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Caveolae are omega-shaped invaginations of the plasma membrane with a diameter of 50-100 nm.
Caveolae invaginations can detach from the plasma membrane to form discrete functional caveolae
vesicles within the cell cytoplasm. Caveolae are most prominent in adipocytes, fibroblasts, muscle cells
(skeletal, smooth and cardiac), capillary endothelium and type I pneumocytes, although other cell types
also display these structures but at a lower numerical density. The key structural and functional protein
for caveolae is caveolin. At the plasma membrane caveolae serve to compartmentalise and integrate a
wide range of signal transduction processes. Caveolae also serve transport functions including that of the
vesicular internalisation of small molecules by the process of potocytosis, and the endocytic and tran-
scytotic movements of macromolecules. Opportunities exist for basic and applied investigators working
within the pharmaceutical sciences to exploit caveolae membrane interactions with the aim to develop
novel cellular or transcellular drug delivery strategies.
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INTRODUCTION

An understanding of the fundamental mechanisms by
which cells internalise solutes from their external environ-
ment via vesicle mediated endocytosis with the potential for
subsequent transcytosis has traditionally centered around
clathrin-coated pits. Recent years have witnessed a growing
interest in similar processes that are facilitated by other ve-
sicular populations. Caveolae are a subpopulation of cellular
plasma membrane invaginations that comprise a wider spec-
trum of structures variously termed ‘non-coated’ or ‘smooth-
coated’ plasmalemmal invaginations due to the lack, at the
electron-microscopic level, of an electron-dense cytoplasmic
coat characteristic of clathrin-coated pits. The exact function
and interactions of caveolae within the cell are far from fully
elucidated, however, functional involvement in a wide range
of cellular processes has been reported including the regula-
tion of signal transduction and cellular growth control (see
reviews 1-4). Further, at least certain populations of caveolae
invaginations can detach from the plasma membrane to form
discrete caveolae vesicles within the cell cytoplasm (5), af-
fording the potential to mediate the vesicular transport of
both low molecular weight solutes and macromolecules. Stud-
ies have also demonstrated involvement of the caveolae sys-
tem in the uptake of, or association with, infectious agents
such as viruses (6).

This review aims to provide the reader with a thorough
survey of the literature relating to the function of caveolae in
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transport processes. Appropriate analysis is given to afford
appreciation of the potential role of caveolae in pharmaceu-
tical drug transport, and for pharmaceutical scientists to con-
sider targeting this vesicular system for the enhanced delivery
of therapeutic agents. Beyond this, the co-ordinated interac-
tion between the processes of signal transduction and trans-
port establish caveolae as unique subcellular tubulo-vesicular
structures of interest to pharmaceutical scientists in the
broadest definition of the term. As a necessary prelude to the
above, a concise overview of the cell biology of caveolae will
be provided, however, more detailed reviews on this particu-
lar aspect are available (1-4).

CELL BIOLOGY OF CAVEOLAE

Caveolae are most frequently observed at the electron-
microscopic level as omega-shaped invaginations (diameter of
50-100 nm at the widest point) connected to the plasma mem-
brane or plasmalemma by a neck-like structure which affords
spatial continuity with the extracellular environment (Figure
1). Caveolae are recognised as prominent morphological fea-
tures in differentiated cell types, notably adipocytes, muscle
cells (skeletal, cardiac and smooth), fibroblasts, capillary en-
dothelium and type I pneumocytes, although to varying ex-
tents many other cell types display caveolae structures. A
principal component and critical structural and functional el-
ement of caveolae is the cytoplasmically orientated integral
membrane protein, caveolin (7). As a biochemical marker
caveolin has provided for an additional broader definition for
caveolae, i.e. as a flattened (as opposed to invaginated) ca-
veolin-rich membrane microdomain morphologically indistin-
guishable from the plasmalemma proper (Figure 5.). Caveo-
lae membranes are enriched not only in caveolin, but also in
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Fig. 1. Electron micrograph of a ‘flask-shaped’ caveolae invagination
(CV) of diameter approximately 80 nm located within the apical
plasmalemma (PL). The invagination lacks an electron dense cyto-
plasmic coat characteristic of a clathrin coated pit. At the neck of the
caveolae can be seen a membranous diaphragm (D) restricting the
caveolae opening to a 20-40 nm.

cholesterol, sphingomyelin and glycosphingolipids (8). The
dynamic clustering of these lipids within the membrane giving
rise to detergent-resistant membrane domains or rafts which
serve as platforms for membrane-linked functions (8).

Caveolin comprises a family of at least four proteins: [a]
caveolin-1 isoforms -1la (24 kDa 178 amino acids) and -1 (21
kDa, 147 amino acids) (9) derived from the same mRNA
transcript but where protein translation is initiated at differ-
ent start sites; [b] caveolin-2 (20 kDa, 149 amino acids) (10),
and [c] caveolin-3 (17.2kDa, 151 amino acids), a muscle spe-
cific form (11,14). Caveolins possess a conserved hydrophobic
transmembrane region (33 amino acids in length) which al-
lows for both the carboxyl- and amino—termini domains of
the protein to be cytoplasmically located and providing a
‘hairpin-like’ structure to the monomer unit as it resides
within the membrane (Figure 2a) (12). Caveolin proteins also
possess a ‘scaffolding’” domain (19-21 amino acids in length),
which for caveolins —1 and -3 is central to many of the re-
ported signal regulation, and indeed probably transport, func-
tions ascribed to caveolae (1-4).

Caveolin-1 is the most widely investigated of the caveolin
proteins, and in cell types other than cardiac and skeletal
muscle, caveolin-1 is identified as the main caveolin protein
family member influencing the structural and functional prop-
erties of caveolae. Both caveolin-1 isoforms, 1o and 1, target
to caveolae membranes, with considerable overlapping sub-
cellular co-localisation of the isoforms noted (9) in cultured
rat thyroid epithelial (FRT) cells recombinantly engineered
to express caveolin-1. At the level of the organised tissue
relatively strong expression for caveolin-1 protein (13,14) is
recognised in lung and fat, with moderate signals evident in
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pancreas, heart and skeletal muscle; liver tissue is notably
devoid of caveolin-1. While caveolin-1 is also expressed in
smooth muscle cells, it’s expression in skeletal and cardiac
muscle tissue may well reflect that associated with the endo-
thelium within these tissues and not the muscle fibres them-
selves. At the level of the cell, caveolin-1 expression is most
conspicuous in adipocytes, fibroblasts, endothelial cells and
type I pneumocytes. Among other cell types reported to ex-
press caveolin-1 are kidney epithelial cells (15), brain endo-
thelial cells (16), primary cultures of brain astrocytes (17) and
dorsal root ganglion neurons (18). Hemopoeitic cells includ-
ing lymphocytes and neutrophils are generally recognised as
caveolin-1 negative (19), although some leukemia cell lines
have been shown to express caveolin-1 (20). Data from our
own laboratory (unpublished) has shown primary human
monocyte and macrophage cells to be devoid of caveolin-1
and -2, although other workers (21) have reported caveolin-1
expression and the functional presence of caveolae in rat peri-
toneal macrophages activated in-vivo, following administra-
tion of Freund’s adjuvant.

Caveolin-2 displays a tissue and cellular distribution
closely resembling that of caveolin-1, with expression noted in
fat and lung tissue, and in adipocyte, fibroblast, smooth
muscle and endothelial cell types (10,22). Caveolins -1 and -2
have been shown (22) to form stable hetero-oligomeric com-
plexes, and to be co-localized in caveolae plasma membrane
domains and other internal cellular membranes. The regula-
tion of caveolin -1 and -2 gene expression has, however, been
shown to be independently controlled (22). Work from recent
papers (23) has documented the requirement for caveolin-1 to
facilitate the transport of caveolin-2 from the Golgi complex
to the plasma membrane, i.e. in cells caveolin-1 deficient,
caveolin-2 displays a restricted distribution to the Golgi com-
plex, but following recombinant caveolin-1 expression, caveo-
lin-2 can redistribute to the plasma membrane as part of het-
ero-oligomeric caveolin -1/-2 complexes. The other caveolin
family member, caveolin-3, shows a muscle specific distribu-
tion (11,14) with expression in cardiac and skeletal muscle
fibres, where it serves as the principal caveolin protein family
member promoting the assembly of caveolae. Caveolin-3 is
also expressed together with the other family members (-1
and -2) in smooth muscle cell fibres.

The structural unit for caveolin protein within the plasma
membrane is considered to be in the form of high molecular
weight caveolin homo-oligomers (12,24,25) (Figure 2b). The
interaction of caveolin with membrane lipids, particularly
cholesterol, is critical for caveolin membrane incorporation
and oligomer stabilisation (26,27). While caveolin-1 and ca-
veolin-3 are able to undergo homo-oligomerisation, i.e.
oligomers comprising only caveolin-1 or caveolin-3 mono-
mers, respectively, caveolin-2 exists alone only in monomeric
or homo-dimeric forms, not participating in high molecular
weight caveolin-2 homo-oligomeric structures (28). Never-
theless, as noted earlier, caveolin-1 is able to recruit caveo-
lin -2 to form high molecular weight caveolin-1/-2 hetero-
oligomeric complexes.

Evidence that caveolin-1 is a critical, but not necessarily
the sole, determining factor in caveolae biogenesis includes
correlative data between caveolae formation and caveolin-1
expression levels in differentiating 3T3- L1 adipocytes (29), in
transdifferentiating alveolar epithelial type II to type I cells
(30) and in oncogenically transformed cells (31). The rela-
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Fig. 2. (a) Schematic of caveolin membrane topology highlighting the membrane
incorporation of caveolin transmembrane domain, the cytoplasmic orientation of
both carboxyl- and amino- termini, and the caveolin-1 scaffolding domain (a.a.
82-101). Encompassing the caveolin scaffolding domain is the region responsible
for homo-oligomerisation (a.a. 61-101); (b) Schematic of caveolin oligomerisation
with self-assembly of high molecular mass oligomers of approximately 400 kDa
(estimated to comprise 14-16 caveolin monomer units) through protein-protein
interactions mediated through caveolin’s oligomerisation domain. Later, within
caveolae membranes, caveolin-oligomers interact with each other through carboxy-
terminal domains to form a caveolin-rich lattice network.

tionship between caveolin-1 expression and caveolae biogen-
esis appears to require a threshold level of caveolin expres-
sion for the formation of caveolae (30,32), such that caveolin
expression alone does not necessarily imply the presence of
caveolae within a cell. More direct evidence for the structural
role of caveolin-1 includes the recombinant expression of ca-
veolin-1 driving the de novo formation of caveolae in previ-
ously caveolin negative cells (32,33), including the recombi-
nant expression in wild-type caveolin-negative CaCo-2 cells
(34). Studies by Li et al. (33) using baculovirus-based caveolin
expression vectors have demonstrated that each of the caveo-
lin-1 isoforms (-la and -1B) can independently generate ca-
veolae, the identity of which was confirmed by caveolin-1
immunolabelling of the vesicle structures formed. Further,
using the same model system these workers subsequently
showed the requirement for oligomerisation of caveolin-1 or
-3 protein for vesicle formation, and the lack of vesicle for-
mation when caveolin-2 was expressed alone (28).

CAVEOLAE MEDIATED TRANSPORT

Inhibitors of Caveolae Trafficking

Recent years have witnessed a succession of studies that
have largely unravelled the molecular composition of caveo-
lae and progressed the understanding of how caveolin-1 pro-
tein, and probably caveolae vesicles themselves, are trans-
ported from one subcellular compartment to another.
Through these studies a broad range of pharmacological re-
agents have been identified that may be employed to probe
molecule internalisation by plasma membrane caveolae and/
or intracellular trafficking by caveolin-1 associated vesicular
complexes.

In early studies it was discovered that the enzyme cho-
lesterol oxidase (which catalyzes the conversion of plasma
membrane cholesterol to cholestenone) could induce in fibro-
blasts the translocation of caveolin-1 protein from the cell
surface to the Golgi apparatus (35). This initial study resulted
in a series of reports that led to the elucidation of an intra-
cellular trafficking route for caveolin-1 recently designated
the CERGA (Caveolae to Endoplasmic Reticulum to Golgi
Apparatus) pathway (as described in detail in reference 36).
In this pathway caveolin-1 is shown to constituitively cycle
between a plasmalemma location (where it is either associ-
ated with a morphologically identifiable caveolae invagina-
tion, or indeed as a flattened ‘caveolin-rich’ domain, directly
to the lumen of the endoplasmic recticulum and then routed
to the Golgi complex from where it is eventually returned to
the cell surface in the form of a caveolae vesicle. Surprisingly,
however, despite induction of the translocation of caveolin-1
protein from the cell surface to the Golgi apparatus, treat-
ment with cholesterol oxidase, at least in fibroblasts, does not
lead to a significant reduction in the number of caveolar in-
vaginations at the plasma membrane (35). Additionally, in
human intestinal cells, it is shown that cholesterol oxidase
does not appear to perturb caveolae dynamics with respect to
cholesterol trafficking, thereby making it an unlikely choice
of reagent for the general inhibition of caveolae mediated
internalisation pathways (37).

Various reagents known to disrupt caveolae structure
and function have been identified and have been reliably used
to decipher caveolae mediated trafficking pathways in a num-
ber of epithelial and endothelial cell types. Filipin, a macro-
lide antibiotic, selectively binds cholesterol and has been
shown to reversibly decrease the number of invaginated plas-
malemmal caveolae and as a corollary reduce the endocytic
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and transcytotic capacities of caveolae in endothelial cells,
without any apparent effect on clathrin pathways (38). Simi-
larly, nystatin has been shown to inhibit the dynamics of ca-
veolae by this same mechanism (39). A study examining the
role of caveolae in the intracellular trafficking of newly syn-
thesised cholesterol (40) highlighted progesterone as a suit-
able agent for the disruption of caveolae mediated trafficking.
The mode of action of this particular inhibitor is again reliant
upon the fact that caveolae structure is dependant upon cho-
lesterol, and progesterone is shown to prevent the passage of
cholesterol from its site of synthesis in the endoplasmic
recticulum to the plasma membrane.

Several other pharmacological molecules have been
identified (39) to inhibit caveolae mediated transport, and in
particularly the transport process termed potocytosis (see
later), these molecules include phorbol myristate acetate, in-
domethacin, and okadaic acid, the latter two like filipin are
able to mediate a reduction in the number of caveolae invagi-
nations evident at the plasma membrane cell surface. Indo-
methacin and the phosphatase inhibitor, okadaic acid, appear
to inhibit both facets of caveolae trafficking, i.e. internalisa-
tion and vesicle recycling back to the plasmalemma. Phorbol
myristate acetate reduces caveolae internalisation without af-
fecting the return of plasmalemmal vesicles to the cell surface,
and elicits its effects by activation of protein kinase C-a, a
signal transduction molecule that appears critical in regulat-
ing the invagination of caveolae (71). Caveolae inhibition
with indomethacin appears to involve indomethacin’s
recognised action to elevate arachidonate. The thioalkylating
agent N-ethylmaleimide (NEM) has been reported to inhibit
transcytosis and endocytosis by caveolae in endothelial cells
(41,42). Although electron microscopical evidence obtained
from these in-vitro and in-situ studies clearly display a reduc-
tion in the transendothelial movement of tracers by caveolae,
NEM cannot be considered specific. The cellular effects of
NEM are well documented and include inhibition of vesicular
trafficking proteins, e.g. NEM-sensitive Factor (NSF), re-
sponsible for the budding and fusion of a wide range of vesicle
populations, including clathrin coated vesicles.

Collectively, studies exploiting inhibitors of caveolae
have demonstrated a transport function for caveolae, or at the
very least of caveolin associated complexes. However, it is
likely that the precise cytoplasmic routing of caveolae / ca-
veolin proteins will vary dependent upon cell type. For ex-
ample, it is recognised that the various members of the ca-
veolin protein family display multiple interactions with each
other, with each type of interaction potentially leading to
altered subcellular trafficking. Indeed the caveolin proteins
have been shown to possess several distinct domains influenc-
ing their subcellular trafficking between intracellular com-
partments: caveolin-1 possesses a domain (amino acid resi-
dues 66 and 70) shown to regulate its departure from the
endoplasmic reticulum. Two additional domains within the
caveolin-1 molecule (amino acid residues 91-100 and 134-
154) appear to control the transport of the oligomerised form
of caveolin-1 from the Golgi apparatus to the plasma mem-
brane (43). Another study (44) has identified a cis-Golgi tar-
geting domain within the C-terminus of the caveolin-3 mol-
ecule. A better understanding of the movement of caveolin
and/or caveolae between the various intracellular compart-
ments will provide invaluable information for drug delivery
scientists wishing to specifically target certain organelles.
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Potocytosis

Potocytosis is a term used to describe a specialised cyclic
vesicle internalisation process in which cells sequester, con-
centrate and internalise small molecules and ions through a
receptor-mediated mechanism (45,46), where such molecules
may represent either nutrients or molecules mediating receipt
and transmission of extracellular signals to within the host
cell. Potocytosis is distinct from the receptor-mediated endo-
cytosis of macromolecules which involves extensive mem-
brane trafficking, in that potocytosis is perceived as providing
a particular form of spatial and temporal control over small
molecule delivery to the cell cytoplasm. Potocytosis has been
shown to be largely dependent upon functional caveolae, with
insights into the sequential mechanistic events of the potocy-
totic process gained largely through the study of 5-methyltet-
rahydrofolate internalisation (47-49). With this ligand as an
example, the potocytosis cycle (Figure 3) is initiated following
the binding of 5-methyltetrahydrofolate to its receptor, a
GPI-anchored membrane protein that is extracellularly ori-
entated. This binding leads to the translocation of ligand-
receptor complexes to a caveolae domain that becomes pro-
gressively invaginated, finally resulting in the formation of a
discrete closed vesicle no longer contiguous with the plasma
membrane but remaining at or near the cell surface (45). In
response to a reduction in vesicle pH, the folate dissociates
from its receptor, and the relatively high concentrations of
folate within the closed caveolae vesicle then favours the its
passive facilitated diffusion into the cytoplasm via an organic
anion carrier (50). The folate receptor is subsequently re-
cycled back to the plasma membrane for re-utilisation. Acidi-
fication of caveolae has been shown to be mediated by a
vacuolar-type proton ATPase in a manner similar to endo-
somes derived from other vesicular populations (51). Studies
undertaken in-vitro suggest that the potocytotic cycle can be
regulated by hormones, e.g. histamine which appears to elicit
its effect by promoting the uncoupling of PKC-a from caveo-
lar membranes and thereby resulting in reduced phosphory-
lation of key membrane substrates necessary for the invagi-
nation of caveolae to proceed (52).

From a pharmaceutical perspective the targeting of ca-
veolae and the potocytosis pathway warrants further investi-
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Fig. 3. Potocytosis of folate (adapted from reference 45). (a) Caveo-
lae open at the plasmalemma and bind folate molecules via specific
folate receptors; (b) Caveolae closes and possibly detaches from plas-
malemma; (c) A proton gradient is generated that causes folate to
dissociate from its receptor. The high concentration of folate within
the caveolae creates a gradient that favours movement of folate
across the membrane into the cytoplasm via an anionic carrier.
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gation, especially with recent interest shown in the use of
folate as a targetting ligand (53). However, while caveolae are
clearly involved in folate potocytosis the endocytic internali-
sation of folate, and as a corollary folate targetted delivery
systems, may also exploit trafficking via an alternative vesicle
pathway.

Cholesterol Trafficking

The maintenance of cholesterol homeostasis within cells,
particularly that of unesterified cholesterol (free cholesterol),
is critical for the viability of a cell. Recent research (40,54)
into the intracellular processing of lipoprotein derived cho-
lesterol, and in particular free cholesterol, has consolidated
the intimate relationship that exists between caveolae, caveo-
lin and cholesterol transport.

It is recognised that greater than 80% of a cell’s free
cholesterol is contained within the plasma membrane, and
several reports indicate that at least in certain cell types ca-
veolae situated at the plasma membrane participate in cho-
lesterol homeostasis, specifically representing a regulatory ef-
flux pathway facilitating the removal of excess free choles-
terol to the cell exterior (55). Insights into the mechanistics of
cholesterol trafficking were contributed by a series of closely
related studies that utilised quiescent fibroblast cultures, and
demonstrated that free cholesterol derived from low density
lipoproteins (LDL) accesses the cell by receptor mediated
events initially occurring within clathrin coated pits (54) (Fig-
ure 4). Subcellular fractionation and inhibitor studies (54,56)
determined that following internalisation the cholesterol is
transported to intracellular sites, primarily the trans-Golgi
network, where upon any excess free cholesterol is eventually
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exocytosed at the plasma membrane through caveolae for
release to high density lipoproteins (HDL) (Figure 4). Cor-
roborating evidence of a role for caveolae in the homeostasis
of free cholesterol was further provided by pulse-chase ex-
periments (40) showing that the ‘rapid’ (10-20 min) transit of
newly synthesised radiolabelled cholesterol occurs from the
endoplasmic reticulum to plasma membrane caveolae in cul-
tured human fibroblasts. Caveolae mediated cholesterol ef-
flux has also been reported in other cell types including arte-
rial smooth muscle cells (both in-vivo and in-vitro) (57) and
may represent the predominant pathway by which most cell
types rich in caveolae discharge excess cholesterol and
thereby contribute to cholesterol homeostasis within the cell.
Interestingly, a recent study (36) has reported the secretion of
caveolin in a soluble form from serous exocrine cells of the
pancreas upon stimulation with various secretagogues (secre-
tin and dexamethasone). The exact significance of this is not
known but the association of soluble caveolin with lipopro-
teins led the authors to allude to the possibility that caveolin
may serve to regulate the extracellular trafficking of lipids in
exocrine compartments of the body such as the gastrointesti-
nal tract.

While the above studies support a role for caveolae in
regulating cholesterol flux at the level of the plasma mem-
brane, little evidence exists for caveolae serving as discrete
vesicular organelles for the trafficking of cholesterol between
intracellular compartments. Intriguingly Uittenbogaard and
co-workers (58) report upon data collected within human fi-
broblasts indicating that caveolin may mediate the movement
of cholesterol through the cell independent of membrane
vesicles. This direct transport of cholesterol to the plasma
membrane from the endoplasmic reticulum involving a cyto-
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Fig. 4. A simplified model highlighting cholesterol efflux and influx based upon published data (see references
in Figure and text) concerning the role of caveolae and/or caveolin chaperone complexes in the intracellular
trafficking of cholesterol and lipid homeostasis within cells.
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solic caveolin-chaperone complex comprising caveolin-1 to-
gether with the cytosolic molecular chaperones, cyclophilin
A, cyclophilin 40 and heat shock protein 56 (Figure 4). This
intracellular trafficking pathway for cholesterol could be
blocked by treatment of the cells with cyclosporin or rapa-
mycin; agents that disrupt cyclophilin containing chaperone
complexes and which until that time were not implicated in
modulating a caveolin-1 linked transport pathway.

Levels of caveolin-1 have been shown to be inversely
regulated with respect to the cholesterol status of the cell.
Increases of 200-300% in the levels of caveolin-1 mRNA
have been reported following exposure of human fibroblast
monolayers to LDL particles enriched with free cholesterol
(59), and also following increases in intracellular cholesterol
levels in MDCK cells (60). The mechanism by which caveo-
lin-1 is up-regulated in response to increases in free choles-
terol has been elucidated (61) and appears to involve the
inhibition by free cholesterol of the cleavage of a sterol regu-
latory element binding protein (SREBP), whose cleavage
fragment, SREBP-1, acts as a transcriptional inhibitor for ca-
veolin-1, i.e. free cholesterol represses the production of a
caveolin-1 inhibitor. Consistent with this Fielding and co-
workers (62) have shown in synchronised dividing skin fibro-
blasts, i.e. cells with a high cholesterol requirement, a down-
regulation of caveolin-1 mRNA which is associated with a
parallel decrease in the cellular efflux of cholesterol.

Recent studies using HDL particles loaded with choles-
terol ethers have provided some evidence to support the par-
ticipation of caveolae in the selective uptake of conjugated
cholesterol species (Figure 4). Specifically, uptake of HDL
particles via the scavenger receptor, SR-BI (generally ac-
cepted as the physiological receptor for HDL particles), in a
macrophage cell line (THP-1) induced to express caveolin-1
(63), and in a SR-BI transfected Chinese hamster ovary cell
line where HDL mediated uptake of cholesterol was shown to
be highly compartmentalised to plasma membrane caveolae
(64), and within which the recombinantly expressed SR-BI
receptors were found to be highly enriched; a proportion
(50%) of the internalised cholesterol ethers shown to be re-
versibly effluxed (Figure 4). These findings consolidate the
relationship between caveolae and the uptake of cholesterol
species derived from HDL particles, leading investigators
(64) to hypothesise that caveolae and SR-BI could be instru-
mental in the potentiation or abrogation of foam cell forma-
tion and subsequent development or aversion of atheroma,
respectively.

Caveolae mediated influx of cholesterol from the plasma
membrane to the endoplasmic reticulum has been reported in
the human colonic adenocarcinoma cell line, CaCo-2, follow-
ing the equilibriation of the cells with radiolabelled choles-
terol (37) (Figure 4). The movement of cholesterol from the
plasmalemma to the ER could be inhibited by upto 70% with
filipin treatment. In contrast to the studies by Field and co-
workers (37) in CaCo-2 and also the demonstration by these
workers of caveolin-1 expression in primary human intestinal
epithelial cells, the existence of caveolin and caveolae in wild-
type CaCo-2 cells is refuted by a number of laboratories
(34,65). Such an apparent contradiction may be explained by
CaCo-2 cell line comprising a number of clones that display
considerable phenotypic variability. This should be of signifi-
cance to drug delivery scientists using the widely exploited
CaCo-2 cell line as an in-vitro model to predict the transport
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and permeability of pharmaceutical drugs across the gastro-
intestinal tract.

It is clear that the extensive research that has been un-
dertaken regarding the cellular trafficking of cholesterol has
given investigators an invaluable insight into the intracellular
trafficking pathways utilised by caveolin and possibly caveo-
lae vesicles themselves. As the concept of exploiting caveolae
for the enhanced delivery of pharmaceutically relevant com-
pounds gains acceptance, improved knowledge of such
mechanisms will prove essential to the refinement of drug
delivery strategies to cell types that are rich in caveolae.

Caveolae and Potential Role in Transport-Mediated
Multidrug Resistance

A major problem associated with cancer chemotherapy is
the development by tumor cells of resistance to the cytotoxic
effects of anti-cancer drugs. The most characterised feature of
multidrug resistance (MDR) relates to the overexpression of
P-glycoprotein (P-gp), a plasma membrane ATP-dependent
drug efflux pump. However, the acquisition of MDR in can-
cer cells is a multifactorial process with significant membrane
alterations shown to occur in MDR cells, including the up-
regulation of membrane glucosylceramide, sphingomyelin,
and cholesterol (66). Recently, an increase in the expression
of caveolin-1 together with concomitant caveolae biogenesis
has been observed during the development of an MDR phe-
notype in the breast cancer cell line MCF7/ADR (67). The
precise relationship between caveolae and MDR, however, is
currently not established. Nevertheless, the induction of ca-
veolin-1 expression and the formation of caveolae in the re-
sistant phenotype can be a distinct phenomenon independent
of P-gp expression, for example induction of low level Taxol
resistance (9-fold induction) in P-gp negative A549 cells (68)
is associated with a 3 to 4-fold increase in caveolin-1 expres-
sion. Further, the effects of cell exposure to Taxol are acute,
with increases in caveolin-1 expression evident within 48 hr of
drug exposure. Preliminary data from our laboratory has
found a similar upregulation of caveolin-1 in A549 cells
treated with very low concentrations of the cytotoxics vinblas-
tine or doxorubicin (unpublished data). Lavie and co-workers
(66) have hypothesised that caveolae may serve a similar role
in MDR as that undertaken in maintaining homeostasis of
free cholesterol, i.e. in the resistant phenotype caveolae may
facilitate the export of lipophilic cytotoxic drugs. However,
such a mechanism would initially appear to lack consistency
with the prevailing view that caveolin and caveolae together
with cholesterol efflux are down regulated in actively dividing
cells, at least in fibroblasts (62). Clearly the role of caveolae
and caveolin in the MDR phenotype is an intriguing area for
further research and may expand to address interaction be-
tween caveolae / caveolin and constituitively expressed mem-
brane transporters.

Endothelial Transport

Plasma membrane invaginations conforming to the mor-
phological definition of caveolae have long been recognised
in electron micrographs of capillary endothelium and subse-
quently defined biochemically as caveolae. Based upon mor-
phometric analysis of pulmonary capillary endothelium
(69,70) the numerical density of what are now recognised as
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caveolae has been estimated at 150-400 per wm? cell volume
which would approximate to 0.2 x 10° per cell, and with a
significant proportion ((70%) of the endothelial cell plasma-
lemma located within caveolae membrane invaginations (Fig-
ure 7). However, it must be noted that endothelial cells dis-
play phenotypic heterogeneity and the full characterisation of
caveolae within the endothelium of different organs is re-
quired before efforts are made to exploit these structures for
improved drug targeting and delivery.

A long considered function of caveolae within endothe-
lial cells has been the transport of plasma macromolecules
(70). Until comparatively recently, however, this was much
debated due in part to the lack of recognised inhibitors spe-
cific for caveolae mediated pathways, but also to a paucity in
knowledge of the underlying mechanisms modulating mem-
brane vesicle dynamics. An approach widely used to investi-
gate and characterise the permeability of intact endothelial
barriers involves the modelling of theoretical pore popula-
tions defining the differential transendothelial transport of a
series of hydrophillic solutes of varying molecular size. For
intact continuous vascular endothelium theoretical pore mod-
els generally predict the presence of a small pore population
(diameter 10 nm; [J18 units / wm?) and a large pore popula-
tion (diameter = 50 nm) of much lower numerical density.
Pioneering work by Predescu and Palade during the 1990s
(41,72,73) has identified caveolae to serve as the structural
equivalents of both small and large pores in continuous mi-
crovascular endothelium. Using electron microscopical tech-
niques the above series of in-situ studies directly demon-
strated the exclusive transcytosis of labelled albumin and oro-
somucoid (tracers that qualify as large and small pore probes
respectively) via endothelial caveolae. The authors hypoth-
esised that caveolae act as large pores when fully opened and
as small pores when the neck of the plasma membrane invag-
ination is constricted to less than 10 nm diameter (Figure 5).
Conversely, the small and large pores may represent distinct
subpopulations of caveolae that are postulated to exist in mi-
crovascular endothelial cells (38). The transport via caveolae
may not be mediated solely by vesicle trafficking through the
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cytoplasm from luminal to abluminal surfaces, i.e. transcyto-
sis, but may also involve the fusion of vesicles to form tran-
sient transcellular channels (Figure 5.) allowing for the con-
vective flow of solutes, a feature that has been noted in par-
ticular in the attentuated (150-300 nm thickness) regions of
endothelial microvasculature cells at sites distal from the
nuclear cell body (70,74).

Based upon well-defined in-vitro and in-situ models,
functional studies conducted with pulmonary microvascular
endothelial cells (38,42) have demonstrated an unequivocal
role for caveolae in the receptor mediated internalisation and
transcytosis of native albumin, and the endocytosis of modi-
fied albumins. In cultured microvascular lung endothelial
cells Schnitzer and coworkers (38) showed the ability of sterol
binding agents, in particular filipin, to diassemble caveolae
leading to a reduction in the surface density (to less than 15%
of control) of plasmalemmal caveolae invaginations, but with-
out effect on the structural integrity of coated pits. Further,
these workers showed filipin treatment to give rise to concen-
tration-dependent inhibition (up to approximately 50%) in
the transendothelial transport of native albumin across both
in-vitro cultured endothelial monolayers and in-situ rat lung
capillaries. They further showed that fillipin treatment exhib-
ited no affect upon paracellular transport pathways or indeed
upon the transport of a,-macroglobulin (whose internalisa-
tion pathway via clathrin-coated pits is well established). The
caveolae localisation of albumin receptors, gp18 and gp30, is
shown to mediate the delivery of modified albumins to lyso-
somes for eventual degradation and represents a scavenging
function for endothelial caveolae (38). This pathway maybe
responsible for the selective removal of damaged tissue prod-
ucts in response to pathological processes or normal ageing.
The caveolae-mediated vectorial transendothelial transport
of native albumin via the gp60 receptor involving the shuttling
of individual caveolae between apical and basolateral sur-
faces, provides a direct route for the transfer of intact albumin
between blood and tissue. Therefore the endocytosis of modi-
fied albumin, and transcytosis of native albumin suggests the
existence of functionally distinct subpopulations of caveolae

Fig. 5. A schematic representation of putative caveolae dynamics within endothelial
cells. Flattened caveolin-rich domains (A) may exist in the plasma membrane that
steadily increase in curvature (B O C) following appropriate physiological stimuli such
as ligand-receptor interactions. The resultant invagination may remain attached to the
plasma membrane (C) or completely close and detach to form a discrete intracellular
vesicle that can traffic between luminal and abluminal endothelial surfaces (D). Addi-
tionally a detached caveolae may connect with an open invagination on the opposing
membrane surface (E) where the transfer of vesicular cargo occurs. Conversely, several
caveolae in close proximity could merge to form transient endothelial channels (F),
allowing the direct transport of solutes from the blood to subendothelial compartments.
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that differ in their subcellular trafficking pathways. There is
evidence to suggest a relationship between the receptor me-
diated endocytosis of albumin and fluid phase uptake by ca-
veolae. Tiruppathi and co-workers (75) examined the binding
of native albumin to the surface of aortic endothelial cells and
reported that the binding invoked phosphorylation of the
gp60 albumin receptor and an increase in the caveolae-
mediated uptake of fluid phase markers.

When the potential exists for a solute to participate in
dual transport pathways the relative quantitative significance
of a caveolae—mediated route is clearly an issue that warrents
address. In the in-vitro study of Roberts and Sandra (76),
comparison was made of the relative contribution of a cla-
thrin-coated pit pathway and a non-coated vesicle (morpho-
logically identifiable as caveolae) pathway in the transcytosis
of insulin across cultured bovine pulmonary artery endothe-
lial cells. Using semi-quantitative immunocytochemical analy-
ses they reported that both vesicular populations were asso-
ciated with insulin, although a greater (approximately 70% of
the total) amount of the gold-labelled insulin probe was as-
sociated with caveolae structures. However, morphometric
evaluation determined the surface density of clathrin coated
pits in their cultured cell type to approximate only 5% of that
for caveolae, leading the authors to interpret that, when nor-
malised for vesicle density, insulin shows a preferential inter-
action with clathrin-coated pits.

The molecular machinery involved in the accurate traf-
ficking and fusion of caveolae vesicles to their target mem-
branes is currently under study. In particular the role of a
conglomerate of small proteins collectively termed the
SNARE complex (77) (Figure 6). Certain components of the
SNARE machinery, namely SNAP-25 and syntaxin, reside on
the target membrane whilst other components reside in the
membrane of the free cytoplasmic vesicles (vesicle associated
membrane protein-VAMP). Other components, N-ethyl-
maleimide-sensitive factor (NSF) and soluble NSF attach-
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Fig. 6. Schematic of the functioning of the SNARE vesicle trafficking
machinery. SNAP-25 and syntaxin reside on the target membrane
whilst other components (VAMP) reside in the membrane of the free
cytoplasmic vesicle. Soluble cytosolic proteins, the ATPase N-
ethylmaleimide-sensitive factor (NSF) and NSF attachment protein
(a-SNAP), bind with syntaxin and SNAP-25 to mediate the docking
of free vesicles to target membranes.
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ment protein (a-SNAP) represent two soluble cytosolic pro-
teins that mediate the docking of free vesicles to target mem-
branes. It is proposed that the SNARE protein complex func-
tions in the budding, directional transport and targetted
docking of caveolae within microvascular endothelium (78).
Schnitzer and co-workers (78) undertook an extensive exami-
nation of caveolae isolated from pulmonary microvascular
endothelium, and revealed the co-localisation of caveolin and
several key components of the SNARE complex, namely
VAMPS, NSF and SNAPs. Additionally, members of the an-
nexin family (II and IV) and heterotrimeric GTP-binding pro-
teins, which are both believed to influence plasma membrane
dynamics, were also co-localised to endothelial caveolae. An
interesting recent finding (79) further supports the direct in-
volvement of certain SNARE components in the intracellular
trafficking of caveolae. Specifically, the demonstration of a
selective inhibition in the endothelial internalisation of chol-
era toxin subunit B (a putative caveolar transport marker)
following the cleavage of VAMP-2 by a VAMP-specific botu-
linium toxin. The same workers (80) recently co-localised dy-
namin, a member of a multigene family of large GTPases, to
the neck of endothelial caveolae and shown its functional
involvement in severing the caveolae invagination from the
plasma membrane to form transport vesicles. Dynamin has
also been implicated in severing clathrin coated pits from the
plasmalemma during receptor mediated endocytosis. Indeed
caveolae and clathrin-dependent internalisation pathways
show considerable overlap including the involvement of the
SNARE machinery (81). An important question to address is
to what extent the components of the SNARE machinery
contribute to caveolar dynamics in other non-endothelial cell
types, particularly in epithelial barriers known to display high
numerical densities of caveolae, such as the lung alveolar epi-
thelium.

Brain capillary endothelial cells comprise the cellular ba-
sis for the blood brain barrier (BBB), and are specialised to
limit the passive brain permeation of hydrophillic or macro-
molecular solutes. This is achieved to a greater extent by the
lack within blood brain endothelium of fenestrations, and the
presence of restrictive inter-cellular tight junctional com-
plexes. It is generally considered that capillary endothelial
cells in the brain possess relatively fewer transport vesicles
than present within peripheral capillary endothelial cells.
Nevertheless, the vesicular delivery of essential nutrients
across the BBB to the central nervous system must be main-
tained, and selective transcytotic pathways are clearly func-
tional within the BBB, although evidence that caveolae fulfil
such a role remains limited. An ultrastructural study in the
mid-70’s (82) provided a morphometric analysis of caveolae
within cerebral cortex endothelial cells of the rat, and with
tracer techniques observed internalisation within these caveo-
lae structures of horseradish peroxidase that had been admin-
istered intravenously. Using in-vitro cultured bovine brain
capillary endothelial cells Dehouck and coworkers (83) dem-
onstrated a receptor-mediated transcytotic pathway for low
density lipoprotein (LDL) that was distinct from that of LDL
internalisation and receptor recycling mediated via clathrin-
coated pits. These investigators noted the presence of caveo-
lae structures in their cultured endothelial cells and that the
transcytosis of LDL could be inhibited by filipin, a cholesterol
binding agent disassembling caveolae and shown by the in-
vestigators to be without effects upon clathrin pathways.
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One of the most important transporters within the BBB
is P-glycoprotein (P-gp), present at high concentrations
within brain capillaries and mediating the efflux of a range of
lipophillic molecules out from the brain capillary endothelial
cell back into blood; in fulfilling this task P-gp serves as a
functional element of the barrier. Intriguingly, a very recent
report has stated that P-gp contains a caveolin-1 binding motif
(84) raising the possibility that caveolin-1 and P-gp are in-
volved in a functional interaction. With further work to sub-
stantiate an actual enrichment of P-gp within purified caveo-
lae membrane from the BBB then a basis for investigating the
role of caveolin in regulating this aspect of BBB function will
have been provided.

Alveolar Epithelial Transport

The potential for exploitation of the pulmonary route for
the systemic delivery of macromolecule therapeutics, particu-
larly recombinant proteins and polypeptides, is increasingly
realised (85). Anatomical and biochemical determinants in-
dicate that for significant systemic absorption, particularly for
macromolecules, the alveolar epithelium would appear the
most appropriate absorption surface to target. Indeed, further
substantiating the role of the lung periphery in systemic ab-
sorption is experimental data showing the extent of protein
absorption to positively correlate with the depth of solute
deposition within the lung (86,87). As a corollary the mecha-
nisms of macromolecule transfer across alveolar epithelium
are the subject of intense investigation.

Alveolar epithelium is predominantly comprised of two
cell types, the squamous alveolar epithelial type I cell which
constitutes approximately 93% of alveolar epithelial surface
area (88), and the surfactant producing cuboidal alveolar ep-
ithelial type II cell. The alveolar epithelial type I cell contains
numerous morphologically characteristic omega-shaped plas-
malemmal invaginations (69) (Figure 7). We have recently
(13) confirmed biochemically that these alveolar epithelial
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type I cell invaginations immunolabel with caveolin-1 and
therefore satisfy a biochemical definition of caveolae. The
numerical densities of what are now confirmed to be caveolae
within the alveolar epithelial type I cells have been variously
determined at 145-260 per um? cell volume through to 150
250 per wm? cell surface (89,90). Given the dimensions of the
human alveolar epithelial type I cell (88) the above determi-
nations would estimate there to be > 0.4 x 10° caveolae per
alveolar type I cell.

Speculation has focussed upon alveolar epithelial type I
cell caveolae as a transcytotic pathway for the absorption of
therapeutic proteins (91), especially given the numerical den-
sities of caveolae within this cell type and the very thin nature
of the alveolar epithelial type I cell itself. However, due to
anatomic complexity only limited experimental data in organ-
ised lung tissue is available. Investigators have attempted to
examine caveolae-mediated trafficking within intact lung tis-
sue using electron microscopic techniques with gold-labelled
macromolecule probes (see review 91), but there is little sub-
stantive evidence showing a direct association of probe within
caveolae. Atwal and co-workers (92) demonstrated an asso-
ciation of cationic ferritin with plasmalemmal vesicles of the
luminal membrane of alveolar epithelial type I cells following
instillation into the lung of a goat via a bronchoscope. Tracer
was also evident on the abluminal front of the alveolar epi-
thelial type I cells, suggestive of vesicular transcytotic activity.
However, the interpretation of such electron micrographs can
be imprecise, especially with the realisation that dynamic
membrane events such as vesicle internalisation and traffick-
ing will continue for some time (up to 9 seconds) after the
initiation of tissue fixation (41). Nevertheless, given the na-
ture of the alveolar lining fluid and what is known about
caveolae transport in other tissues and cell types, it would be
surprising if caveolae in alveolar epithelial type I cells did not
fulfill a trans-alveolar macromolecule trafficking function. As
mentioned in the previous section, the SNARE protein,
VAMP-2, has been functionally localised to caveolar mem-

AS

Fig. 7. Electron micrograph of the alveolar —capillary barrier in the rat lung, showing
‘flask-shaped’ caveolae invaginations and free cytosolic vesicles within both capillary
microvascular endothelial (CME) cells and alveolar type I epithelial (ATI) cells. AS
= alveolar airspace, C = capillary lumen and TJ = Tight Junction.
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branes of rat lung microvascular endothelium (79). The same
paper has reported on the level of VAMP-2 specific colloidal
gold label associated with the alveolar type I epithelial cells
within intact lung tissue. Compared to pulmonary microvas-
cular endothelium the immunostaining in the alveolar type I
epithelial cell was significantly reduced even when differences
in caveolae density between the two cell types are taken into
consideration. While this data would not exclude the caveolae
of the type I epithelial cell from being dynamic entities, able
to detach from a plasma membrane location it raises the need
to characterise the molecular transport machinary within par-
ticular cell types, for example, caveolae (or subpopulations
thereof) within alveolar type I epithelial cells may have a
reduced requirement for VAMP-2, or functionally utilise
other distinct VAMP related molecules.

Since an established role of caveolae in the transport of
potential inhaled therapeutic macromolecules across the al-
veolar epithelium remains to be fully determined, clues to this
function may be gained from the study of caveolae in cell
types of non-alveolar lineage. Insulin is perhaps the most
studied protein therapeutic in regard to pulmonary absorp-
tion, the insulin receptor has been localised to caveolae in
endothelial (76) and adipocyte (93) cell types, although the
insulin receptor can also undergo dynamic transfer between
different membrane domains, including clathrin coated pits.
Schnitzer and colleagues (38) have shown receptor-mediated
endothelial transcytosis of insulin to be undertaken, at least in
part, by caveolae. Using immunocytochemistry we have re-
cently shown the presence of insulin receptor on the apical
surface of the alveolar type I cells in-vivo (unpublished). Re-
combinant human growth hormone (rhGH) is another pro-
tein molecule whose delivery via the lung has been investi-
gated. In Chinese hamster ovary cells bearing recombinant
rhGH-receptor, a component in the internalisation of thGH
has been shown to be mediated via caveolae (94). The kinetics
of rhGH internalisation displayed a bi-phasic response which
consisted of a relatively more rapid initial period of internali-
sation (5-15min), followed by a slower uptake phase. The
inhibitor for caveolae formation, the sterol binding agent fil-
lipin, reduced internalisation during the slower component of
uptake only. The mechanisms by which certain chemokines
penetrate the alveolar barrier to stimulate systemic granulo-
cytes is of interest to both pharmaceutical and biomedical
science disciplines. Recombinant human granulocyte colony
stimulating factor (G-CSF) is a 18.8 kDa polypeptide haemo-
poietic growth factor known to regulate the systemic produc-
tion of polymorphonuclear leukocytes. Niven and co-workers
(95) have examined the pharmacological response and phar-
macokinetics of G-CSF in hamsters following intratracheal
administration. The study concluded that the absorption of
G-CSF is both rapid and extensive, and led the authors to
speculate on the involvement of the caveolae system in its
absorption across the pulmonary epithelium. To date this
speculation has not been tested, although the G-CSF receptor
is expressed in human alveolar epithelial type I cells (unpub-
lished data) but its role in transport has yet to be assessed.
However, the chemokine, interleukin-8 (IL-8), has been
shown to be internalised and transcytosed by caveolae in der-
mal endothelial cells (96), and indeed the Duffy antigen, a
broad spectrum scavenging receptor for chemokines includ-
ing IL-8, has been localised to the caveolae within alveolar
epithelium (97).

Gumbleton, Abulrob, and Campbell

The complex nature of the lung architecture means that
the alveolar epithelium is not readily accessible. Therefore
the use of cultures of alveolar cells as a reliable in-vitro ex-
perimental model for the prediction of the extent, rate and
mechanism of alveolar absorption of pharmaceuticals has
gained acceptance amongst investigators (98). Specifically,
the use of primary cultures of isolated alveolar epithelial type
IT cells which, when grown over a 5-8 day period on semi-
permeable polycarbonate membranes, generate monolayers
with high transepithelial resistance (>1000 Q - cm?) resem-
bling that of the in-vivo pulmonary barrier. Many lines of
evidence indicate that isolated alveolar epithelial type II cells
with time in culture transdifferentiate, losing their character-
istic alveolar type II phenotype, coupled with the acquisition
of certain morphological and biochemical markers distinctive
of the in-vivo alveolar epithelial type I cell. With further char-
acterisation, the alveolar type I-like monolayers may provide
for a suitable in-vitro model system to examine the in-vitro
alveolar transport of potentially therapeutic molecules. In this
regard we have recently shown (30) in alveolar epithelial type
I-like cell monolayers that the expression of caveolin-1 and
the biogenesis of caveolae is evident as a function of the
transdifferentiation process, and indeed such expression and
caveolae biogenesis is upregulated during the transdifferen-
tiation process by the presence of dexamethasone in the cul-
ture media (99). Intriguingly, in an in-vivo study it has been
shown that the clearance of an isomolar albumin (5%) solu-
tion from the alveolar region of adult rat lung is 80% greater
in groups that have been pre-treated with dexamethasone for
48 hr prior to instillation (100). Based upon these two obser-
vations one could hypothesise that that glucocorticoid treat-
ment for acute lung injury may convey its therapeutic benefit
in part through the upregulation of caveolar dynamics within
alveolar type I epithelial cells, leading to the removal of oe-
dematous fluid from the alveolar region. Ultimately a better
understanding of the dynamics of caveolae in alveolar epithe-
lium should lead to more specific drug targeting approaches
for promoting pulmonary delivery.

Caveolae Mediated Delivery of Gene Based Therapeutics

With increasing knowledge about the genetic basis of
human disease the employment of DNA-based therapies, in-
cluding the use of somatic gene transfer or of single stranded
oligonucleotide technology, would appear to offer enormous
potential. However, efficient intracellular delivery of such
DNA - based therapeutics is at present a major limitation in
their full exploitation. Surprisingly, few studies have specifi-
cally addressed the role that caveolae may fulfill in the inter-
nalisation and cellular trafficking of potential DNA therapeu-
tics. This is particularly unexpected with regard to gene de-
livery to the in-vivo endothelial cell, and especially the
microvascular endothelial cell, which is generally acknowl-
edged as possessing a high relative numerical density of ca-
veolae and would offer potential in a broad range of thera-
peutic programmes, including for example, cancer, chronic
inflammatory disease or cardiovascular and cerebrovascular
disease.

Although no direct study has been reported of endothe-
lial cell uptake of DNA species by caveolae, the work of
Thurston and co-workers (101) (primarily showing that an-
giogenic blood vessels avidly bind cationic liposomes and li-
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posome-DNA complexes) does provide some morphological
evidence of an association of gold-labelled cationic liposome
with caveolae structures. However, the role of caveolae in
mediating the intracellular delivery of the gene vectors was
not specifically addressed. Similarly, some in-vivo morpho-
logical data (102) has described an association between plas-
mid DNA and the caveolae of mammalian (rat) skeletal
muscle cells following the intra-muscular injection of uncom-
plexed plasmid DNA. However, while an association of plas-
mid DNA to caveolae membrane was observed, and reporter
gene expression evident, the role of caveolae in mediating
plasmid DNA internalisation could not be confirmed. Recent
work (103) undertaken in MA104 cells (possessing high num-
bers of caveolae) has examined a role for caveolae-mediated
transfection of plasmid DNA complexed with either cationic
liposome or cationic liposome-protamine vectors. It was re-
ported that co-incubation with the caveolae inhibitor, filipin,
during the cell transfection period (duration 6 hr) resulted in
significant reductions in the expression of the reporter gene,
Green Fluorescent Protein (GFP). The filipin treatment was
reported not to affect the physical characteristics (size, zeta
potential) of the non-viral gene complexes nor the cell viabil-
ity. Further, in another cell line, A549 (essentially devoid of
caveolae), while GFP expression was significant it was not
affected by filipin co-incubation. While this latter research
represents only preliminary in-vitro data it nevertheless dem-
onstrates that despite the restricted size of the caveolae struc-
ture they would appear capable of fulfilling a role in the in-
ternalisation of non-viral gene complexes, a role that would
clearly be more important in cell types displaying a high nu-
merical density of caveolae compared to other vesicle struc-
tures, if indeed caveolae mediate such internalisation.

The use of folate as a targeting ligand for exploiting re-
ceptor-mediated internalisation of potential therapeutic
agents, including plasmid DNA and oligonucleotides, has
been documented (53). However, as stated in an earlier sec-
tion, while much evidence supports a role for caveolae in
mediating folate potocytosis there exists little evidence for the
involvement of either caveolae in folate-mediated endocyto-
sis, or for the potocytosis cycle to deliver macromolecules to
the cell cytoplasm. For example, while it has been reported
(104) that serum albumin-folic acid conjugates are interna-
lised by caveolae structures in KB cells, a distinction between
internalisation via a folic acid-mediated, versus an
albumin-mediated, endocytic pathway was not clear. Further,
it is perceived that the potocytosis process, while largely de-
pendent upon caveolae, provides a regulated pathway for the
cytoplasmic delivery of low molecular species and is a process
which may not involve caveolae fusion with other internal
tubulo-vesicular structures (45). Nevertheless, full characteri-
sation of the receptor populance within caveolae membrane
domains of a particular cell type may pinpoint potential tar-
geting strategies. Ultimately, selected peptides derived from
the respective known natural ligands may be complexed with
exogenous DNA or other pharmaceutical adjuvants to con-
struct carriers that will facilitate enhanced membrane inter-
actions and subsequent internalisation.

Ultrastructural studies have shown that the ganglioside
GM1 is concentrated in the caveolae of epithelial cells (105).
This ganglioside is considered the physiological receptor for
the non-toxic pentameric B subunit of cholera toxin (CTB).
The construction and targeting of lipid vesicles incorporating
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the CTB has recently been described (106). This would rep-
resent a strategy to be tested for the enhanced delivery of
encapsulated gene constructs or antisense oligonucleotides to
certain cells. During the last decade the use of simian virus 40
(SV40) derived vectors to deliver foreign genetic material and
sustain transgene expression has proved to be effective. Re-
cent in-vitro experiments have implicated caveolae in the ex-
clusive internalisation of SV40 (6,107,108), an internalisation
shown to be mediated by molecules of the class I major his-
tocompatibility complex (MHC I). Data obtained from initial
functional studies (108) has provided evidence to suggest that
caveolae or caveolin containing complexes invoke the trans-
location of virus to the endoplasmic reticulum, either by a
direct or indirect route, and which was modulated by the
inhibitor for caveolae formation, nystatin. However, it is
noted that such entry is appreciably slower (2-3 hr) than that
for other viral strains that commandeer the classic clathrin
coated pathway for internalisation. One postulated (6)
mechanism of SV40 entry via caveolae involves the recruit-
ment of caveolin to MHC I - rich plasma membrane domains
following viral binding. Such caveolin recruitment may serve
to invoke membrane invagination and further mobilise com-
ponents of the transport machinery such as VAMPS and NSF
in order to initiate vesicular uptake.

Thus there is todate little quantitative evidence showing
caveolae to fulfill a role in mediating the uptake of DNA
based therapeutics. However, it is clear that further detailed
studies are required which will ultimately provide for a better
understanding of potential for exploitation of the caveolae
pathway in the internalisation and intracellular delivery of
gene based medicines.

CONCLUSIONS

There has been an exponential growth in caveolae / ca-
veolin research since the early 1990s. The caveolae membrane
system comprises unique lipid and protein domains, and ful-
fills a role in a wide range of processes. Although the trans-
port function of caveolae has long been considered, it is only
through the molecular characterisation of caveolae that in-
vestigators have begun to understand the interaction of li-
gands with caveolae associated receptors, and the subsequent
cellular trafficking pathways for caveolae vesicles. Study and
exploitation of this pathway by membrane and drug delivery
scientists will undoubtedly prove rewarding in the under-
standing of the transport and delivery optimisation of phar-
maceuticals.
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