in brain areas known to be involved in AD.
Multiple lines of transgenic animals engi-
neered to develop AD-like amyloid-B plaque
formation have been developed. Yet despite
the presence of abundant senile plaques in
these mice, there appears to be little or no
neuronal cell loss (15, 16). This suggests that
amyloid deposits alone may be insufficient
to cause neurodegeneration. In contrast, the
formation of tau tangles accompanied by ax-
onal and/or neuronal loss has been detected
in several transgenic mouse models of
tauopathies (17, 18). Indeed, a recent study
from Feany’s group showed that transgenic
flies overexpressing wild-type and mutant
forms of human tau accumulate tau protein,
resulting in progressive neurodegeneration
and eventual neuronal loss in an age-depen-
dent manner (/9). Intriguingly, the wild-type
and mutant fly models of tauopathy did not
develop the neurofibrillary tangles character-
istic of rodent and human AD, although ag-
gregates of tau were detected. An earlier
study in lamprey fish demonstrated that ex-
pression of wild-type tau in lamprey neurons
resulted in tau-rich tangles and degeneration
of the neurons containing them (20). Be-
cause the development of tau tangles is an
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invariant feature of both the rare familial
form and the common sporadic form of AD,
it is tempting to speculate that the formation
of tau tangles or aggregates may be a neces-
sary prerequisite for neurodegeneration in
AD (see the figure). The identification of a
number of neurodegenerative diseases char-
acterized by tau tangles (either with or with-
out other pathologies) suggests that tangle
formation may initiate as well as contribute
to the final step in the relentlessly progres-
sive brain degeneration that characterizes
AD. Future experiments with Lewis’s
Taw/APP mice could test this hypothesis by
determining whether brain regions that have
more tangles than plaques also have in-
creased neuronal loss.

The discovery of possible interactions
between amyloid-f deposits and tau tangles
and the availability of transgenic mouse
models containing both pathologies will fa-
cilitate efforts to develop more effective AD
therapies. Indeed, the success of several
emerging therapeutic approaches that target
the production, aggregation, and clearance
of amyloid-B peptide deposits is likely to
depend on the severity or stage of AD brain
degeneration and the extent of tangle forma-

tion. Thus, eliminating amyloid-B deposits
by administering an amyloid-f} vaccine may
improve cognition in AD patients who have
few tau tangles, but may have little or no ef-
fect on late-stage AD patients who have al-
ready developed significant tau pathology. It
would be wise for future AD therapies to
combine targeting of amyloid-B deposits
with strategies for eliminating tau tangles.
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Caveolae—Not Just Craters
in the Cellular Landscape

Jeoung-Sook Shin and Soman N. Abraham

aveolae—flask-shaped invagina-
Ctions in the plasma membrane—are

present on many types of mam-
malian cells, including endothelial cells,
smooth muscle cells, and adipocytes. Like
lipid rafts (their close relatives), caveolae
are plasma membrane assemblies of gly-
cosphingolipids and cholesterol that are
associated with specific molecules includ-
ing signaling proteins (/, 2). Often they
contain the protein caveolin and have pro-
teins anchored to glycosylphosphatidyl-
inositol (GPI), a plasma membrane phos-
pholipid. But exactly why cells have cave-
olae or lipid rafts is puzzling. They are be-
lieved to be involved in cholesterol trans-
port, the transport of solutes across en-
dothelial cells, tumor suppression, and
signal transduction through immune and
growth factor receptors. In addition, it
seems they have been commandeered by
several species of viruses, parasites, and
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bacteria (and even bacterial toxins) to en-
able these pathogens to enter host cells
(3-13). Classic endocytosis (uptake of ex-
tracellular agents) depends on clathrin-
coated pits and involves an intracellular
pathway in which lysosomes fuse with in-
ternalized vesicles, degrading their con-
tents. In contrast, and clearly of benefit to
pathogens, caveolae-dependent endocyto-
sis does not feed into the lysosome path-
way and does not result in the degradation
of the contents of caveolar vesicles.

If taken up into host cells by classic en-
docytosis, intracellular pathogens must
avoid degradation in the endosome-lyso-
some pathway, either by escaping from
their endocytic vacuoles (phagosomes) in-
to the cytoplasm (before lysosomes fuse
with phagosomes) or by actively neutraliz-
ing the microbicidal agents inside the
phagolysosome after fusion. Smart
pathogens and bacterial toxins can avoid
this problem by binding to caveolae and
triggering endocytosis through a pathway
that avoids lysosomes altogether. Es-
cherichia coli bacteria that express the
FimH antigen use caveolae to invade

phagocytic cells such as macrophages (3,
4). Under serum-free conditions in culture,
FimH-expressing E. coli are internalized
by phagocytes and, strikingly, remain vi-
able within phagosomes, which fail to fuse
with lysosomes (3). Known disrupters of
caveolae formation block uptake of FimH-
expressing E. coli but not of opsonized F.
coli (bacteria coated in antibody) that are
taken up into clathrin-coated pits and enter
the classic endosome-lysosome pathway
(4). Apparently, caveolae-dependent endo-
cytosis is triggered when bacterial FimH
binds to its GPI-anchored receptor CD48
in the caveolae of the host cell (4). Once
bound to caveolae, the bacteria become
encapsulated within caveolar vesicles
characterized by specific markers (choles-
terol, caveolin, and Gyy;) (4).

A broad range of pathogens (or their
products) prefer caveolae- or lipid raft—
mediated endocytosis, including: my-
cobacteria (5), simian virus 40 (SV40) (2),
Toxoplasma gondii and Plasmodium falci-
parum (malaria) parasites (6, 7), and tox-
ins of Vibrio cholerae and Helicobacter
pylori bacteria (8, 9). Caveolae are also
important in pathogen trafficking within
the cell after endocytosis, as exemplified
by the fact that they shuttle SV40 virus to
the endoplasmic reticulum (2) and cholera
toxin to the Golgi apparatus (8). In some
cases, the endocytosed microbial cargo is
directly transported across the cell (trans-
cytosed), as exemplified by human im-
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munodeficiency virus (HIV)
(10). Occasionally, the intrin-
sic biophysical properties of
caveolae or lipid rafts, rather
than their endocytic proper-
ties, are co-opted by patho-
gens. For example, the bacte-
rial toxins aerolysin (//) and
streptolysin O use caveolae
(lipid rafts) to facilitate their
targeting and assembly as dis-
crete pores in the host cell
plasma membrane (see the
figure).

Cumulatively, these find-
ings point to the existence of a
highly versatile caveolae-
dependent endocytic pathway
in mammalian cells that pro-
tects microbes from being de-
graded by lysosomes. Of
course, mammalian cells have
not developed caveolae as an
aid to pathogen invasion.
Caveolae-dependent endocy-
tosis is valuable to mammalian
cells because many macro-
molecules must be routinely
imported and transcytosed
while remaining intact and bi-
ologically active. Emerging
evidence indicates that several
of these macromolecules, in-
cluding folate (2), chemokines
(12), and immunoglobulin A
(13), are indeed translocated,
apparently without being de-
graded, after caveolae-mediat-
ed (clathrin-independent) endocytosis. It is
ironic that caveolae have now been implicat-
ed in endocytosis, because their discovery
precedes that of clathrin-coated endocytic
vesicles by at least 10 years.

Many intriguing questions arise about
caveolae-mediated endocytosis and traffick-
ing of macromolecules and microorganisms
through the cell. How can particulate and
soluble agents—so different in size and in
the host cell receptors to which they bind—
adopt the same caveolae-dependent endo-
cytic machinery to gain entry to the cell?
How do caveolar vesicles inside the cell
avoid fusion with lysosomes and the de-
struction of the pathogenic or macromolecu-
lar cargo that they carry? And what deter-
mines whether cargo-carrying caveolar vesi-
cles will be targeted to particular cellular
sites or transported across the cell? Studying
microbes in vitro may yield some answers.
For example, studies of microbes and bacte-
rial toxins that use caveolae indicate that the
receptors to which they bind are localized in
caveolae (4, 8). Thus, a criterion for caveo-
lae-mediated uptake of a microorganism is
that the putative receptor for that pathogen is

Caveolar
microdomains

)
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One smart way to avoid destruction. (1) HIV particles bind to glycosphin-
golipid galactosyl ceramide receptors in caveolae and are directly transported
across epithelial cells (transcytosis). (2) Respiratory syncytial virus (RSV) is in-
ternalized by caveolae and directly carried to the endoplasmic reticulum of
the host cell. (3) Cholera toxin binds to Gy; molecules within caveolae and is
translocated in caveolar vesicles to the Golgi apparatus. (4) Aerolysin and
streptolysin O bacterial toxins are assembled at caveolae and form channels
spanning the plasma membrane. (5) FimH-expressing E. coli bind to the GPI-
anchored moiety CD48 in caveolae, triggering recruitment of caveolae and en-
docytosis. (6) Mycobacterial species enter phagocytes through caveolae and
initiate the aggregation of a distinct host protein, which prevents subsequent
fusion of the phagosome with lysosomes. (7) T. gondii and P. falciparum ac-
tively induce the formation of intracellular vacuoles rich in caveolar compo-
nents that fail to fuse with lysosomes.

either a constituent of caveolae, or moves in-
to caveolae once there is contact between
the pathogen and the host cell.

Once inside the cell, how do caveolae
vesicles avoid fusing with lysosomes and
move to the correct intracellular sites? The
molecular composition of caveolae is dy-
namic, and the signaling molecules ar-
ranged along the cytoplasmic face of caveo-
lae are likely to be crucial for preventing
lysosomes from fusing with caveolar vesi-
cles. Such molecules include those that mo-
bilize the cellular cytoskeleton and so mod-
ulate both endocytosis and trafficking
events. Indeed, both endocytosis through
caveolae and subsequent trafficking of
caveolar vesicles are closely tied to actin
polymerization (/4). Clustering of recep-
tors, lipids, and signaling molecules in
caveolae creates an invagination suitable for
endocytosis, and presumably the tight asso-
ciation of this site with the cytoskeleton ob-
viates the need for the membrane-deform-
ing contribution of clathrin coat proteins.

Not all pathogens use caveolae in a pas-
sive manner. Certain long-term intracellular
pathogens appear to actively tailor the natu-

ral composition of their caveo-
lar capsules, presumably to fa-
cilitate intracellular residency
and to blunt their trafficking to
inhospitable terrain. For exam-
ple, T. gondii and P, falciparum
modulate the composition of
their parasitophorous vacuoles
by preferentially enriching the

|Aerolysin  vacuole membranes with GPI-
4 anchored and cytoplasmic pro-
I teins derived from caveolae,

while simultaneously excluding
specific molecules that direct
fusion with lysosomes (6, 7).
Intracellular Mycobacterium
bovis appears to accumulate a
distinct host protein (TACO) in

; the caveolar vesicle membrane,
E. coli .
which prevents lysosomes from
fusing with the vesicle (5). It is
Mycobacteria not yet clear whether any of

these pathogen-directed modi-
fications of caveolar capsules
affect intracellular trafficking.

Clearly, we need more in-
formation about the molecular
pathways directing caveolae-
mediated endocytosis and in-
tracellular trafficking. Study-
ing the endocytosis and trans-
port of pathogens is beneficial
because their size makes them
easy to trace within host cells.
Because microbes discovered
caveolae at least 100 million
years ago and have adapted so
that they can co-opt them dur-
ing host cell invasion, it is not unreason-
able to surmise that microbes will help us
to understand why mammalian cells have
caveolae in the first place. Such microbial
studies are not only of intrinsic interest—
they will help us to design better ways to
deliver drugs to cells and more efficacious
therapeutic strategies for blocking
pathogen infection.
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