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The understanding of the mechanisms which control macrophage-lipid
management, and their accumulation in atherosclerotic lesions, is of significant
importance. Caveolins are proteins associated with cholesterol-rich membrane domains
and are intimately linked to the regulation of lipid metabolism and transport. The
expression and function of caveolins in macrophages has not been fully examined.
Studies included in this dissertation provide a comprehensive examination of caveolin
proteins in three macrophage cell types: thioglycollate-elicited mouse peritoneal
macrophages, resident mouse peritoneal macrophages and the 1774 macrophage cell line.
Data in this work establish that the primary macrophages express caveolin-1 and -2,
while 1774 cells express only caveolin-2. Immunofluorescence microscopy studies
indicate that caveolins in primary macrophages do not colocalize, with caveolin-1 being
present on the cell surface and caveolin-2 in the Golgi compartment. Analysis of
macrophages also showed that caveolin-1, but not caveolin-2, is present in detergent
insoluble lipid raft membranes.
While caveolin expression in macrophages is not regulated by sterols, both
caveolin isoforms can be secreted from cholesterol-loaded macrophages in the presence
of high-density lipoprotein (HDL). Secreted caveolins are part of the complex that has a
density similar to HDL, which suggests their association with HDL and potentially a role
in HDL- mediated reverse cholesterol transport.

The examination of caveolin expression in macrophages shows that caveolin-1,
but not caveolin-2 expression is highly upregulated by agents that induce apoptosis in
these cells. Induction of caveolin-1 expression precedes DNA fragmentation, is
independent of caspase activation, and correlates with the exposure of phosphatidylserine
on the cell surface. Importantly, immunofluorescence analysis determined that caveolin1 in lipid rafts colocalizes extensively with phosphatidylserine present on the surface of
apoptotic cells. This study thus identifies caveolin-1 as a specific and early marker of the
macrophage apoptotic phenotype. Findings here strongly implicate the involvement of
caveolin-1 and lipid rafts in the changes of plasma membrane lipid composition as well
as involvement in efficient clearance of apoptotic cells by a phosphatidylserine-mediated
mechanism.
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CHAPTER I

INTRODUCTION

Atherosclerosis is a leading cause of death in today' s modern society. Although
considerable effort has been devoted to the prevention of this devastating disease,
effective treatment leading to regression and complete cure is still missing. Monocytederived macrophages play a pivotal role in the development of atherosclerotic lesions,
directly participating in the accumulation of lipids in the sub-endothelial space of blood
vessels as well as affecting the local redox balance and lesion stability. Caveolins are a
family of proteins that associate with cholesterol and sphingolipid-rich regions of cell
membranes such as caveolae and lipid rafts. They function primarily in the regulation of
cellular lipid homeostasis and modulation of signal transduction pathways. While
caveolins have been studied extensively in the non-macrophage cell types, their existence
and function in macrophages has not been examined. Primary focus of my research was
to identify and explore the potential roles of caveolins in macrophage lipid metabolism
with emphasis on the processes underlying the development of atherosclerosis.
Due to the lack of evidence for caveolin expression in macrophages, the first part
of the studies was primarily devoted to extensive examination and characterization of
caveolins in several different macrophage cell types. Studies in the second part have
focused on the identification of potential mechanisms controling caveolin expression by
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sterols and identified caveolin-1 and -2 as the proteins secreted from cholesterol-loaded
macrophages in a high-density lipoprotein (HDL)-dependent mechanism. The third part
of the studies identified caveolin-1 as an early and specific marker of macro phages
undergoing apoptosis, potentially modulating the clearance of apoptotic cells by
phosphatidylserine-dependent mechanisms. These findings may have an important
impact on our understanding of: a) the efficient removal of cholesterol from lipid-loaded
macrophages in lesions by the reverse cholesterol transport pathway; and b) the stability
of the atherosclerotic lesions, particularly those prone to rupture and thrombosis, which
are rich in apoptotic macrophages.
The following section will give a brief description of the processes underlying the
development of atherosclerosis with emphasis on the role of macrophages. A review of
caveolin proteins and lipid raft/caveolae membrane domains is included to provide the
reader with background information as well as a view of the current developments in this
interesting field of cell biology.

The Pathophysiology of Atherosclerosis
Atherosclerosis is the major underlying cause of cardiovascular disease. It is
responsible for approximately 50% of all mortality in the Western world (1). It may
begin in the early stages of life but the clinical manifestations appear usually in the later
stages of life (2). Today, there is no doubt that it is a complex congenic disease with
significant influence of several risk factors, most important of which include
hypertension, hypercholesterolemia, cigarette smoking, diabetes mellitus and familial
predisposition (3). Morphologically, atherosclerosis is characterized by the appearance
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of focal lesions in the arteries, which progressively get larger and narrow or occlude the
lumen of the blood vessel. Primary consequences of the arterial occlusion include acute
clinical syndromes, such as myocardial infarction and stroke. The healthy artery is
composed of four layers: innermost and surrounding the lumen is the tunica intima, made
up of a. single layer of endothelial cells. The intima is separated by the elastic lamina
from the tunica media, composed of smooth muscle cells and variable amounts of elastic
fibers and proteoglycans. The tunica media is surrounded by a connective tissue layer,
tunica adventitia, containing blood vessels, nerves and collagen (Figure 1).
The progressive development of the atherosclerotic lesion can be classified into
several subtypes, illustrated in Table 1 (4, 5). Lesion progresses from its initial stages of
macrophage and lipid accumulation (fatty streak) through atheromas with lipid core and
smooth muscle cell-rich fibrous cap to a more complicated fibrotic, calcified lesions
sometimes containing hematomas (Figure 2). With a decrease in the lumen area of the
artery, complications may occur with ischemic symptoms such as angina. Much more
dangerous is the disruption of the fibrous cap of the lesion and exposure of the
thrombogenic lipid core. This event may lead to platelet activation and formation of a
thrombus, leading to a potential blood flow occlusion.

Macrophages and Their Role in Atherosclerotic Lesion Formation
Macrophages play a pivotal role in the development of atherosclerosis. They are
found in all types of lesions and are among the first indicators of the initial stages of the
fatty streak formation. During the initial stages of the disease, monocytes migrate into
the subendothelial space of blood vessels and differentiate into macrophages.

3

Figure 1. Drawing of a medium-sized muscular artery and its layers
The thickness of the individual layers is drawn to scale. Taken from Junqueira, L.C.,
Carneiro, J. and Kelly, R. 0. (1998) Basic histology, 9th ed, Appleton & Lange, A Simon
& Schuster Company, Stamford, Connecticut, p.203.
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Table 1. . Classification of human atherosclerotic lesions
The classification of atheroslerotic lesions divides them into eight biologically distinct
types. Roman numerals indicate the chronological sequence of lesion development, from
their initial appearance through the late stages, manifested by the occurrence of
complicated lesions. Lesions may however cease to progress at any of these stages or
reversion to an earlier lesion type may be possible. Type VII and Type VIII lesions may
develop without passing through Type VI. Taken from Stary, H.C. (1993) The evolution
of human atherosclerotic lesions Merck & Co. Inc. West Point, Pennsylvania, p. 6.
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RECOMMENDED TERMS
Adaptive Intimal Thickening

DESCRIPTION

Two regularly structured layers:
proteoglycan-rich (abundant matrix, few
smooth muscle cells, rare macrophages);
musculoelastic (closely layered smooth
muscle cells).
Type I (initial lesion)
Lipoprotein accumulation in intima; lipid
in macrophages. These changes
discernible only microscopically or
chemically; no tissue damage is visible.
Type II (fatty streak)
Lipoprotein accumulation in intima; lipid
lla (progression-prone; colocalized in macrophages and smooth muscle cells;
with adaptive thickening
quantities large enough to be visible to the
lib (progression-resistant)
unaided eye but still no damage.
Type III (preatheroma)
All Type Ila changes plus multiple
deposits of pooled extracellular lipid;
microscopic evidence of tissue damage
and disorder.
Type IV (atheroma)
All Type Ila changes plus confluent mass
of extracellular lipid (lipid core) with
massive structural damage to intima.
TypeV (fibroatheroma)
All Type IV changes plus development of
marked collagen layers and smooth
muscle cell increase above lipid core.
All
Type V changes plus a thrombotic
(complicated
lesion)
Type VI
deposit and/or hematoma and/or erosion
VIa (fissure, erosion)
or fissure.
VIb (hematoma, hemorrhage)
VIc (thrombus)
Any advanced lesion type composed
Type VII (calcific lesion)
predominantly of calcium; substantial
structural deformity.
Any advanced lesion type composed
Type VIII (fibrotic lesion)
predominantly of collagen; lipid may be
absent.

Figure 2. Type V lesion in the anterior descending coronary artery, about 4 em
from the main bifurcation and just distal to the origin of an intermediate (diagonal)
branch.

The lesion is multilayered in that it has two lipid cores and two layers of collagen and
smooth muscle cells stacked upon each other. The collagen and smooth muscle layers
above core 1 probably include the original intima. Presumably, atherogenic lipoproteins
and macrophage foam cells could not reach the deep parts of the intima, once the region
above the frrst core was collagenized. Instead, new lipid deposits formed at the lesion
surface. Eventually core 2 and a second collagenous cover formed closer to the residual
lumen. Lesions such as this one are found in severe hyperlipidemia and may cause
myocardial infarction even without superimposed thrombosis. Taken from Stary, H.C.
(1993) The evolution ofhuman atherosclerotic lesions Merck & Co. Inc. West Point,
Pennsylvania, p. 62-63.
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The stimulus for monocyte recruitment is mediated by a number of factors as result of a
local inflammatory reaction {eg. oxidized low-density lipoprotein (oxLDL), monocyte
chemotactic protein- I (MCP-1), intercellular cell adhesion molecule- I (ICAM-1),
vascular cell adhesion molecule- I (VCAM-1)}, which are chemotactic to macrophages
(6-9).
Macrophages take up excessive amounts of lipoprotein-derived lipids and
accumulate in the subendothelial space as lipid droplet-rich foam cells (1 ). Macrophages
express on their cell surface a subset of scavenger receptors, which mediate the nonregulated uptake of modified lipoproteins (10). The accumulation oflipid filled
macrophages contributes significantly to the size of fatty streaks, and in later stages, to
the progressive enlargement of the lesion lipid core. Macrophages in lesions themselves
become activated by a local inflammatory reactions and perpetuate even further this
process by secreting cytokines such as interleukin-1 ~ (IL-l~), twnor necrosis factor-a.
(TNF-a.) and interferon-y (INF-y). Matrix metalloproteinases (MMP), secreted by
macrophages, represent a subset of biologically active molecules that may significantly
influence the stability of the lesion, since they degrade the extracellular matrix of the
lesion (11). Lipids accumulated in macrophages can be removed and transported back to
the liver for disposal by the reverse cholesterol pathway, which is primarily mediated by
the high density lipoprotein (HDL) (12). Under physiological conditions the net
accumulation of lipids in the subendothelial space of blood vessels is a result of a
complex set of events, including the rate of cholesterol accumulation/ uptake and its
removal via the reverse cholesterol transport as well as the overall local redox balance.
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Accumulated cholesterol and oxidized lipids are themselves toxic and lead to the demise
of macrophages, an event particularly visible in the advanced stages of lesion formation
(13). If not removed, dying cells spill their toxic content to the surrounding environment
to perpetuate the atherosclerotic process even further.

a) Macrophage Lipid Metabolism and Lesion Formation
Cholesterol and lipid homeostasis of the cell is normally a tightly regulated
process. Cholesterol can be obtained by cells from two sources. It can by either
synthesized from acetyl-Coenzyme A (acetyl-CoA) by a series of enzymatic steps
controlled by the rate limiting enzyme of this pathway, 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, or acquired from extracellular lipoproteins primarily
via the LDL-receptor pathway (Figure 3). Both pathways are tightly regulated and under
normal conditions maintain the cholesterol at steady state levels.
The accumulation of trapped lipoproteins in the subendothelial space of blood
vessels leads to an increased chance of their oxidation by a local inflammatory
environment ( 14). Macrophages express high amounts of scavenger receptors on the cell
surface (15, 16). Unlike the uptake ofLDL, lipid uptake of negatively charged
lipoproteins such as oxidized LDL (oxLDL) via scavenger receptors is unaffected by the
feedback regulation of the intracellular cholesterol levels and allows for the accumulation
of large amounts of lipids in macrophages (10, 15). Cholesterol present in LDL
lipoproteins after being taken up by peripheral cells, including macrophages (Figure 4),
may be transported back to the liver for disposal by the reverse cholesterol transport
pathway (Figure 5) (12). In this pathway, the excess free cholesterol and phospholipids
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Figure 3• . The mevalonate pathway in animal cells
The bulk product of mevalonate metabolism, cholesterol, is obtained primarily from two
sources: (1) endogenously, by synthesis from acetyl-CoA through mevalonate; and (2)
exogenously, from receptor-mediated uptake of plasma LDL. Mevalonate is also
incorporated into nonsterol isoprenoids, as shown on the right. Mevalonate homeostasis
is achieved through: (1) sterol-mediated feedback repression of the genes HMG-CoA
synthase, HMG-CoA reductase and the LDL receptor, as shown on the left; and (2) posttranscriptional regulation of HMG-CoA reductase by one of the nonsterol isoprenoids
shown on the right. Taken from Goldstein, J. L., and Brown, M.S. (1990) Regulation of
the mevalonate pathway. Nature 343,425-430.
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Figure 4. Endogenous pathway of lipid transport

The liver synthesizes triglycerides and cholesteryl esters and packages them into verylow-density lipoproteins (VLDLs), which contain the major structural apolipoprotein B100. VLDLs are hydrolyzed by lipoprotein lipase (LPL) to form intermediate-density
lipoproteins (IDL). IDLs can be taken up by the liver via apolipoprotein E (E)-binding or
apolipoprotein B-1 00-binding to the LDL receptor or LDL receptor-related protein
(LRP). Alternatively, the triglycerides and phospholipid in IDL can be hydrolyzed by
hepatic lipase (HL) within the hepatic sinusoids to form LDL. LDL can be taken up by
peripheral cells or by the liver through the binding of apolipoprotein B-1 00 to the LDL
receptor. C-11, apolipoprotein C-11; TG, triglyceride; Chol, cholesterol. Taken from
Topol, E. J. et al. (2002) Textbook ofcardiovascular medicine, 2nd edition. Lippincott
Williams& Wilkins, Philadelphia, Chapter 3, p. 49.
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FigureS. High-density lipoprotein (HDL) metabolism and reverse cholesterol
transport
HDL and its major apolipoprotein, apoA-1, are synthesized by both the intestine and the
liver. Nascent HDL interacts with peripheral cells to facilitate the removal of excess free
cholesterol through a process that is facilitated by the cellular protein ABCA 1. Some of
the acquired free cholesterol is esterified to cholesteryl ester on the HDL particle by the
action of the enzyme lecithin-cholesterol acyltransferase (LCAT), and the nascent HDL
particle becomes the larger HDL3 and later HDL2. HDL2 can selectively transfer both
cholesteryl ester and free cholesterol to the liver via SR-BI, an HDL receptor in the liver.
Cholesteryl esters can also be transferred from HDL2 to VLDLs and LDLs via the action
of the cholesteryl ester transfer protein (CETP) and then returned to the liver by hepatic
uptake of LDL. HDL cholesterol contributes to the hepatic pool used for bile acid
synthesis, and is excreted into the bile as bile acids and free cholesterol. Solid lines
indicate the metabolism of the lipoprotein particles , and broken lines indicate the flux of
cholesterol independent of particle metabolism. Taken from Topol, E. J. et al. (2002)

Textbook of cardiovascular medicine, 2"d edition. Lippincott Williams& Wilkins,
Philadelphia, Chapter 3, p. 49.
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can be transferred from cells to HDL by a process called cholesterol efflux (17).
Removal of the excess cholesterol is of particular importance in macrophages present in
the atherosclerotic lesion because of the unregulated nature of lipid uptake via the
scavenger receptors. Macrophages and lipid-loaded foam cells can efflux cholesterol to
media containing HDL or apolipoprotein A-I (apoA-1) rapidly (17, 18). The inverse
relationship between the HDL-cholesterollevels and the incidence of atherosclerosis, as
well as the physiological relevance ofHDL-mediated cholesterol efflux, is supported by a
number of epidemiological studies (19, 20).
Cholesterol and phospholipids can be transferred to HDL, or other acceptors, by
at least two separate mechanisms. In the passive diffusion mechanism, cholesterol is
desorbed from the cell surface to a suitable extracellular acceptor, such as HDL. This
process is energy-independent, and proceeds along the concentration gradient (21). In a
second, energy-dependent mechanism, cholesterol can be removed from cells through the
ATP-binding cassette A-1 (ABCA1) transporter-mediated mechanism (22). Mutations in
the ABCAl gene lead to a defect in HDL formation and rapid clearance of lipid-poor
apoA-1 from the circulation, leading to the development of Tangier disease (23). In
addition to HDL deficiency, mutations in the ABCA 1 are associated with the
accumulation of lipid-loaded macrophages in tissues and a 5-fold increase in the
incidence of cardiovascular disease (24, 25). While ABCA1 is essential for the initial
lipidation of apoA-1 and formation ofHDL (26), cholesterol efflux to preformed HDL
does not appear to require ABCA1 (27), and may primarily involve the efflux by passive
diffusion along a concentration gradient. The understanding of the mechanisms involved
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in the regulation of macrophage cholesterol metabolism and efflux is clearly of extreme
physiological importance in developing better strategies to battle atherosclerotic disease.

b) Macrophage Apoptosis and Lesion Stability
Apoptosis is a energy-dependent and highly regulated form of cell death. In
contrast to necrosis, which occurs after severe damage to the cell membrane, apoptosis
can be induced by relatively mild stimuli without the loss of membrane integrity and
onset of inflammation (28). Apoptotic cell death can be identified by a number of
specific events including caspase activation, nuclear condensation, oligonucleosomal
DNA fragmentation and exposure of phosphatidylserine (PS) on the cell surface (29).
Apoptotic cell death in atherosclerotic lesions was initially demonstrated in the 1990s
(30, 31 ). Macrophage cell death represents a prominent feature of advanced
atherosclerosis and contributes to the enlargement of the lipid core (13). Apoptosis
appears to play a significant role in this process (31, 32). Apoptotic macrophages, if not
removed, can undergo secondary necrosis releasing the lipids and pro-inflamatory
molecules to the lipid core, thus directly contributing to its enlargement (13). The cause
of macrophage apoptosis is likely to involve the accumulation of high levels of
unesterified cholesterol and exposure to oxidized and pro-inflammatory molecules,
proven toxic to macrophages in vitro (33). Studies of the pathology of ruptured plaques
have identified the morphological factors associated with the high risk of plaque rupture.
Plaques with a large lipid core and relatively thin fibrous cap are particularly prone to
rupture (34) (Figure 6). Inflammatory macrophages and T cells produce cytokines such
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Figure 6. Interactions involved in plaque formation and stability

Cellular interactions in the development and progression of atherosclerosis. VSMC,
vascular smooth muscle cells. Taken from Weissberg, P. L. (2000) Atherogenesis:
current understanding of the causes of atheroma. Heart 83, 247-252.
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as interferon-y (INF-y), which inhibit the proliferation of smooth muscle cells and shut
down collagen synthesis (35). Macrophages are also cytotoxic to smooth muscle cells,
which further promotes the reduction of the fibrous cap and the likelihood of plaque
rupture (36).
The presence of apoptotic bodies and necrotic foam cells in lesions suggests
reduced or impaired clearance of these cells by surrounding healthy macrophages (37).
Combination of increased cell death and a lack of scavenging of apoptotic cells may
therefore contribute to the increased size of the lipid core and its destabilization (Figure
7). The removal of apoptotic cells is mediated by recognition of PS on the surface of
apoptotic cells (38). Defective removal of the apoptotic bodies has been proposed to not
only increase the size of the lipid core but also contribute to increased thrombogenicity of
the plaque. Exposed PS on the surface of apoptotic cells can lead to thrombin activation
and increased pro-coagulant environment in lesion (39). The removal of apoptotic cells
is mediated by a number of surface molecules, including scavenger receptors of class A
and B and the CD68 receptor (40).
The appearance of the PS on the surface of apoptotic cells, as well as the ability of
macrophages to efficiently clear apoptotic cells from the lesion area, may have a
significant effect on lesion stability and the occurrence of plaque rupture. The
mechanisms regulating the appearance of PS on the cell surface during apoptosis are not
completely understood. Two enzymes have been implicated in the maintenance of
asymmetry in the distribution of PS and its extemalization during apoptosis.
Phosphatidylserine accounts for approximately I 0 % of all phospholipids found
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Figure 7. Role of scavenging of apoptotic cells in atherosclerotic plaques
Scavenging of apoptotic bodies is crucial for the understanding of the development of
necrotic cores in atherosclerosis. Apoptotic bodies of SMC and macrophages expose
phosphatidylserine (PS) on their surface, an event recognized by scavenger receptor A
(SRA) or CD36. Increased apoptosis of SMC or macrophages, or a decrease in the
scavenging activity could lead to thrombin activation via the exposed PS. Taken from
Kockx, M. M., and Knaapen, M. W. (2000) The role of apoptosis in vascular disease. J

Patho/190, 267-280.
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in the plasma membrane and is confined to a cytosolic leaflet of the membrane bilayer
under normal conditions (Figure 8). This is achieved by the enzyme aminophospholipid
translocase (flippase), which mediates, in an ATP-dependent manner, the transfer ofPS
from the external to the internal leaflet of the membrane, thus achieving asymmetric
distribution of this lipid (41 ). During the onset of apoptosis, the inhibition of the flippase
and the activation of the non-specific, lipid-randomizing aminophospholipid scramblase
results in the appearance ofPS on the cell surface (42). Both enzymes appear to be
required for efficient PS redistribution during apoptosis. Although both enzymes have
been cloned, their exclusive role in this process has been recently challenged (43, 44) and
the regulatory mechanisms involved are not understood at present .
Whether the induction of apoptosis of macrophages is beneficial for lesion
stability is not resolved at present. While secondary necrosis of macrophages contributes
to the enlargement of the lipid core, macrophages are also primary phagocytes
responsible for the removal or apoptotic cells. It is becoming clear, however, that
increased efficiency of apoptotic cell clearance from lesions would be beneficial in terms
of its size and stability. Understanding of the processes involved may, therefore, be of
benefit in identifying ways to achieve efficient removal of apoptotic cells from
atherosclerotic lesions thus increasing the lesion stability and decreasing the occurrence
of thrombosis.
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Figure 8. The distribution of specific erythrocyte membrane lipids between the
inner and outer face is asymmetric
Membrane lipids are asymmetric in their distribution on the two faces of the bilayer. In
the plasma membrane certain lipids are typically found primarily in the outer face of the
bilayer (phosphatidylcholine), and others in the inner (cytoplasmic) face
(phosphatidylserin). Taken from Lehninger, A.L., Nelson, D. L., Cox, M. M. (1993)

Principles ofBiochemistry, 2nd edition. Worth Publishers, New York, p. 272.
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Caveolae and Lipid Raft Membrane Domains

a) Organization of Lipids in Cell Membranes
The Singer-Nicolson fluid mosaic model of the membrane bilayer proposed that
lipids in the bilayer form a neutral solvent with little influence on the protein function
(Figure 9) (45). In the recent years, it has become clear that the lipid distribution within
the cell membranes is not uniform, thus challenging the fluid mosaic model. Lipids can
exist in several phases in model lipid bilayers. These states include a gel state, a liquidordered and a liquid-disordered state. In the liquid-disordered state, membrane lipids
have the lowest melting temperature and correspond to a fluid mosaic model of Singer
and Nicolson (46). Sphingolipids, containing long, largely saturated fatty acids, have a
tendency to pack tightly together and increase the melting temperature of the membrane,
conversely glycerol-phospholipids, which are generally rich in unsaturated fatty acids
have lower melting temperatures and exist in the liquid-disordered phase. The presence
of cholesterol in the membranes abolishes the sharp thermal transition between the gel
and liquid phases and allows for formation of the liquid-ordered phase, in which
sphingolipids and cholesterol are tightly packed as in the gel phase but have a high
degree of lateral mobility (46). These as well as other studies led to the proposition of the
functional liquid-ordered domains, named "lipid rafts", in membranes in vivo (Figure 10)

(47).
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Figure 9. The fluid mosaic model for membrane structure
The fatty acyl chains in the interior of the membrane form a fluid, hydrophobic region.
Integral membrane proteins float in this sea of lipid, held by hydrophobic interactions
with their nonpolar amino acid side chains. Both proteins and lipids are free to move
laterally in the plane of the bilayer, but movement of either from one face of the bilayer
to the other is restricted. The carbohydrate moieties attached to some proteins and lipids
of the plasma membrane are invariably exposed on the extracellular face of the
membrane. Taken from Lehninger, A.L., Nelson, D. L., Cox, M. M. (1993) Principles of

Biochemistry, 2nd edition. Worth Publishers, New York, p. 272.
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Figure 10. Model for the organization of rafts and caveolae in the plasma
membrane
The rafts (red) segregate from the other regions (blue) of the bilayer in which unsaturated
phosphatidylcholine is predominantly in the exoplasmic leaflet, which has a different
organization of intercalated cholesterol from that in the rafts. (A) Rafts contain proteins
attached to the exoplasmic leaflet of the bilayer by their GPI anchors, proteins binding to
the cytoplasmic leaflet by acyl tails (the Src-family kinase Yes is shown), or proteins
associating through their transmembrane domains, like the influenza virus proteins
neuraminidase and haemagglutinin (HA) (these proteins associate with DIGs in virus
membranes). However, if cholesterol is removed by cyclodextrin extraction from the
envelope, the virus glycoproteins become soluble in TritonX-100 at 4°C. (B) The lipid
bilayer in rafts is asymmetric, with sphingomyelin (red) and glycosphingolipids (red)
enriched in the exoplasmic leaflet and glycerolipids (for example, phosphatidylserine and
phosphatidylethanolamine; green) in the cytoplasmic leaflet. Cholesterol (grey) is present
in both leaflets and fills the space under the head groups of sphingolipids or extends the
interdigitating fatty acyl chain in the apposing leaflet. (C) Caveolae are formed by selfassociating caveolin molecules making a hairpin loop in the membrane. Interactions with
raft lipids may be mediated by binding to cholesterol and by acylation of C-terminal
cysteines. Taken from Simons, K., and Ikonen, E. (1997) Functional rafts in cell
membranes. Nature 387,569-572.
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b) Lipid Rafts
Lipid raft domains have been identified in cells as a subset of membranes that are
rich in cholesterol, sphingolipids and certain glycolipids such as gangliosides. Their
insolubility in nonionic detergents at 4 oc and light buoyant density separates them from
the rest of the membrane population (47). Due to an inability to morphologically
distinguish lipid rafts from the surrounding membranes, determination of their size has
been difficult. Based on photonic force microscopy, the size of rafts is estimated to be
between 30-50 nm containing approximately 10-30 proteins (48). One of the most
important features of lipid rafts is their ability to selectively sequester or exclude certain
proteins. Proteins that have high affinity for rafts include glycosyl-phosphatidylinositol
(GPI)-anchored proteins, doubly acylated peripheral membrane proteins and some
transmembrane proteins (often palmitoylated). Functionally, lipid rafts have been
implicated primarily as platforms functioning in the compartmentalization of various
signal transduction molecules. The function of lipid rafts in cell signaling has been
particularly well documented in hematopoietic cells, where binding of antigen by T- and
B-cells takes place in rafts (49). The important feature of rafts is their ability to cluster
together, for example when crosslinking raft components by antibodies (50). Clustering
of rafts is likely to be of importance in achieving the close proximity of extra- and
intracellular molecules involved in signal propagation.

-..
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c) Caveolae
Caveolae membrane domains were first observed in 1950s as invaginations with
"cave"-like morphology on the surface of endothelial and epithelial cells (51, 52). Over
the past decade the field of cell biology has recognized these domains as a membrane
system involved in endocytosis and transcytosis of various molecules, entry of pathogens
to cells, cholesterol homeostasis and cell signaling (53). Caveolae are found primarily as
omega-shaped invaginations about 50 to 100 nm long, but they can also form grape-like
structures or fuse and form tubules in myocytes. They represent a subset of lipid rafts,
characterized by relatively high caveolin content. While lipid rafts are present in cells
lacking caveolins, maintenance of caveolar invaginated morphology is dependent on the
presence of caveolin (54). Disruption of caveolar shape can lead to defects in the uptake
of molecules and cell signaling (55). Rapid-freeze deep-etch images showed that
caveolae contain a striated coat, which is formed by oligomerization of caveolin (Figure
11) (56). Recently it has been proposed that lipid domains, such as rafts and caveolae,
are formed by condensation of complexes (protein molecule surrounded by approx. 160
lipid molecules of sphingolipid and cholesterol) that aggregate to form larger
raftlcaveolar domains (Figure 12) (57).
Caveolae are found on the cell surface, while domains with lipid composition of
caveolae/lipid raft can be isolated from a variety of other intracellular membranes.
Agreement on the united nomenclature of lipid domains has been problematic due to lack
of purification and characterization methods. Table 2 provides an overview of the
isolation methods and nomenclature used for lipid raftlcaveolae-related domains.
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Figure 11. Caveolae invaginations on the surface of human fibroblasts
(A) Thin-section electron microscopic image and (B) rapid-freeze deep-etch image of
fibroblast caveolae. Arrows point to endoplasmic reticulum near invaginated caveolae.
Taken from Anderson, R. G. (1998) The caveolae membrane system. Annu Rev Biochem
67, 199-225 .
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Figure 12. Mechanism of lipid shell formation
Cholesterol (purple) and sphingolipids (orange) self-assemble to form cholesterol-rich
complexes in the membrane. The orange head groups of the sphingolipids project above
the phospholipid head groups owing to the longer fatty acyl chains on the sphingolipids.
The model proposes that each protein interacts with at least two complexes (right and left
blue arrows). (A) The mechanism of shell formation around GPI-anchored proteins
(purple) can involve a combination of physical interactions with the condensed
complexes, including hydrophobic mismatch, water exclusion from cholesterol, glycansphingolipid interactions, and protein-sphingolipid interactions. (B) Specific
transmembrane proteins (blue) have the ability to dynamically associate with two or more
condensed complexes, thereby becoming encased in a shell of cholesterol-sphingolipid
(curved blue arrow). (C) On the inner membrane surface, the predominant condensed
complex is composed of cholesterol and phosphatidylserine (PS). Shell formation around
polybasic proteins like MARCKS (yellow) occurs when they electrostatically interact
with these negatively charged condensed complexes. Taken from Anderson, R. G., and
Jacobson, K. (2002) A role for lipid shells in targeting proteins to caveolae, rafts, and
other lipid domains. Science 296, 1821-1825.
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Table 2. · Raft nomenclature

The lack of standardized methodology has led to confusion in the current nomenclature
between rafts, detergent-resistant membranes and caveolae. Table proposes more
standardized nomenclature for these domains. Taken from Simons, K., and Toomre, D.
(2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Bioll, 31-39.
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• Float to low densrty in
sucrose or Optiprep'"
density gradients

• Morphological
'cave-like ' invaginations
on the cell surface

' DRM. detergent-resistant membrane: DIG. detergent-insoluble glycolipicl-rich domain: DIC. detergent-insoluble complex : LDM. low-clensity membrane: DIM.
detergent-insoluble material: GEM. glycolipid-enriched membrane: TIFF. Triton X-100 insoluble floating traction .
I Care should be taken when choosing solubilization conditions for co- immunoprecipilation experiments. as these popular detergents do not solubilize rafts on ice.
Co-localiLltion of proteins in raft s or DRMs could be mistaken for direct protein- protein interactions if rafts are not completely solubilized.
§Rafts can be solubilized in octyl glucoside or in the detergents listed above at raisB<I temperatures.
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Caveolin Protein Family
Caveolin-1, a member of the caveolin family, was discovered over a decade ago
as tyrosine-phosphorylated protein in Rous sarcoma virus-transformed chick embryo
fibroblasts (58). To-date, three mammalian caveolin genes have been identified (59). Of
the three isoforms, caveolin-1 and -2 are expressed ubiquitously, while caveolin-3
expression is restricted to striated muscle cells (60). Caveolins are found primarily in
cells with abundant caveolae (53). In mouse, all three caveolin genes are present on
chromosome 6. In human, caveolin-1 and -2 genes are on chromosome 7, while
caveolin-3 gene is on chromosome 3. Unlike caveolin-3, caveolin-1 and -2 can be found
as two isofonns (a,J3) generated by alternative translation initiation start sites or splicing
(Figure 13) (61, 62).
Caveolin-1 protein has several interesting features. Caveolin-1 is inserted into the
membrane via a 33- amino acid hydrophobic region with theN- and C- termini facing the
cytoplasm, thus forming a hairpin-like structure. The hydrophobic hairpin structure
penetrates, but does not traverse, the lipid bilayer and is flanked by membrane attachment
domains, which further anchor caveolin to the membrane. These domains also mediate
caveolin oligomerization and are thought to be responsible for its lack of solubility in
non-ionic detergents (63, 64). Caveolin-1 and -3 are acylated on cysteine residues,
flanking the transmembrane domain toward the C- terminus. This acylation appears to be
important in the binding of cholesterol and the delivery of the newly synthesized
cholesterol to caveolae (65). The 20 amino acid scaffolding domain flanks the
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Figure 13. The caveolin gene family
An alignment of the protein sequences of murine caveolin-1, -2, and -3 is shown.
Identical residues are boxed and highlighted (red). Note that caveolin-1 and -3 are most
closely related, while caveolin-2 is divergent. Translation initiation sites are circled. In
addition, the positions of the membrane-spanning segment (green) and the
oligomerization domain (blue) are indicated. Taken from Smart, E. J. et al. (1999)
Caveolins, liquid-ordered domains, and signal transduction. Mol Cell Bio/19, 7289-30
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transmembrane domain towards theN-terminus. The scaffolding domain mediates the
interaction of caveolin-1 with several caveolae-associated proteins. Based on the abovementioned characteristics, it is not surprising that caveolin-1 plays a role in a variety of
cell functions and possibly acting as a coordinating bridge between signaling molecules
and membrane domains of specific lipid composition such as caveolae and lipid rafts.
Localization of caveolin in cells is not restricted to cell surface caveolae; the available
evidence suggests that caveolin-1 can behave as a trafficking molecule, cycling between
the Golgi apparatus and plasma membrane or in certain cell types enter the secretory
pathway (66-68).
Much less is known about the function of caveolin-2. Caveolin-2 has less than a
60% amino acid similarity to, and only a 38% identity with, caveolin-1 and is the least
studied isoform of the three caveolins. Unlike other caveolins, caveolin-2 does not form
high molecular weight homooligomers and this may contribute to its inability to drive the
formation of caveolae (69). It has been suggested that it is an accessory protein, for the
caveolin-1-mediated formation of caveolae (60). In the absence or low levels of
caveolin-1, caveolin-2 accumulates in the Golgi compartment (70). Recent data suggest
that caveolin-2 also has a lipid droplet targeting sequence and (71). Caveolin-2 knockout mice have been recently generated and while viable and containing caveolae, these
mice are exercise-intolerant due to hypercellularity of lung parenchyma (72).
Based on the amino acid sequence homology, caveolin-3 has an 85% similarity
and a 65% identity with caveolin-1. It is thought to substitute for caveolin-1 in striated
muscle cells with respect to its role in the formation of caveolae (73). Mutation in the
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caveolin-3 gene and its deficiency of expression can lead to a rare, autosomally dominant
form of limb-girdle muscular dystrophy, while over-expression of caveolin-3 in
transgenic animals causes a Duchenne-like muscular dystrophy phenotype (74, 75).
Studies described in this dissertation involve primarily non-muscle cells which
lack caveolin-3 expression; the following section will therefore focus on the function of
caveolin-1 and -2 isoforms.

Caveolin and its Function
The majority of the available information about caveolins comes primarily from
studies on fibroblasts and endothelial cells, which are relatively rich in caveolae and
express high amounts of caveolin-1 and caveolin-2. Caveolin-1 has been the most
studied of the three caveolins. Three main functions have been suggested for caveolin-1 :
assembly and maintenance of caveolae, modulation of signal transduction and lipid
transport/homeostasis.

a) Formation of Caveolae Domains
Caveolin-1 is essential for the assembly of caveolae and directly influences the
composition and function of these organelles (76, 77). Studies demonstrate that
homooligomers of caveolin-1 or heterooligomers of caveolin-1 and caveolin-2 (56, 60)
decorate the cytoplasmic surface of the caveolar coat. The recently generated caveolin-1
knockout mice, characterized by a complete loss of caveolae, confrrm the importance of
caveolin-1 for the formation of morphologically distinct caveolae (55, 78). In cells with
abundant caveolae, caveolin-1 and caveolin-2 heterooligomers coat the cytoplasmic
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surface of caveolar invaginations. In the absence of caveolin-1 expression, caveolin-2 is
retained in the Golgi compartment of K562 human erythroleukemic cells and does not
partition into Triton X-100-soluble lipid raft fraction (70). Upon transfection with
caveolin-1, caveolin-2 exits the Golgi compartment and becomes resistant to Triton XI 00 extraction, indicative of its incorporation into the lipid raft/caveolar membranes.
Interestingly, it appears that a certain threshold expression of caveolin-1 is required for
the formation of caveolae, as observed in caveolin-1- transfected lymphocytes, which
normally lack caveolae on the cell surface (79). While caveolin-1 drives the formation of
caveolae in most caveolin-1- expressing tissues, caveolin-3 takes on this role in cells of
striated muscle (73).

b) Modulation of Signal Transduction
As mentioned above, the identification of caveolin-1 as a major v-Src
phosphorylated substrate in Rous sarcoma virus-transformed fibroblasts indicated its role
in the modulation of signal transduction (58). Since then it has been demonstrated by
many laboratories that caveolin interacts with a number of signaling molecules, many of
them enriched in caveolae (80). Caveolin oligomerization suggests that caveolin coat
forms a scaffolding for the assembly of signaling molecules. The interaction of caveolin
with signaling molecules has been mapped to aN-terminal region of the transmembrane
domain (amino acids 80-101), named the caveolin scaffolding domain (76).
The interaction of the caveolin scaffolding domain leads to the inhibition of
numerous molecules including eNOS, c-Src and Fyn tyrosine kinases, protein kinase A
(PKA), extracellular growth factor receptor (EGFR). The scaffolding domain of
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caveolin-1 was used to identify caveolin-binding motifs from phage display library
(<I>X<I>XXXX<I>, <I>XXXX<I>XX<I>, <I>X<I>XXXX<I>XX<I>, where <I> is phenylalanine,
tyrosine or tryptophan and X is any amino acid) that are present in majority of caveolininteracting proteins (81 ).
The general inhibitory function of caveolin-1 is consistent with its putative role as
a tumor suppressor gene. Caveolin-1 and -2 genes are both located on chromosome 7
within a locus (7q31.1/D7S 522), that is frequently deleted in human cancers (82).
Interestingly, caveolin-1 is deleted in variety of tumors and transformed cell lines and
recombinant expression of caveolin-1 can abrogate anchorage-independent growth of
transformed and tumor cell lines (83).

c) Caveolin and Lipid Transport
The lipid binding properties of caveolin-1, its increased expression in
differentiated adipocytes, as well as its association with domains rich in cholesterol, were
originally the first indicators that caveolin may be involved in cholesterol transport and
lipid homeostasis.

Intracellular and extracellular lipid transport
Caveolins, and caveolin-1 specifically, have been implicated in the regulation of
cellular cholesterol metabolism, lipid uptake, as well as lipid efflux. The ability of
caveolin-1 to bind cholesterol and fatty acids (84, 85) is suggestive of its involvement in
the trafficking of lipids between the various intracellular compartments and the cell
membrane. In fibroblasts, caveolin-1 can cycle between the ER, Golgi apparatus and
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plasma membrane (86, 87). This behavior is reminiscent of that of the oxysterol-binding
protein, which rapidly moves to the Golgi apparatus after binding 25-hydroxycholesterol
(88). Thus caveolin-1 may be important in the delivery of newly synthesized cholesterol
to the membrane caveolae. Indeed, transfection of caveolin-1 into cells devoid of
caveolin induces the formation of caveolae (89), and is accompanied by significantly
increased rates of cholesterol transport to the cell surface (86). It has been proposed that
at least some of the newly synthesized cholesterol by-passes the Golgi apparatus, and is
transported to the cell surface in a soluble cytosolic complex containing caveolin-1 and
heat-shock proteins (90). While caveolin-1 may likely be involved in a delivery of
cholesterol to specific areas of the plasma membrane, the mechanism and physiological
relevance of this intracellular cholesterol transport pathway has not been established.
Caveolin is also secreted in the extracellular media from exocrine pancreatic cells
(68) and prostate cancer cells (91). Caveolin-1 is secreted from exocrine pancreatic cells

in the form of a HDL-like particle, containing apolipoprotein A 1 (apoA 1). Caveolin
appears to be diverted to the secretory pathway following the phosphorylation of
conserved serine residues, which facilitates caveolin-1 entry into the ER lumen and
ultimately the compartment with secretory granules (92). The significance of caveolin-1
secretion into the intestine is not known, but is suggestive of its role in the extracellular
transport of lipids. Secreted caveolin-1 in the prostate cancer cells acts as a
autocrine/paracrine factor promoting cell survival and metastasis. (91 ).
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Sterols and regulation of caveolin expression

In order to achieve intracellular sterol homeostasis, the expression and/or activity
of the molecules involved (enzymes, receptors) is tightly regulated. It is logical to
suggest that caveolin expression may be regulated in a sterol-dependent manner. Earlier
studies in fibroblasts and Madin-Darby canine kidney (MDCK) cells showed that the
extent of caveolin-1 expression appears to correlate positively with the intracellular
cholesterol content (93, 94). Cholesterol-dependent regulation of caveolin-1 mRNA
levels in human skin fibroblasts has been proposed to be mediated by the sterol
responsive element binding protein (SREBP), in a manner opposite to that of other
known genes regulated by sterols (95). These studies showed that cholesterol loading
increases, while incubation with oxysterols decreases caveolin-1 mRNA levels in primary
human fibroblasts (93). Incubation ofMDCK cells with 25-hydroxycholesterol was also
reported to lead to decreased caveolin-1 mRNA levels (94). In contrast to fibroblasts and
MDCK cells, caveolin-1 mRNA expression in 25-hydroxycholesterol-treated HeLa cells
was not significantly altered (96). The apparently opposing effects of cholesterol and
oxysterols on the caveolin-1 mRNA levels are difficult to interpret in the context of the
present understanding of sterol-mediated regulation of gene expression and, since
oxysterols are well-known inhibitors of SREBP cleavage and SRE-mediated gene
transcription (97).
Cellular cholesterol uptake and ejjlux
Cell surface caveolae are enriched in cholesterol and are thus likely involved in its
exchange with the extracellular environment. Studies with fibroblasts and smooth muscle
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cells suggest that caveolae and caveolin-1 may play an important role in the cholesterol
efflux by passive diffusion mechanism (98). In human skin fibroblasts, caveolin-1
overexpression appears to increase cholesterol efflux to human plasma (99). In contrast
to human fibroblasts, decreased caveolin-1 expression in 3T3 fibroblasts, by antisense
technology, is associated with increased HDL-mediated cholesterol efflux (100). These
data provide inconclusive results and suggest that the effect of caveolin-1 on cholesterol
efflux may depend on the cell type and lipoprotein acceptors present in the surrounding
medium.
Caveolin and caveolae may be also involved in the uptake of cholesterol from
HDL by the selective cholesteryl-ester uptake pathway (101). Unlike the uptake ofLDL,
where the whole particle is taken by the cell and transferred to lysosomes, in the selective
uptake pathway only the core cholesteryl esters ofHDL are transferred to the cells
without the protein moiety of HDL. The selective uptake pathway is of physiological
importance in adrenal tissue and the liver. CD36 and SR-BI receptors bind HDL and
selectively transfer core cholesteryl esters to the cells, and are both localized in
caveolae/lipid rafts (102, 103). Caveolin-binding sequence motifs have not been found in
the SR-BI sequence and chemical cross-linking and co-immunoprecipitation of these two
proteins also failed ( 104). The evidence of a direct interaction between caveolin-1 and
SR-BI is therefore lacking. An interesting observation came from recently generated
caveolin-1 knock-out mice, which have a defect in the uptake of fatty acids by adipocytes
thus implicating caveolin-1 and caveolae in the fatty acid uptake as well(1 05).
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The rapid growth in caveolin-related research in recent years provides us with
many potentially important insights into the regulation of cholesterol metabolism,
caveolae formation and signal transduction. Some of these studies provide compelling
evidence that the regulation of the signal transduction pathways is intimately linked to
cellular lipid homeostasis, thus interlocking these two events into a complex bioregulatory system, in which caveolins are likely to play an important role (106).

Caveolin Expression in Macrophages
At the beginning stages (years 1998/1999) of the research described in this
dissertation a significant controversy existed regarding the expression of caveolins in
macrophages, with only a limited amount of data published in the literature. The absence
of caveolin expression in macrophages was initially reported in 1997 by Fieding and
Fielding. without specific elaboration on the detection methods used (107). In the same
year Baorto and coworkers (1 08) as well as Kiss and Geuze.(l 09) reported the presence
of caveolin-1 in mouse bone marrow macrophages and rat peritoneal macrophages,
respectively, by immunocytochemistry. At the initiation of this research, the expression
and function of caveolins in macrophages has not been further examined. This is
particularly surprising since a number of reports described above linked caveolins to the
regulation of lipid transport and cholesterol homeostasis in other cell types. Caveolins
could directly influence macrophage cholesterol uptake, efflux or intracellular lipid
homeostasis, which in turn may have important impact on the various stages of the
atherosclerotic disease development.
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Project Goals
Observations made in non-macrophage cell types have implicated caveolins in the
regulation of lipid transport, caveolae formation and modulation of signal transduction.
Macrophages play a pivotal role in the immune response and the development of
atherosclerosis, but the expression and function of caveolins in these cells has not been
examined.
First goal of the project has been to clearly establish and characterize caveolin
expression in macrophages and compare it to other caveolin- expressing cell types.
In the second part, the examination of potential caveolin functions in
macrophages was carried out. Primary focus was on the involvement of caveolins in
modulation of macrophage lipid metabolism and apoptotic cell death, as important factors
influencing atherosclerotic disease progression.

Note on Materials Used in the Dissertation
Chapter II represents already published data (Gargalovic, P., and Dory, L. (2001)

J Bioi Chern 276, 26164-26170). Portions of the data in Chapter IV and V have been
recently published in Journal of Lipid Research (Gargalovic, P., and Dory, L. (2002)
Caveolins and macrophage lipid metabolism, In press).
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CHAPTER II

CAVEOLIN-1 AND CAVEOLIN-2 EXPRESSION IN MOUSE MACROPHAGES

PREFACE

Studies of caveolins in non-macrophage cell types have provided evidence of
their involvement in the formation of caveolae, signal transduction and lipid metabolism.
The implied role of caveolins in cellular lipid metabolism and particularly in cholesterol
efflux may be of the utmost importance in macrophages, which play a pivotal role in the
development of atherosclerosis. Macrophage cell lines THP-1, J77 4 and RAW are
widely used as models to study macrophage cholesterol metabolism and its regulation
during the processes involving atheroslerotic lesion formation. Obviously, each cell
model represents only an approximation of the situation in vivo. Unlike fully
differentiated, non-proliferative primary macrophages, macrophage-like cell lines
represent dividing tumor-derived cell type with differences with respect to the cholesterol
metabolism and cell signaling regulation. Thioglycollate-elicited mouse peritoneal
macrophages represent a primary differentiated macrophage cell type used frequently for
studies of cholesterol metabolism( 1, 2). Although less convenient than macrophage cell
lines, these cells can be obtained relatively easy and in sufficient numbers for
experimental work. Importantly, these cells represent a closer approximation to the in

vivo macrophages found in atherosclerotic lesions than macrophage cell lines. Because
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of the limited amount of information regarding caveolin expression in macrophages, it
was important to first establish and carefully characterize caveolin expression in these
cells. For comparison, and to provide a more global view of caveolin expression in
macrophages, this study includes not only thioglycollate-elicited but also resident
peritoneal macrophages and 1774 cells. NIH-3T3 fibroblasts are frequently used to study
caveolins and are included as a reference point (3). The second part of the studies in this
section examines the regulation of caveolins in macrophages by sterols. Studies
described here provide evidence, for the first time, that significant differences exist in
expression levels, distribution and regulation of expression between macrophages and
fibroblasts. Importantly, these studies also identify that caveolins are secreted from
cholesterol-loaded macrophages, an observation that points to a novel and potentially
significant role of these proteins in HDL-mediated cholesterol efilux.
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SUMMARY

Evidence for caveolin expression in macrophages is scarce and conflicting. We
therefore examined caveolin-1 and caveolin-2 expression in resident (res-MPM) and
thioglycollate-elicited mouse peritoneal macrophages (tg-MPM) and in the 1774 mouse
macrophage cell line by RT-PCR, ribonuclease protection assay, immunoblotting and
immunofluorescence. We found that relative to 3T3 cells, res-MPM and tg-MPM
express low amounts of caveolin-1 (45% and 15% of those in 3T3 fibroblasts,
respectively), while 1774.A1 cells do not express any. Caveolin-2 on the other hand is
expressed in all cells examined, with highest expression in tg-MPM and the lowest in
1774 cells. The relative levels of caveolin expression in the various cells correspond well
with their respective mRNA levels, as measured by ribonuclease protection assay.
Caveolin-1, present primarily on the cell surface does not co-localize significantly with
caveolin-2, which is present primarily in the Golgi compartment in all macrophages
studied. Loading oftg-MPM with cholesterol or variations in unesterified cholesterol
content appear to have little effect on the level of caveolin-1 or -2 expression or their
distribution. Stimulation of cholesterol efflux by HDLJ leads to caveolin-1 and caveolin2 secretion to the cell culture medium, a process not detected in the absence of HDLJ.
The lack of significant co-localization of the two caveolin isoforms in primary
macrophages and their secretion in the presence ofHDLJ provides an interesting and
physiologically relevant model system to study additional aspects of caveolin function.
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INTRODUCTION

Caveolins are a family of membrane-anchored proteins, associated with caveolar
invaginations (4, 5). Tissue distribution of caveolin-2 is similar to that of caveolin-1 (3),
whereas the expression of caveolin-3 is restricted to striated muscle cells (6). Caveolin-1
and caveolin-2 often co-localize in the same membrane compartment; in the absence of
caveolin-1, caveolin-2 remains exclusively in the Golgi apparatus (7). The transport of
caveolin-2 to the plasma membrane appears to require caveolin-1 (8). Both, caveolin-1
and -2 may participate in the formation of caveolae (3, 4).
While caveolins are integral components of caveolae (7, 9, 10), their function
remains to be defined. Caveolin-1 has been proposed to be involved in the regulation of
lipid transport (9, 11, 12) and modulation of signal transduction (for review see ref#1).
Caveolin-1 binds cholesterol and fatty acids (13, 14), and has been proposed to
play a role in the transport of newly synthesized cholesterol to the plasma membrane (9,
15). It may also be involved in the process of cholesterol absorption and transport in the
lymph or interstitial fluid (11 ), although it has not been identified in plasma lipoproteins
or blood cells (11, 16-18).
Evidence for caveolin expression in macrophages however has been scarce and
conflicting. Fielding and Fielding report that macrophages do not express caveolin (19).
In contrast, immunofluorescence labeling suggests caveolin-1 expression in mouse bone
marrow- derived macrophages (20). Immunoblot analyses also indicate caveolin-1
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expression in THP-1 cells, but not in 1774 or RAW macrophages; caveolin-2 expression
was not detected in any of these cells (21 ). Contrary to these reports, caveolin-1 mRNA
was recently detected in 1774 and RAW macrophages by RT-PCR 1 (22).
Mouse peritoneal macrophages and the 1774 macrophage cell line are frequently
used to study various aspects of cholesterol metabolism and reverse cholesterol transport.
In order to clearly establish whether these cells express caveolins, we used various
independent methods to examine the presence and distribution of caveolin-1 and -2. We
also examined the subcellular localization and the extent of caveolin expression in these
cells relative to NIH-3T3 fibroblasts. Although caveolins have not been detected in the
plasma compartment, we report HDL 3- mediated secretion of caveolin-1 and -2 from
cholesterol loaded macrophages. In addition, we report that perturbations in cellular
cholesterol homeostasis have only a moderate effect on caveolin expression in these cells.

Note: The above section has been modified due to redundancy with material provided in
Chapter I.
1

Abbreviations used are: ACA T, acyl-CoA:cholesterol acyltransferase; acLDL, acetylated low-density
lipoprotein; AEBSF, 4-(2-aminoethyl)benzensulfonyl fluoride; DMEM, Dulbecco's modified Eagle's medium;
HDL: High density lipoproteins; PVDF, polyvinylidene fluoride; res-MPM, resident mouse peritoneal
macrophages; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis; tg-MPM: thioglycollateelicited mouse peritoneal macrophages; RPA, ribonuclease protection assay; RT-PCR: reverse transcriptionpolymerase chain reaction; TBS, tris-buffered saline; PBS, phosphate-buffered saline; Tricine, N-[2-hydroxyl,l-bis(hydroxymethyl)ethyl]glycine; SREBP, sterol regulatory element-binding protein.
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EXPERIMENTAL PROCEDURES
Materials
Anti-caveolin-1 pAb (C-13630) and anti-caveolin-2 mAb (C-57820) were purchased
form Transduction Laboratories (San Diego, CA). Anti- human apoA-I antibody was
purchased from Chemicon (Temecul, CA). Anti-mannosidase II antibody was provided
by Dr. Moremen (University of Georgia, Athens, GA). The caveolin-1 ribonuclease
protection assay plasmid template was a gift from Dr. R. G. W. Anderson (University of
Texas Southwestern Medical Center, Dallas, TX). Components for ribonuclease
protection assay were purchased from Ambion Inc., (Austin, TX). [32P]-labeled rUTP
was purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Fluorescent Alexa
488 goat anti-rabbit, Alexa 568 goat anti-rat, and Alexa 568 goat anti-mouse antibody
conjugates were purchased from Molecular Probes (Eugene, OR). Anti- Mac-2 was
purchased from Cedarlane Laboratories (Ont., Canada) and anti-actin (A-2066) was
purchased from Sigma Chemical Co (St. Louis, MO). Secondary horseradish peroxidase
conjugated anti- rabbit and anti- mouse antibodies were purchased from Jackson
Immunochemicals (West Growe, PA). Dubelco's Modified Eagle Medium (DMEM) was
purchased from GIBCO BRL (Grand Island, NY) and Brewer's thioglycollate was
purchased from Difco Laboratories (Detroit, Ml). All other chemicals were from Sigma
Chemical Co.
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Cell culture
J774.Al cells were purchased from American Type Culture Collection (Manassas, VA)
and NIH-3T3 fibroblasts were provided by Dr. Dimitrijevich (University ofNorth Texas
Health Science Center at Fort Worth). Mouse peritoneal macrophages were isolated from
Swiss Webster mice by peritoneal lavage using PBS either directly (resident) or four days
after an intra-peritoneal injection of 1.5 ml of sterile thioglycollate broth (thioglycollateelicited). Macrophages were seeded in 35 mm dishes at 3x106 per well in DMEM
supplemented with 20% FCS and penicillin I streptomycin (each at 100 U/ml).
Unattached cells were washed off after 3 hours with DMEM (twice) and the remaining
macrophages were incubated overnight in DMEM supplemented with 20% FCS. On the
following day, cells were washed again twice, incubated in serum- free DMEM and
treated as indicated. J774.Al and NIH 3T3 fibroblasts were maintained in DMEM
supplemented with 10% FCS in a humidified incubator at 37 °C and 5% C02. Cell
viability/cytotoxicity was assessed by trypan blue dye exclusion and by the lactate
dehydrogenase detection kit (Roche).

Cholesterol loading and caveolin secretion from macrophages
Cholesterol loading oftg-MPM was performed 24 hrs. after cell isolation. After an
overnight incubation in 20% FCS I DMEM, the cells were washed twice and incubated in
the serum-free media with the ACAT inhibitor SAH-58.035 (5 J.Lg/ml) in the presence or
absence of 50 J.Lg/ml acLDL for 24 hours, as previously described (23). After 24 hours
the cells were washed and incubated for an additional 24 hrs in the presence of ACAT
inhibitor or DMEM only. Following this treatment, cells were lysed in the lysis buffer in
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software "IPLab" from Scanalytics Inc. (Fairfax, VA) and deconvolution software
"Power Microtome" from Vaytek Inc. (Fairfield, lA).

RNA isolation, RT-PCR and Ribonuclease protection assay
Total RNA was isolated using TRI reagent (Molecular Research Center Inc.). 1.3 ~g of
total RNA was used to obtain the corresponding eDNA by using the "Retroscript Kit"
(Ambion, Inc.) and oligo-dT primers. A quarter of this reaction mixture was used for the
subsequent PCR reaction using caveolin-1 and -2 primers. The following primers were
designed for the RT-PCR analysis ofcaveolin-1: forward 5'-CTA CAA GCC CAA CAA
CAA GGC-3'; and backward: 5'-AGG AAG CTC TTG ATG CAC GGT-3'. For
caveolin-2: forward 5'-A TGA CGC CTA CAG CCA CCA CAG-3' and backward 5'GCA AAC AGG ATA CCC GCA ATG-3'. These primers defme a 341 bp coding region
of caveolin-1 and a 268 bp coding region of caveolin-2 eDNA. Both sets of primers were
designed to span at least two exons of the corresponding caveolin eDNA's. In order to be
able to detect all four major mRNA isoforms (24), we designed primers that border a
portion of the coding region of all caveolin-1 mRNA isoforms (position 72- 413).
Similarly, primers for caveolin-2 RT-PCR have been designed to amplify two exons of
the caveolin-2 eDNA coding region (position 47- 314). Temperatures used for PCR
were based on melting temperatures of primers supplied by manufacturer (IDT, Inc.).
RPA analysis of caveolin-1 and caveolin-2 mRNA was performed according to
standard protocols. The template for the caveolin-1 antisense probe was subcloned into
a pBluescript II KS.plasmid (Strategene, CA). This probe corresponds to a 154 bp
sequence of the human caveolin-1 coding sequence (higher than 95% identity with the
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corresponding mouse sequence), beginning at the translational start site for the caveolin-1

a isoform (base pairs 1-154). Antisense probe for caveolin-2 was obtained by PCR
using a mouse NIH-3T3 fibroblast eDNA library and a T3 RNA polymerase promoter
sequence subsequently added by primer extension. This probe corresponds to a 185 bp
sequence of mouse caveolin-2 mRNA coding region (bp 124- 308). Both antisense RNA
probes were transcribed using T3 RNA polymerase in the presence of [32P] rUTP (926
Cilmmol). A B-actin internal control template (Ambion, Austin, TX) was transcribed
under similar conditions using rUTP with specific activity of2.86 Cilmmol. Labeled
transcription products were gel purified and hybridized (caveolin-1: 1.4x1 06 cpm;
caveolin-2: 1x106 cpm and B-actin: 0.6x105 cpm) at 50 oc with 2.8 JJ.g (caveolin-1) and
1.0 JJ.g (caveolin-2) poly-A RNA, isolated by oligo-dT cellulose chromatography. After
18 hrs the mixture was digested with Rnase A (2.5 U) and Rnase T1 (100 U) at 37 oc for
30 min. Rnases were inactivated by proteinase-K. RNA fragments were then ethanolprecipitated and separated on 8M urea 6% polyacrylamide gels. Dried gels were either
directly exposed to film or counted by Instant Imager (Packard Instrument, Meriden, CT).
The calculations of RNA concentrations were based on the known specific activity of the
RNA probes and counting efficiencies of the scintillation counter and Instant Imager
(Packard Instruments, Meriden, CT).

Immunoblotting
Protein samples were dissolved and boiled in Laemmli buffer (25) for 10 min, separated
by SDS-PAGE using 15% gels and transferred to PVDF membranes (Bio-Rad) at 35
Volts for 16 hours. After blocking with TBS containing Tween-20 (TBST) (20 mM Tris,
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pH 7.6, 137mM NaCl, 0.4% Tween 20) in the presence of 5% nonfat dry milk, the
membranes were incubated with the primary antibodies in TBST containing 1% nonfat
dry milk at 4

oc for 16 hours.

Secondary antibodies in TBST containing 1% nonfat dry

milk were added for 2 hours at room temperature. Bound secondary antibodies were
detected using an ECL detection system (Amersham Pharmacia Biotech). For sequential
re-probing, the antibodies were stripped off the PVDF membranes by using stripping
buffer (2% SDS, 100 Mm Bmercaptoethanol, 62.5 mM TRIS-HCl, pH 6.8) for 30 min at
70 °C, washed with TBS, and incubated with antibodies as described above.

Crude membrane isolation
7

6x10 cells, plated in three 100 mm wells were washed 2x with ice-cold PBS and scraped
down into PBS containing a protease inhibitor cocktail (100 J.LM AEBSF; 10 J.LM
leupeptin; 10 J.LM E-64; 1 J.LM bestatin; 15 nM aprotinin; 1.0 J.LM pepstatin-A). Cells
were then sedimented and resuspended in 1ml of hypotonic buffer (0.25 M Sucrose, 20

mM Tricine, pH 7.8, 1 mM EDTA) with protease inhibitors. After 20 min on ice, cells
were disrupted in a high-pressure cell (7,650 PSI) using a MicroDisrupter (Cell
Scientific, Champaign, IL). Nuclei were removed by sedimenting the homogenate at
1,OOOg for 10 min at 4 °C. The supernatant was centrifuged at 160,000g in SW 50.1 rotor
(Beckman, Palo Alto, CA) to isolate a crude membrane fraction and cytosolic soluble
proteins. The cytosolic proteins were precipitated by TCA (7 .5%, final concentration).
The precipitated supernatant proteins and membrane pellets analyzed by immunoblotting.
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RESULTS

Caveolin-1 and caveolin-2 mRNA expression
We first examined caveolin expression in primary mouse macrophages and
J774.A1 cells by RT-PCR, using primers that exclude positive identification due to the
presence of genomic DNA contamination. Furthermore, our primers were designed to
detect all reported species of caveolin-1 mRNA that arise due to alternate splicing and
transcription initiation sites (24). As shown in Figure 1A, tg-MPM express both
caveolin-1 and caveolin-2 mRNA. In contrast, J774.Al cells express only caveolin-2
mRNA. A more quantitative estimate of the abundance of caveolin mRNA levels was
obtained by RPA; results of a typical experiment are shown in Figure lB and 3B. We
confirm the complete absence of caveolin-1 mRNA in J774 cells. Res-MPM and tgMPM express caveolin-1 mRNA levels that are 31% and 8% ofthose found in 3T3 cells,
respectively (Figure 3B). In agreement with the RT-PCR assay, caveolin-2 mRNA was
detected in all cell types examined. As shown in Figure 3B, relative to 3T3 cells, the
highest level of caveolin-2 mRNA was found in tg-MPM, followed by J774 cells and resMPM (133%, 102% and 80% of the levels found in 3T3 cells, respectively).

Expression of caveolin isoforms in resident and tg- elicited macro phages and
J774.Al
To examine and compare the expression of caveolin isoforms in resident and tgMPM as well as J774 cells, we immunoblotted macrophage celllysates with specific
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Figure 1. Caveolin mRNA Expression in Mouse Macrophages

Caveolin mRNA levels were examined by RT-PCR (A) and RPA (B). Total RNA was
extracted from primary macrophages, J774 cells and NIH-3T3 fibroblasts (3T3). RTPCR was performed using 1.3 J.Lg of total RNA, as described in the Methods. Poly-A
RNA, used for the RPA, was hybridized to caveolin-1, caveolin-2 and B-actin probes as
follows: 2.8 Jlg of poly-A RNA for caveolin-116-actin and lJ.!g of poly-A RNA for
caveolin-2/B-actin. After hybridization and RNase digestion, protected fragments were
resolved on 8M urea 6% polyacrylamide gels and analyzed on Instant Imager or exposed
to film.
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Figure 2. Caveolin Expression in Mouse Macrophages
Cultured cells were washed and dissolved in a reducing Laemmli buffer and boiled for 5
min. Twenty

~g

of whole celllysates were resolved by 15% SDS-PAGE, transferred to

PVDF membranes and immunoblotted for caveolin-1 using anti-caveolin-1 pAb, as
described in the Experimental Procedures. After detection, bound antibodies were
·stripped off the membranes and the membranes were re-blotted for caveolin-2 using anticaveolin-2 mAb.
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caveolin-1 and -2 antibodies. The results of a typical analysis are shown in Figure 2.
Both caveolin-1 and caveolin-2 consist of two isoforms (a and B), where the a.-isoform is
larger by 31 and 13 amino acids respectively (26). After prolonged exposures we were
able to detect the B isoforms of caveolin-1 and -2 in all cells expressing the a. isoform of
these proteins. As shown in Figure 2, caveolin-1 and caveolin-2 are expressed in
macrophages primarily as a. isoforms with relatively very little expression of B-caveolin,
when compared to 3T3 fibroblasts. Caveolin-1 a. to caveolin-1 B ratio in 3T3 cells is1: 1 whereas in tg- and res-MPM it is much higher (- 7:1 ). Similarly, the ratio of
caveolin-2 a. toBin 3T3 cells is- 2:1, whereas caveolin-2 in macrophages is almost
exclusively of the a.-isoform.
The extent of caveolin-1 and -2 expression in macrophages was normalized to
those observed in 3T3 cells and the data are shown in Figure 3A. The western blot assay
enabled us to make a cell-to-cell comparison of the extent of expression of each caveolin
species; this assay does not allow the comparison of caveolin-1 to caveolin-2 expression
in a particular cell. We compared the relative levels of caveolin expression (Figure 3A)
to the corresponding mRNA levels in the same cells, as measured by RPA (Figure 3B).
In agreement with the RT-PCR and RPA data, we did not detect caveolin-1 expression in
J774 cells. The caveolin-1level in res-MPM is about 44±8% (average±SEM) of that
found in 3T3 cells, and about 3- fold higher than that oftg-MPM. The indicated
differences in caveolin-1 expression in each of the cells are significantly different from
each other (p<O.OS). The relative levels of caveolin-1 in these cells correlate remarkably
well with the levels of corresponding mRNAs, as shown in Figure 3B.
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Figure 3. Relative Expression of Caveolin-1 and Caveolin-2 Protein (A) and mRNA
(B) in Mouse Macrophages
Caveolin-1 (open bars) and caveolin-2 (closed bars) expression levels (A) were analyzed
by western blotting, as described above (Figure 2) and the relative amounts measured by
densitometric scanning. Each lane received equal amount of protein and the amounts in
the macrophage cell types were expressed relative to the amounts found in 3T3 cells.
The data represent the average ± SEM of 5 experiments. Levels of caveolin-1 (open
bars) and caveolin-2 (closed bars) mRNA (B) as determined by ribonuclease protection
assay from the same experiment as shown in (A). Messenger RNA levels were
calculated from the amounts of radioactivity associated with specific protected bands,
based on the known specific activity of each probe and the counting efficiency of the
Instant Imager, as described in the Experimental Procedures. Results were expressed as
pg of caveolin mRNA I J.lg of polyA RNA used in the hybridization mix.
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Although caveolin-2 is the only form of caveolin expressed in 1774 cells, its level
of expression is significantly lower (10±4%) than in 3T3 cells. The level of caveolin-2
expression in primary macrophages is similar to 3T3 cells. The corresponding mRNA
levels support these observations (Figure 3B). Overall, there is a very good correlation
between the extent of protein expression and mRNA abundance for both forms of
caveolin, with the exception of J774 cells. In these cells relatively high levels of
caveolin-2 mRNA do not appear to correspond to the low levels of caveolin-2. This
difference may well be due to post-transcriptional events specific for 1774 cells. Relative
to 3T3 cells, where the caveolin-2/caveolin 1 mass ratio was arbitrarily set at 1, this ratio
varies from infinity (J774 cells), to approximately 6 in tg-MPM and about 2 in res-MPM.
Cellular distribution and secretion of caveolins

Caveolin-1 is a cholesterol- and fatty acid- binding protein (13,14) and may play
an important role in cholesterol transport from the site of synthesis (ER), through the
Golgi compartment to the plasma membrane (9). It is a membrane- bound protein, but it
has been shown to exist as a soluble, cytosolic protein (27) or as a secretory protein (11).
Since macrophages are active in cholesterol trafficking, we examined the presence of
caveolins in the membrane- bound and cytosolic fractions, as well as the extent of their
secretion. Immunoblotting of cell fractions isolated from tg-MPM revealed that both
caveolins are membrane bound proteins (Figure 4). Even after prolonged incubation we
did not detect caveolin in the soluble form or secreted to the cell culture medium. The
weak caveolin signals observed in the nuclear fraction is likely the result of incomplete
cell disruption, as determined by light microscopy (data not shown). These experiments
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Figure 4. Caveolin distribution in mouse tg-elicited macrophages
Macrophages were cultured overnight, as described in the Methods. Cells from three 100
mm dishes were scraped and disrupted as described in the Methods to obtain nuclear,
soluble cytosolic and membrane fractions. Whole cell lysate was obtained by dissolving
washed cells directly on the dishes in the lysis buffer (see Methods). Medium (3 ml) was
also collected and TCA precipitated. Cellular fractions or medium proteins were
dissolved in a reducing Laemmli buffer, resolved by SDS-PAGE and immunoblotted for
caveolin-1 and -2. With the exception of the whole cell lysate, loading in each lane was
adjusted to represent equal number of cells (6x106) or equivalent amount of medium
(3ml).
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were carried out in cells not loaded with cholesterol or incubated in the presence of an
acceptor of cholesterol. We also examined caveolin expression in cells loaded with
cholesterol (acLDL at 50 Jlg/ml) in the presence or absence of an ACAT inhibitor (SAH58.035, 5 Jlg/ml). As we previously reported, loading macrophages with acLDL under
these conditions results in a 3- fold increase in total cholesterol content with little change
(absence of ACAT inhibitor) or a nearly 2- fold increase (presence of ACAT inhibitor) in
unesterified cholesterol (23). Caveolin-1 content under these conditions is 109±6% and
143±18% (average± SEM of6 experiments) of that in control (tg-MPM) macrophages,
respectively. These changes in caveolin mass are not accompanied by changes in mRNA
levels, as determined by RPA (not shown). Caveolin-2 behaves in a similar fashion.
We did note, however, that incubation ofunesterified cholesterol-enriched cells
with HDL3 (100 Jlg/ml) resulted in caveolin-1 and -2 secretion into the medium (Figure
5). Both caveolin-1 and caveolin-2 can be detected directly in aliquots of macrophageconditioned medium (Figure SA) as well as in the ultracentrifugally isolated d<l.21 g/ml
fraction of the medium, which partitions the HDL 3 (as detected by apoA-1
immunoblotting) from the remaining proteins secreted by macrophages (SB). No
caveolin could be detected in the d> 1.21 fraction. As shown, caveolin secretion in the
absence ofHDL 3 is not detected. These observations suggest that caveolin-1 and -2 are
secreted in association with HDLJ or independently, with sufficient amount of
phospholipid/cholesterol to impart it a density <1.21 g/ml.

...

_,

87

-

Figure 5. Caveolin-1 and -2 secretion by cholesterol- enriched macrophages

Tg-MPMs were cholesterol loaded in the presence of an ACAT inhibitor for 24 hours, as
described in Methods. They were then incubated in the presence or absence ofHDL 3 (50
J.Lg/ml) for 24 hours. At the end of the incubation with HDL, indicated aliquots of
medium were TCA precipitated (A), the precipitates resolved by SDS-PAGE and
immunoblotted for caveolin -1 or -2. Secreted caveolins have a d<1.21 g/ml, as shown
by ultracentrifugal isolation (B). The lipoprotein- containing fraction (d<1.21 g/ml) was
isolated from the macrophage- conditioned medium (with or without HDLJ ), as
described in the Methods. Aliquots of these fractions were TCA precipitated and
caveolins detected as above .

.....

88

A
Cav -1
Cav-2

B

J---+-...!..---1-....!--1

HDL

,:.:.~~~~iiiiiiiiiii.-i Cells
Cav-1

Cav-2

ApoA-1

89

lmmunolocalization of caveolin isoforms

The relatively low levels of caveolin expression in macrophages as shown by Western
blots, RT-PCR, or RPA could potentially be a result of culture contamination by other
cells present in the peritoneal exudate. To unequivocally establish that caveolin
expression in these cells is not a result of such a contamination, we used the tg-MPMspecific marker Mac-2 to distinguish them from other cell types (28). Mac-2
immunostaining established that over 95% of cells were elicited macrophages (data not
shown). As shown in Figure 6, double immunostaining of tg-MPM with Mac-2 and
caveolin-1 unequivocally demonstrated caveolin-1 expression in tg-MPM .. Caveolin-1
staining is present primarily on the surface oftg-MPM (Figure 6A) and extensively colocalizes with the Mac-2 antigen (Figure 6C), a known cell surface marker. In sharp
contrast to caveolin-1 and Mac-2, caveolin-2 in tg-MPM is localized largely in
perinuclear compartments (Figure 6 E&F). The lack of substantial caveolin-1 and
caveolin-2 co-localization is unusual and has not been previously reported. We therefore
also examined the distribution of caveolin-2 in res-MPM, cells that express over 3 -fold
higher levels of caveolin-1 than tg-MPM, as well as J774 cells, which do not express any
caveolin- I. The cellular distribution of caveolin-2 in these cells is shown in Figure 7 A-

I. Caveolin-2 staining has a characteristic Golgi-like staining pattern, especially in tgMPM and J774 cells. It is apparent that in res-MPM a fraction of caveolin-2
is also distributed to membrane compartments outside of the Golgi apparatus, perhaps a
reflection of the high caveolin-1 expression in these cells. To confirm the Golgi
localization of much of caveolin-2 in these cells, we compared the immunolocalization of

90

-

Figure 6. Immunolocalization of caveolin-1 and -2 in tg-elicited mouse peritoneal
macrophages
Tg-MPM were doubly immunostained with pAb directed against caveolin-1 and
monoclonal antibodies against caveolin-2 and a macrophage marker Mac-2. Bound
primary antibodies were visualized by incubation with distinctly tagged fluorescent
secondary antibodies (see Methods). Plasma membrane localization ofMac-2 (A) and
caveolin-1 (B) is shown. Co-localization of caveolin-1 with Mac-2 on the cell surface
and to some degree in the intracellular compartments can be visible when both images are
superimposed (C). Caveolins were visualized in tg-MPM by double immunostaining for
caveolin-1 (D) and caveolin-2 (E). Superimposed images, including the nucleus
(visualized by using the blue DAPI-DNA dye) is shown in panel F. Images in panels AC were taken at 40X magnification, while the images in panels D - F were taken at 1OOX
magnification. Bars represent 10 J.Lm.
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Figure 7. .Caveolin-2 and mannosidase II co-localization in resident (A-C), and tgMPM (D-F) and J774 cells (G-1)
Resident and tg-MPM and J774 cells were doubly immunostained for caveolin-2 (panels
A, D and G) and mannosidase II (panels B, E and H). Superimposed images of caveolin2 and mannosidase II, along with the DNA staining of the nuclei (visualized by DAPI)
demonstrate an overlapping distribution of caveolin-2 and mannosidase II in all three cell
types (C, F and 1). Bar represents 10 J.Lm.
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J774

caveolin-2 to the distribution of mannosidase-II, a Golgi marker. As shown in Figure 7
C, F and I, caveolin-2 co-localizes with mannosidase II in all three cell types examined;
the extent of co-localization appears inversely related to the extent of caveolin-1
expression. Thus virtually all caveolin-2 is in the Golgi compartment of J774 cells, while
a small fraction is found in the cell membrane oftg-MPM. The greatest amount of
caveolin-2 in cell membranes is found in res-MPM, cells that also express the highest
amount of caveolin-1. Despite limited caveolin-2 presence in areas other than Golgi, we
do not see significant co-localization with caveolin-1 in any macrophage cell types
examined. It should also be noted that cholesterol loading, inhibition of ACAT or
incubation with HDL 3 to promote cholesterol efflux has no discemable effect on
caveolin-1 or -2 distribution in tg-MPM, as determined by immunofluorescence (data not
shown) .
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DISCUSSION

Impairment in macrophage cholesterol homeostasis and reverse cholesterol
transport is likely an important contributing factor in the development of atherosclerotic
lesions in the arteries (29, 30). Caveolin metabolism in these cells, based on their
proposed role in cellular cholesterol homeostasis and reverse transport, should therefore
be of significant interest. Despite this potential importance, little is known about
caveolin expression in these cells. We employed several independent approaches and
used three different mouse macrophage cell types to comprehensively examine caveolin
expression and distribution. Since RT-PCR is the most sensitive method to assess gene
expression, we initially used it to detect caveolin-1 and -2 mRNA. More than four splice
variants of murine caveolin-1 mRNA have been identified (24). Our RT-PCR primers
were therefore designed to detect all the splice variants and to exclude the possibility of
false positives due to the presence of genomic DNA. We detected the presence of both,
caveolin-1 and caveolin-2 mRNA in primary mouse macrophages, but only caveolin-2 in
J774 cells.
The absence of caveolin-1 mRNA in 1774 cells was confirmed by the
ribonucle~e protection assay, as well as by the absence of immunodetectable protein.

Our findings are in contrast to a report of caveolin-1 mRNA expression in J774 cells (22)
and lack of caveolin-2 expression in these cells (21 ). The earlier report of caveolin-1
expression in J774 cells (22) may be due to use of primers that amplify a product within 1
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exon only and cannot distinguish between genomic and eDNA templates. The reported
lack of caveolin-2 expression in these cells, on the other hand, was based on immunoblotting evidence alone (data were not shown) (21) and was not substantiated by other
approaches. We detect caveolin-2 expression in all cell types studied by all three
independent methods. Moreover, based on mRNA levels, and assuming similar rates of
caveolin-1 and -2 translation, our data suggest that caveolin-2 is the more abundant
product in primary macrophages and the only form of caveolin in 1774 cells.
Our observations are consistent with the notion that caveolins are primarily
membrane-bound proteins (26, 31 ), although their subcellular distribution is different.
Caveolin-1, when present, primarily co-localizes with Mac-2 on the plasma membrane of
primary, tg-MPM. Caveolin-2 on the other hand, is primarily found in the Golgi
compartment and co-localizes with mannosidase- II, regardless of the macrophage type.
Based on previous reports (7, 8), one would expect that increasing caveolin-1 expression
would result in increasing movement of caveolin-2 from the Golgi compartment to the
plasma membrane. Our findings are consistent with this. In the absence of caveolin-1
expression in 1774 cells, caveolin-2 is not detectable on the cell surface. On the other
hand, significant caveolin-1 expression in res-MPM is accompanied by an appearance of
caveolin-2 at the cell surface but co-localization with caveolin-1 is still not observed.
The different distribution of the two major caveolin isoforms may be a reflection of their
different function in macrophages.
Caveolin-1 has been implied to function in cellular cholesterol homeostasis,
particularly in the transport of cholesterol within the cell {9, 15, 19, 32). Studies in
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human skin fibroblasts suggest that caveolin expression may be regulated by SREBP in a
manner that is opposite to other known genes regulated by cellular cholesterol (33). In
this unique scenario it is envisioned that in the absence of nuclear SREBP (high cellular
sterol content) caveolin gene transcription is activated (presumably through lack of
SREBP binding), while the induction of nuclear SREBP (through sterol deprivation)
would inhibit caveolin transcription. We found no evidence for this mechanism to be
operative in mouse macrophages. Several- fold increased levels of cellular cholesterol
(and unesterified cholesterol) have no effect on mouse macrophage caveolin -1 or -2
mRNA levels but tend to increase the cellular pool size of caveolins. It appears that
increased levels of unesterified cholesterol may stabilize caveolins somewhat, without
affecting rates of transcription. Further work is required to elucidate mechanisms
responsible for regulating caveolin metabolism in macrophages.
Of particular interest is the recent observation of caveolin -1 secretion by exocrine
pancreatic cells to the intestine in HDL-like lipoprotein particles (11). We therefore also
investigated the possibility of caveolin secretion in macrophages. Macrophages secrete
various proteins to the extracellular interstitial space and are actively involved in reverse
cholesterol transport (34-36). We demonstrate, in the presence ofHDL, caveolin
secretion from cholesterol-loaded cells. Our data suggest that the secreted caveolins may

be directly associated with the HDL particle or be secreted with a sufficient complement
of lipid to impart it a similar density.
The observation that secretion is detected only in the presence of HDL and not in
its absence suggests the former rather than the latter. The appearance of caveolins in the
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macrophage- conditioned medium is not a result of caveolin release through cell death,
since addition ofHDL has no measurable cytotoxic effect (as measured by release of
LDH) and identical culture conditions in the absence ofHDL do not lead to detectable
caveolin secretion. Work by others as well as our previous work suggest that HDL3 or
apoA-1, when interacting with macrophages, can undergo retro-endocytosis, reaching the
proximity of the Golgi network, a mechanism by which HDL 3 may stimulate cholesterol
secretion (37-39) and rescue endogenous, newly synthesized apoE from degradation (23,
35, 40). Retro-endocytosis may also explain how HDL 3 may stimulate the secretion of an
intracellular, membrane-bound protein, such as caveolin-2 and the predominantly cell
membrane localized caveolin-1. Caveolin has not been detected in human plasma alone
or in association with HDL (11, 16-18), but it is secreted into the intestine of rats (11).
Lack of secretion under in vivo conditions, low concentrations or rapid catabolism I
uptake may be responsible for the apparent absence of caveolin in plasma.
Our study demonstrates that macrophages express predominantly the a. isoforms
of caveolin-1 and -2; in contrast, 3T3 cells and human skin fibroblasts express both, the a.
and B isoforms at comparable levels. The lower levels of the J3 isoform of caveolin-1
may be due to decreased rates of translation from the alternate start site at Met-32 of
caveolin-1 mRNA (41 ), or the result of transcriptional regulation of caveolin-1 mRNA
splice variants (24).
The complex nature of caveolin-1 a and B regulation of expression suggests that
these proteins may play an important role in cell signaling. Only the a. isoform contains
the tyrosine phosphorylation site that is selectively phosphorylated in v-Src transformed
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NIH 3T3 cells (42) and its phosphorylation appears to play a role in cell transformation
and regulation of cell signaling. Additional studies will be necessary to fully evaluate the
function of caveolins in macrophage metabolism.
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CHAPTER III

CELLULAR APOPTOSIS IS ASSOCIATED WITH INCREASED CAVEOLIN-1
EXPRESSION IN MACROPHAGES
PREFACE

Studies described in the previous chapter established that caveolin expression
does not change in response to cholesterol loading of macrophages. This is an
unexpected fmding, since data from MDCK cells and fibroblasts demonstrate that
cholesterol loading increases, and inhibition of cholesterol biosynthesis (and thus
cholesterol deprivation) decreases, caveolin expression (1, 2). To determine whether
inhibition of cholesterol biosynthesis reduces caveolin-1 expression in macrophages, the
HMG-CoA reductase inhibitor simvastatin, was used to block cholesterol biosynthesis
and deprive cells of cholesterol and its intermediates (See Figure 3 in Chapter I for
description of the mevalonate pathway). The results ofthis set of experiments were
unexpected, as simvastatin treatment of macrophages significantly increased caveolin-1
expression. Simvastatin (prescription drug known as ZOCOR), and other statins, are
drugs widely used to treat hypercholesterolemia and are known to reduce the occurrence
of coronary heart disease (3). Data in the following section, however, demonstrate that
the increase in caveolin-1 is not specific to the action of these drugs but represents a
general response to the induction of apoptosis in these cells.
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SUMMARY

Macrophage apoptosis is an important factor in the efficiency of the immune
response, atherosclerotic lesion stability and clearance of aged cells by phagocytosis.
Here we show that treatment of thioglycollate-elicited mouse peritoneal macrophages
with several unrelated apoptotic agents is associated with a specific increase in caveolin-1
expression. Simvastatin treatment (10 J..lM for 72 hours) induces apoptosis, as measured
by changes in cell morphology, annexin V-labeling and DNA fragmentation and is
associated with a specific, 20-fold increase in caveolin-1 expression. Increase in
caveolin-1 expression is also observed when cells are treated with other, unrelated
apoptotic agents, including glucose deprivation and camptothecin. In contrast to
caveolin-1, caveolin-2levels remain unaffected. DNA fragmentation can be prevented
by a general caspase inhibitor (Z-VAD-Fmk), but this agent fails to prevent the increase
in caveolin-1 expression and phosphatidylserine extemalization. We show that caveolin"' 1 in macrophages is present in lipid rafts and colocalizes with phosphatidylserine at the
cell surface of apoptotic macrophages. .
Our data suggest that caveolin-1 increase is an early event, closely accompanied
by phosphatidylserine extemalization and occurs independent of caspase activation and
nuclear DNA fragmentation. We propose that caveolin-1 and lipid raft domains are
involved in the efficient extemalization ofphosphatidylserine, thus modulating the
receptor-mediated removal of apoptotic cells.

...,.,

107

INTRODUCTION

Caveolins are membrane-anchored proteins, associated with specific domains
often referred to as caveolae or lipid rafts (4, 5). The caveolin family consists of three
distinct proteins of 21 - 24 kDa: caveolin-1 and caveolin-2 are expressed ubiquitously (6,
7), while the expression of caveolin-3 is restricted to striated muscle cells (8).
The proximity of caveolin-1 is generally associated with the inhibition of signaling
pathways at the plasma membrane level. Many of these pathways belong to the proproliferative, oncogenic category (9, 10). The caveolin-1 gene is located in the putative
tumor suppressor locus, which contains deletions in a variety of human tumors (11). The
expression of caveolin-1 is decreased upon activation of oncogenes and in numerous
tumor-derived cell lines (12). The hypercellularity of the lung parenchyma and the
increased proliferative phenotype of mouse embryo fibroblasts from caveolin-1 knockout
mice are also phenomena consistent with the anti-proliferative properties of caveolin-1
( 13, 14). Overexpression of caveolin-1 in fibroblasts and epithelial cells, on the other
hand, has been reported to sensitize these cells to apoptotic stimuli, possibly via
inhibition ofPhK and/or activation ofcaspase-3 (15, 16). Contrary to this pattern of
caveolin expression and cellular proliferation properties, metastatic prostate cancer cells
exhibit increased expression of caveolin-1 ( 17, 18) and caveolin-1 expression appears to
suppress c-myc- induced apoptosis in certain prostate cancer-derived cell types (19).

..
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The involvement of caveolin-1 in the regulation of proliferation or cell death may
therefore be cell-specific or depend on the cellular context.
Apoptosis is a highly regulated, A TP-dependent form of cell death, characterized
by caspase activation, intemucleosomal cleavage of DNA, nuclear condensation, PS 1
exposure on the cell surface, and cellular fragmentation (for review see reference (20)).
Monocyte-derived macrophages play a critical role in the development of atherosclerosis
and are intimately involved in the arterial lesion formation (21 ). Apoptotic macrophagefoam cells represent a prominent feature of advanced atherosclerotic lesions (22-26). It
has been suggested that macrophage apoptosis or lack of clearance of apoptotic cells may
significantly contribute to the complications associated with lesion stability, lesion
rupture and acute thrombosis (27). The cause of macrophage-foam cell apoptosis in the
advanced lesions has yet to be determined. It may be due to the accumulation of toxic
levels of intracellular unesterified cholesterol (28, 29) or exposure to oxidized
lipoproteins and inflammation-associated molecules (30, 31 ).
Clearance of apoptotic cells is mediated via the exposure of PS on the cell surface
_ (32, 33). Lipid raftlcaveolae domains are selectively enriched in this phospholipid (34),
and are directly implicated in PS extemalization (35, 36).
We and others have recently demonstrated that primary mouse peritoneal
macrophages express both, caveolin-1 and caveolin-2 (37-39). In studies designed to
examine the role of cellular cholesterol in regulating macrophage caveolin expression we
noted that treatment of cells with simvastatin results in significant cell death and in an
increase in cellular caveolin-1 content. We now report that the induction ofapoptosis in
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general, by a number of unrelated agents, leads to a large increase in caveolin-1 but not
caveolin-2 expression. In mouse macrophages caveolin-1 selectively partitions to lipid
rafts and co-localizes with PS at the cell surface of apoptotic cells. We also show that
accumulation of caveolin-1 in apoptotic macrophages is independent of caspase
activation and nuclear DNA fragmentation but correlates well with the appearance of PS
on the cell surface.
1

Abbreviations used are: DMEM, Dulbecco's modified Eagle's medium; HDL: High density lipoproteins;
PVDF, polyvinylidene fluoride; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis; tgMPM: thioglycollate-elicited mouse peritoneal macrophages; PBS: phosphate- buffered saline; TBS, Trisbuffered saline; FCS: fetal calf serum; PS: phosphatidylserine; HMG- CoA: 3-hydroxy-3 methylglutaryl
coenzyme A; PI3K: phosphatidylinositol 3-kinase; MDCK: Manin-Darby canine kidney; TCA: Trichloroacetic
acid
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EXPERIMENTAL PROCEDURES

Materials
Anti-caveolin-1 polyclonal (C-13630), anti-caveolin-2 monoclonal (C-57820) and anticlathrin heavy chain (C-43820) monoclonal antibodies were purchased form
Transduction Laboratories (San Diego, CA). Anti-actin (A-2066) was purchased from
Sigma Chemical Co (St. Louis, MO). Secondary, horseradish peroxidase- conjugated
anti- rabbit and anti- mouse lgG antibodies were purchased from Jackson
lmmunochemicals (West Growe, PA). Simvastatin was a gift from Dr. Roger Newton
(Parke Davis Co.). Camptothecin and aurintricarboxylic acid were purchased from
Sigma Chemical Co. Caspase inhibitor Z-VAD-Fmk was purchased from Enzyme
Systems Products (Livermore, CA). Alexa 488 goat anti-rabbit-, Alexa 568 goat antirabbit- antibodies and the annexin V- based apoptosis assay kit "Vybrant # 2" was
purchased from Molecular Probes (Eugene, OR). DMEM was purchased from GIBCO
BRL (Grand Island, NY) and Brewer's thioglycollate was purchased from Difco
Laboratories.(Detroit, Ml). All other chemicals were from Sigma Chemical Co.

Cell culture

Thioglycollate-elicited mouse peritoneal macrophages (tg-MPM) were isolated from
Swiss Webster mice by peritoneal lavage using PBS four days following an
intraperitoneal injection of 1.5 ml of sterile thioglycollate broth, as previously described
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(40). Cell viability/cytotoxicity was assessed by trypan blue dye exclusion and by the
lactate dehydrogenase detection kit (Roche).

Internucleosomal DNA fragmentation
Assessment of intemucleosomal DNA fragmentation was done by the method of Roy and
Nicholson (41) with minor modifications. Following specific treatments, cells
6

(2x10 /dish) were scraped off on ice. Cells and floating apoptotic bodies were
sedimented at IO,OOOg for 10 min at 4°C. The pellets were re-suspended in 500 f.ll of
lysis buffer consisting of0.6% SDS, 10 mM EDTA, 1M NaCl, pH 7.5, and incubated for
24 hrs at 4 °C. Supernatants were clarified by sedimentation at 14,000g for 20 min and
incubated with 5 J.ll ofRNase cocktail consisting ofRNase A (500 U/ml), and RNase Tl
(20,000 U/ml) (Ambion Inc., Austin, TX) for 45 min at 37°C. DNA was extracted with
phenol/chloroform and precipitated with isopropanol. Equal amounts of DNA were
fractionated on a 1.2 % agarose gel and visualized with ethidium bromide under UV
light.

Analysis of cell surface phosphatidylserine
The extent ofPS display on the cell surface (a measure of apoptosis) was determined by
the Vybrant # 2 kit, according to the manufacturer's instructions. Briefly, macrophages
were seeded at a density of2x106 cells/glass coverslip. Following specific treatments,
cells were washed twice with PBS and incubated for 15 min at room temperature with the
labeling mixture consisting of 5 f.ll Alexa fluor 488-annexin V conjugate and 0.1 J.lg of
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propidium iodide/100 J,tl of binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM
CaCh, pH 7.4). After incubations, cells were washed twice with the binding buffer,
mounted onto slides using Aqua Poly/Mount (Polyscience) and viewed with a
fluorescence microscope (Nikon Microphot FxA), equipped with imaging software
"IPLab" (Scanalytics Inc., Fairfax, VA). Cells labeled with annexin V but negative for
propidium iodide staining were counted and expressed as a percentage of the total cell
population. At least 1,000 cells were counted per each treatment and experiment. The
presence of a star ( *) indicates that the data are statistically significantly different from
bars without the star (p<O.OS).

Immunoblotting

lmmunoblotting for caveolins was performed as previously described (3 7)

Lipid raft isolation

Lipid raft/caveolae membranes were isolated, as described by Machleidt T. et al. (42).
Briefly, 60x106 cells were solubilized in 1 ml of 1% Triton X-100 at 4

oc for 20 min,

followed by homogenization in a Dounce homogenizer. The homogenate was transferred
to a SW41 centrifuge tube and mixed with an equal volume of2.5 M sucrose. The
sample was overlaid with a 10-30% linear sucrose gradient. After centrifugation for 21
hrs in a SW41 rotor, fractions (1-14) were collected from the top, precipitated with TCA
and, together with the pelleted material, analyzed by SDS-PAGE and immunoblotting.
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Alkaline phosphatase assay

Alkaline phosphatase assay was performed as described by Liu P. et al. (43). The PVDF
membrane was first wetted in methanol, washed several times in PBS and, together with
a wet filter paper, placed in a Minifold Dot-Blot apparatus (Schleicher &Schuell, Inc.).
The excess of PBS was removed by suction and I 00 J.tl of sample was applied to each
well. Vacuum was applied to transfer proteins from the samples to the PVDF membrane.
The membrane was washed with 50 ml PBS and developed using 50 ml of alkaline
phosphatase substrate, according to the manufacturer's instructions (Bio-Rad, cat #1706432). The color reaction was stopped by washing the membrane with water.

Immunofluorescence
Caveolin immunostaining was performed as described previously (3 7). When doubleimmunolabeling for PS and caveolin-1, Annexin V was added to the cells before the
fixation procedure and caveolin-1 staining.
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RESULTS

The effect of simvastatin on caveolin-1 expression in macrophages
We previously characterized caveolin-1 and caveolin-2 expression in tg-MPM
and showed that increased cellular cholesterol content does not affect the level of
caveolins in these cells (37). Previous studies by others have shown however, that a 72
hr treatment ofMDCK cells with a HMG-CoA reductase inhibitor simvastatin leads to a
decrease in cellular caveolin-1levels (1). To examine the effect ofHMG-CoA reductase
inhibition on caveolin-1 and -2 levels, tg-MPM were incubated with increasing
concentrations of simvastatin for 72 hrs. As shown in Figure 1, simvastatin treatment at
concentrations 1 J..lM and higher leads to a specific and dose-dependent increase in
cellular caveolin-1 content. In contrast, the levels of caveolin-2 change little.
Quantitative analysis indicates that 10 J..lM simvastatin increases, on average, caveolin-1
20-fold (data not shown).

Simvastatin treatment and induction of apoptosis in macrophages
Light microscopy of simvastatin-treated cells ( 10 J..lM) reveals visible changes in
their morphology when compared to control, untreated cells, as shown in Figure 2 A and
B. Simvastatin-treated cells exhibit cell rounding, loss of attachment sites and
philopodia, as well as increased cellular fragmentation, phenomena suggestive of
apoptosis. Statins have been previously shown to induce apoptosis in other cell types
(44, 45). Phosphatidylserine exposure on the cell surface is an early indicator of
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Figure 1. Caveolin expression in simvastatin- treated mouse macrophages
Tg-MPM were plated at density 2 x 106 cells per 35 mm well and treated with the
indicated concentrations of simvastatin for 72 hrs in serum-free medium. After
treatment, equal amounts of protein from whole celllysates were resolved by SDS-PAGE
and immunoblotted for caveolin-1. After detection, PVDF membranes were stripped-off
andre-blotted for cav-2 and B-actin, as described in the experimental procedures.
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Figure 2. Simvastatin-induced changes in macrophage cell morphology and
appearance of the PS on the cell surface
Thioglycollate-elicited MPM were plated at density 2 x 106 cells per 35 mm well and
treated in the absence (A).or presence (B) ofsimvasJatin (10J.1M) for 72 hrs in serum-free
mediwn. Cells were then labeled with annexin V, as described in the experimental
procedures. Apoptotic cells present in the total cell population shown (C) were identified
as green, annexin V-positive cells (D). For a quantitative measurement ofapoptosis,
annexin V -positive (but propidiwn iodide-negative) cells were counted and expressed as
a percentage of the total cell population. Only a very small fraction of cells was found to
be necrotic (cells filled with propidiwn iodide), averaging bellow 0.5% of the total cell
population (data not shown). Propidiwn iodide also binds to nuclear DNA of all cells,
but this staining is relatively weak when compared to necrotic cells and has a
characteristic nuclear pattern (red color).
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apoptosis (46) and it mediates the selective removal of apoptotic cells by phagocytosis
(4 7). The extent of apoptosis in simvastatin-treated tg-MPM was determined by doublelabeling oftg-MPM with annexin V and propidium iodide, to separate apoptotic cells
(annexin V-positive) from necrotic cells (annexin V- and propidium iodide- positive).
An example of this approach is shown in Figures 2 C and D.
In a typical experiment, shown in Figure 3, an incubation oftg-MPM with 10 J.!M
simvastatin for 72 hours leads to a large and specific increase in caveolin-1 expression
(panel A), detectable DNA fragmentation (panel B) and a 7-fold increase in apoptosis, as
measured by PS extemalization (panel C). As also shown, all of these effects can be
reversed by 100 J.!M mevalonate in the incubation medium, which is consistent with
studies conducted in vascular smooth muscle cells (44). Examination of caveolin-1
expression showed that the effect of 10 J.LM simvastatin is clearly discernible at 24 hours
and is nearly maximal at 48 hours (Figure 4 A). The increase in caveolin-1 expression is
accompanied by a time dependent increase in DNA fragmentation and PS extemalization
(Figure 4 B, C).

Effect of other apoptotic agents
Because of the apparent correlation between caveolin-1 expression and apoptosis
induction, we also examined the expression of caveolin-1 in cells induced to undergo
apoptosis by agents unrelated to simvastatin. Incubation oftg-MPM in glucose-free
medium has been previously shown to induce apoptosis (48). We therefore measured the
extent of PS extemalization, DNA fragmentation and caveolin expression under these
conditions. The results of a typical experiment are shown in Figure 5. As shown,

......
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Figure 3. Simvastatin-induced apoptosis in tg-MPM: effect of mevalonate
Thioglycollate-elicited MPM were treated with 1OJ,LM simvastatin in the absence or
presence of mevalonate (1 OOJJ.M) for 72 hrs. Isolated whole celllysates were
immunoblotted for caveolins and B-actin (A). Intemucleosomal fragmentation of isolated
DNA was examined by agarose gel electrophoresis (B), as described in experimental
procedures. Apoptotic cells CPS-positive) were expressed as a percentage of the total cell
population (C). The data shown represent means ± SEM of a typical experiment. Five
such experiments were carried out.
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Figure 4. Caveolin expression and apoptosis induction by simvastatin
Thioglycollate-elicited MPM were treated with 10 J.LM simvastatin for up to 72 hrs. At
indicated time points expression of caveolins and B-actin (A), intemucleosomal
fragmentation of isolated DNA (B), and the extent of apoptosis (PS- positive cells) (C)
was determinded as described in experimental procedures.

..

•

123

24 hrs 48 hrs 72 hrs

Simvastatin - + - + - +

A

Cav-1

J3 -actin

B

c

124

Figure 5. Glucose deprivation of tg-MPM induces apoptosis and increased caveolin
expression

Cells were incubated in serum-free medium in the presence or absence of glucose (4,500
mg!L) for 72 hrs. The extent of caveolin-1, -2 and 8-actin expression was examined by
immunoblotting (A). Internucleosomal DNA fragmentation (B) and the extent of
apoptosis (C) are also shown.
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glucose deprivation for 72 hours results in extensive nuclear DNA fragmentation (panel
B), an 8-fold increase in PS-positive cells (panel C) with characteristic apoptotic changes
in cell morphology (not shown). Importantly, these changes are associated with a
specific and massive, approximately 70-fold increase in caveolin-1 but not caveolin-2
content (panel A).
Caveolin-1 expression was also examined in tg-MPM treated with camptothecin,
a topoisomerase I inhibitor and a known apoptotic agent (49). As shown in Figure 6 A,
treatment of cells with camptothecin at concentrations > 5 J.LM leads to a high degree of
DNA fragmentation. After 48 hours of treatment at concentrations of2: 5 J.!M, cells were
at the late stages of apoptosis with extensive (>50%) detachment from the culture dish, as
determined by light microscopy. Consistent with our previous observations, caveolin-1
levels in these cells increase in a dose-dependent manner (Figure 6 B), while levels of
caveolin-2 remained unaffected. It should be noted that caveolin-1 increase is already
detectable in cells treated with 1 J.LM camptothecin, in the absence of detectable DNA
fragmentation and cell detachment but a significant, 5- fold increase in PS externalization
(Figure 7). These observations suggest that the increase in caveolin-1 levels is associated
with cellular apoptosis, precedes DNA fragmentation and parallels the onset ofPS
externalization.
Treatment oftg-MPM with another apoptotic agent (5% ethanol) for 24 hours also
produces a significant increase in caveolin-1 expression along with extensive DNA
fragmentation (data not shown).
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Figure 6. Camptothecin- induced apoptosis and caveolin expression

Cells were treated with the indicated concentrations of camptothecin for 48 hrs in serumfree medium. After treatment DNA fragmentation was assessed by agarose- gel
electrophoresis (A) and caveolin expression in whole celllysates measured by
immunoblotting (B), as described in experimental procedures.
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Figure 7. Induction of apoptosis in tg-MPM by lJ.LM camptothecin
Cells were treated with lJ.!M camptothecin for 48 hrs in serwn-free medium. At the end
of incubation the extent of apoptosis was determined by annexin V assay, as described in
experimental procedures.
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Caspases and caveolin levels

Activation of caspases plays a central role in the apoptotic process, leading to
cleavage of multiple cellular proteins and ultimately cell death (50). We were interested
in examining the potential role of caspases in the induction of caveolin-1 expression.
Thioglycollate-elicited MPM were therefore treated with 1OJ.1M simvastatin for 48 hours
in the presence or absence of a general caspase inhibitor Z-VAD-Fmk. The addition of
simvastatin induces apoptosis with observable DNA fragmentation (Figure 8 B), and PS
extemalization (Figure 8 C). The pan-caspase inhibitor Z-VAD-Fmk prevents the
simvastatin-induced DNA fragmentation (Figure 8 B) but fails to significantly prevent PS
extemalization (Figure 8 C) or induction of caveolin-1 accumulation (Figure 8 A). The
morphology of cells treated with Z-VAD-Fmk in the presence of simvastatin is identical
to cells treated with simvastatin alone. In both cases cells display shrinking and
rounding, with visible blebbing and disintegration to apoptotic bodies (not shown).
These observations suggest that caspase inhibition and inhibition of DNA fragmentation
does not alter the overall fate of simvastatin-treated cells to die. Importantly, the
observed increase in caveolin-1 levels is independent of caspase activation and caspaseinduced DNA fragmentation, while it is always associated with PS extemalization.
Localization of caveolin-1 in apoptotic macrophages

To examine the subcellular distribution of caveolin-1 in apoptotic macrophages,
we immunolabeled control and simvastatin-treated cells with specific caveolin-1 antibody
and analyzed caveolin-1 distribution by immunofluorescence microscopy. In control
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Figure 8. Caspases and caveolin expression in apoptotic tg-MPM
Cells were treated with serum-free medium alone (control) or in combinations of
simvastatin {IOJJ.M) and a general caspase inhibitor Z-VAD-Fmk (50JJ.M) for 48 hrs. ZVAD-Fmk was added to the culture medium an hour before the addition of simvastatin
and again after 24 hours. The expression of caveolins and (3-actin was assessed by
immunoblotting (A), DNA fragmentation by agarose gel electrophoresis (B) and
apoptosis by PS extemalization (C).
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cells, caveolin-1 expression is relatively low and surface-localized (Figure 9 A), as
expected based on our earlier observations (3 7). Induction of apoptosis with simvastatin
is associated with a significant increase in staining intensity (Figure 9 B), observed
primarily in cells that display early morphological changes characteristic of apoptosis,
such as cell rounding, shrinking and loss of cellular pseudopodia.
Caveolin-1 and PS are both present at the cell surface. The early and co-ordinate
expression of caveolin-1 and PS extemalization suggests a potential relationship between
these two events. To examine whether caveolin-1 distribution in apoptotic cells
resembles that ofPS on the cell surface, we double-immunolabeled simvastatin- treated
macrophages for caveolin-1 and PS (Figure 9 C, D, E). As shown at higher
magnification (100x), caveolin-1 (Figure 9 C) and PS (Figure 9 D) are both localized at
the periphery of the apoptotic cell and exhibit a substantial degree of co localization
(Figure 9 E).

Caveolin-1 and caveolin-2 expression in lipid rafts during apoptosis
Lipid raft membranes have been recently identified as potentially important sites
for the efficient externalization of PS to the cell surface (3 5). The presence of caveolins
in lipid raft membranes in macrophages has not been demonstrated. To address this, we
isolated Triton X-1 00 insoluble raft membranes and examined the distribution of
caveolins in control and apoptotic macrophages (Figure 10). We have shown previously,
that in contrast to fibroblasts and other cell types with abundant caveolae, caveolin-1 and
-2 do not co-localize in primary peritoneal macrophages. Caveolin-1 is present on the
cell surface while caveolin-2 is localized in the Golgi compartment (37). As expected,
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Figure 9. Subcellular distribution of caveolin-1 in apoptotic cells

Control and macrophages treated with 10 J.LM simvastatin for 72 hrs were immunolabeled
with pAb directed against caveolin-1. Bound caveolin-1 primary antibody was visualized
by incubation with fluorescent- tagged secondary antibody (see Methods). Increase in
staining intensity of caveolin-1 in simvastatin- treated cells (B) versus control cells (A) is
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observed primarily in cells showing early signs of apoptosis. Double immunolabeling of
simvastatin- treated cells with caveolin-1 pAb (C) and with Annexin V (D) shows a
significant degree of co-localization on the cell surface when both images are
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superimposed (E). Images in panels A and B were taken at 40X magnification, while the
images in panels C - E were taken at 1OOX magnification. Bars represent 10 J.Lm.
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Figure 10. Lipid raft distribution of caveolins and apoptosis
Lipid raft membranes were isolated using 1% Triton X-1 00 method as described in
experimental procedures. Control and 10 JJ.M simvastatin- treated macrophages were
homogenized in the lysis buffer containing 1% Triton x-1 00 and subjected to sucrose
gradient centrifugation, which separates lipid rafts membranes from the bulk of the
cellular consituents. Fractions were collected from the top (1-14), and together with
pelleted material (Pt) separated by SDS-PAGE. Total protein loading after transfer to
PVDF membrane was visualized by Ponceau S staining. Caveolin-1, caveolin-2, ~-actin
and clathrin heavy chain (HC) expression was analyzed by immunoblotting. Portion of
each fraction was also analyzed for alkaline phosphatase activity (AP) (a lipid
raft/caveolae marker) as described in experimental procedures
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caveolin-1 partitions almost exclusively into the insoluble lipid raft membrane fractions
(Figure lOA, fractions 5-7), identified by the marker alkaline phosphatase (43). In
contrast to caveolin-1, Golgi-associated caveolin-2 partitions into non-raft (soluble)
fraction at the bottom of the gradient, with the bulk of cellular proteins (eg.

~-actin

and

clathrin). Consistent with our earlier observations, the induction of apoptosis is
associated with a specific increase in caveolin-1 (Figure 10 B), while other proteins
remain unchanged. A significant portion of the observed increase in caveolin-1 is
associated with the lipid raft fractions (fractions 5-8), but an increase in the non-raft
membranes is also seen, perhaps due to changes at the plasma membrane lipid
composition as a result of apoptosis.
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DISCUSSION

Macrophages play an important role in immunity, atherosclerotic lesion formation
and tissue remodeling. The extent of macrophage apoptosis and apoptotic cell clearance
may therefore have a significant effect on these processes. The involvement of caveolin1 in the regulation of signal transduction, cholesterol trafficking and formation of
caveolae has been well-documented. Its potential involvement in apoptosis has been
suggested by overexpression studies rendering fibroblasts and epithelial cells more
sensitive to apoptotic stimuli (15, 16). Numerous reports identify caveolin-1 as a putative
tumor suppressor gene down-regulated in various tumors and oncogenically transformed
cell lines (51-54). The mechanism of the proposed pro-apoptotic effect of caveolin-1 is
not known but it appears to be cell specific since it may suppress apoptosis in certain
prostate cancer-derived cell types (18), and its expression in prostate cancer cells is
associated with increased cell survival and metastasis (55). It may be of interest that this
anti-apoptotic effect in metastatic prostate cancer cells is associated with caveolin-1
secretion (55).
We have previously characterized caveolin expression in macrophages (37). The
present study identifies caveolin-1 as a specific marker of macrophage apoptosis. Our
data show that caveolin-1 is increased in macrophages undergoing apoptosis induced by
several unrelated stimuli. We also show that the increase in caveolin.;J is independent of
caspase activation and oligonucleosomal DNA fragmentation, while it correlates with the

142

onset of PS extemalization. Importantly, caveolin-1 is present at the cell surface,
colocalizes with PS and selectively partitions to lipid rafts in apoptotic macrophages.
Our initial observation of simvastatin-mediated apoptosis and concomitant
increase in caveolin-1 levels was surprising in light of the observations made with
MDCK cells. Caveolin-1 expression in MDCK cells treated with 25 J!M simvastatin for
72 hrs is decreased, and apoptosis is not observed (1). In agreement with our
observations, simvastatin has been previously shown to induce apoptosis in other cell
types (44, 45) and noted to be toxic to human monocyte-derived macrophages at
concentrations> 1 J.!M (56). These concentrations are well above plasma concentrations
in patients taking this drug, which peaks around 50 nM (57). In our studies,
concentrations of simvastatin below 1 J.!M were not toxic to tg-MPM, and were not
associated with changes in caveolin-1 levels. On the other hand, the treatment of
macrophages with simvastatin at a concentration of 1 J!M and higher leads to a time- and
dose-dependent increase in caveolin-1 expression, accompanied by signs of apoptotic
phenotype, including DNA fragmentation and PS extemalization. It has been suggested
that statins cause apoptosis by inhibiting protein prenylation (58), an effect that can be
prevented by addition of 100 J!M mevalonate. Both, apoptosis and caveolin-1 increase in
simvastatin-treated cells can be prevented by addition of mevalonate, which suggests that
the increased caveolin-1 content is associated with the onset of apoptosis. In support of
this observation, induction of apoptosis by glucose deprivation or treatment with
camptothecin or ethanol are all associated with a specific increase in caveolin-1 levels.
Importantly, the mechanism of induction of apoptosis by these agents varies and is
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independent of the simvastatin-mediated inhibition of mevalonate production.
Macrophages and other cells expressing NO synthase exhibit high sensitivity to glucose
deprivation (48). On the other hand, camptothecin is a potent inhibitor of topoisomerase
I (59), while ethanol has been shown to induce apoptosis in macrophages due to an
increase in TGF-B expression (60). Our studies demonstrate that all of these agents
induce apoptosis in tg-MPM and a specific increase in caveolin-1levels. The increase in
caveolin-1 levels is thus a general feature of macrophages undergoing apoptosis,
regardless of the mechanism of action of the various apoptotic stimuli used.
Signals that mediate the execution of apoptosis by various stimuli converge on the
activation of caspases (32). Apoptotic macrophages display the characteristic changes
associated with apoptosis, such as DNA fragmentation, PS extemalization, cell shrinkage
and disintegration to apoptotic bodies. DNA fragmentation in apoptotic cells is a result
of activation of a specific caspase-3 activated DNAse (61). The inhibition ofcaspases by
the pan-caspase inhibitor Z-VAD-Fmk inhibits, as expected, the intemucleosomal
cleavage of DNA but, perhaps surprisingly, fails to prevent cell death, PS extemalization
and caveolin-1 increase. Apoptotic cell death has been previously demonstrated to be, at
least in some cases, independent of caspase activation, as evidenced by failure of the
caspase inhibitor Z-VAD-Fmk to prevent cell death (62-64). In many cases inhibition of
caspase prevents nuclear changes associated with apoptosis, but fails to block cell death
(65-67). The failure of Z-VAD-Fmk to inhibit cell death in simvastatin-treated tg-MPM
suggests that other pathways are also involved in the ultimate demise of the simvastatintreated macrophages. Based on our observations inhibition of caspase is also unable to
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prevent PS extemalization, which is consistent with the notion that caspase activation can
be dissociated from the PS extemalization in some cases (62, 67, 68). This is also
consistent with our observations that the incubation of simvastatin-treated tg-MPM with
the endonuclease inhibitor aurintricarboxylic acid (69, 70) (10 & 50 !lM) inhibits DNA
fragmentation in simvastatin-treated tg-MPM, but fails to prevent the increase in
caveolin-1, PS extemalization and cell death (not shown). Importantly, the expression of
caveolin-1 is unchanged by caspase or endonuclease inhibition, but correlates closely
with PS extemalization.
Examination of caveolin-1 expression in macrophages at various time points
suggests its early onset, similar to that ofPS extemalization and preceding the later
apoptotic changes such as DNA fragmentation. As predicted, examination of cells by
immunofluorescence microscopy shows that the increase in caveolin-1 expression is
restricted to the population of cells showing early signs of apoptosis, such as cell
rounding, loss of attachment sites and cell shrinking. We have previously shown that
caveolin-1 is localized primarily at the cell surface of macrophages, while caveolin-2 is
present in the Golgi compartment (37). Closer examination of the caveolin subcellular
distribution shows that caveolin-1 is found primarily at the surface of apoptotic cells.
Importantly, caveolin-1 exhibits extensive co-localization with PS at the surface of
apoptotic macrophages. These data suggest that the increased caveolin-1 involves or is
caused by changes at the plasma membrane level of apoptotic cells, potentially involving
extemalization of PS on the cell surface.
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Caveolins associate with lipid raftlcaveolar domains of the plasma membrane (6)
where they are known to promote the formation of caveolae. Based on that it would be
intuitive to suggest that caveolin-1 and -2 in macrophages are also localized to lipid rafts.
The analysis of isolated lipid rafts shows that caveolin-1 but not caveolin-2 is present in
these membrane domains. This observation is consistent with differences observed in
their subcellular localization, with caveolin-2 being present almost exclusively in the
Golgi compartment while caveolin-1 at the cell surface (37). Studies in erythroleukemic
K562 cells which lack caveolin-1 show that caveolin-2 is present in the Golgi and does
not associate with raft membranes (71 ). Expression of caveolin-1 in these cells causes
caveolin-2 to appear at the cell surface and associate with detergent-resistant raft
membranes (71 ). In contrast, the induction of apoptosis in macrophages which leads to
an approximately 20-fold increase in caveolin-1 expression has no effect on caveolin-2
solubility, which remains exclusively in non-raft fractions. These differences are likely
due to changes associated with apoptotic phenotype.
Changes in the plasma membrane lipid composition during apoptosis are not
completely understood. Apoptosis is associated not only with phosphatidylserine
extemalization but also with sphingomyelin internalization and hydrolysis. These
changes have an impact on the integrity of the plasma membrane lipid rafts (36), which
are selectively enriched in these lipids (34, 72). Recent data demonstrate that lipid raft
integrity is important in the efficient redistribution ofPS on the cell surface (35). The
analysis of lipid rafts isolated from apoptotic cells shows that a significant portion of the
observed increase in caveolin-1 expression is associated with lipid rafts; the
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Figure 11. A potential mechanism for the involvement of caveolin-1 in the
regulation of phospholipid redistribution at the plasma membrane of apoptotic
macro phages
Under normal conditions PS (black head group) is localized almost exclusively in the
inner leaflet of the plasma membrane. An ATP-dependent inward movement of PS by
aminophospholipid translocase (flippase) continuously counteracts the action of the nonspecific phospholipid flip-flop scramblase. Phosphatidylserine and cholesterol (yellow)
are enriched in the lipid raft/caveolar domains, containing caveolin-1. An apoptotic
stimulus resulting in increased levels of caveolin-1 may lead to the inhibition of the ATPdependent flippase and/or activation of the scramblase, resulting in an accumulation of
PS on the cell surface, alteration of cell membrane integrity and membrane blebbing.
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Caveolins associate with lipid raft/caveolar domains of the plasma membrane (6)
where they are known to promote the formation of caveolae. Based on that it would be
intuitive to suggest that caveolin-1 and -2 in macrophages are also localized to lipid rafts.
The analysis of isolated lipid rafts shows that caveolin-1 but not caveolin-2 is present in
these membrane domains. This observation is consistent with differences observed in
their subcellular localization, with caveolin-2 being present almost exclusively in the
Golgi compartment while caveolin-1 at the cell surface (3 7). Studies in erythroleukemic
K562 cells which lack caveolin-1 show that caveolin-2 is present in the Golgi and does
not associate with raft membranes (71). Expression of caveolin-1 in these cells causes
caveolin-2 to appear at the cell surface and associate with detergent-resistant raft
membranes (71 ). In contrast, the induction of apoptosis in macrophages which leads to
an approximately 20-fold increase in caveolin-1 expression has no effect on caveolin-2
solubility, which remains exclusively in non-raft fractions. These differences are likely
due to changes associated with apoptotic phenotype.
Changes in the plasma membrane lipid composition during apoptosis are not
completely understood. Apoptosis is associated not only with phosphatidylserine
externalization but also with sphingomyelin internalization and hydrolysis. These
changes have an impact on the integrity of the plasma membrane lipid rafts (36), which
are selectively enriched in these lipids (34, 72). Recent data demonstrate that lipid raft
integrity is important in the efficient redistribution ofPS on the cell surface (35). The
analysis of lipid rafts isolated from apoptotic cells shows that a significant portion of the
observed increase in caveolin-1 expression is associated with lipid rafts; the
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concentration of caveolin-1 in the Triton-soluble fractions also increases. This could
potentially be due to an increased hydrolysis of sphingomyelin and therefore increased
solubility of plasma membrane proteins and/or extemalization ofPS, which has been
shown to increase binding of caveolin-1 scaffolding domain to lipid vesicles thorough
electrostatic interactions (73).
Surface localization of PS plays an essential role in the recognition and removal
of apoptotic cells by phagocytes (32, 74). PS exposure on the cell surface is an early
event and results from activation of the scramblase and inhibition of aminophospholipid
translocase (33, 75, 76). Caveolin-1 binds cholesterol and fatty acids with high affinity
(77, 78). Based on the presence of caveolin-1 in lipid rafts and its co-localization with
phosphatidylserine in apoptotic macrophages it would be tempting to suggest that it is
involved in regulation of the changes in membrane lipid composition associated with
apoptosis. Caveolin-1 is known to regulate the activity of a number of enzymes and
signaling molecules through protein-protein interactions (79). It is therefore tempting to
speculate that it may directly influence the scramblase or translocase activity in the lipid
rafts. A potential mechanism for such a regulation is shown in Figure 11.
Phosphatidylserine, cholesterol and caveolin-1 are components known to be
enriched in the lipid raftlcaveolar domains; caveolin-1 and PS are components of the
cytoplasmic leaflet of the plasma membrane (4, 34). The action of the non-specific flipflop scramblase to randomize membrane phospholipid distribution (76) is continuously
counteracted in normal cells by an ATP-dependent aminophospholipid translocase
(flippase), which has high affmity for PS compared to other phospholipids (80) and
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Figure 11. A potential mechanism for the involvement of caveolin-1 in the
regulation of phospholipid redistribution at the plasma membrane of apoptotic
macrophages

Under normal conditions PS (black head group) is localized almost exclusively in the
inner leaflet of the plasma membrane. An ATP-dependent inward movement of PS by
aminophospholipid translocase (flippase) continuously counteracts the action of the nonspecific phospholipid flip-flop scramblase. Phosphatidylserine and cholesterol (yellow)
are enriched in the lipid raft/caveolar domains, containing caveolin-1. An apoptotic
stimulus resulting in increased levels of caveolin-1 may lead to the inhibition of the A TPdependent flippase and/or activation of the scramblase, resulting in an accumulation of
PS on the cell surface, alteration of cell membrane integrity and membrane blebbing.
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continuously relocates PS to the inner leaflet. As shown in Figure 11 , the increased
levels of caveolin-1 during cellular apoptosis may inhibit the ATP-dependent flippase
and/or activate the scramblase, leading ultimately to an accumulation of PS on the cell
surface.
Although potential candidates for scramblase and flippase have been cloned, the
extent of their participation in PS extemalization is controversial (81, 82). While we
demonstrate that caveolin-1 is a marker of macrophage apoptosis which co-localizes with
PS at the plasma membrane, it remains to be seen if the increase in caveolin-1 is a
consequence of changes in the membrane lipid composition or vice-versa. Currently
there are no available experimental approaches to selectively block the extemalization of
PS. Future studies using cells over-expressing caveolin-1 or macrophages from caveolin1 knock-out mice will be instrumental in demonstrating a potential connection between
these two events.
In conclusion, here we now identify caveolin-1 as a specific marker of
macrophage apoptosis. Caveolin-1 increase is an early event, independent of caspase
activation and DNA fragmentation, while it correlates with the extemalization ofPS on
the cell surface. The presence of caveolin-1 in lipid rafts and its co-localization with
phosphatidylserine on the surface of apoptotic cells suggests that caveolin-1 and lipid
rafts participate in the necessary changes in the plasma membrane composition during the
acquisition of the apoptotic phenotype.
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CHAPTER IV

ADDITIONAL OBSERVATIONS AND UNPUBLISHED MATERIAL

INTRODUCTION

Studies included in the following section represent unpublished observations
obtained as part of a continuous effort to better understand the role of caveolins in
macrophage cell biology, lipid metabolism and development of atherosclerosis. These
data include observations that directly relate to or further extend the findings obtained in
the previous sections.

A) Caveolins and macrophage lipid metabolism
Studies presented in previous chapters have clearly established that macrophages
express caveolin-1 and caveolin-2 (1). Caveolin-1 expression in thioglycollate-elicited
mouse peritoneal macrophages was also independently confirmed by Lei and Morrison
(2). Lack of co localization of caveolin isoforms appears to be unique to macrophages
and is in sharp contrast to strict colocalization of caveolins in caveolae-rich cells like
fibroblasts (3).
Studies from human fibroblasts and MDCK cells show that caveolin-1 mRNA
and protein levels are upregulated by cholesterol loading (4, 5). This is similar to genes
directly participating in the cholesterol efflux including ATP-binding cassette A1
(ABCAl) transporter (6) and apolipoprotein E (apoE) (7). The participation ofcaveolins
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and lipid rafts in cholesterol efflux pathways involving ABCA 1 and apoE is unknown at
present. The mechanism of caveolin secretion, and its physiological significance as a
contributing factor to the overall cholesterol efflux in macrophages is also not clear. Data
in this chapter provide further insights into the regulation of caveolin expression in
macrophages and its involvement in the cholesterol efflux. Additional data pertaining to
HDL-mediated secretion caveolins are also included.

B) Caveolin-1 as a specific marker of macrophage apoptotic phenotype
Involvement of caveolin-1 in the regulation of apoptosis in cells has been
suggested in fibroblasts and epithelial cells, where the overexpression of caveolin-1
renders these cell types more sensitive to apoptotic stimuli (8). The mechanism is
unknown but may involve the inhibition ofphosphatidylinositol3-kinase (PI 3-kinase) or
the activation of caspase-3. In contrast, caveolin-1 expression appears to suppress c-mycinduced apoptosis in certain prostate cancer-derived cells (9) where the metastatic
potential of these cells appears to correlate with caveolin-1 expression levels and
secretion (1 0, 11 ). As shown in the previous chapter, caveolin-1 expression is highly
increased in mouse peritoneal macrophages undergoing apoptosis. The early onset and
its co localization with phosphatidylserine at the surface of apoptotic macrophages
suggest that caveolin-1 participates in the changes involving re-distribution of
phospholipids at the cell surface of apoptotic cells. Data provided below give further
confirmation that caveolin-1 is a universal marker of macrophage apoptosis. Additional
studies relating to the mechanism of caveolin-1 up-regulation are also included.
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EXPERIMENTAL PROCEDURES
Materials

Rabbit anti-ABCA1 antibody was a gift from Michael L. Fitzgerald and Mason W.
Freeman (Massachusetts General Hospital and Harvard Medical School, Boston,
Massachusetts). Other materials were as described in previous Chapters.
Cell culture and Immunofluorescence microscopy

Culture of macrophages and immunofluorescence microscopy was performed as
described previously (1).
Ribonuclease protection assay
RPA analysis of caveolin-1 mRNA was performed as described previously ( 1).

lmmunoblotting

Protein samples were dissolved and boiled (except when blotted for ABCA 1) in Laemmli
buffer (12) for 10 min, separated by SDS-PAGE using 12% (caveolins, apoE and apoA1)
or 6% (ABCA1) gels and transferred to PVDF membranes (Bio-Rad) at 35 Volts for 16
hours. Detection of proteins by immunoblotting was performed exactly as previously
described (1 ).
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Cholesterol loading and caveolin secretion
Cholesterol loading and treatment with HDL were performed as previously described (1)
with minor modifications. After treatment of cholesterol loaded cells with HDL 3,
medium was collected and clarified by spinning at 20,000g for 15 minutes. Proteins
present in the culture medium were separated by discontinuous potassium bromide (K.Br)
density centrifugation as follows. The supernatant (3ml) was adjusted to density d=1.3
g/ml with KBr and overlayed with discontinuous K.Br gradient consisting of 1ml d= 1.22
g/ml, 4ml d= 1.063 g/ml and 3 ml ofd= 1.019 g/ml KBr in PBS. The sample was then
spun at 39,000 RPM in a SW41 rotor for 24 hours at 4°C. One ml fractions were then
collected from the top, their density measured (by measuring weight of a known fraction
volume) and individual fractions dialyzed against PBS. Protein in each fraction was
precipitated with TCA (7.5 %final) and dissolved in the Laemmli buffer (12). Samples
were boiled for 10 minutes and analyzed by immunoblotting.

Lipid raft isolation
Lipid raft isolation and alkaline phosphatase assays were performed exactly as described
in Chapter III.

DNA fragmentation and pbospbatidylserine externalization
Assessments of DNA fragmentation and the exposure of PS on the cell surface were
performed exactly as described in the previous Chapter.
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RESULTS AND DISCUSSION
Lack of caveolin co localization in resident mouse peritoneal macro phages
Subcellular localization of caveolins in mouse thioglycollate- elicited peritoneal
macrophages (tg-MPM) is unique with caveolin-2 being present in the Golgi
compartment and caveolin-1 at the cell surface (1). The intracellular localization of
caveolin-2 in tg-MPM is similar to cells which lack caveolin-1 (1. 13). It is likely that
caveolin-1 expression in tg-MPM (15% of that in 3T3 fibroblasts) is not sufficient for
caveolin-2 recruitment and transport to the cell surface. In comparison to tg-MPM,
resident mouse peritoneal macrophages (res-MPM) express 3-fold higher levels of
caveolin-1. The subcellular distribution of caveolins in res-MPM is similar, however, to
tg-MPM cells (Figure 1). Caveolin-1 is present on the cell surface while caveolin-2 is
localized primarily in the perinuclear region. The presence of caveolin-2 in the Golgi
compartment of these cells was previously confirmed with mannosidase II (1). These
data suggest that the level of caveolin-1 expression in res-MPM is still not sufficient for
caveolin-2 redistribution to the cell surface, or alternatively, that the lack of
co localization is a result of phenotypic differences between macrophages and other cells,
which express caveolins.

Caveolin expression, secretion and cholesterol efflux in macrophages
In fibroblasts and MDCK cells, the extent of caveolin-1 expression appears to
correlate positively with the intracellular cholesterol content (4, 5).
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Figure 1. Subcellular localization of caveolins in resident peritoneal macro phages
Resident mouse peritoneal macrophages were doubly immunostained with pAb directed
against caveolin-1 and a monoclonal antibody against caveolin-2. Bound primary
antibodies were visualized by incubation with distinctly tagged fluorescent secondary
antibodies (see Methods). The localization of caveolin-1 on the cell surface (green) is in
contrast to the intracellular, primarily Golgi-associated caveolin-2 (red). Nucleus
(visualized by using the blue DAPI-DNA dye) is shown in a blue color. The image was
taken at 100X magnification. Bar represents 10 J.Lm. (Gargalovic, P., and Dory, L. (2002)
Caveolins and macrophage lipid metabolism. J Lipid Res, In press)
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Cholesterol-dependent regulation of caveolin-1 mRNA levels in human skin fibroblasts
has been proposed to be mediated by the sterol responsive element binding protein
(SREBP), in a manner opposite to that of other known genes regulated by sterols (14).
The promoter of the caveolin-1 gene contains DNA sequences similar to the SRE
sequences found in other genes regulated by SREBP (14, 15). In contrast to the
observations made in fibroblasts and MDCK cells, the enrichment of macrophages with
esterified or free cholesterol has no significant effect on caveolin protein expression (1 ).
Loading of macrophages with free cholesterol, however, displays a tendency to increase
the caveolin-1 pool size (143% ± 18% of control). The examination ofcaveolin-1
mRNA levels in cells loaded with free cholesterol, (Figure 2) however, failed to show
any upregulation of caveolin-1 mRNA levels. These data strongly suggest that the
regulatory mechanisms observed in fibroblasts are not operating in macrophages.
Cholesterol enrichment of macrophages has no effect on caveolin-1 mRNA expression
but may slightly increase protein levels, possibly by protecting it from degradation.
Future studies to examine the rates of caveolin-1 transcription and translation as well as
mRNA and protein stability, as affected by cellular cholesterol mass and distribution, will
be essential.
Caveolin secretion from cells has been observed in exocrine pancreatic cells, and
certain types of prostate cancer cells (16-18). Caveolin-1 secreted from exocrine
pancreatic cells have density and size similar to HDL (17). Secretion of caveolins from
cholesterol-loaded macrophages is induced by addition of HDL, suggesting a connection
between caveolins and HDL-mediated cholesterol eftlux. Ultracentrifugal isolation of
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Figure 2. Cholesterol loading and caveolin mRNA expression
Thioglycollate-elicited mouse peritoneal macrophages were treated with the ACAT
inhibitor SAH-58.035 (5 J.t.g/ml) in the presence or absence of 50 Jlg/ml acLDL for 24
hours, as previously described (1 ). After 24 hours of treatment cells were incubated for
an additional48 hours in the media containing the ACAT inhibitor. Control cells were
kept in serum- free medium for 72 hrs. After 72 hours, poly-A RNA was isolated and
analyzed by ribonuclease protection assay, as described in the experimental procedures.
As a control for the complete ribonuclease digestion reaction, tRNA was used in place of
macrophage poly-A RNA.
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caveolins determined that secreted caveolins have a d <1.21 glml, indicating their
association with lipids ( 1). In order to more closely determine the density of secreted
caveolins, medium isolated from cholesterol-loaded macrophages incubated with HDL
was subjected to KBr-density gradient ultracentrifugation that separates plasma
lipoproteins based on their density (Figure 3). As determined by this method, secreted
caveolins migrate in fractions #7 and #8 with d= 1.14 glml and 1.17 glml respectively,
which is similar to that ofHDL, as visualized by apoA-1 immunoblotting. These data
provide additional supporting evidence of a possible interaction between caveolins and
HDL, or alternatively, secretion of caveolins in particles with density similar to that of
HDL. The mechanism by which HDL stimulates caveolin secretion is not clear at present
but might involve HDL retro-endocytosis, an event previously documented in
macrophages (19-21). HDL, after uptake by macrophages reaches the proximity of the
Golgi compartment and apoE- containing secretory vesicles (Dory, Rudick unpublished
observations), and is subsequently re-secreted. The ratio of secreted caveolin-1 and -2
(close to unity) and secretion ofGolgi- associated caveolin-2 supports this hypothesis.
ABCA1-mediated cholesterol efflux plays essential role in the formation ofHDL,
cholesterol efflux and reverse cholesterol transport pathway. Caveolin-1 and ABCA1 are
both localized at the plasma membrane (1, 22), but the connection between ABCAl,
caveolins and lipid rafts in macrophages has not been examined. To determine whether
the ABCAl transporter is present in lipid raft domains, mouse peritoneal macrophages
were subjected to extraction with 1% Triton X-100 and sucrose-density
ultracentrifugation to isolate detergent-resistant lipid raft membranes (Figure 4).

..._

170

Figure 3. Density of secreted caveolins
Cholesterol loaded- Tg-MPM were incubated with HDL3 (100 J.tg/ml) for 24 hours. After
treatment medium was collected and analyzed by KBr-density ultra centrifugation, as
described in the experimental procedures. Fractions collected from the top of the
gradient were dialyzed, total protein was precipitated by trichloroacetic acid and the
expression of indicated proteins was analyzed by SDS-PAGE and immunoblotting.
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Figure 4. Caveolin-1 but not caveolin-2 and ABCAl is localized to lipid rafts
Lipid raft membranes were isolated using 1% Triton X-1 00, as described in Experimental
procedures. Tg- MPM were homogenized in the lysis buffer containing 1% Triton X-1 00
and subjected to sucrose gradient ultracentrifugation, which separates lipid raft
membranes from the bulk of the cellular constituents. Fractions were collected from the
top (1-14), and together with pelleted material (Pt) were separated by SDS-PAGE. Total
protein loading was visualized by Ponceau S staining after transfer to PVDF membrane
(A). Portion of each fraction was also analyzed for alkaline phosphatase activity (AP) (a
lipid raft/caveolar marker) as described in Experimental procedures (B). Caveolin-1,
caveolin-2, J3-actin and ABCA1 expression was analyzed by immunoblotting (C).
(Gargalovic, P., and Dory, L. (2002) Caveolins and macrophage lipid metabolism. J Lipid

Res, In press)
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Caveolins and ABCAI were subsequently analyzed by immunoblotting of isolated
fractions. In contrast to the lipid raft-associated caveolin-1, ABCA1 is completely
excluded from lipid raft membranes and partitions to the bottom, soluble non-raft
fractions of the gradient. These data strongly suggest that lipid raft domains and
caveolin-1 are not directly involved in the ABCAI-mediated cholesterol efflux pathway.
Data with similar conclusions have been recently obtained in fibroblast, where the
ABCA !-mediated cholesterol efflux appears to be independent of caveolae/raft domains
on the cell surface (23).

Apoptosis and caveolin expression in macrophages
Results described in previous chapter have demonstrated that caveolin-1 is a
specific marker of macrophage apoptotic phenotype. Increase in caveolin-1 expression is
observed in macrophages induced to undergo apoptosis by various stimuli, acting through
independent mechanisms, including simvastatin, camptothecin and glucose deprivation.
To further confirm the universal nature of caveolin-1 upregulation, we incubated mouse
peritoneal macrophages with ethanol, which is known to induce apoptosis in
macrophages (24). As shown in Figure 5, a 24-hour treatment with 5% ethanol induces
apoptosis, as determined by DNA fragmentation (Figure SB). Induction of apoptosis by
ethanol specifically increases the expression of caveolin-1 (Figure 5A), while the
expression of other proteins remains unchanged or decreases (eg. apoE). These data
provide further evidence that caveolin-1 expression is regulated by induction of apoptosis
in macrophages regardless of the specific stimulus used. The regulatory mechanisms
responsible for caveolin-1 increase during apoptosis are not clear at present.
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Figure 5. Ethanol induces apoptosis in mouse macrophages
Thioglycollate- elicited mouse peritoneal macrophages were incubated in the presence of
5 % ethanol for 24 hours. Isolated whole celllysates were immunoblotted for caveolins,
apoE and B-actin (A). Intemucleosomal fragmentation of isolated DNA was examined
by agarose gel electrophoresis (B), as described in Experimental procedures.
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To determine whether the induction of apoptosis in macrophages is associated with an
increase in caveolin-1 mRNA levels, mouse macrophages were treated with simvastatin
(IOJ..LM) and caveolin-1 mRNA levels examined by ribonuclease protection assay (Figure
6). Simvastatin-mediated induction of apoptosis is associated with relatively small
change in caveolin-1 mRNA levels (2-fold increase). This increase in caveolin-1 mRNA
does not correspond to the increase in caveolin-1 protein, which averages to be 10-fold at
48 hour and 20-fold at 72 hours (not shown). It is therefore likely that the observed
increase in caveolin-1 protein in apoptotic macrophages is mediated by a combination of
transcriptional and posttranscriptional mechanisms.
Early onset of caveolin-1 expression suggests that it occurs before the later
changes associated with apoptosis, such as DNA fragmentation. In fact observations in
previous section have determined that inhibition of caspases is able to prevent the
fragmentation of nuclear DNA in simvastatin-treated macrophages but has no effect on
PS extemalization and caveolin-1 increase. To further confirm that caveolin-1 increase is
independent of DNA fragmentation we incubated apoptotic macrophages with an
endonuclease inhibitor aurintricarboxylic acid (25, 26) and analyzed changes in caveolin1 expression and PS extemalization levels (Figure 7). Incubation of simvastatin-treated
macrophages with aurintricarboxylic acid prevented the fragmentation of nuclear DNA in
a dose dependent manner (Figure 7B). In contrast, caveolin-1 expression and PS
extemalization were not affected by this treatment (Figure 7A, C). These data further
support the hypothesis that increase in caveolin-1 expression is related to the early
changes occurring at the plasma membrane of apoptotic cells.
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Figure 6. Caveolin-1 mRNA expression in simvastatin-treated macrophages
Thioglycollate- elicited mouse peritoneal macrophages were incubated in the absence or
presence of 10 J..LM simvastatin. At indicated time points, poly-A RNA was isolated and
caveolin-1 and ~-actin mRNA expression analyzed by ribonuclease protection assay as
described in experimental procedures.
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Figure 7. Apoptosis, caveolin expression and inhibition of endonucleases
Thioglycollate- elicited mouse peritoneal macrophages were incubated with 10 J.LM
simvastatin for 72 hours in the absence or presence of various concentrations of
endonuclease inhibitor aurintricarboxylic acid (ATA). After treatment caveolin
expression in whole celllysates was measured by immunoblotting (A) and DNA
fragmentation was assessed by agarose- gel electrophoresis (B). The extent of apoptosis
(PS- positive cells) (C) was analyzed at 24 hours by annexin V assay.
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Macrophages are professional phagocytes and play an important role in the
removal of apoptotic cells, via the PS- dependent mechanism (27). It was therefore
necessary to also consider the possibility that the increase in caveolin-1 is specific for the
healthy, non-apoptotic cells engaged in the phagocytosis of apoptotic cells. To test this
hypothesis, camptothecin was used to induce apoptosis in J774 cells (these cells do not
express caveolin-1 ), and were than subsequently added to healthy cultured tg-MPM
(Figure 8): Apoptosis of J774 cells is clearly visible at 3 hours and is severe at 6 hours,
as identified by Annexin V labeling (Figure 8B), DNA fragmentation (Figure 8A) and
cell morphology (>50% cell detachment and cell disintegration). Addition of
campothecin-treated J774 cells to peritoneal macrophages is without effect on caveolin-1
expression (Figure 8C) in the primary macrophages. These results support the previous
immunofluorescence studies, which demonstrate caveolin-1 increase primarily in
peritoneal macrophages with apoptotic morphology. In conclusion, these data provide
strong evidence that caveolin-1 increase is due to apoptosis and not phagocytosis of
apoptotic cells .
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Figure 8. Caveolin expression and phagocytosis of apoptotic cells
1774 cells were treated with camptothecin (10 J..LM) for up to 6 hours. After treatment
induction of apoptosis was determined by visualization of fragmented nuclear DNA (A)
and exposure ofPS on the cell surface (B), as described in Experimental procedures.
Control or 1774 cells treated with camptothecin (10 J..LM) for 3 hours were trypsinized and
seeded on top of the cultured thioglycollate- elicited mouse peritoneal macrophages
(4x10 5 1774 cells added to 2.5x106 peritoneal macrophages). After 72 hours oftreatment
in serum-free medium, cells were lysed and analyzed by SDS-PAGE and immunoblotting
(C). Simvastatin (10J..LM) treatment of mouse peritoneal macrophages was included as a
positive control (C, lane 2)
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CHAPTERV

CONCLUSIONS AND FUTURE DIRECTIONS

Data described in this dissertation have clearly established that primary
macrophages express caveolins. The decision to examine caveolin expression in primary
mouse macrophages was based on their common use as a model of in vivo macrophages
present in atherosclerotic lesions. By using a variety of approaches, including western
blotting, immunofluorescence, RT-PCR and nuclease protection assay, the presented data
identify, and for the first time comprehensively examine, caveolin-1 and caveolin-2 in
three different macrophage cell types. Examination of caveolin expression determined
that significant differences exist between primary macrophages and individual
macrophage-like cell lines. Thus caution should be used when choosing the cell model
for studies involving caveolins and macrophages. During the progress of this work other
groups have also reported caveolin expression in macrophages. A summary of the
currently available data on the caveolin expression in macrophages is provided in Table
1. The presented data provide a useful comparison of caveolin expression in
macrophages to that in fibroblasts, which is a widely used cell type in caveolin research.
One of the striking differences is the lack of colocalization of the caveolin isoforms in
macrophages. Based on the published literature to-date, this distribution pattern appears
to be unique to macrophages, although the presence of caveolin-2 in the Golgi
compartment has been previously observed in cells lacking caveolin-1 expression (1)
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Table 1. A summary of the currently available data on caveolin expression in
macrophages

Table 1 provides a summary of data regarding caveolin expression in macrophages and
macrophage cell lines. Included are the relevant references and the methods used to
detect caveolins. Question mark indicates that no data are available on the subject.
(Gargalovic, P., and Dory, L. (2002) Caveolins and macrophage lipid metabolism. J Lipid

Res In press)
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Macrophage

Caveolin-1

Caveolin-2

References

Res-MPM

+

RT-PCR,
RPA, WB,
IC

+

RT-PCR,
RPA, WB,
IC

(2)

Tg-MPM

+

RT-PCR,
RPA, WB,
IC

+

RT-PCR,
RPA, WB,
IC

(2, 3)

Res-RPM

+

RT-PCR,
WB, IC, IE

+

IC, IE

(4, 5)

Fr-RPM

+

RT-PCR,
WB,IC, IE

+

IC, IE

(4, 5)

MBM

+

IC

?
•

J774A.l

-

RT-PCR,
RPA, WB,
IC

+

THP-1

+

RT-PCR,
WB

?
•

(7, 9)

Raw264.7•

+

RT-PCR,
WB

?
•

(3)

(6)

RT-PCR,
RPA, WB,
IC

(2, 7, 8)

Abbreviations used: Res-MPM, resident mouse peritoneal macrophages; Tg-MPM, thioglycollate-elicited
mouse peritoneal macrophages; Res-RPM, resident rat peritoneal macrophages; Fr-RPM, Freund's
adjuvant- elicited rat peritoneal macrophages; MBM, mouse bone-marrow- derived macrophages; RT-PCR,
reverse transcription, polymerase chain reaction; RPA, ribonuclease protection assay; WB, western
blotting; IC, immunocytochemistry; IE, immunoelectron microscopy.

* - Matveev and colleagues ref. (7, 8) reported the absence of caveolin-1 in Raw cells but
did not specify which of the available Raw cell lines were used.
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Low caveolin-1 expression in macrophages is the most likely reason for the absence of
surface recruitment of caveolin-2 and the absence of caveolae in these cells (Dory and
Rudick, unpublished observations). Perhaps the caveolin-1 expression in mouse
peritoneal macrophages is insufficiently low to allow the formation of caveolin-1 and
caveolin-2 heterooligomers. In turn, this step may be necessary in the transport of
caveolin-2 to the cell surface. Future studies in macrophages overexpressing caveolin-1
are essential to clarify this issue. Thioglycollate-elicited mouse peritoneal macrophages
thus represent a unique cell model that lacks caveolae while contains lipid rafts
containing caveolin-1 but not caveolin-2 on the cell surface.
Binding of caveolin to cholesterol and caveolin enrichment in caveolae is
indicative of its function in cell lipid metabolism. Studies in non-macrophage cells have
demonstrated that caveolin-1 expression is regulated by sterols (1 0) and have implicated
caveolin-1 and caveolae in the transport of newly synthesized cholesterol to the plasma
membrane (11) and its effiux to extracellular acceptors (12). Cholesterol effiux from
most peripheral cells including fibroblasts, is however, unlikely to be of physiological
importance, since cholesterol uptake and synthesis from these cells is tightly regulated.
On the other hand, the unregulated nature of cholesterol uptake by macrophages makes
these cells particularly dependent on cholesterol effiux to maintain their cholesterol
homeostasis (13, 14). Surprisingly, the data presented in this dissertation fail to
demonstrate regulation of caveolin expression or subcellular distribution by cholesterol
loading /effiux in mouse peritoneal macrophages. The reason for the observed
differences is not clear. If caveolin-1 and caveolae play a significant role in cholesterol
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eftlux, as proposed in fibroblasts, the puzzling question that needs to be addressed is why
cells so active in cholesterol efilux express relatively low levels of caveolin-1 and contain
no caveolae. The explanation may be in the biophysical environment that is formed by
lipid-rich domains, which, as explained bellow could make these domains less favorable
source of cholesterol efflux.
Cholesterol in lipid rafts and caveolae is tightly packed primarily with
sphingolipids. It is in a liquid-ordered state, characterized by increased melting
temperatures and is highly resistant to solubility in non-ionic detergents (15-17). On the
other hand, cholesterol in non-raft membranes has relatively lower concentration and is
surrounded primarily by phospholipids. Cholesterol in the non-raft membranes is in
liquid-disordered state, and readily extractable by detergents (18, 19). Importantly,
lateral diffusion of lipids assures a steady-state equilibrium between these two domains.
As shown by a number of studies, the tightly packed, liquid-ordered state of lipid
raft/caveolae is highly resistant to solubilization by non-ionic detergents and makes rafts
an unfavorable direct source of cholesterol for eftlux (16, 18-20). Indeed, a significant
body of evidence suggests that cholesterol located in lipid rafts/caveolae is more resistant
to HDL- and cyclodextrin-mediated efflux ( 18, 19). These data obviously contradict the
idea of lipid rafts and caveolae being the preferential site for cholesterol removal but are
consistent with the findings described in this dissertation, including relatively low
caveolin-1 expression and lack of caveolae in macrophages. Thus lower caveolin-1
levels in macrophages may be beneficial for effective efflux of cholesterol from the cell
surface to extracellular acceptors. Recent observations in human fibroblasts have also
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demonstrated that the ABCA1 transporter, an important mediator of cholesterol eftlux., is
not associated with lipid rafts and that cholesterol released to apoA-1 is primarily of nonraft origin (20). Data described here are consistent with this and for the first time provide
evidence that ABCA1 is also absent from lipid rafts in macrophages. In conclusion, low
expression levels of caveolin-1, lack of caveolae and the absence of ABCA 1 from lipid
rafts in macrophages strongly suggest that liquid ordered domains containing caveolins
are not the favorable source of cholesterol for efflux to extracellular acceptors. Caveolin1 may, however, play an indirect role by transporting cholesterol to membrane rafts from
which it is subsequently redistributed, by lateral diffusion, to non-raft, more effluxfriendly portions of the plasma membrane.
Lipid raft cholesterol, which is resistant to extraction by acceptor-mediated
mechanisms, can be released to the medium by membrane shedding. Proliferating and
tumor cells are particularly active in membrane shedding (21 ), and the presence of
caveolin-1 in shed vesicles has been previously documented (22). Extensive shedding of
plasmalemmal vesicles from the surface of macrophage foam cells in atherosclerotic
lesions has also been documented, suggesting that this mechanism may contribute to
cholesterol efflux from macrophages (23). Another potential macrophage-specific
mechanism of cholesterol removal may involve retroendocytosis ofHDL. Data presented
here show that caveolin-1 and -2, like apoE (24), are both secreted by cholesterol-loaded
mouse peritoneal macrophages in the presence of HDL (2). Secreted caveolins have a
density similar to that of HDL, suggesting either their presence on HDL or their secretion
in distinct particles with a similar density. Caveolins may therefore be acquired by HDL

~-·>·. ··

in a fashion similar to that of apoE. Based on these observations and the relative ratio of
secreted caveolin-1/caveolin-2 (close to unity), it can be proposed that both originate
from the Golgi compartment (non-raft fraction) and are brought out by HDL undergoing
retroendocytosis. This could explain the mechanism by which Golgi-associated caveolin2 is being released from these cells. Since caveolins are not present in the plasma
compartment or associated with plasma HDL, the physiological relevance of this
observation remains to be established. Secretion of caveolins may play an active role in
lipid removal from cholesterol-rich macrophages by this pathway or be simply a byproduct of phospholipid and cholesterol transfer to HDL. Figure 1 summarizes
cholesterol efflux pathways in macrophages and provides a current hypothesis for the
involvement of caveolins and lipid rafts in cholesterol efflux pathways in these cells.
While caveolin expression in macrophages is not regulated by sterols, induction
of apoptosis in these cells is associated with a substantial and specific increase in
caveolin-1 expression. The initially observed increase in caveolin-1 expression in
macrophages treated with simvastatin was unexpected, since the opposite was shown in
MDCK cells (25). This could suggest that statins may be toxic to macrophages in vivo in
patients taking this drug. This is unlikely however, since the concentration of simvastatin
in the plasma of patients taking this drug peaks at around 50 nM, which is much lower
than the concentrations known to induce apoptosis in macrophages (~1JJ.M).
Work presented in this dissertation demonstrates that the increase in caveolin-1 is
not specific to simvastatin treatment, but represents a general feature of macrophages
undergoing apoptosis, regardless of the stimulus used, including camptothecin, ethanol
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Figure l. Role of caveolin and lipid raft domains in cholesterol emux from
macrophages

Plasma membrane cholesterol in the lipid rafts is surrounded by sphingolipids in a tight,
liquid-ordered state and is highly resistant to extraction by non-ionic detergents. Lipid
raft cholesterol as well as other lipids and associated proteins (e.g. caveolin-1) can be
released to medium by membrane shedding in an acceptor-independent manner. Albeit at
higher concentrations, the highly insoluble cholesterol in the lipid rafts is an unfavorable
source for acceptor-mediated efflux, which takes place primarily in the non-raft, liquid
disordered membranes. In passive diffusion, cholesterol is desorbed from the cell surface
to an acceptor along the concentration gradient in the energy-independent manner. The
second, energy- and acceptor-dependent mechanism is mediated by the ABCA1
transporter, and involves primarily transport of cholesterol from intracellular pools to
lipid-poor apo-AI. A third mechanism, operating in macrophages, cholesterol can be
removed via HDL retro-endocytosis, by interacting with intracellular lipid-rich pools.
Retro-endocytosis is also a likely mechanism by which HDL in macrophages can acquire
apoE and Golgi-associated non-raft cav-2 and cav-1. Increased cAMP production plays a
major coordinating role in the removal of intracellular cholesterol by stimulating the
Neutral cholesteryl ester hydrolase (NCEH), ABCA1 transcription and apoE secretion.
(Gargalovic, P., and Dory, L. (2002) Caveolins and macrophage lipid metabolism. J Lipid

Res, In press)
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and glucose deprivation. Interestingly, the induction of apoptosis results in virtually no
change in caveolin-2 expression or the expression of other tested proteins (f}-actin,
clathrin, apoE, ABCA1). These data thus represent a novel finding identifyingcaveolin-1
as a unique and specific marker of macrophage apoptotic phenotype.
The role of caveolins in apoptosis is not known but is likely to be cell-dependent.
Caveolin overexpression has been shown to sensitize some cell types to apoptosis (26),
while it promotes survival in others (27). In macrophages, the increase in caveolin-1
expression occurs relatively early and correlates well with the appearance of
phosphatidylserine on the cell surface. Data here also demonstrate that caveolin-1
increase is independent of caspase activation and nuclear DNA fragmentation. The
observed increase in the plasma membrane-associated caveolin-1 and no change in the
caveolin-2 (present in the Golgi) suggest that the connection exists between caveolin-1
and changes in the plasma membrane of apoptotic cells. The extemalization of PS
represents an essential recognition signal for the early removal of apoptotic cells. It
facilitates the removal of apoptotic bodies before the cellular membrane integrity is
compromised, thus preventing cell lysis and the onset of inflammation. Lipid rafts are
enriched in PS and their integrity appears to be important in efficient redistribution of PS
to the exoplasmic face of the plasma membrane (28, 29). Phosphatidylserine is known to
increase caveolin-1 peptide binding to lipid vesicles thorough electrostatic interactions
(30). Recent data from Dr. Sim's laboratory also demonstrate that phospholipid
scramblase, an enzyme involved in the redistribution of PS, is located in lipid rafts (31 ).
Studies presented in this dissertation have for the first time demonstrated that caveolin-1
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but not caveolin-2 is present in lipid rafts in macrophages. Importantly, lipid raft
associated caveolin-1 co localizes with PS on the cell surface of apoptotic macrophages.
These data, therefore, suggest that caveolin-1 in lipid rafts plays a role in the changes
involving plasma membrane lipid composition including the extemalization of PS during
apoptosis. By extension, caveolin-1 may therefore facilitate the efficient removal of
apoptotic macrophages from atherosclerotic lesions, thus decreasing the size of the lesion
and promoting its stability
Although the regulatory mechanisms controlling the redistribution of PS are not
known, this process involves the activation of phospholipid scramblase and inhibition of
the ATP-dependent aminophospholipid translocase (flippase) (32-34). While scramblase
is a raft-associated protein, the presence of flippase in lipid rafts remains to be
determined. Caveolin-1 is known to regulate the activity of a number of signaling
molecules through direct interaction via its scaffolding domain (35). As summarized in
section 3 (Figure 11 ), it can be envisioned that caveolin-1 in lipid rafts directly interacts
with a scramblase or flippase and regulates their activity. Analysis of the protein
sequence of these two enzymes revealed that the flippase indeed contains a caveolinbinding sequence in its central cytoplasmic regulatory region (Figure 2). Binding of
caveolin to this enzyme is therefore an interesting possibility and should be tested in the

future.
In summary, data included in this dissertation conclusively resolved the
controversial issue surrounding caveolin expression in macrophages and, for the first
time, provide in-depth characterization of caveolins in this cell type.
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Figure 2. The presence of a caveolin-binding motif in the cytoplasmic regulatory
domain of aminophospholipid translocase

ATPase II, a primary candidate for the aminophospholipid translocase activity, is a PSdependent and vanadate-sensitive Mg2+ -ATPase belonging to a subfamily ofP-type
ATPases. A TPase II represents a mammalian homologue of a yeast ATPase encoded by
DRS2 gene, which, when mutated, abolishes the PS internalization activity (36).
Sequence analysis of cloned human A TPase II (accession number ABO 13452) identified
two sequences, which correspond to the caveolin-binding motif at aa positions 368-376
and 870-878. One of these putative caveolin-binding sites is localized in a central
cytoplasmic regulatory region of the protein (aa 368-376) in a close proximity to the
ATP- and Mg2+-binding sites and phosphorylated aspartate.
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Although the function of caveolins is still not well established, significant progress has
been made in recent years in our understanding of the membrane lipid biology and
cholesterol metabolism. Data generated and presented here suggest the involvement of
caveolins in cholesterol removal to HDL by retro-endocytosis in macrophages. Whether
caveolins and lipid ra:fts/caveolae play a role in cholesterol efflux in vivo remains to be
tested. In the future, studies on macrophages isolated from recently generated caveolin-1
or -2 knock out mice are likely to shed more light on this subject. It also remains to be
tested whether caveolin knock-out mice display differences in lesion formation, degree of
apoptosis and apoptotic cell clearance. The generation of J77 4 cell line stably transfected
with caveolin-1 is currently in progress. This cell type is a well-characterized in vitro
macrophage cell model, which will be a valuable tool to study changes associated with
caveolin-1 expression with regard to regulation of macrophage lipid metabolism.
Caveolin-1 overexpressing J774 cells will be used to study changes in caveolin-2
distribution, lipid changes associated with caveolae formation and cholesterol effiux.
Importantly, caveolin-1 expressing J774 cells will be used to determine the role of
caveolin-1 and lipid rafts in mechanisms involving redistribution of phospholipids at the
cell surface.
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