonpolymorphic epitope on extracellular domains of
mouse Fcylll and Feyll receptors (Unkeless JC, 1979; Ravetch, IV ef al, 1986), as well as possibly the Fcyl
receptor (Unkeless JC, 1979), therefore blocking non-antigen-specific binding of immunoglobulins to the
Feylll, Feyll, and potentially the Feyl receptor.

2 Absorption maximum 650 nm, emission maximum 670 nm,
(http://www .bdbiosciences.com/pharmingen/protocols/Fluorochrome).
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Again, the suspended cells were incubated in secondary labeling solution for 30 minutes
at 4°C in the dark.

Cell suspensions were centrifuged as above and supernatants were drained. Cells
were then washed twice with ice-cold FACS buffer and resuspended in 0.1 ml of the
same. They were then filtered through a 50 pm nylon mesh (Sefar) and transferred to
small 5 ml clear, round-bottomed, snap cap tubes (Falcon, Catalog # 352058). Flow
cytometric analysis of cells was carried out on a FACSVantage at the Flow Cytometry

Facility at the McMaster Health Sciences Center by Hong Liang.

2.2.9. PCR Genotyping

20 ul of a PCR master mix was added to 5 pl of diluted DNA prepared either
from tail biopsies (see 2.2.2. Preparation of DNA from Mouse Tail Biopsies) or blood cell
DNA (see 2.2.7. Preparation of Blood Cell DNA). For each 20 pl aliquot, the

composition of the PCR reaction is shown in Table 4.
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Table 4. PCR reaction composition per 20 pl aliquot.

McMaster -- Biochemistry

Reagent Volume
10X PCR buffer
(per 10 ml: 5 ml 1.34 M Tris-HCI, pH 8.8;
1 ml 1.66 M (NH4),SO4; 1 ml 670 mM 2ul
MgCl,; 35.1 pl 2-mercaptoethanol; 1.34 ul
0.5 M EDTA, pH 8.0; 1.34 ul ddH,0)
1.6 mg/ml BSA'
(BSA diluted to 1.6 mg/ml with filter 0.1251
sterilized ddH,O, boiled for 15 min, stored
at -20°C)
dNTP mix 1l
(25 mM each: dATP, dCTP, dGTP, dTTP)
ddH;O 13.175 ul
DMSO’ 2.5
Taq Polymerase 0.2l
Primer 1° (100 pg/ml) 0.5 ul
Primer 2° (100 pg/ml) 0.5 ut

! Bovine Serum Albumin
? Dimethyl Sulfoxide

* Two separate sets of reactions were set up: the first for the wild-type allele, and the second for the mutant
aliele. Each used the same common primer, as well as a second specific primer for the respective allele.
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Separate reactions were carried out for the wild-type and mutant allele, with the
common primer 5’-TGA AGG TGG TCT TCA AGA GCA GTC CT-3’ (oDT 44) with
either 5’-TAT CCT CGG CAG ACC TGA GTC GTG T-3’ (oDT 66, primer specific for
wild-type allele, ~1.9 kb) or 5’-GAT TGG GAA GAC AAT AGC AGG CAT GC-3’
(Si75, primer specific for mutant allele, ~1.4 kb). PCR was started with an initial cycle of
denaturation at 94°C for 2 minutes, annealing at 57°C for 2 minutes, and extension at
65°C for 5 minutes. 40 subsequent cycles followed with denaturation at 94°C for 30
seconds, annealing at 57°C for 30 seconds, and extension at 65°C for 90 seconds. Finally,
extension was carried out at 65°C for 10 minutes. PCR products were separated on a 1%

agarose gel stained with ethidium bromide.

2.2.10 Tissue Collection and Morphometric Analysis of of Aortas and Aortic Sinus

After 12 weeks on the western diet, mice were fasted overnight for 16 hours, and
injected with a lethal dose (approximately 0.9 ml) of 2.5% Avertin in PBS. Mice were
sprayed down with ethanol and blood was collected by cardiac puncture for plasma
analysis (see 2.2.3. Collection of Blood).

An incision was made in the lower abdomen, cutting through the peritoneum and
then up towards the thorax. The rib cage was opened and skin flaps pinned down. The
circulatory system was perfused with approximately 10 ml PBS containing 1 mM EDTA

(4°C, pH 8.0) via a winged butterfly needle (23G x 0.75” needle, 127, 0.4 ml tubing,
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Terumo Medical Corporation) inserted into the apex of the heart, and a plunger-less 30
ml syringe as the fluid reservoir. After perfusion was seen to be complete (indicated by
pallor of organs such as the liver, lungs, and kidneys), the lungs and all abdominal organs
obliterating the view of the aorta were removed. The diaphragm was cut down to the
posterior abdominal wall. Iliac arteries were cut distal to the iliac bifurcation, and the
aorta was pulled up and slowly removed by cutting it away posteriorly, close to the spine,
moving superiorly. After cutting up to the level of the diaphragm, carotid arteries were
dissected out and severed from the neck. Dissection of the aorta from the spine was now
continued from the level of the arch moving inferiorly until completely detached
[Tangirala RK et al, 1995].

Aortas were then placed under a dissecting microscope and dissected partially
free of fat and extraneous tissues. The point of branching of the brachiocephalic and
carotid arteries was located, and the aorta was cut proximal to the emergence of these
branches. Aortas were placed in 10% formaldehyde solution for approximately 3 days.
Subsequently, they were removed, rinsed with distilled water, and placed on a tissue
culture plate. Under a dissecting microscope, they were dissected free of all extraneous
tissue and adventitious fat. To keep aortas moist during this time, they were frequently
dipped in distilled water. After clearing most fat and extraneous tissue, a razor blade was
used to cut off vascular branches. Aortas were then rinsed in distilled water, placed in a
scintillation vial with 70% ethanol for 30 seconds, and then in another vial with Sudan IV
solution (0.5 g Sudan IV, 36.8 ml 95% ethanol, 50 ml acetone, 13.2 ml ddH,0), to stain

lipid-rich areas red, for 15 minutes on a shaking tray. On removal, aortas were placed in a
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scintillation vial with 80% ethanol for one minute to remove excess Sudan IV, and rinsed
in distilled water. They were then placed again under a dissecting microscope to remove
any extraneous fat that may have been left, now seen as stained red. A single aorta was
now placed on a superfrost plus microscope slide (VWR Canlab, Catalog # 48323-185)
and longitudinally cut open using dissecting microscissors (Roboz Surgical Instrument
Co., Inc.) with a 5 mm blade. Aortas were opened and mounted onto slides using
glycerol-gelatin (59% w/v glycerol, 0.9% w/v gelatin, 1% w/v phenol) pre-warmed to
55°C. Each aorta was held open on the slide using blunt-ended pins, until the glycerol-
gelatin had cooled and held the open aorta in place [Tangirala RK et al, 1995]. Slides
were allowed to set overnight; all slides were digitally photographed by Tomas
Baumgartner, using a Canon D60 digital camera under identical lighting and
magnification conditions.

Lipid-rich lesion areas were quantified using Axiovision 3.1 software (Carl Zeiss
Vision). Aorta images were divided into 10 equal segments starting from the most
superior part of the arch down to the iliac bifurcation. The extent of atherosclerosis was
determined morphometrically via Axiovision 3.1 software (using the outline spline tool)
as the ratio of the area of lipid-rich Sudan IV stained plaque in the total aorta or given
segment to the total area of the aorta or given segment for each mouse.

Hearts were cut at the atrioventricular plane and both portions of each heart were
embedded in frozen specimen embedding medium containing 10% polyvinyl alcohol and
4% polyethylene glycol (cryomatrix), placed in a dry ice / 2-methylbutane bath and

subsequently stored at -80°C.
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Using a cryotome, cross sections of hearts were collected. Approximately 120 10
Um frozen cross sections from the aortic sinus were collected onto slides, starting at the
level of the aortic root and moving distally (four sections per slide). Slides were fixed in
37% formaldehyde solution for 1 minute, washed with tap water 7 times, and then stained
in a working solution of Oil Red O [96 ml Oil Red O stock (2.5 g Oil Red O, 500 ml
isopropanol), 64 ml ddH,0], to stain lipids red, for 15 minutes. Slides were then washed
2 times with tap water, and stained for 5 minutes in Mayer’s Hematoxylin for nuclear
staining. Following this, they were washed twice with tap water, once with distille.d
water, and covered with a layer of Aquaperm mounting medium. They were left to dry
overnight, and imaged the next day using a Zeiss Axiovert 200M inverted microscope at
5x magnification. Lesion area quantitation for plaques was carried out morphometrically
using the outline spline tool in Axiovision 3.1 software. Total lesion area was determined
as the sum of all lesion area values from one cross section. The distance in um from the
aortic root was plotted against mean lesion area for the experimental and control groups,
and statistical analysis was carried out using a T-test. The section at the aortic root

showing all three valve leaflets was assigned the first section, at a distance of 0 um, and

serial sections were quantitated at 80 pm intervals from here, moving distally.
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3. Results

3.1 Conditions for Bone Marrow Transplantation and Repopulation

In order to establish conditions for bone marrow transplantation, I carried out a
series of control experiments together with Scott Covey, a colleague in the laboratory.
We reasoned that a facile method to assess bone marrow repopulation in transplanted
mice would be to use bone marrow from marked donors. We chose GFP-transgenic
mouse donors in which GFP (driven by the chicken B actin promoter) is expressed in all
tissues and cells except erythrocytes and hair follicles [Okabe M ef al, 1997]. We decided
that this would enable us to easily follow the fate of GFP-tagged donor derived cells in
non-transgenic recipient bone marrow transplanted mice.

The first experiment towards this goal involved analyzing blood samples from 2
control mice, one GFP transgenic, and the other non-GFP transgenic. Blood from these
mice was collected into heparinized tubes by tail vein bleeding, and erythrocytes were
lysed using ammonium chloride. Two blood samples from each were used, where one
sample was labelled with a biotinylated anti-CD11b (Mac-1) antibody and a secondary
reagent consisting of Cy-Chrome conjugated to streptavidin, and the other was not. In all
experiments, cells were analyzed by flow cytometry for GFP and cychrome fluorescence
by Hong Liang at the Flow Cytometry Facility at the McMaster University Health

Sciences Center, and results were analyzed by WinMDI 2.8 software.
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Figure 1 shows results of flow cytometric analysis of blood cells from GFP
transgenic (B and D) or control mice (A and C) labelled with anti-CD11b antibody (C,D)
or unlabelled (A,B). Each dot represents an individual cell, and fluorescence is measured
for both GFP and Cy-Chrome in relative fluorescence units (rfu).

Table 5 shows the number of cells counted in each quadrant of each panel of
Figure 1. In samples from GFP transgenic mice also labelled with CD11b antibody, the
percentage of CD11b expressing cells also expressing GFP was determined by
calculating the proportion of cells in the upper right quadrant as a percentage of the total
number of cells in the upper left and upper right quadrants. In the case of this control
experiment, 93.2% of all cells expressing CD11b were also GFP transgenic. This value
was used as a reference for subsequent bone marrow transplantation experiments that
tested the extent of repopulation using these flow cytometry analysis conditions.

Based on these results, bone marrow transplants were carried out on 2 ApoE -/-
mice with donor mice positive for green fluorescence protein (GFP) and recipients
negative for GFP, with the objective of testing the proportion of circulating CD11b+ cells
(including monocytes) that were donor bone marrow derived (GFP+). This would give us
an idea of the extent of bone marrow repopulation we could expect in our experiments.

Irradiation of these mice was carried out using a Co-60 source at a dose of 1200
cGy split into doses of 800 cGy and 400 cGy three hours apart. Bone marrow harvested
from GFP positive donors was transplanted into the GFP negative recipients (Materials
and Methods, 2.2.5. Bone Marrow Transplantation). For the first two weeks after

transplantation, mice were given trimethaprim-sulfamethoxazole in water (6.25 ml of 40
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mg/ml trimethaprim and 8 mg/ml sulfamethoxazole 200ml water at a final concentration
of 1.25 mg/ml trimethaprim and 0.25 mg/ml sulfamethoxazo]e), dry pelleted food,
powdered food and NutriCal supplement paste saturated in water (containing
trimethaprim-sulfamethoxazole at the concentrations above), and daily intraperitoneal
injections of 0.5 ml Lactated Ringer’s Solution.

Five weeks after transplantation, blood from these mice was collected into
heparinized tubes by tail vein bleeding, erythrocytes were lysed, and monocytes and
macrophages were labelled with a biotinylated anti-CD11b (Mac-1) antibody as well as a
secondary reagent consisting Cy-Chrome conjugated to streptavidin, as described. Again,
cells were analyzed by flow cytometry for GFP and cychrome fluorescence (Figure 2).
Reconstitution of donor-derived monocytes and macrophages was indicated by the
percentage of total CD11b expressing cells also expressing GFP among all CD11b
expressing cells. It was seen that over 79% and 89% of CD11b expressing cells were
donor derived in each mouse respectively.

We concluded that GFP can be used efficiently as a marker to assess repopulation
in bone marrow transplanted mice. Based on these results, these transplantation
conditions were applied to further experiments.

Seeing these data, a series of experiments was carried out to assess the effect of
various radiation doses on repopulation and mortality, and look for a dose that was lethal,
yet allowed adequate repopulation of donor-derived cells. In the first of these
experiments, conducted by Scott Covey and myself, four groups of C57B1/6 ApoE -/-

mice were administered 600, 800, 1000, and 1200 cGy respectively using the same
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Figure 1. Flow cytometric analysis of GFP and CD11b expression in blood cells. Blood was collected
from non-GFP transgenic control (A,C) or GFP transgenic mice (B,D) as described in Materials and
Methods (2.2.3. Collection of Blood). Red blood cells were lysed and white blood cells were either
unlabelled (A,B) or labelled (C,D) with a biotinylated anti-CD11b antibody and Cy-Chrome (Pharmingen)-
conjugated streptavidin in the presence of Fc block®, as described in Materials and Methods (2.2.8. Flow
Cytometric Analysis of Blood Cells). CD11b expression (relative Cy-Chrome fluorescence units, rfu) is
plotted on the vertical axis, and GFP expression (rfu) is plotted on the horizontal axis for each cell analyzed
(each dot corresponds to an individual cell) by flow cytometry. The horizontal lines in each panel separate
cells with low (lower quadrants) and high (higher quadrants) CD11b expression. The vertical lines in each
panel separate cells with low (left quadrants) and high (right quadrants) GFP expression and were placed
based on panels A, B, and C.

* See Materials and Methods, 2.2.7. Flow Cytometric Analysis of Blood Cells
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Table 5. Flow cytometric analysis of blood cells from non-transgenic and GFP-
transgenic mice.

Number of Cells in Quadrant

Panel’ Upper Upper Lower Lower Total ~ URvsU (%)b
Left Right Left Right
A 0 1 3911 17 3929 NA
B 0 0 303 3610 3913 NA
C 950 0 2981 13 3944 NA
D 361 4952 2165 16347 23825 93.2

“panel in Figure 1
®percentage of cells in upper right quadrant versus upper right and upper left
NA: not applicable
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Figure 2. Flow cytometric analysis of blood cells after bone marrow transplantation.
ApoE -/- mice were irradiated with a dose of 1200 cGy using a cobalt (Co-60) source, and
transplanted with ~2.5 x 10° bone marrow cells from an ApoE -/- GFP transgenic donor.
One month after transplantation, blood was collected into heparinized tubes via tail vein
bleeding (Materials and Methods, 2.2.3. Collection of Blood). 30 pl of whole blood was
treated with NH4Cl to lyse erythrocytes, and white blood cells were washed and labelled
with biotinylated anti-CD11b antibody and Cy-Chrome (Pharmingen)-conjugated
streptavidin in the presence of Fc block (Materials and Methods, 2.2.8. Flow Cytometric
Analysis of Blood Cells). Cells were subjected to 2 color flow cytometry. Cy-Chrome
fluorescence, indicating CD11b expression (relative Cy-Chrome fluorescence units, rfu)
is on the vertical axis, and GFP fluorescence (relative fluorescence units, rfu) is on the
horizontal axis (see Materials and Methods, 2.2.8. Flow Cytometric Analysis of Blood
Cells for excitation and emission wavelengths). The boundaries of quadrants were set
based on the data from Figure 1. Cells in the upper quadrants have high levels of CD11b
expression (monocytes and dendritic cells), and cells in the right quadrants have high
levels of GFP expression and are therefore donor derived. Repopulation was assessed by
determining the proportion of CD11b+ cells that were also GFP+ according to the
formula UR/(UR+UL). For Mouse I (A), 79% of CD11b+ cells were donor derived, and
for Mouse 2 (B), 89% of CD11b+ cells were donor derived.
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conditions described above, except the first dose was 600 c¢Gy, and the second dose,
administered three hours later, was either 0, 200, 400, or 600 cGy. Mice were
transplanted with bone marrow from GFP transgenic mice. Like the previous
repopulation assessment experiment, five weeks after transplantation, blood from mice
was collected in heparinized tubes, erythrocytes lysed, and monocytes labelled with a
biotinylated anti-CD11b (Mac-1) antibody and the secondary reagent consisting of Cy-
Chrome conjugated to streptavidin. Flow cytometric analysis of cells from control GFP
transgenic and non-GFP transgenic mice was carried out in the same way as shown in
Figure 1 (data not shown).

In Figure 3, results are shown for individual representative mice from each dosage
group. Collectively, the upper quadrants represent cells expressing CD11b (including
monocytes), and repopulation is calculated by determining the percentage of CD11b
expressing cells also expressing GFP (upper right quadrant) among all of the cells
expressing CD11b (upper right and upper left quadrants). These percentages are shown in
Table 6 for each mouse in the experiment. 7

All mice showed efficient repopulation, (mean for all groups ~95%, range 89-
99%) including those that received lower radiation dosages. For each radiation group, one
mouse served as an irradiation control that was irradiated but did not receive bone
marrow. Out of these control mice, only the one in the 600 cGy dosage group survived
the 2 week period following irradiation, indicating that this dosage was sub-lethal. All

transplanted mice in the experiment survived.
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Figure 3. Effect of radiation dose on bone marrow repopulation. 2 or 3 ApoE -/-
recipient mice were exposed to a total of either 600, 800, 1000, or 1200 cGy using a Co-
60 irradiation source. The total dose was split into 2 doses: 600 cGy was given as the first
dose and then either 0, 200, 400, or 600 cGy 3 hours later. Bone marrow cells (~2 x 106)
from ApoE -/- GFP transgenic donor mice were injected into irradiated recipients
intravenously and mice were housed in the Central Animal Facility at McMaster
University (Materials and Methods, 2.2.1 Generation and Maintenance of Mice; 2.2.5.
Bone Marrow Transplantation). One month after transplantation, heparinized blood was
collected via tail vein bleeding (Materials and Methods, 2.2.3. Collection of Blood), red
blood cells were lysed, and white blood cells were labelled with a biotinylated anti-
CD11b antibody and Cy-Chrome (Pharmingen)-conjugated streptavidin. Cells were
analyzed by flow cytometry as described in the legend to Figure 1 (Materials and
Methods, 2.2.8. Flow Cytometric Analysis of Blood Cells). The degree of donor
repopulation was determined as described in the legend to Figure 2. Representative plots
are shown. Boundaries of quadrants were determined based on data from non-GFP
transgenic and GFP transgenic controls either labelled or unlabelled with CD11b, similar
to Figure 1 (not shown). Extents of repopulation are shown in Table 6.
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Table 6. Effect of radiation dose on bone marrow repopulation.

I”f‘cd(‘;;t)"’“ Iﬁzts';a} UL+UR®  UR® UR/(UL+UR) % ° A‘zﬁ/r:;ge

600 1o 7012 6737 96 93+ 6°
6691 6010 90

800 yes 6538 6280 96 93+£6°
6652 5974 89

1000 yes 7362 7264 98 98+ 1"
5119 5027 98
6518 6305 97

1200 yes 5815 5741 99 97 £3°¢
6956 6681 96

*Lethal dose: death within 14 days of irradiation in mice not receiving donor bone marrow
® cells in upper left and upper right quadrants
¢ cells in upper right quadrant
d . . .
percentage of cells in upper right versus upper left and upper right quadrants
¢ difference between repopulation of 2 mice
" standard deviation
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In subsequent transplantation experiments, post-transplantation mortality was
unacceptably high. At this point, we decided to change other factors apart from radiation
dosage in an attempt to rescue the raised post-transplantation mortality rate. These
changes were based on literature, results from past experiments, and information gathered
from autopsy reports of dead mice. Here on, recipient mice were transplanted at 12 weeks
of age instead of 6 weeks, and were given bone marrow cells harvested under sterile
conditions and filtered through a 100 um cell strainer. The dose of radiation was reduced
to 900 cGy, and trimethaprim-sulfamethoxazole was administered via Jell-O (5-7 ml Jell-
O per day, 1.25-0.25 mg/ml final concentration) in addition to drinking water with the
same final concentration of trimethaprim-sulfamethoxazole. Intra-peritoneal fluid
injections were also stopped, and only given when mice showed signs of moderate to
severe dehydration. Mice transplanted under these revised conditions showed almost
100% post-transplantation survival, and PCR analysis of blood (see below) demonstrated

efficient repopulation.

3.2 PCR to Test for Repopulation

For the previous experiments, I had used GFP transgenic donors and non-GFP
transgenic recipients to quantitatively assess bone marrow repopulation. For the
transplantation experiments required for the project, I used SR-BI +/+ ApoE -/- and SR-
BI -/- ApoE -/- donors to transplant cells into ApoE -/- recipients that had a defined

C57Bl/6 genetic background. Due to the unavailability of SR-BI/ApoE double knockout
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mice that were also GFP transgenic, we proceeded with the non-GFP transgenic mice that
were available to us and used a qualitative PCR test to check for repopulation.

Four and one-half weeks after transplantation, blood samples were drawn from
the tail veins of mice into heparinized tubes, and DNA was isolated using a NucleoSpin
Blood Quick Pure Mini kit. Genotyping of the SR-BI locus was carried out via PCR,
using separate reactions for the wild-type and mutant allels (see Materials and Methods,
2.2.9. PCR Genotyping).

In Figure 4, lanes 1-6 show PCR genotyping results from tail-derived DNA as
controls. Lanes 1 and 2 show SR-BI +/+ tail DNA, with detection of the wild type allele
only. Lanes 3 and 4 show SR-BI +/- DNA, with bands for both the wild-type and mutant
SR-BI alleles, and lanes 5 and 6 show SR-BI -/- DNA with only the mutant allele
detected. Blood cell DNA from chimeric mice is shown in the panel on the right in two
mice transplanted with SR-BI -/- bone marrow and one mouse transplanted with SR-BI
+/+ DNA. Lanes 7 and 8 show the results of one of the mice that received SR-BI -/- bone
marrow with successful repopulation as signified by a clear band in the reaction for the
mutant allele (lane 8) and the absence of a product in the reaction for the wild-type allele
(lane 7). The second mouse, (lanes 9 and 10) is an example of inadequate repopulation,
showing both wild-type and mutant alleles. The PCR results for this mouse are not as
clear, but are reported and shown here as an example of one of two mice in the entire
study that showed incomplete repopulation. These mice were excluded from the study. In
the blood from a mouse that received SR-BI +/+ bone marrow (lanes 11 and 12), only the

wild-type allele is seen on PCR analysis as expected.

53



M.Sc. Thesis — A. Rizvi McMaster -- Biochemistry

SR-BI Genotype 1 /-
PCR |Wild Typef + +
Reaction Miiterit " i

T

Blood Cell DNA

WT ~1.9 kb > Es
Mut ~1.4 kb >

Lanes 2003 405 6 R8O O 11 12

Figure 4. PCR genotyping analysis of blood cells after bone marrow transplantation
for repopulation assessment. One month after bone marrow transplantation, blood was
collected from mice in heparinized tubes by tail vein bleeding (Materials and Methods,
2.2.3. Collection of Blood). DNA from blood was prepared using a Nucleospin Quick
Pure Mini kit (BD Biosciences), and PCR analysis was carried out using primers to detect
either the SR-BI +/+ or SR-BI -/- allele (Materials and Methods, 2.2.7. Preparation of
Blood Cell DNA; 2.2.9. PCR Genotyping). Lanes 1-6 represent PCR analysis of tail-
derived DNA from controls of the specified genotype. Lanes 7-12 show results of PCR of
blood cell DNA from mice transplanted with either SR-BI +/+ (lanes 11, 12) or SR-BI -/-
(lanes 7-10) donor bone marrow. Lanes 1, 3, 5, 7,9, and 11 correspond to the wild-type
PCR reaction; wild-type PCR product has a size of ~1.9 kb as indicated. Lanes 2, 4, 6, 8,
10, and 12 correspond to the mutant-specific PCR reaction; mutant PCR product is ~1.4
kb as indicated. Lanes 7 and 8 show the result from the blood cell DNA of an ApoE -/-
mouse transplanted with SR-BI -/- ApoE -/- bone marrow. The presence of the mutant
allele in the absence of the wild-type allele indicates efficient repopulation. Lanes 9 and
10 show the result from another ApoE -/- mouse transplanted with SR-BI -/- ApoE -/-
bone marrow with presence of both wild-type and mutant alleles, indicating partial
repopulation. This mouse was excluded from the study. Lanes 11 and 12 show the result
from an ApoE -/- mouse transplanted with SR-BI +/+ ApoE -/- bone marrow, with only
the wild-type allele detected.
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3.3 Analysis of Plasma Cholesterol Levels and Lipoprotein Profiles

To look for the effects of selective SR-BI expression in bone marrow derived
cells on lipoprotein and cholesterol metabolism, plasma from transplanted mice in both
groups was analyzed for total cholesterol levels and distribution among lipoproteins.

Figure 5 shows total plasma cholesterol levels in ApoE -/- mice transplanted with
SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow cells. One month after
transplantation, mice on normal chow transplanted with SR-BI+/+ ApoE-/- bone marrow
had 435.7 + 113.3 mg/dl total plasma cholesterol (average + standard deviation of 3
determinations: 2 independent pools of plasma with 4 mice/pool and 1 additional mouse),
and mice transplanted with SR-BI-/- ApoE-/- bone marrow had 336.1 + 83.4 mg/dl total
plasma cholesterol (average + standard deviation of 4 determinations: 2 individual mice
and 2 pools of 4 mice and 2 mice). This result was shown not to be statistically
significant (p=0.1). As mentioned in Materials and Methods, 2.2.6. Induction of
Atherosclerosis, beginning one month after transplantation, mice were either maintained
for 12 weeks on a normal chow diet (preliminary experiment involving 3 mice), or on a
high fat diet. Total plasma cholesterol levels for mice maintained a further 12 weeks on
normal chow were similar to values measured 1 month post-transplantation: 362 mg/dl
(n=1) for ApoE -/- mice reconstituted with control SR-BI +/+ ApoE -/- bone marrow, and
363 mg/dl (n=2) for mice reconstituted with SR-BI -/- ApoE -/- bone marrow. In contrast,
mice fed a high fat diet beginning 1 month post-transplantation and continuing for 12

weeks had almost twice as much plasma cholesterol as chow fed mice (Figure 5): 737 +
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61 mg/dl (average + standard deviation of 3 determinations: 2 independent pools of
plasma with 4 mice/pool and 1 additional mouse) and 714 + 365 mg/dl (average +
standard deviation of 4. determinations: 1 individual mouse and 3 pools of plasma with 2-
4 mice/pool) for mice transplanted with SR-BI +/+ ApoE -/- and SR-BI -/- ApoE -/- bone
marrow respectively. Bone marrow specific SR-BI elimination had no statistically
significant effect on total cholesterol levels in plasma from mice fed a high fat diet
(p=0.5)

Figure 6 shows lipoprotein profiles from pooled plasma of groups of mice
transplanted with SR-BI -/- ApoE -/- or SR-BI +/+ ApoE -/- bone marrow. Profiles from
chow-fed mice are shown in panel A, and from fat-fed mice in panel B. Peaks for VLDL-
sized, IDL/LDL-sized, and HDL-sized lipoproteins were assigned based on analysis of
lipoproteins purified from human plasma in our lab [Covey SD et al, 2003; Covey SD,
Doctoral Thesis, 2003] and by others [Rigotti A et al, 1997; Kozarsky KF et al, 1997].
Levels of cholesterol associated with different sized lipoproteins were determined by
calculating totals across the peaks. Fractions 1-9 represent VL.DL-sized lipoproteins,
fractions 10-27 represent IDL/LDL-sized lipoproteins, and fractions 30-40 represent
HDL-sized lipoproteins.

Figure 7 shows levels of cholesterol associated with VLDL-sized lipoproteins in
ApoE -/- mice transplanted with SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow,
with 537 + 143 mg/dl for mice transplanted with SR-BI+/+ ApoE-/- bone marrow
(average * standard deviation of 3 determinations: 2 independent pools of plasma with 2-

4 mice/pool and 1 additional mouse), and 494 + 269 mg/dl for mice transplanted with
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SR-BI-/- ApoE-/- bone marrow (average + standard deviation of 4 determinations: 3
independent pools of plasma with 2-4 mice/pool and 1 additional mouse). No statistically
significant difference was seen between total VLDL-sized lipoprotein cholesterol levels
in the two groups (p = 0.4).

Figure 8 shows levels of cholesterol associated with IDL/L.DL-sized lipoproteins
in ApoE -/- mice transplanted with SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow,
For the same pools and # values described for cholesterol associated with VLDL-sized
lipoproteins, mice transplanted with SR-BI+/+ ApoE-/- bone marrow had 244 + 62 mg/dl
and mice transplanted with SR-BI-/- ApoE-/- bone marrow had 224 + 132 mg/dl
cholesterol associated with IDL/LDL-sized lipoproteins. No statistically significant
difference was seen between total IDL/LDL-sized lipoprotein cholesterol levels in the
two groups (p = 0.4). Similar findings for cholesterol levels associated with VLDL- and
IDL/LDL-sized lipoproteins were recently reported by Covey et al for LDL receptor
knockout mice transplanted with either SR-BI +/+ or SR-BI -/- bone marrow [Covey SD
et al, 2003].

Figure 9 shows levels of cholesterol associated with HDL-sized lipoproteins in
ApoE -/- mice transplanted with SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow.
Interestingly, for the same pools and n values described above, mice transplanted with
SR-BI-/- ApoE-/- bone marrow (11 £ 6.6 mg/dl) had significantly decreased levels of
cholesterol associated with HDL-sized lipoproteins compared to control mice that
received SR-BI+/+ ApoE-/- bone marrow (20 + 1.8 mg/dl, p=0.035). This result is in

contrast to findings for cholesterol levels associated with HDL-sized lipoproteins
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reported by Covey et al for LDL receptor knockout mice transplanted with either SR-BI
+/+ or SR-BI -/- bone marrow [Covey SD et al, 2003]. This difference may in part be
related to the lack of ApoE in both recipient and donor mice used in this study, and the
presence of intact ApoE expression in the mice used in the study by Covey et al [Covey
SD et al, 2003].

Taken together, these results suggest that SR-BI in bone marrow derived cells
may Have a significant effect on the regulation of HDL cholesterol levels in the absence
of ApoE, but not in its presence. To ensure this, the transplantation experiment can be
conducted with a higher number of plasma samples from individual mice analyzed for
potential differences in HDL cholesterol levels. Also, recipients can be transplanted with

SR-BI +/+ or SR-BI -/- bone marrow cells with intact ApoE gene expression.
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Figure 5. Plasma total cholesterol in ApoE -/- mice transplanted with SR-BI+/+
ApoE-/- or SR-BI-/- ApoE-/- bone marrow. ApoE -/- mice were transplanted with
either SR-BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow, blood was collected from
mice 4 weeks after transplantation, prior to placing them on a high fat diet (left, Normal
Chow) and after the subsequent 12 weeks on the high fat diet (right, High Fat Diet).
Plasma was prepared from blood samples (Materials and Methods, 2.2.3. Collection of
Blood), and comparison of plasma total cholesterol levels between the two groups was
carried out using the Infinity Cholesterol Liquid Stable Reagent Kit (ThermoDMA;
Materials and Methods, 2.2.4. Preparation of Plasma and Analysis of Plasma and
Lipoprotein Cholesterol), both before and after administration of the high fat diet. On
normal chow, mice transplanted with SR-BI+/+ ApoE-/- bone marrow had 435.7 £113.3
mg/dl total plasma cholesterol (average + standard deviation of 3 determinations: 2
independent pools of plasma with 4 mice/pool and 1 additional mouse), and mice
transplanted with SR-BI-/- ApoE-/- had 336.1 + 83.4 mg/dl total plasma cholesterol
(average =+ standard deviation of 4 determinations: 2 individual mice and 2 pools of 4
mice and 2 mice). After 12 weeks on a high fat diet, mice had 736.9 + 61 (average +
standard deviation of 3 determinations: 2 independent pools of plasma with 4 mice/pool
and 1 additional mouse) and 714 + 365.4 (average + standard deviation of 4
determinations: 1 individual mouse and 3 pools of plasma with 2-4 mice/pool) mg/dl
respectively for each group. No statistically significant difference was seen between total
cholesterol Ievels in the two groups on normal chow (p =0.1) or on a high fat diet (p =
0.5).
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Lipoprotein Profiles
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Figure 6. Comparison of plasma lipoprotein profiles 16 weeks post-transplantation
in mice that received SR-BI+/+ ApoE-/- (closed circles) or SR-BI-/- ApoE-/- (open
circles) bone marrow, fed a normal chow (A) or a high fat diet (B). Mice were bled
(Materials and Methods, 2.2.3. Collection of Blood), and plasma was fractionated using
an AKTA FPLC with a Superose 6 HR 10/30 column and 154 mM NaCl/1 mM EDTA,
pH 8 as the elution solution (Materials and Methods, 2.2.4. Preparation of Plasma and
Analysis of Plasma and Lipoprotein Cholesterol). Fractions 1-9 represent VLDL-sized
lipoproteins, 10-27 represent IDL/LDL-sized lipoproteins, and 30-40 represent HDL-
sized lipoproteins. Representative profiles are shown for pooled plasma samples from
mice in each group. Inset: Profile of HDL-sized lipoproteins in the two groups.
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Figure 7. Plasma total cholesterol associated with VLDL-sized lipoproteins in ApoE
-/- mice transplanted with SR-BI+/+ ApoE-/- (black) or SR-BI-/- ApoE-/- (white)
bone marrow. ApoE -/- mice were transplanted with either SR-BI+/+ ApoE-/- or SR-BI-
/- ApoE-/- bone marrow, blood was collected after 12 weeks on the high fat diet, and
plasma was prepared from blood samples (Materials and Methods, 2.2.3. Collection of
Blood), pooled (for SR-BI+/+ ApoE-/- group, average =+ standard deviation of 3
determinations: 2 independent pools of plasma with 2-4 mice/pool and 1 additional
mouse; for SR-BI-/- ApoE-/- group, average =+ standard deviation of 4 determinations: 3
independent pools of plasma with 2-4 mice/pool and 1 additional mouse), and size
fractionated as described in the legend to Figure 6. Comparison of VLDL-sized
lipoprotein cholesterol levels between the two groups was carried out by assaying
Fractions 1-9 using the Infinity Cholesterol Liquid Stable Reagent Kit (ThermoDMA;
Materials and Methods, 2.2.4. Preparation of Plasma and Analysis of Plasma and
Lipoprotein Cholesterol) and adding the total cholesterol values in the fractions. Mice
transplanted with SR-BI+/+ ApoE-/- bone marrow had 537.0 + 142.6 mg/dl and mice
transplanted with SR-BI-/- ApoE-/- bone marrow had 493.7 + 268.8 mg/dl total
cholesterol associated with VLDL-sized lipoproteins. No statistically significant
difference was seen between the two groups (p=0.4).
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Figure 8. Plasma total cholesterol associated with IDL/LDL-sized lipoproteins in
ApoE -/- mice transplanted with SR-BI+/+ ApoE-/- (black) or SR-BI-/- ApoE-/-
(white) bone marrow. ApoE -/- mice were transplanted with either SR-BI+/+ ApoE-/- or
SR-BI-/- ApoE-/- bone marrow, blood was collected after 12 weeks on the high fat diet,
and plasma was prepared from blood samples (Materials and Methods, 2.2.3. Collection
of Blood), pooled (for SR-BI+/+ ApoE-/- group, average + standard deviation of 3
determinations: 2 independent pools of plasma with 2-4 mice/pool and 1 additional
mouse; for SR-BI-/- ApoE-/- group, average + standard deviation of 4 determinations: 3
independent pools of plasma with 2-4 mice/pool and 1 additional mouse), and size
fractionated as described in the legend to Figure 6. Comparison of IDL/LDL-sized
lipoprotein cholesterol levels between the two groups was carried out by assaying
Fractions 10-27 using the Infinity Cholesterol Liquid Stable Reagent Kit (ThermoDMA,;
Materials and Methods, 2.2.4. Preparation of Plasma and Analysis of Plasma and
Lipoprotein Cholesterol) and adding the total cholesterol values in the fractions. Mice
transplanted with SR-BI+/+ ApoE-/- bone marrow had 244.1 + 61.6 mg/dl and mice
transplanted with SR-BI-/- ApoE-/- bone marrow had 223.5 + 132.4 mg/d] total
cholesterol associated with IDL/LDL-sized lipoproteins. No statistically significant
difference was seen between the two groups (p=0.4).
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Figure 9. Plasma total cholesterol associated with HDL-sized lipoproteins in ApoE -
/- mice transplanted with SR-BI+/+ ApoE-/- (black) or SR-BI-/- ApoE-/- (white)
bone marrow. ApoE -/- mice were transplanted with either SR-BI+/+ ApoE-/- or SR-BI-
/- ApoE-/- bone marrow, blood was collected after 12 weeks on the high fat diet, and
plasma was prepared from blood samples (Materials and Methods, 2.2.3. Collection of
Blood), pooled (for SR-BI+/+ ApoE-/- group, average + standard deviation of 3
determinations: 2 independent pools of plasma with 2-4 mice/pool and 1 additional
mouse; for SR-BI-/- ApoE-/- group, average + standard deviation of 4 determinations: 3
independent pools of plasma with 2-4 mice/pool and 1 additional mouse), and size
fractionated as described in the legend to Figure 6. Comparison of plasma HDL-sized
lipoprotein cholesterol levels between the two groups was carried out by assaying
Fractions 30-40 using the Infinity Cholesterol Liquid Stable Reagent Kit (ThermoDMA;
Materials and Methods, 2.2.4. Preparation of Plasma and Analysis of Plasma and
Lipoprotein Cholesterol) and adding the total cholesterol values in the fractions. Mice
transplanted with SR-BI+/+ ApoE-/- bone marrow had 20.18 + 1.8 mg/dl and mice
transplanted with SR-BI-/- ApoE-/- bone marrow had 11 + 6.6 mg/dl total cholesterol
associated with HDL-sized lipoproteins. Inset: Lipoprotein profiles for HDL-sized
particles, fractions 30-40, calculated from this data. The difference between the two
groups was found to be statistically significant (p = 0.035).
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3.4 Histological Assessment of Atherosclerosis Development

To test the effect of selective SR-BI deletion in bone marrow derived cells in
ApoE -/- mice, histological assessment of atherosclerosis development was conducted in
the two groups. This was done by two methods: first, lipid rich plaque surface area was
quantified in aortas of mice as a percentage of the area of the entire aorta, and second,
lipid rich plaque areas were quantified for the two groups in cross sections from the aortic
roots of mice, expressed as total lesion area per section.

Harvested aortas from mice were fixed in formaldehyde and dissected free of all
extraneous tissue and adventitial fat. They were then stained with Sudan IV to color
lipids red, and cut open longitudinally. Aortas were mounted onto slides with glycerol-
gelatin. Images were captured and analyzed morphometrically. Plaque surface area was
determined as a percentage of the total surface area of the entire aorta as well as the
thoracic (top %/s of aorta including the arch) and the abdominal (bottom 3/s to the iliac
bifurcation) aorta (Figure 10). Lipid rich plaque development was mainly seen in the
aortic arch and the abdominal aorta. Figure 10 shows images of an aorta from each group.
The deep red Sudan IV stained regions represent areas rich in lipids, as indicated by the
arrows.

ApoE -/- mice transplanted with SR-BI -/- ApoE -/- bone marrow had ~1.3-fold
more atherosclerotic plaque coverage over the entire aorta compared to control mice

transplanted with SR-BI +/+ ApoE -/- bone marrow (Figure 11; 6.4 + 2.3 %, n=9 and 4.8

* 0.6 %, n=8 respectively, p=0.03). The majority of this difference was due to a 2.5-fold
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increase in the average amount of atherosclerotic plaque coverage in the abdominal aorta
(Figure 13; 4.5 £ 3.2 %, n=9 and 2.0 + 0.9 %, n=8 respectively, p=0.025). The slight
increase in atherosclerotic plaque coverage in the thoracic aorta (Figure 12; 8.5 + 3.5 %,
n=9 and 7.6 1.5 %, n=8 respectively) was not found to be statistically significant

(p=0.3).
These data showed that deletion of SR-BI in bone marrow cells of ApoE -/- mice
results in a significantly higher amount of lesion area coverage in the abdominal aorta

compared to control mice transplanted with SR-BI +/+ ApoE -/- bone marrow.
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Figure 10. Atherosclerosis in aortas from bone marrow transplanted mice. ApoE -/-
mice were transplanted with bone marrow from either SR-BI +/4+ ApoE -/- control or SR-
BI -/- ApoE -/- donor mice. One month after transplantation, mice were fed an
atherogenic, high fat western type diet for 12 weeks (Materials and Methods, 2.2.6.
Induction of Atherosclerosis). Mice were euthanized and aortas were harvested and
stained for lipid-rich atherosclerotic plaque with Sudan IV. Lipid-rich plaque is indicated
by the black arrows. Aortas were mounted on glass slides as described in Materials and
Methods, and images were captured by Tomas Baumgartner using a Canon D60 digital
camera with identical lighting and magnification conditions for each slide (Materials and
Methods, 2.2.10 Tissue Collection and Morphometric Analysis of of Aortas and Aortic
Sinus). Representative images are shown. The scale bar corresponds to 5 mm.
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Figure 11. Extent of atherosclerosis in aortas from bone marrow transplanted mice.
Atherosclerosis in aortas from mice transplanted with either control SR-BI+/+ ApoE-/-
(left) or SR-BI-/- ApoE-/- (right) bone marrow was visualized by Sudan IV staining as
described in the legend to Figure 10. The extent of atherosclerosis was determined
morphometrically using Axiovision 3.1 software as the ratio of the area of lipid-rich
Sudan IV stained plaque to the total area of the aorta for each mouse. The lesion area
(expressed as % aorta surface area) is plotted for each mouse. The average lesion areas
(4.8 £ 0.6 %, n=8 for mice receiving control SR-BI+/+ ApoE-/- bone marrow; 6.4 £ 2.3
%, n=9 for mice receiving SR-BI-/- ApoE-/- bone marrow) are indicated by the
horizontal bars. The square symbols correspond to the aortas shown in Figure 10. Mice
receiving SR-BI-/- ApoE-/- bone marrow were seen to have ~35% more atherosclerosis
than mice receiving SR-BI+/+ ApoE-/- bone marrow (p=0.03).
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Figure 12. Extent of atherosclerosis in the thoracic aorta from bone marrow
transplanted mice. Atherosclerosis in aortas from mice transplanted with either
control SR-BI+/+ ApoE-/- (left) or SR-BI-/- ApoE-/- (right) bone marrow was
visualized by Sudan IV staining as described in the legend to Figure 10. The extent
of atherosclerosis was determined morphometrically using Axiovision 3.1 software
as the ratio of the area of lipid-rich Sudan IV stained plaque to the total area of the
thoracic aorta (Segments 1-4) for each mouse. The lesion area (expressed as % aorta
surface area) is plotted for each mouse. The average lesion areas (7.6 £ 1.5 %, n=8
for mice receiving control SR-BI+/+ ApoE-/- bone marrow; 8.5 £ 3.5 %, n=9 for
mice receiving SR-BI-/- ApoE-/- bone marrow) are indicated by the horizontal bars.
The square symbols correspond to the aortas shown in Figure 10. No statistically
significant difference in atherosclerosis was seen in aortic arches from mice in the
two groups (p=0.3).
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Figure 13. Extent of atherosclerosis in abdominal aortas from bone marrow
transplanted mice. Atherosclerosis in aortas from mice transplanted with either control
SR-BI+/+ ApoE-/- (left) or SR-BI-/- ApoE-/- (right) bone marrow was visualized by
Sudan IV staining as described in the legend to Figure 10. The extent of atherosclerosis
was determined morphometrically using Axiovision 3.1 software as the ratio of the area
of lipid-rich Sudan IV stained plaque to the total area of the abdominal aorta (Segments
5-10) for each mouse. The lesion area (expressed as % aorta surface area) is plotted for
each mouse. The average lesion areas (2.0 + 0.9 %, n=8 for mice receiving control SR-
BI+/+ ApoE-/- bone marrow; 4.5 * 3.2 %, n=9 for mice receiving SR-BI-/- ApoE-/- bone
marrow) are indicated by the horizontal bars. The square symbols correspond to the
aortas shown in Figure 10. Mice receiving SR-BI-/- ApoE-/- bone marrow were shown to

have ~125% more atherosclerosis than mice receiving SR-BI+/+ ApoE-/- bone marrow
(p=0.025).
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A second method used to histologically assess atherosclerotic development was
the analysis of plaque lesion area in cross sections from the aortic sinuses of mice in both
groups. Sections were collected onto slides, fixed with formaldehyde solution, stained
with Oil Red O for lipids (red) and Mayer’s Hematoxylin for nuclei (blue), and
quantitated morphometrically. This assay was used to assess plaque thickness in the
aortic root, in contrast to surface area coverage in the aorta as seen in Figures 10-13.
Figure 14 shows representative examples from the aortic roots of two mice, one that
received SR-BI +/+ ApoE -/- bone marrow (A) and one that received SR-BI -/- ApoE -/-
bone marrow (B). The aortic root was defined as the cross section at the level of the
aortic valves.

Figure 15 shows a comparison of the lesion areas in the aortic roots of mice that
that received SR-BI +/+ ApoE -/- bone marrow (mean lesion area 288000 = 69000 um?)
and those that received SR-BI -/- ApoE -/- bone marrow (mean lesion area 311000 +
58000 um?). No statistically significant difference was found in the two groups (p=0.25).

Seeing no difference in aortic root cross sections between the two groups, I
decided to study the distribution of plaque thickness within a 560 pm length of the aortic
sinus by quantifying lesion areas in serial cross sections starting at the aortic root and
progressing distally. The first section was designated as 0 tm from the aortic root, and
subsequent sections were taken serially at distances of 80, 160, 240, 320, 400, 480, and
560 um from the aortic root. Slides with cross sections were fixed, stained, imaged, and
quantified as described above, and the distance from the aortic root was plotted against

mean lesion areas for each section, for mice that received either SR-BI +/+ ApoE -/- or
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SR-BI -/- ApoE -/- bone marrow. Figure 16 shows serial cross section mean lesion areas,
beginning with the aortic root (same data as Figure 15), and spaced at 80 um intervals,
plotted vs. the distance from the aortig root for ApoE-/- mice transplanted with either SR-
BI+/+ ApoE-/- or SR-BI-/- ApoE-/- bone marrow. Both groups showed that plaque cross-
sectional area decreased with increasing distance from the aortic root, a trend also
demonstrated by others [Claudel T et al, 2001]. No significant differences were found for
any section level between the two groups (p>0.05).

Cross sections were also analyzed by calculating the total perimeter of the vessel
compartment in each section (using Axiovision 3.1 software), and determining what
proportion of it was occupied by lipid-rich plaque, as a percentage. No statistically
significant differences between percentage perimetric lesion coverage were seen between
the two groups (p>0.05). Mice transplanted with SR-BI +/+ ApoE -/- bone marrow had
an average of 95.7 £ 5.1 % coverage in the 0 pm section and 62.8 + 21.9 % coverage in
the 560 pm section, whereas mice transplanted with SR-BI -/- ApoE -/- bone marrow had
an average of 97.6 = 4.9 % coverage in the 0 um and 61.2 + 16.7 % in the 560 um section
(data not shown).

These data showed that there was no difference in either the thickness
(atherosclerotic plaque cross-sectional lesion area) or in percentage perimetric lipid rich
plaque lesion coverage in mice transplanted with SR-BI -/- ApoE -/- bone marrow

compared to control mice transplanted with SR-BI +/+ ApoE -/- bone marrow.
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Figure 14. Histological analysis of atherosclerotic plaque in the aortic roots of bone
marrow transplanted mice. Atherosclerosis in aortas from mice transplanted with either
control SR-BI+/4+ ApoE-/- (A) or SR-BI-/- ApoE-/- (B) bone marrow was visualized by Oil
Red O staining of cross sections from aortic roots in the hearts of mice. One month after
transplantation, mice were fed an atherogenic, high fat western type diet for 12 weeks
(Materials and Methods, 2.2.6. Induction of Atherosclerosis). Mice were euthanized and
hearts were harvested and frozen in embedding medium. Hearts were then sectioned, with
cross sections collected on glass slides and stained for lipid-rich atherosclerotic plaque with
Oil Red O (Materials and Methods, 2.2.10 Tissue Collection and Morphometric Analysis of
Aortas and Aortic Sinus). Images were captured using a Zeiss Axiovert 200M inverted
microscope, and the extent of atherosclerosis was determined morphometrically using
Axiovision 3.1 software as the total area of lipid-rich Oil Red O stained plaque for each
section. Scale bars correspond to 500 um.
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Figure 15, Cross sectional area of atherosclerotic plaque in the aortic roots from
ApoE -/- mice transplanted with bone marrow from either SR-BI+/+ ApoE-/- (closed
circles) or SR-BI-/- ApoE-/- (open circles) bone marrow. Histological analysis of
atherosclerotic plaque in the aortic root was carried out as described in the legend to
Figure 14. The cross sectional area of atherosclerotic plaque was determined
morphometrically using Axiovision 3.1 software. Values corresponding to individual
mice are plotted. The mean cross sectional areas are indicated by the horizontal bars and
correspond to 288123 + 69235 pm? for mice receiving SR-BI+/+ ApoE-/- bone marrow,
and 310628 + 57580 um? for mice receiving SR-BI-/- ApoE-/- bone marrow. The square
symbols correspond to the sections shown in Figure 14. No statistically significant
difference was seen in atherosclerosis in the aortic roots of mice in the two groups
(p=0.25).
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Figure 16. Cross sectional area of atherosclerotic plaque in the aortic sinus. Serial
cross sections beginning with the aortic root (distance of 0 um, data point same as that in
Figure 15) were collected. Sections spaced at 80 um intervals were stained with Oil Red
O and atherosclerotic plaque cross sectional area was determined as described in the
legends to Figures 14 and 15. Cross sectional areas of plaques are plotted vs. the distance
from the aortic root for ApoE-/- mice transplanted with either SR-BI+/+ ApoE-/- (closed
circles, n=8) or SR-BI-/- ApoE-/- (open circles, n=7) bone marrow. Values shown are the
means + SD in pum®”. No significant difference was found for any section level between
the two groups (p>0.05).

74



M.Sc. Thesis — A. Rizvi McMaster -- Biochemistry

3.5 Effects of Selective Lack of SR-BI in Bone Marrow Derived Cells on Lipoprotein

and Cholesterol Metabolism and Atheroclerosis in ApoE -/- Mice

To summarize, mice transplanted with SR-BI -/- ApoE -/- bone marrow showed
no significant changes in plasma total cholesterol, or cholesterol associated with VLDL-
sized or IDL/LDL-sized lipoproteins compared to control mice transplanted with SR-BI
+/+ ApoE -/- bone marrow. However, they did show significantly lower levels of
cholesterol associated with HDL-sized particles compared to controls. Mice transplanted
with SR-BI -/- ApoE -/- bone marrow showed significantly increased atherosclerotic
plaque development than controls in the abdominal aorta but not in the thoracic aorta or

the aortic sinus.
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4. Discussion

4.1 Potential Mechanisms by which SR-BI may Protect Against Atherosclerosis

Collective data from studies in mice with normal, overexpressed, attenuated, or
absent SR-BI expression on various genetic backgrounds suggest that SR-BI has a
significant role in HDL and possibly non-HDL cholesterol clearance, and in protection
against atherosclerosis (/ntroduction, Table 1). SR-BI/LDL receptor double knockout
mice fed a high fat diet exhibit a 515% increase in atherosclerosis compared to LDL
receptor single knockout controls, and SR-Blatt/LDLR knockout mice exhibit a 69% to
171% increase in atherosclerosis compared to controls [Covey SD et al, 2003; Huszar D
et al, 2000]. Deletion of SR-BI in ApoE knockout mice also results in dramatic
acceleration of atherosclerosis development, in addition to a variety of abnormalities in
other physiologic systems [Braun A et al, 2002].

Based on these and additional in vivo and in vitro studies, there are several
mechanisms involving SR-BI that can potentially be responsible for its anti-atherogenic
effect. First, as seen from studies testing the effects of hepatic overexpression of SR-BI, a
significant proportion of this protection against atherosclerosis involves SR-BI mediated
cholesterol clearance in the liver, evidenced by increased hepatic uptake and biliary
secretion of HDL cholesterol, thus playing an important role in reverse cholesterol

transport [Kozarsky KF et al, 1997; Ueda Y et al, 1999; Wang N et al, 1998].
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Second, it has been seen in cell culture studies that SR-BI can promote HDL-
mediated cholesterol efflux [Gi Y ef al, 1997; Rothblat G et al, 1999]. Also, SR-BI
deletion in bone marrow derived macrophage foam cells results in increased
atherosclerosis [Covey SD, 2003]. This suggests that SR-BI in macrophage foam cells
may mediate cholesterol efflux to HDL, thus contributing to anti-atherogenicity.

Furthermore, SR-BI deletion in ApoE knockout mice results in increased levels of
pro-atherogenic lipoproteins such as VLDL, LDL, or abnormally large HDL-like
particles, with loss of normal anti-atherogenic HDL particles [ Trigatti B et a/, 1999]. This
suggests that SR-BI prevents the accumulation of pro-atherogenic lipoproteins in plasma,
thus contributing to lower risk for atherosclerosis.

SR-BI can also protect against atherosclerosis by its influence on nitric oxide
synthase activation. Nitric oxide in the vessel endothelium has been shown to have
atheroprotective functions [Napoli C et al, 2001], and activation of endothelial nitric
oxide synthase can be promoted by HDL binding to SR-BI [Yuhanna IS et a/, 2001].

Finally, in both SR-BI/ApoE double knockout mice and SR-BI/LLDL receptor
double knockout mice, erythrocyte morphology is seen to be significantly affected
relative to respective controls. Erythrocytes in these mice exhibit macrocytosis, irregular
shape, and large autophagosomes, properties characteristic of intermediates in
reticulocytosis [Krieger M, 2001; Holm TM et al, 2002; Covey et al, 2003]. The resulting
macrocytic anemia leads to hypoxia, which is thought to have a part in the promotion of

atherosclerosis [Gainer JL, 1987]. In light of these observations, it appears that SR-BI
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may have a role in the maintenance of normal erythrocyte morphology, a potential

component of its anti-atherogenic role.

4.2 Effects of SR-BI Deletion in Bone Marrow Derived Cells on Lipoprotein

Metabolism in ApoE Knockout Mice

SR-BI deletion in bone marrow derived cells was achieved by the generation of
chimeric mice via bone marrow transplantation [Linton MF, 1995; Covey SD et al,
2003]. No difference was seen in total cholesterol levels between the experimental and
control groups before or after being placed on a high fat diet, and as expected, total
cholesterol levels were increased in plasma collected from animals after 3 months of
being fed the high fat diet (four months after transplantation) compared to levels before
administration of the high fat diet. Preliminary data from 3 mice transplanted with either
SR-BI -/- ApoE -/- (2 mice) or SR-BI +/+ ApoE -/- (1 mouse) bone marrow that were
maintained on normal chow for the 4 month period following transplantation showed
total cholesterol levels similar to those seen in mice on normal chow for one month after
transplantation, prior to being placed on a high fat diet.

The lack of differences between total cholesterol levels in the two groups was
expected in light of findings that hepatic SR-BI plays the major role in lipoprotein and
cholesterol metabolism [Kozarsky KF ef al, 1997; Ueda Y et al, 1999; Mardones P et al,
2001}, with little contribution from SR-BI in macrophages and other bone marrow

derived cells.
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When levels of cholesterol associated with VLDL- and IDL/LDL-sized
lipoproteins were analyzed, no difference was seen in the two groups of mice. However,
cholesterol associated with HDL-sized lipoproteins was seen to be decreased in mice
transplanted with SR-BI -/- ApoE -/- bone marrow compared to control mice transplanted
with SR-BI +/+ ApoE -/- bone marrow. This is in contrast -to the findings of Covey et al,
where no differences in HDL-associated cholesterol were seen in LDL receptor -/- mice
transplanted with either SR-BI +/+ or SR-BI -/- bone marrow [Covey SD et al, 2003].
Also, similar transplantation studies in ApoE and LDL receptor knockout mice fed a high
fat diet transplanted with bone marrow cells lacking ABCAL1, a protein mediating
cholesterol efflux to ApoAl, showed an increase in atherosclerosis without any
significant change in total cholesterol levels or lipoprotein profiles [Aiello R et al, 2002].
In the preliminary set of 3 mice (mentioned above), no differences were seen in levels of
total cholesterol or VLDL-, LDL-, or HDL-associated cholesterol between the samples
from three mice transplanted with either SR-BI +/+ ApoE -/- or SR-BI -/- ApoE -/- bone
marrow.

Levels of cholesterol associated with HDL-sized lipoproteins accounted for about
2-3% of total cholesterol in transplanted ApoE knockout mice fed a high fat diet. One
reason for lower HDL cholesterol levels in mice transplanted with SR-BI -/- ApoE -/-
bone marrow may be that the lack of SR-BI in macrophages results in decreased efflux of
cholesterol from macrophages to HDL. However, SR-BI mediated efflux to HDL may
occur from non-bone marrow derived cells in a variety of other tissues where SR-BI is

expressed; moreover, selective SR-BI deletion in macrophages of LDL receptor knockout
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mice does not result in decreased HDL-sized lipoprotein cholesterol levels compared to
controls [Covey SD et al, 2003]. No study to date has been carried out on LDL receptor
knockout mice transplanted with SR-BI -/- LDL receptor -/- bone marrow. Since ApoE
was also absent in macrophages of mice in the control group, it is likely that this
difference may be the result of the combined absence of SR-BI and ApoE in bone
marrow derived cells used in this experiment. Mice lacking both SR-BI and ApoE show
dramatically accelerated atherosclerosis development, myocardial dysfunction, and
premature death on normal chow [Braun A ef al, 2002] compared to mice deficient in
both SR-BI and the LDLR receptor, which develop diet-induced atherosclerosis in the
absence of severe symptoms seen in the SR-BI/ApoE double knockout mouse [Covey SD
et al, 2003]. Selective uptake is seen to be decreased in ApoE knockout mice [Arai T et
al, 1999], implying that ApoE deficiency may have an influence on SR-BI and its
interaction with HDL. Taken together, these findings point to the possibility that the
absence of ApoE with SR-BI in the macrophages of mice in our study is associated with
the resulting discrepancy in HDL cholesterol levels between the experimental and control
mouse groups.

To investigate this further, the same study can be conducted for ApoE -/-
recipients transplanted with either SR-BI +/+ or SR-BI -/- donor bone marrow and
normal expression of the ApoE gene in bone marrow derived cells, as done in LDLR
knockout mice by Covey et al [Covey SD et al, 2003]. Also, cell culture studies to look at
cholesterol efflux for cells carrying the SR-BI +/+, SR-BI -/-, ApoE -/-, and SR-BI -/-

ApoE -/- genotypes can be carried out to assess differences in efflux patterns for SR-BI
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and ApoE deficiency independently as well as combined SR-BI/ApoE deficiency. This

would aid in the understanding of possible underlying mechanisms behind our results.

4.3 Effects of SR-BI Deletion in Bone Marrow Derived Cells on Atherosclerosis in

ApoE Knockout Mice

Analysis of aortas revealed 1.3-fold increased atherosclerosis in fat-fed ApoE -/-
mice that received SR-BI -/- ApoE -/- bone marrow compared to those that received SR-
BI +/+ ApoE -/- bone marrow. This difference is due to an approximately 2.5-fold
increase in atherosclerosis in the abdominal aortas of mice from the experimental group.
Assays for atherosclerosis development in the proximal aorta (% plaque coverage in
thoracic aorta) and the aortic sinus (plaque thickness lesion area) showed no significant
differences between the two groups. It was thus seen that along with increased
atherosclerosis, macrophage specific SR-BI deletion in ApoE knockout mice results in
redistribution of plaque in the aorta.

Our recipient mice were three months of age at the time of tranplantation. ApoE
knockout mice develop detectable atherosclerosis spontaneously by about 3-5 months of
age [Nakashima Y et al, 1994; Reddick RL et al, 1994]. As mentioned (Introduction, 1.1
Atherosclerosis and Plasma Cholesterol), macrophages play an important role in the
early stages of atherosclerotic development. If macrophage SR-BI is athero-protective by

way of mediating cholesterol efflux to HDL, it is likely that it would have a more active
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role during the initiation of new plaque formation, a potential explanation for the
redistribution of plaque seen in ApoE knockout mice transplanted with SR-BI -/- ApoE
-/- bone marrow.

The combined results of increased atherosclerosis with plaque redistribution were
also seen in the study conducted by Covey et al on LDL receptor knockout mice in our
laboratory fed a high fat diet for 4 months; increased atherosclerosis was seen in the
aortas of mice that received bone marrow cells lacking SR-BI relative to controls, with an
almost two-fold increase in atherosclerosis in the aortic arches [Covey SD ef al, 2003;
Covey SD, Doctoral Thesis, 2003], but without a significant difference in the descending
aorta.

The finding of increased atherosclerosis with macrophage-specific SR-BI deletion
in ApoE -/- mice, and in LDL receptor -/- mice [Covey SD ef al, 2003], is consistent with
the effects of macrophage-specific deletion of ABCA1, which mediates cholesterol efflux
from macrophages to ApoAl, in ApoE or LDL receptor knockout mice [Aiello R et al,
2002; van Eck M et al, 2002]. This points to the possibility that SR-BI in bone marrow
derived cells, like ABCA1, may confer its anti-atherogenic effect by way of its role in
cholesterol efflux from macrophage foam cells.

In conclusion, it is seen from the data that SR-BI in bone marrow derived cells
contributes to the overall athero-protective role of SR-BI. As mentioned, hepatic
expression of SR-BI has a larger influence on anti-atherogenicity via selective cholesterol
uptake [Kozarsky KF et al, 1997; Ueda Y et al, 1999; Mardones P ef al, 2001}, but SR-BI

in bone marrow derived cells presumably confers this effect via cholesterol efflux to
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HDL. We have demonstrated that SR-BI in bone marrow derived cells can make a
contribution to the overall atheroprotective role of SR-BI. Therefore, stimulation of SR-
BI expression in these cells may constitute an effective strategy in the treatment of human

atherosclerosis.

Note: Zhang W et al [2003] reported very recently that inactivation of macrophage SR-
Bl in ApoE deficient mice results in increased atherosclerotic lesion development. In this
study, ApoE -/- recipient mice were transplanted with either SR-BI +/+ ApoE -/- or SR-
BI -/- ApoE -/- bone marrow and fed a normal chow diet for 12 weeks after
transplantation. Atherosclerosis was seen to be increased in the group transplanted with
SR-BI -/- ApoE -/- bone marrow with no differences in total cholesterol levels,
lipoprotein distﬁbution, or HDL levels in the two groups. These results are consistent
with our finding increased atherosclerosis in ApoE -/- mice lacking macrophage SR-BI
and also with our preliminary results from three mice (mentioned above), which showed
no differences in total cholesterol levels, lipoprotein distribution, or HDL cholesterol

levels [Zhang W et al, 2003].
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