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Abstract The fibroblast-like synoviocyte is a CD13-posi-
tive cell-type containing numerous caveolae, both single
and interconnected clusters. In unstimulated cells, all single
caveolae at the cell surface and the majority of those loca-
lized deeper into the cytoplasm were freely accessible from
the medium, as judged from electron microscopy of synovio-
cytes exposed to the membrane impermeable marker
Ruthenium Red. Caveolar internalization could be induced
by a CD13 antibody or by cholera toxin B subunit (CTB).
Thus, in experiments using sequential labeling with Alexa
488- and 594-conjugated CTB, about 50% of CTB-positive
caveolae were internalized by 5 min of chase, and these
remained inaccessible from the cell surface for periods up
to 24 h. No colocalization with an endosomal marker,
EEA1, or Lysotracker was observed, indicating that inter-
nalized caveolae clusters represent a static compartment.
Vimentin was identified as the most abundant protein in
detergent resistant membranes (DRM’s), and by immuno-
gold electron microscopy caveolae were seen in intimate
contact with intermediate-size filaments. These observations
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indicate that vimentin-based filaments are responsible for
the spatio-temporal fixation of caveolae clusters. RECK, a
glycosylphosphatidylinositol-anchored protein acting as a
negative regulator of cell surface metalloproteinases, was
also localized to the caveolae clusters. We propose that
these clusters function as static reservoirs of specialized
lipid raft domains where proteins involved in cell-cell
interactions, such as CD13, can be sequestered by binding
to RECK in a regulatory manner.
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Introduction

Caveolae were discovered by electron microscopy as small
(60-80 nm) flask-shaped plasmalemma vesicles more than
50 years ago (Palade 1953; Yamada 1955). They are parti-
cularly abundant in adipocytes, smooth muscle cells, endo-
thelial cells and fibroblasts and reportedly function in a
multitude of cellular transport- and signaling processes
(Mineo and Anderson 2001; Nichols and Lippincott-Sch-
wartz 2001; Pelkmans and Helenius 2003; Carver and
Schnitzer 2003; Hommelgaard etal. 2005; Parton and
Simons 2007; Patel et al. 2008). Caveolae owe the charac-
teristic shape to their main structural proteins, the caveolins
(Fra et al. 1995; Drab et al. 2001). These are ~22 kDa cho-
lesterol-binding proteins with both the N- and C-terminal
ends in the cytoplasm and anchored to the membrane by a
central putative hairpin intramembrane domain. About 150
oligomerized caveolin molecules are present in a single
caveola (Williams and Lisanti 2004; Pelkmans and Zerial
2005) which has also been estimated to harbor ~20,000
cholesterol molecules and to be relatively enriched in
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certain sphingoglycolipids and sphingomyelin (Ortegren
et al. 2004). This composition favors the formation of lig-
uid-ordered lipid raft domains, and caveolins and other pro-
teins that localize to caveolae are generally found to be
enriched in preparations of detergent resistant membranes
(DRM’s) (Simons and Ikonen 1997; Anderson 1998).
Assembly of caveolae de novo is thought to take place in
the secretory pathway, most likely in a late Golgi compart-
ment from where they are subsequently targeted to the
plasma membrane as exocytotic caveolar carriers (Parton
and Simons 2007; Echarri et al. 2007). Their mode of func-
tioning at the surface of various types of cells has been
intensely studied for several years, but it is still a matter of
some controversy whether they are static or dynamic mem-
brane structures. Early on, the term potocytosis was intro-
duced to describe a receptor-mediated endocytosis of folate
by caveolae, followed by direct delivery to the cytoplasm
and thus bypassing the lysosomes (Anderson et al. 1992).
However, experiments including FRAP microscopy of cells
expressing GFP-caveolin-1 later indicated that caveolae
remain at the cell surface as immobile units for long periods
of time (Thomsen etal. 2002). More recently, TIR-FM
experiments have revealed two possible modes of dynamic
caveolar functioning in HeLa cells: one consisting of rapid
fission—fusion cycles taking place in close vicinity of the
plasma membrane (termed kiss-and-run recycling), and
another, microtubule-dependent long-range cytoplasmic
transport (Pelkmans and Zerial 2005). Furthermore, caveo-
lar mobility and long-range transport to caveosomes could
be dramatically increased by simian virus 40 (SV40) (Tag-
awa et al. 2005), a virus known to use caveolae for cell
entry (Anderson et al. 1996). In either mode, however, the
caveolae function as fixed entities, i.e., unlike clathrin- and
COP-mediated vesicular transport, where coat molecules
undergo cycles of assembly and disassembly.
Fibroblast-like synoviocytes are rich in caveolae, both
single and interconnected in large clusters, and in a previ-
ous work the membrane peptidase CD13 (also known as
aminopeptidase N) was shown to reside partially in clusters
in the “flat” areas of the plasma membrane and partially in
caveolae (Riemann et al. 2001). CD13 is an ectopeptidase
that has been implicated in the control of growth and differ-
entiation of many cellular systems, and it is involved in
processing a number of peptide hormones, including angio-
tensins, met-enkephalin, and somatostatin (Riemann et al.
1999). In addition, it has been proposed to function together
with CD64 (Fcy receptor) in a multimeric receptor complex
in monocytes (Riemann et al. 2005), and to act as a modu-
lator of signal transduction and cell motility in endothelial
cells (Petrovic et al. 2007). Furthermore, human corona-
virus 229E exploits CD13 as a receptor and causes a redis-
tribution of the peptidase from the surface to caveolae in
fibroblasts (Nomura et al. 2004), and recently CD13 was
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reported to be regulated by the reversion-inducing cysteine-
rich protein with Kazal motifs (RECK) by a modulation of
its surface expression (Miki et al. 2007).

To gain more insight into caveolar functioning, we here
studied the accessibility of synoviocyte caveolae from the cell
surface in unstimulated cells as well as during the internaliza-
tion of CD13 and cholera toxin B subunit (CTB). We found
that all single caveolae and most but not all of the caveolae
clusters are normally freely accessible. About 50% of all
caveolae were capable of internalizing CTB within 5 min
of chase, but once internalized, the toxin remained in the
closed caveolae for periods up to 24 h, as judged by lack of
colocalization with markers for endosomes (EEA1) and
lysosomes (lysotracker). The synoviocyte caveolae clusters
were strongly associated with vimentin-based intermediate
filaments, and we propose that association with this cytoskel-
eton without molecular motors for vesicle trafficking attached,
may explain the static behavior of caveolae in synoviocytes
and other cell types. Finally, RECK localized to the caveolae
clusters and by associating with CD13 may act to down regu-
late the expression of the proteinase at the “open” cell surface.

Materials and methods
Materials

Reagents were obtained from the following commercial
suppliers: Cholera toxin B subunit (CTB) and Ruthenium
Red from Sigma-Aldrich (http://www.sigma-aldrich.com/),
cholera toxin B subunit-Alexa Flour 488/594, Alexa Flour
488/594-conjugated secondary antibodies, LysoTracker®,
Alexa Fluor 488 phalloidin, mouse anti-bovine «-tubulin,
and MEM + Glutamax™ medium from Invitrogen (http://
www.invitrogen.com/), mouse anti-human CD13 (amino-
peptidase N), rabbit anti-human caveolin, and 8-well poly-
lysine-coated culture slides from BD Pharmingen (http:/
www.bdbiosciences.com/), rabbit anti-human RECK
(reversion-inducing-cysteined-rich protein), early endo-
some antigen 1 (EEA1) and mouse anti-pig vimentin from
Santa Cruz Biotechnology (http://www.scbt.com/), and
antifade mounting media and goat anti-mouse IgG from
Dako (http://www.dako.com).

Isolation and culture of cells

The isolation of the fibroblast-like synoviocytes used was
described previously (Schwachula etal. 1994; Riemann
et al. 2001). Briefly, the cells were obtained from collage-
nase-dispersed synovectomy tissues of patients suffering
from juvenile chronic arthritis or rheumatoid arthritis, and
grown on cover slides in MEM + Glutamax™ medium,
containing 10% fetal calf serum and antibiotics. Cells were
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passaged with 0.2 mM EDTA and 0.05% trypsin, and
experiments were performed using cells of the fourth to the
fifteenth passages. The cells were a homogeneous popula-
tion of fibroblasts not positive for the macrophage-specific
antigens CD14 and CD68.

Electron microscopy

Surface-labeling experiments with the electron dense mem-
brane impermeable marker Ruthenium Red were performed
with cells as follows: After a 5 min wash in 0.1 M sodium
cacodylate, pH 7.2, the cells were fixed in 2.5% glutaralde-
hyde and 0.05% Ruthenium Red in the above buffer for 1 h.
The cells were then washed three times for 10 min in the
cacodylate buffer and post fixed for 1 h with 1% Osmium
tetroxide containing 0.05% Ruthenium Red. After three
washes for 10 min in cacodylate buffer, followed by three
washes in water, the cells were dehydrated and finally
embedded in Epon as previously described (Hansen et al.
1984).

Immunogold labeling of vimentin was performed as pre-
viously described (Hansen et al. 1992). Ultrathin Epon sec-
tions were etched in 1% H,0, in water for 5 min and then
treated in a series of droplets as follows: (a) 50 mM Tris—
HCI, 150 mM NaCl, 1% Triton X-100, pH 7.4 (TBS) for 3 x
10 min; (b) 3% bovine serum albumin in 20 mM Tris—HCI,
150 mM NaCl, 0.25% bovine serum albumin, 1% Triton
X-100, pH 8.2 (gold buffer) for 30 min; (c) vimentin antibody
(diluted 1:50 in gold buffer) overnight at 4°C and for 1 h at
20°C; (d) gold buffer for 3x 10 min; (e) goat anti-mouse
IgG conjugated to 13 nm gold particles diluted in gold buffer
for 30 min; (f) gold buffer for 3x 10 min; (g) TBS for 2x
5 min; (h) water for 2x 5 min. The sections were finally
contrasted in 1% uranyl acetate in water for 5 min and in
lead citrate for 30 s. Control experiments were performed in
parallel with omission of the primary antibody.

The sections were examined in a Zeiss EM 900 electron
microscope equipped with a Mega View II digital camera.

Immunofluorescence microscopy

For internalization studies of CDI13, cells were washed
twice for 5 min in TBS and then incubated at 4°C with
CD13 antibodies (1:200 dilution) in TBS for 1 h in the
presence or absence of CTB (10 pg/ml). After 2 washes for
5 min in TBS, the cells were incubated at 37°C for 1 h
before fixation in 4% paraformaldehyde in sodium phos-
phate, pH 7.2 (PB) for 1 h. For visualization of CD13 at the
surface, labeling with a secondary Alexa 488-conjugated
antibody (diluted 1:200 in TBS) was performed for 30 min.
After two washes in TBS, the cells were permeabilized for
2x 5 min in TBS containing 0.05% saponin and 0.02 M
glycin. Then the cells were incubated for 30 min in TBS

containing 0.05% saponin and 3% bovine serum albumin.
For visualization of intracellular and surface-bound CD13,
the cells were incubated for 30 min with a secondary Alexa
594-conjugated antibody (1:200 dilution in TBS containing
0,05% saponin and 0,25% bovine serum albumin) and
finally the cells were washed 4x 5 min in TBS containing
0,05% saponin.

For colocalization of CD13 and RECK, surface double
labeling was performed sequentially on cells fixed in 4%
paraformaldehyde in PB for 1 h with primary antibodies
(1:200 dilution), followed by incubation for 30 min with
Alexa 488/594-conjugated secondary antibodies. For surface
double labeling of RECK and CTB, the RECK labeling was
performed first, as described above, followed by labeling
with Alexa 488-conjugated CTB (10 pg/ml) for 1 h.

For surface labeling of CTB and caveolin 1, cells fixed
in 4% paraformaldehyde in PB were labeled for 1 h with
CTB-Alexa 594 (10 pg/ml). After washing and permeabili-
zation with saponin as described above, the cells were
labeled with an antibody to caveolin 1 (1:100 dilution), fol-
lowed by incubation for 30 min with an Alexa 488 second-
ary antibody.

For internalization studies of CTB, cells were labeled for
10 min with CTB-Alexa 488 (10 pg/ml medium), washed
briefly with medium and incubated at 37°C for periods of
0 min—-24 h. In some experiments, the cells were then
cooled to 4°C and incubated for 20 min at this temperature
in the presence of CTB-Alexa 594 (10 pg/ml) for visualiza-
tion of CTB localized at the cell surface, followed by fixa-
tion in 4% paraformaldehyde in PB for 1 h. For calculations
of colocalization, the point method was used (Williams
1977). Each time point was based on analysis of 5-12 cells
and 200-300 spots/cell were counted.

For colocalization of CTB and EEA-1, the cells were
incubated at 37°C for 30 min with CTB-Alexa 488 (10 pg/
ml), washed, fixed in 4% paraformaldehyde in PB and per-
meabilized by saponin as described above before incuba-
tion for 30 min with an EEA1 antibody (1:100 dilution),
followed by labeling with an Alexa 594 secondary anti-
body. For colocalization of CTB and lysosomes, cells were
incubated at 37°C for 3 h with CTB-Alexa 488 (10 pg/ml),
and during the last 1 h of incubation, Lysotracker (100 nM)
was added to the medium of the CTB labeled cells. After a
brief wash, the cells were fixed in 4% paraformaldehyde in
PB for 1 h and briefly washed in PB.

For visualization of cytoskeletal filaments, the cells were
first fixed in 4% paraformaldehyde in PB and permeabili-
zed by saponin as described above. Intermediate filaments
and microtubules were then labeled by primary antibodies
to vimentin and o-tubulin (1:200 dilution), respectively,
followed by labeling with Alexa-conjugated secondary
antibodies. Actin filaments were visualized by labeling for
30 min with Alexa 488-conjugated phalloidin (10 units/ml).
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Fig. 1 Surface labeling with Ruthenium Red. Synoviocytes were
fixed in the presence of the nonpermeable surface marker Ruthenium
Red. The electron micrographs show the presence of numerous caveo-
lae. Single caveolae are typically seen directly at the cell surface (a),
whereas caveolae clusters are most often found deeper within the cell

In all antibody labeling experiments described above,
controls with omission of the respective primary antibodies
were included.

All labeled cells were finally washed for 2x 5 min in
TBS and 2x 2 min in water, covered antifade in mounting
medium and examined in a Leica DM 4000 B microscope
equipped with a Leica DC 300 FX digital camera.

MALDI-TOF analysis

DRM’s were prepared by sucrose gradient ultracentrifuga-
tion (Brown and Rose 1992) from synoviocytes extracted
with 1% Triton X-100 as previously described (Danielsen
1995). After centrifugation, the sucrose gradient was
divided into fractions that were subjected to SDS/PAGE
and electrotransferred onto an Immobilon membrane. The
most prominent band, of about 55 kDa, seen in the floating
DRM fractions after staining with Coomassie Brilliant
Blue, was carefully excised from the membrane and sub-
mitted to commercial MALDI-TOF analysis (Alphalyse,
Odense, Denmark). A total of 12 different peptides were
obtained, all corresponding to amino acid sequences of
human vimentin.

Results

The majority of synoviocyte caveolae and caveolae clusters
are freely accessible from the cell surface

In a previous study, synoviocytes were shown to be fibro-
blast-like cells with numerous caveolae (Riemann et al.
2001). These were seen both as single caveolae, mostly
localized at, or close to, the cell surface, as well as large
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(b, ¢). Both types of caveolae were extensively stained by Ruthenium
Red, and unstained caveolae (marked with asterisks in a) were only
rarely observed. Intermediate-size (10 nm) cytoskeletal filaments
(arrows) were frequently found in close contact with the caveolae
clusters (b, ¢). Bars 0.1 pm (a), 0.2 pm (b), 0.5 pm (c¢)

caveolae clusters often observed deeper into the cytoplasm.
By pre-embedding immunogold electron microscopy, the
surface membrane peptidase CD13 was shown to be pres-
ent not only in the single caveolae at the cell surface but
also in the deeper-lying caveolae clusters, indicating that at
least some of the latter structures are freely accessible to the
surface (Riemann et al. 2001). In addition, CD13 was also
widely distributed in clusters over the noncaveolar part of
the cell surface.

To study the caveolar surface connection in closer detail
in the present work, cell labeling with the membrane imper-
meable marker Ruthenium Red was used for visualization
of structures freely connected to the cell surface. As shown
in Fig. 1, the majority of caveolae in the synoviocytes were
labeled, indicating that they are exposed to the extracellular
environment in the resting state. This was the case both for
the single caveolae positioned close to the surface, as well
as the clusters of interconnected caveolae typically seen
deeper within the cell. However, among the many sections
examined, unlabeled caveolae were only occasionally
detected, indicating their ability to seal off from the surface
(Fig. 1a). These unlabeled caveolae were most often of the
clustered type and were always seen at some distance from
the cell surface (Fig. 1b, ¢). In contrast, single caveolae
seen in direct contact with the plasma membrane were
always stained by Ruthenium Red, indicating a permanent
access to the extracellular medium for this caveolar sub-
population. Overall, we estimate that >90% of the caveolae
are in the “open” position in unstimulated cells.

Internalization of the surface membrane peptidase CD13

To detect internalization of the open caveolae and caveolae
clusters harboring CDI13, synoviocytes were surface
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Fig. 2 Internalization of CD13.
Synoviocytes were labeled with
CD13 antibodies. After washing,
the cells were incubated at 37°C
for 1 h in the absence or pres-
ence of CTB. CD13 at the sur-
face was then visualized by
labeling with an Alexa 488-con-
jugated secondary antibody (a,
d). After cell permeabilization
with saponin, total (internalized
and surface-localized) CD13
was detected by a second Alexa
594-conjugated secondary anti-
body (b, e). ¢ and f The merged
images. In the absence of CTB,
few distinct punctae were only
labeled after cell permeabilisa-
tion, indicating internalization of
CD13. Addition of CTB greatly
increased internalization

labeled at 4°C with a CD13 antibody, then incubated for 1 h
at 37°C followed by fixation in 4% paraformaldehyde. The
cells were then labeled with an Alexa 488-conjugated sec-
ondary antibody, then permeabilized by saponin, and
finally labeled with an Alexa 594-conjugated secondary
antibody to visualize also internalized CD13. The cell sur-
face-labeling showed a weak, uniform distribution of CD13
at the non-caveolar part of the plasma membrane, as well as
more intensely labeled punctae, representing single or clus-
tered caveolae (Fig. 2a). A similar labeling was obtained by
the second secondary antibody, but in addition some dis-
tinct punctae were only labeled after cell permeabilization,
indicating an internalization of caveolae from the cell sur-
face during the incubation at 37°C (Fig. 2b, c).

CTB is a toxin that specifically binds to ganglioside
GM, at the surface of cells and has been widely used as a
marker for lipid rafts and caveolae (Parton 1994; Orlandi
and Fishman 1998; Sandvig and Van Deurs 2002; Parton

and Richards 2003). When CTB was added during the 1 h
incubation at 37°C in an experiment otherwise performed
as the one described above, it markedly increased the inter-
nalization of CDI13 (Fig. 2d—f), indicating that CTB and
CD13 share a common mechanism of internalization.

From the above experiments we therefore conclude that
although most caveolae/caveolae clusters in unstimulated
synoviocytes are freely accessible from the surface, some
are capable of being internalized from the cell surface when
triggered by addition of the CD13 antibody and CTB.

Caveolar dynamics studied with CTB

As shown in Fig. 3, when fixed synoviocytes were incu-
bated with fluorescent CTB, the toxin widely colocalized
with caveolin, confirming that binding at the cell surface in
synoviocytes preferentially takes place in single caveolae
or caveolae clusters. To study the dynamics of caveolae
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internalization, we performed sequential double color label-
ing experiments with Alexa 488- and Alexa 594-conjugated
CTB (Fig. 4a). Colocalization of the two fluorophores was
close to 90% when they were added simultaneously, but
within 5 min of “chase” period between the two additions
of toxin, colocalization decreased to about 45%, indicating
the induction of a rapid internalization of about half the sur-
face-bound CTB. During chase periods for up to 3 h, the
degree of colocalization only slowly decreased further, to
just under 30%. This degree of colocalization was observed
even by 24 h of chase, indicating that the internalized CTB
remains stable over a long period of time (Fig. 4b). Regard-
less of the chase time, the labeling representing internalized
CTB was localized in punctae mainly centered around the
nucleus, whereas the immobile, colocalized fraction was
mainly seen at the periphery of the cell, in particular along
the cell protrusions (Fig. 4a). This distribution agrees well
with the Ruthenium Red experiments (Fig. 1), and implies
the existence of an internalization-competent subpopulation
of caveolae, consisting mainly of the caveolae clusters, and
an immobile fraction of single caveolae in close proximity
to the cell surface.

Stability of internalized caveolae

The sequential double labeling experiments presented
above indicate a very long residence time for internalized
CTB. To examine if some of the internalized CTB was
transported to the endosomal system, a double labeling
with CTB and EEA1, a marker for early endosomes (Mu
etal. 1995), was performed, but as shown in Fig. 5, no
colocalization between the two was detected after 30 min.
Similarly, a double labeling with CTB and the lysosomal
marker Lysotracker was performed, but again, no coloca-
lization was observed after 3 h (Fig. 5). These results thus
indicate that the internalized caveolae remain stationary
and do not engage in trafficking to other compartments of
the endo-lysosomal system.

Caveolae clusters organized by intermediate filaments

As shown in Fig. 1b, c, the caveolae clusters, in particular
those localized at some distance from the cell surface, were
frequently seen in close contact with dense bundles of cyto-
skeletal filaments. The association was not random; in
many cases the caveolae were observed to align intimately
along the filaments which had a diameter size of 10 nm.
The filaments were immunogold labeled by an antibody to
vimentin, demonstrating that they are of the intermediate
type (Fig. 6a), and in higher magnification, putative linker
proteins between filaments and caveolae were detectable
(Fig. 6b). In line with this, the most abundant protein in
DRM’s prepared from synoviocytes, as judged from protein
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Caveolin

Caveolin + CTB
o

Fig. 3 Colocalization of caveolin and CTB. After fixation, synovio-
cytes were labeled for 1 h with Alexa 594-conjugated CTB. The cells
were then washed, permeabilized and labeled with a caveolin 1 anti-
body, followed by labeling with an Alexa 488-conjugated secondary
antibody. CTB and caveolin 1 were largely colocalized

staining, was a 55-kDa band subsequently identified by
MALDI-TOF analysis as vimentin (data not shown). That
vimentin-based intermediate filaments are indeed abundant
in synoviocytes, especially in the perinuclear region of the
cell, is shown in Fig. 7. This figure also shows the distribu-
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Fig. 4 Sequential dual color A
double labeling with CTB. a
Synoviocytes were labeled for
10 min with Alexa 488-conju-
gated CTB. After washing, the
cells were incubated at 37°C for
the indicated periods of time
before cooling to 4°C and label-
ing for 20 min with Alexa 594-
conjugated CTB. The two CTB
labelings largely colocalized at
0 min whereas distinct punctae
of internalized CTB were seen
both at 10 and 60 min. B: Graph
showing the percentage colocal-
ization of pulse- and chase label-
ings with incubation periods of
0 min—-24 h. Each time point rep-
resents the mean (£SD) and is
based on 5-12 cells where 200—
300 spots/cell were counted

Pulse

Percent co localisation
[\] [41]
(4,1 [—]

Chase Merge

N
\
3

—

0 100

tion of the actin stress fibers and microtubules. In compari-
son with the spaghetti-like appearance of intermediate
filaments, the stress fibers are more regular and uniformly
organized, and the microtubules appear to concentrate par-
ticularly in areas active in filopodia formation.

Taken together, these experiments show that the elabo-
rate caveolae cluster architecture relies on a scaffold pro-
vided by the intermediate filaments. Unlike actin—and
microtubule filaments, intermediate filaments lack polarity
and have no motor proteins associated with them, and for
these reasons they are often perceived as scaffolding mole-
cules designed mainly to provide structural stability to
mechanical stress (Coulombe and Wong 2004; Styers et al.
2005). The strong caveolar association with this filament
system may therefore provide an explanation of the extraor-

200 1350 1450

Time (min)

dinary immobility of the internalized caveolae and the lack
of trafficking to endosomes and lysosomes.

RECK localization in caveolae

RECK is a ubiquitously expressed glycosylphosphatidyl-
inositol-anchored glycoprotein containing multiple serine
protease inhibitor motifs that negatively regulates matrix
metalloproteinase members (Noda and Takahashi 2007).
Recently, RECK, a lipid raft protein, was reported to act by
controlling the amounts of MT1-MMP as well as CD13 that
associate with DRM’s in transfected HT1080 cells, a
human fibrosarcoma cell line (Miki et al. 2007). Figure 8
shows the distribution of RECK at the synoviocyte surface.
Unlike the more widespread distribution of CD13, RECK
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Fig. S Colocalization of CTB
with EEA1 and Lysotracker. For
colocalization with Lysotracker
(LT), synoviocytes were incu-
bated for 3 h at 37°C in the pres-
ence of Alexa 488-conjugated
CTB. During the last 1 h of incu-
bation, Alexa 594-conjugated
Lysotracker was added to the
culture medium. For colocaliza-
tion with EEA1, synoviocytes
were incubated for 30 min at
37°C in the presence of Alexa
488-conjugated CTB. After
cooling to 4°C, the cells were
fixed and permeabilized before
labeling with an EEA1 antibody,
followed by an Alexa 594-con-
jugated secondary antibody. No
colocalization between CTB and
either the early endosomal- or
the lysosomal marker was ob-
served

CTB + LT CTB + EEA-1

Fig. 6 Electron microscopy of
caveolae-associated filaments. a
Immunogold labeling of vimen-
tin along intermediate-size fila-
ments (IF) in close contact with
caveolae. b A high magnifica-
tion image of intermediate fila-
ments (IF) and a Ruthenium Red
stained caveolae cluster. Arrows
indicate putative protein linker
molecules between the filaments
and the caveolae. Bars 0.1 pm
(a), 0.05 pm (b)

has a distinct punctate localization concentrated around the  these experiments show that RECK is expressed in synovi-
central part of the cell with no or little labeling seen over  ocytes. In addition, given RECKSs reported ability to inter-
the cellular protrusions. The RECK labeling partially colo-  act directly with CD13, its localization in caveolae may
calized with that of CTB, indicating that the double labeled  enable it to prevent the latter protein from gaining access to
punctae represent caveolae or caveolae clusters. Together,  the “open” noncaveolar part of the cell membrane.
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Vimentin

a~tubulin

Fig. 7 Visualization of cytoskeletal filaments in synoviocytes. After fix-
ation and permeabilization, synoviocytes were labeled with antibodies to
either vimentin or a-tubulin followed by Alexa-conjugated secondary
antibodies. For visualization of actin filaments, the permeabilized cells
were labeled with Alexa 488-conjugated phalloidin. Each cytoskeletal
system has its characteristic organization in synoviocytes

Discussion

The results obtained in the present work have revealed both
some static and dynamic properties of caveolae and caveo-

lae clusters in fibroblast-like synoviocytes. Thus, the elec-
tron microscopic cell surface analysis using Ruthenium Red
demonstrated that the large majority of caveolar membranes
in unstimulated cells are freely accessible to the extracellu-
lar medium. Furthermore, the infrequently occurring unla-
beled caveolae were only detected in the subpopulation of
caveolae that extend into the cytoplasm, suggesting that
only these pleiomorphic membrane structures engage in
internalization. In a study, using total internal reflection
fluorescence microscopy methodology, single caveolae, as
visualized by caveolin-1-GFP, were observed to undergo
repeated and rapid (on a millisecond timescale) cycles of
fission and fusion without disassembly of the caveolar coat
(Pelkmans and Zerial 2005). Only 45% of the cell’s caveo-
lae engage in this apply termed kiss-and-run recycling
which proceeds in a confined volume close to the cell sur-
face and relies upon the activity of dynamin and a number
of kinases. Assuming caveolar kiss-and-run occurs in a sim-
ilar fashion in synoviocytes, caveolae thus engaged would
be seen as static and, most likely, as open in the experi-
ments with Ruthenium Red performed in the present work.

However, that caveolae in synoviocytes are capable of
closure or internalization taking place on a much wider
timescale was demonstrated by the sequential CTB labeling
experiments. Here, about half the amounts of surface-
bound CTB participated in this traffic, most likely induced
to do so by clustering of the GM, receptors by the penta-
meric toxin. The kinetics of this process suggests that those
caveolae capable of internalization do so rapidly (within
5 min of chase) and then remain surface inaccessible for a
very long time (24 h). Morphologically, the internalization-
competent caveolae were predominantly of the clustered
type that extend deep into the cytoplasm. These so called
endocytotic caveolar carriers (Parton and Simons 2007)
may traffic further to either the endosomes (Sharma et al.
2003; Pelkmans et al. 2004) or the caveosomes reported
previously by others to function as an intermediate com-
partment in caveolar endocytosis of SV40 as well as CTB
(Pelkmans et al. 2001; Nichols 2002).

Clearly, the data obtained in the present work regarding
further membrane transport of internalized CTB in syno-
viocytes do not fit well with the above dynamic concept of
the caveosome as a major trafficking hub. The failure to
detect a convincing colocalization with the endosomal
marker EEA1 after 30 min or Lysotracker after 3 h of inter-
nalization strongly argues against a major pathway leading
to the acidifying organelles. In fact, the persistence of the
characteristic punctate labeling pattern throughout the time-
course of the incubation suggests that most if not all inter-
nalized CTB in synoviocytes remains within the closed
caveolar system. A possible explanation for this observed
stability is the strong association with the intermediate fila-
ment system, as evidenced by the relative abundance of
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Fig. 8 Surface localization of
RECK. After fixation, synovio-
cytes were labeled with an anti-
body to RECK, followed by an
Alexa 594-conjugated second-
ary antibody. After washing, the
cells were subsequently labeled
with an antibody to CD13, fol-
lowed by an Alexa 488-conju-
gated secondary antibody.
Alternatively, the cells were la-
beled with Alexa 488-conju-
gated CTB after the labeling for
RECK. Unlike the widespread
localization of CD13, RECK
labeling was confined to the cen-
tral part of the cell. RECK par-
tially colocalized with CTB,
indicating that it is also present
in caveolae

GD13+RECK

-

vimentin in synoviocyte DRM’s, as well as by immunogold
electron microscopy. Association between caveolae and
intermediate filaments have previously been described for
transmigrating endothelial cells (Santilman et al. 2007), but
otherwise the action of the microfilaments has been impli-
cated in caveolar endocytosis. Thus, SV40 binding in HeLa
cells induced a transient break down of existing actin stress
fibers and a recruitment of actin to virus-loaded caveolae to
initiate formation of new actin fibers (Pelkmans et al.
2002). This ligand-triggered rearrangement of the actin
cytoskeleton has been proposed to eliminate the spatial
restrictions on caveolar dynamics and enable caveolae to
switch from local kiss-and-run recycling to committed,
long-range, microtubule-dependent internalization to intra-
cellular organelles (Tagawa et al. 2005). The trafficking/
functioning of caveolae in a given cell type therefore seems
to depend upon their cytoskeletal interactions. Thus, in
synoviocytes, where association with intermediate fila-
ments dominates, we find it doubtful if the caveolae clusters

@ Springer

CTB +RECK

that internalize CTB also engage in bona fide membrane
trafficking from the surface to the cell interior. Concei-
vably, the internalization process may consist merely of a
caveolar closure, taking place either at the cell surface or
maybe somewhere within a pleiomorphic caveolae cluster.
Furthermore, as judged by the experiments with Ruthenium
Red, closure is a rare event in cells not challenged by
pathogens and thus may not be an important part of normal
caveolar functioning. This may be examplified by the dual
localization of CD13, partly at “flat” areas of the plasma
membrane and partly in caveolae. By sequestering from the
former to the latter compartment by regulated association
with the caveolar RECK protein (Miki et al. 2007), CD13
(and membrane proteinases of the MMP family) will be
prevented from participating in cell—cell interactions and
contact with the extracellular matrix regardless whether the
caveolae are open or not. Along these lines, future work
should aim to clarify which of the many other biological
functions ascribed to caveolae, including signaling, lipid
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regulation/storage and mechanosensing (Parton and Simons
2007) that involve true internalization.
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