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Intersectin, a multiple Eps15 homology and Src homology 3 (SH3) domain–containing protein, is a component of the
endocytic machinery in neurons and nonneuronal cells. However, its role in endocytosis via caveolae in endothelial cells
(ECs) is unclear. We demonstrate herein by coimmunoprecipitation, velocity sedimentation on glycerol gradients, and
cross-linking that intersectin is present in ECs in a membrane-associated protein complex containing dynamin and
SNAP-23. Electron microscopy (EM) immunogold labeling studies indicated that intersectin associated preferentially with
the caveolar necks, and it remained associated with caveolae after their fission from the plasmalemma. A cell-free system
depleted of intersectin failed to support caveolae fission from the plasma membrane. A biotin assay used to quantify
caveolae internalization and extensive EM morphological analysis of ECs overexpressing wt-intersectin indicated a wide
range of morphological changes (i.e., large caveolae clusters marginated at cell periphery and pleiomorphic caveolar
necks) as well as impaired caveolae internalization. Biochemical evaluation of caveolae-mediated uptake by ELISA
showed a 68.4% inhibition by reference to control. We also showed that intersectin interaction with dynamin was
important in regulating the fission and internalization of caveolae. Taken together, the results indicate the crucial role of
intersectin in the mechanism of caveolae fission in endothelial cells.

INTRODUCTION

Endothelial transcytosis, defined as the active transport of
macromolecules across the endothelial barrier, rapidly and
efficiently couples endocytosis to exocytosis of the trans-
ported molecules (Simionescu and Simionescu, 1991; Pre-
descu et al., 2001). Caveolae, the vesicular carriers mediating
transcytosis, are abundant in ECs (Simionescu and Simio-
nescu, 1984; Minshall et al., 2000). They are released from the
plasma membrane and form discrete vesicular carriers that
shuttle between the two fronts of the cell, undergoing fu-
sion-fission processes at each round of transport (Simio-
nescu and Simionescu, 1991; Predescu et al., 1997a; Niles and
Malik, 1999). We showed that ECs possess the requisite
“molecular machinery” for the repeated fusion-fission
events involved in transcytosis; these components include
SNAPs and SNAREs as well as caveolin-1, rab 5, dynamin,
and lipids, organized in cytosolic supramolecular protein-
lipid complexes (Predescu et al., 1997b, 2001). The presence
of dynamin, the membrane fission GTPase, in these com-
plexes is of particular interest because it may be required for
the highly specialized transcellular transport pathway in the
endothelium. Previous studies have shown dynamin to be a

critical determinant of caveolae fission in ECs (Oh et al.,
1998) and hepatocytes (Henley et al., 1998).

Because intersectin is an important partner of dynamin in
clathrin-dependent endocytosis (Hussain et al., 1999; Pucha-
rcos et al., 2000), we surmised that intersectin might also be
involved in caveolae internalization. Intersectins are mem-
bers of a conserved family of proteins identified in humans
(Guipponi et al., 1998), rat (Okamoto et al., 1999), mouse
(Sengar et al., 1999), Xenopus laevis (Yamabhay et al., 1998),
and Drosophila melanogaster (Roos and Kelly, 1998). Two
highly similar intersectin genes, intersectin-1 and intersec-
tin-2, have been identified, each producing two intersectin
isoforms by alternative RNA splicing (O’Brian et al., 2001).
The short intersectins display two Eps 15 homology do-
mains, a central coiled-coil region, and five consecutive SH3
domains (Guipponi et al., 1998; Yamabhay et al., 1998). Long
intersectin-1, which is neuronal specific (Hussain et al., 1999;
Okamoto et al., 1999), and long intersectin-2, with a wide
mouse and human tissue distribution (Sengar et al., 1999;
Pucharcos et al., 2000; O’Brian et al., 2001), possess an ex-
tended COOH-region composed of DH (Dbl homology) do-
main, PH domain (pleckstrin homology), and C2 domain
(Hussain et al., 1999). Based on intersectin’s interactions with
dynamin (Hussain et al., 1999; Okamoto et al., 1999) and
other endocytic proteins (Yamabhay et al., 1998; Sengar et al.,
1999), it is possible that intersectin serves as a scaffolding
protein regulating the assembly of multiprotein complexes
at sites of formation of clathrin-coated vesicles (CCVs) and
caveolae. Intersectin has also been proposed to couple en-
docytosis to exocytosis because its coiled-coil domain binds
to SNAP-23 and SNAP-25 (Okamoto et al., 1999). Because
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intersectin can activate mitogenic signaling pathways, it
may provide a molecular link between endocytosis and the
mitogenic machinery (Adams et al., 2000). In addition, long
intersectin isoforms can stimulate actin assembly by Cdc42
activation of N-WASP (Wiscott-Aldrich syndrome protein)
and Arp2/Arp3 complex (McPherson, 2002).

We investigated using cultured ECs the expression and
subcellular localization of intersectin and addressed inter-
sectin’s involvement in caveolae fission and internalization.
ECs provide a highly suitable system to address these ques-
tions because of their numerous caveolae and high transcy-
totic activity. We have for the first time localized intersectin
to the caveolae neck region; thus, through its strategic loca-
tion and ability to bind simultaneously more dynamin mol-
ecules, it appears that intersectin recruits dynamin to gen-
erate a high local concentration required for collar
formation, and caveolae fission and internalization. Our re-
sults provide biochemical and morphological evidence dem-
onstrating that the intersectin-dynamin interaction is crucial
in the mechanism of fission and internalization of caveolae.

MATERIALS AND METHODS

Materials
Lung human microvascular ECs were obtained from Clonetics (San Diego,
CA) and Sprague-Dawley rats were bought from the Harlan-Sprague Labo-
ratories (Indianapolis, IN). EZ-Link Sulfo NHS-SS-Biotin from Fisher Scien-
tific (Hanover Park, IL), cholera toxin (CT) biotin or FITC-labeled from Sigma
(St. Louis, MO), X-OMAT Blue XB-1 film from NEN Life Science Products
(Boston, MA), blasticidin S HCl from Invitrogen (Carlsbad, CA), FuGENE 6
Transfection reagent from Roche Molecular Biochemicals (Indianapolis, IN),
Prolong Antifade kit, and NeutrAvidin Texas Red conjugated from Molecular
Probes (Eugene, OR), protein A/G agarose from Santa Cruz Biotechnology
(Santa Cruz, CA), and streptavidin-HRP conjugated, MicroBCA (bicincho-
ninic acid) Protein Assay Reagent Kit, disuccinimidyl tartrate (DST), and
SuperSignal Chemiluminescent Substrate from Pierce (Rockford, IL). All EM
grade reagents were from EM Science (Forth Washington, PA). All other
reagents were from Sigma if not otherwise specified.

Relevant antibodies were obtained from the following sources: anti-inter-
sectin polyclonal antibody (pAb) was a gift from Dr. Thomas Südhof (South-
western Medical School, Dallas, TX), anti-dynamin and anti-caveolin mAbs
from Transduction Laboratories (Lexington, KY), anti-dynamin pAb from
Cell Signaling Technology (Beverly, MA), anti-SNAP-23 pAb from Synaptic
Systems (Göttingen, Germany), HRP-conjugated anti-mouse IgG and HRP-
conjugated anti-rabbit IgG from Cappel, Organon Teknika (Durham, NC),
anti-mouse IgG-FITC and anti-rabbit IgG-Texas Red from Jackson Immu-
noResearch (West Grove, PA). Anti–caveolin-1 pAb and anti-myc mAb were
prepared as described (Stan et al., 1997). Colloidal gold suspensions were
prepared as in Slot and Geuze (1985), stabilized with protein A or streptavidin
(Quagliarello et al., 1991), and stored as concentrate at 4°C. Rabbit IgG
dinitrophenyl (DNP) conjugated was prepared as described (Predescu et al.,
1997a).

Endothelial Cell Culture
ECs seeded in 100-cm2 plastic Petri dishes were grown to confluence in
medium 199 supplemented with 20% fetal calf serum. To verify their endo-
thelial identity and degree of differentiation, the presence of factor VIII-
antigen was assessed by indirect immunofluorescence, and the presence of
Weibel-Palade bodies was checked by EM.

Protein Extraction
Cell lysates were prepared at 4°C using an extraction buffer containing 20 mM
HEPES/KOH, pH 7.4, 2% Triton X-100, 100 mM KCl, 2 mM DTT, 2 mM
EDTA, and 1 mM PMSF. Confluent EC monolayers were treated with 1 ml
extraction buffer for 30 min, at RT, under gentle agitation. The cell monolayer
was scraped with a rubber policeman, and the ensuing lysate was clarified by
centrifugation in a Beckman TLA ultracentrifuge with a TLA-45 rotor, for 60
min at 40,000 rpm. Rat lung lysate was prepared as described (Predescu et al.,
1995). Protein concentration was determined by the BCA micromethod with
a BSA standard.

Immunoprecipitation and Immunoblotting
For immunoprecipitation studies, 100 �g total protein from the ECs or rat
lung lysates were precleared using a rabbit IgG followed by protein A/G

agarose beads, for 1 h each, at RT. The resulting supernatant was incubated
overnight, at 4°C with affinity-purified anti-intersectin, anti-SNAP-23 pAbs,
or anti-dynamin mAb, followed by incubation 1 h, at RT with protein A/G.
Beads were washed extensively, and after solubilization in electrophoresis
sample buffer, the immunoprecipitates were resolved on 5–20% SDS PAGE,
electro-transferred to nitrocellulose membranes, and analyzed by immuno-
blotting.

Cross-linking Experiments Using DST
The cross-linking reaction was started by applying directly DST, a membrane-
permeant cross-linker, periodate cleavable, on undisrupted ECs, according to
the manufacturer’s instructions. The specific cross-linked products were an-
alyzed after immunoprecipitation with anti-dynamin mAb by two-dimen-
sional gel electrophoresis as described (Smith et al., 1978; Predescu et al.,
2001).

Immunofluorescence Microscopy
Confluent ECs monolayers grown on glass coverslips and washed in PBS (five
times for 2 min) were fixed (methanol, 10 min, �20°C), quenched (PBS � 1%
BSA; 1 h, RT), and incubated in the appropriate first antibody diluted in PBS
� 0.1% BSA. After washing (PBS � 0.1% BSA; five times for 5 min), the cells
were reacted for 1 h, at RT, with the reporter antibodies, washed again as
above, and then mounted on glass slides using ProLong Antifade kit, exam-
ined, and photographed in a Zeiss Axiophot 20 microscope (Thornwood, NY).

When internalization of biotinylated cell surface proteins was examined,
control or transfected ECs grown on glass coverslips were incubated as above
for 1 h, at RT with anti-myc mAb (Predescu et al., 2001), to detect the
myc-tagged exogenous protein. NeutrAvidin-Texas Red, used to visualize
biotin-labeled proteins and anti-mouse IgG-FITC, used to detect the bound
myc antibody, were applied together, for 1 h, at RT.

Electronmicroscopy
The distribution of intersectin and dynamin within streptolysin O (SLO)-
permeabilized cultured ECs was examined by EM immunogold labeling via
DNP-conjugated IgG and Protein A-gold as in Pathak and Anderson (1989),
slightly modified by us. DNP epitope resists EM fixation and Epon embed-
ding and can be detected efficiently by anti-DNP antibody on the surface of
thin-sectioned specimens. ECs grown in 35-mm plastic Petri dishes were
washed (PBS; three times for 2 min), fixed (PBS containing 2% paraformal-
dehyde and 0.2% glutaraldehyde; 30 min, RT), washed again (PBS � 0.2%
ovalbumin [PBSo], three times for 2 min), collected by gentle centrifugation in
PBSo, and permeabilized with SLO as in Predescu et al. (2001). Briefly, the
cells suspended in PBSo were incubated with 40 HU (hemolytic units) SLO/
ml, for 5 min on ice followed by 15 min at 37°C. After permeabilization, the
cells were pelleted by gentle centrifugation, washed three times in PBSo, and
then reacted with anti-intersectin or anti-dynamin pAbs diluted in the same
buffer, for 2 h, at RT. The specificity of the antibody labeling was demon-
strated using a nonspecific, isotype-matching antibody or by omitting anti-
intersectin or anti-dynamin antibodies. After washing (PBSo, five times for 5
min), the cells were reacted with anti-rabbit IgG-DNP diluted in PBSo for 1 h,
at RT. The cells were again washed, fixed with 0.2% glutaraldehyde in PBS,
and the cell pellet was subjected to the standard EM procedure (Predescu et
al., 1997a). Thin sections cut from blocks mounted on nickel grids were
quenched with PBS containing 0.1 M glycine and 1% BSA, (10 min), blocked
with 1% BSA, 0.1% gelatin in PBS for 15 min, and then incubated (2 h, RT)
with anti-DNP mAb, diluted in 1% BSA in PBS. The grids were washed (five
times for 3 min), in 0.1% BSA in PBS, and (two times for 5 min) in PBS � 1%
BSA, incubated for 1 h with protein A-gold diluted in 0.1% BSA in PBS to an
OD520 nm

Au � 0.2, washed again (0.1% BSA in PBS; five times for 3 min),
stained with uranyl acetate and lead citrate, and finally examined and micro-
graphed in a Philips (Hillsboro, OR) CM-10 transmission EM.

Morphometric Analysis
The number of gold particles associated with caveolae and other endothelial
structures were counted and normalized per 10 �m2 of EC surface. We used
212 randomly chosen micrographs (�84,000 final magnification) to count the
total number of gold particles as well as the number of caveolae open to the
cell surface or apparently free in the cytosol.

For the analysis of morphological changes induced by intersectin overex-
pression, 15–20 sections per grid and 3–5 grids/ per block from 10 Epon
blocks, chosen at random, for control or transfected cells, were used. The
morphological appearance (vesicles open apically, basolaterally, or appar-
ently free in the cytosol) was recorded on 100 micrographs (�98,000 standard
magnification) for each experimental condition.

Caveolae Fission Assays
Sheets of endothelial luminal membranes bearing attached caveolae were
prepared and purified as described (Stan et al., 1997). Before use in the fission
assay, the membrane sheets were subjected to high-salt treatment (1 M KCl)
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to remove the membrane-associated pool of intersectin, and aliquots were
checked by immunoblotting to confirm intersectin depletion. Once prepared,
plasma membrane patches were incubated for 1 h, at 37°C with EC cytosol in
the presence of 1 mM GTP, and an ATP-regenerating system (1 mM ATP, 10
U/ml creatine phosphokinase and 10 mM phosphocreatine), conditions that
induce caveolae release from plasma membrane patches (Schnitzer et al.,
1996). Caveolae release was monitored biochemically by sucrose density
centrifugation as described (Oh et al., 1998). The protocol has been comple-
mented by morphological analysis of the light-membranes fractions obtained
on sucrose gradients and by immunogold labeling and negative staining EM
as described (Predescu et al., 2001). The cytosolic fraction obtained by SLO
permeabilization of EC membranes (Predescu et al., 2001) was depleted for
intersectin using specific antibodies against intersectin, followed by protein
A/G. This step was repeated until Western blotting analysis of this cytosol
fraction indicated no detectable intersectin staining. The specificity of inter-
sectin immunodepletion was confirmed using an isotype specific IgG.

Internalization Assay
Transfected cells grown on plastic Petri dishes or glass coverslips were
washed with ice-cold PBS and then incubated with 0.5 mg/ml cleavable
biotin reagent as described in Zurzolo et al. (1994) or 20 nm CT-biotin (Lencer
et al., 1992). Biotinylated cell surface proteins and CT-biotin, respectively,
were internalized for 30 min, at 37°C. Biotinylated proteins still at the cell
surface after 30 min were reduced with glutathione (Bretscher and Lutter,
1988) and the cells were further processed for morphological analysis or lysed
for biochemical investigation. The efficiency of reduction reaction was 97% (as
calculated by comparing total amount of biotinylated proteins at the cell
surface before internalization to amount of biotinylated proteins still on the
cell surface after applying the reducing solution).

For biochemical studies, control or transfected cells were lysed in TBS
containing 2% Triton X-100, and the lysates were clarified by centrifugation

for 30 min, at 4°C, 40,000 rpm in a TLA-45 Beckman (Fullerton, CA) rotor, to
obtain a final supernatant expected to contain the biotinylated proteins inter-
nalized by control or transfected ECs. The amounts of biotin labeled proteins
were assessed by ELISA (Savage et al., 1992). For quantitative assessment of
biotin molecules in the final EC supernatant, standard curves were generated
using known concentrations of BSA-biotin and CT-biotin. The average num-
ber of biotin molecules present in each cell lysate was determined at a series
of decreasing concentrations from the linear part of the curve obtained by
successively diluting a standard volume (100 �l) from each lysate and nor-
malized per mg total protein.

K� Depletion Experiments
Depletion of intracellular K� was performed by incubation of ECs for 5 min
with hypotonic medium followed by transfer to isotonic K�-free buffer as
described (Larkin et al., 1983).

Intersectin Constructs and Transfection Procedure
Full-length Xenopus laevis intersectin cDNA clone pCEN-HA-Itsn (Gift from Dr. B.B.
Kay, University of Wisconsin, Madison, WI), was used as a template for PCR with
PFU (Stratagene, La Jolla, CA), DNA polymerase to generate C-terminal Myc-His–
tagged proteins that are either full length or SH3A domain deleted. Primer pair IntF;
5�-CTCCGGTACCAAACCATGGCTCAGTTTGGAACTCC-3�::IntR; 5�-CCTAG-
GCCTCGAGTATATTTATATATTTTACATTC-3� was used to generate a full-length
intersectin cDNA that lacks the stop codon. The resulting PCR fragment was cloned
into pCR4Blunt-TOPO vector (Invitrogen) and subsequently subcloned into the
KpnI-XhoI restriction sites (underlined in primers) of pcDNA6/Myc-His A, resulting
in vector pInt-MycHis. Deletion of the SH3A domain A was performed through a
two-step “spliced overhang extension” PCR as outlined (Anderson et al., 1998).
Briefly, first-step PCR products generated using primer pairs Int(�SH3A)F; 5�-
CAACCAGGGCGATAGTGAATTTCCAAGCAC-3�::IntR and Int(�SH3A)R;

Figure 1. Intersectin is present in ECs in a membrane-associated protein complex containing dynamin and SNAP-23. (A) Western blotting
of cultured ECs (b) and rat lung (c) detergent extracts using affinity-purified anti-intersectin pAb shows a band of immunoreactivity of �140
kDa. (a) Coomassie staining of total EC lysate. MW, protein standards. (B) Immunoprecipitation analysis applied on cultured EC lysates using
the specific anti-intersectin, anti-dynamin, and anti-SNAP-23 antibodies indicates the presence of the same endothelial proteins in the
immunoprecipitate. (C) Total protein (500 �g) from EC lysate was subjected to 10–35% glycerol gradient centrifugation, at 4°C, 42,000 rpm,
overnight, in a SW55 Beckman rotor. Fractions (28 fractions of 180 �l each) were collected. Aliquots (20 �l) from each fraction were subjected
to SDS-PAGE, followed by Western blotting using each indicated antibody. The similar sedimentation pattern indicates that intersectin is a
protein component of a complex containing dynamin and SNAP-23 in ECs, whereas caveolin-1 is not part of this complex. An ECL detection
system was used in all cases to visualize the bound antibodies. All results above are representative of four separate experiments. (D) The
cross-linked products generated by DST in intact cultured ECs were immunoprecipitated with anti-dynamin mAb and analyzed by 6%
SDS-PAGE in 8 M urea. Commassie R-250 staining indicated the presence of an aggregate �250 kDa (b) only in the membrane fraction.
Second-dimensional analysis of the cross-linked product on 10% SDS-PAGE followed by silver staining suggests the presence of intersectin,
dynamin, and SNAP-23 complex. The identity of the 70-kDa protein (*) is unknown. (c) Immunoblotting analysis with anti-intersectin,
anti-dynamin, and anti–SNAP-23 pAbs confirmed the identity of the protein bands (d). MW standards (a) apply only to lane b.
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5�-TGGAAATTCACTATCGCCCTGGTTGATC-3�::IntF were mixed, and comple-
mentary ends were annealed to generate a double-stranded DNA fragment that was
amplified using primer pair IntF::IntR in the second-step PCR. The resulting PCR
product was cloned into the pCR4Blunt-TOPO vector and subsequently subcloned
into the EcoRI-XhoI restriction sites of pcDNA6/Myc-His A, resulting in a vector
pInt(�SH3A)-MycHis. To generate a Myc-His–tagged dominant negative mutant,
primer pair XInt-SH3F; 5�-CAGAATTCACCATGGTGAAGGTTGTGTATTACC-3�:
XInt-SH3R; 5�-CCTAGGCCTCGAGGTCTGTGGTCAGTTTCAC-3� was used to
amplify the entire SH3 domain of intersectin. The PCR product was cloned in frame
into the EcoRI-XhoI restriction sites (underlined in primers) of pcDNA6/Myc-His,
resulting in vector pInt-SH3MycHis. The translational start codon is given in bold-
faced letters. All clones were sequenced to ensure sequence integrity. All transfec-
tions were performed using FuGENE 6 transfection reagent, according to the man-
ufacturer’s instructions.

RESULTS

Expression of Intersectin in ECs
Expression of intersectin was investigated by immunoblot-
ting of cultured ECs and rat lung detergent extracts with
affinity-purified anti-intersectin pAb (Okamoto et al., 1999).
A band of immunoreactivity of 140 kDa was observed in
both cases, in agreement with the predicted Mr of short
intersectin (Figure 1A). In this study, we will refer to short
intersectin-1 as intersectin. To analyze the interactions of
intersectin with endothelial proteins, we performed immu-
noprecipitation analysis of EC lysate using anti-intersectin
pAbs. Both dynamin and SNAP-23 coimmunoprecipitated
with intersectin as detected with specific antibodies (Figure
1B). The same interactions were detected when anti-
dynamin mAb or anti-SNAP-23 pAb were used for immu-
noprecipitation (Figure 1B). None of these proteins was
found in the immunoprecipitate using an isotype-specific
rabbit IgG for immunoprecipitation (our unpublished re-
sults). To further characterize these interactions, we applied
velocity sedimentation on glycerol gradients. Aliquots from
each fraction were analyzed by SDS-PAGE, electro-trans-
ferred to nitrocellulose membranes, and immunostained
with antibodies against intersectin, dynamin, SNAP-23, and
caveolin-1. As shown in Figure 1C, intersectin, dynamin,
and SNAP-23 displayed similar distribution patterns. Inter-
sectin and dynamin were mostly recovered in fractions 16–
19, whereas the t-SNARE, SNAP-23, displayed a wider dis-
tribution along gradient fractions. All three proteins
showed, as indicated by immunoblotting, a comparable
quantitative distribution in fractions 16–19. In contrast,
caveolin-1 was recovered primarily in fractions 20–28. Inde-
pendent evidence of intersectin-dynamin-SNAP-23 interac-
tion was obtained by cross-linking with DST, a membrane-
permeant cross-linker, applied to intact cultured ECs (Figure
1D). The cross-linked products of interest generated by DST
were immunoprecipitated with anti-dynamin pAb from cy-
tosol and membrane fractions prepared by SLO-permeabili-
zation of the cell membrane (Predescu et al., 2001). The
immunoprecipitate was analyzed by 6% SDS PAGE contain-
ing 8 M urea. A cross-linked aggregate greater than 250-kDa,
as detected by Commassie R-250 staining only in the mem-
brane fraction (Figure 1D, lane b), was subjected to a second
dimensional analysis (Predescu et al., 2001). The protein
profile obtained by silver staining (Figure 1D, lane c)
showed four major protein bands; three of them were iden-
tified by immunoblotting as SNAP-23, dynamin, and inter-
sectin (Figure 1D, lane d). The identity of the 70-kDa protein
band is unknown. Although both intersectin and dynamin
are also present in soluble pools, soluble cross-linked aggre-
gates were not detected. On the basis of these findings, we
conclude that intersectin, dynamin, and SNAP-23 form a
membrane-associated complex in ECs.

Subcellular Localization of Intersectin
Immunofluorescence labeling of cultured ECs using anti-
intersectin pAb indicated intense punctate staining at the
cell surface and throughout the cytosol (Figure 2), suggest-
ing intersectin association with vesicle-like structures, prob-
ably caveolae. Indeed, double immunofluorescent staining
using both anti-intersectin pAb (Figure 2Aa) and anti-caveo-
lin mAb (Figure 2Ab) indicated a considerable colocalization
of the two probes (2A, c and inset c1), both intracellular and
at the plasma membrane. On the basis of the biochemical
evidence for intersectin-dynamin interaction, we also exam-
ined their subcellular distribution by fluorescence micros-
copy. Anti-dynamin mAb revealed a punctate pattern that
overlapped a predominant diffuse staining (Figure 2Bb).
Detailed punctate intersectin and dynamin staining is
shown in Figure 2B, insets a1 and b1, respectively. The
merged image showed significant colocalization (Figure
2Bc), but did not exclude the presence of structures labeled
by only one probe (Figure 2Bc, inset).

We used immunogold labeling to gain more insights into
the association of intersectin with cell structures within ECs.

Figure 2. Subcellular distribution of intersectin by double immu-
nofluorescence in cultured ECs. Intersectin displays a punctate
staining pattern both at the plasma membrane and throughout the
cytoplasm in cultured ECs permeabilized by methanol fixation (A
and B, red staining, a and a1). (A) Caveolin immunostaining in
cultured ECs (b). The merged image (c) indicated extensive colocal-
ization of the signals for intersectin and caveolin (panel c and inset
c1), both intracellular and at the plasma membrane. (B) Anti-dy-
namin mAb revealed a similar punctate pattern that overlapped a
predominant diffuse pattern (b). The merged image (c) indicates
marked colocalization of intersectin (red) and dynamin (green) both
at the plasma membrane and cytoplasm of an EC. Insets a1 and b1
show in detail the punctate intersectin and dynamin staining at the
plasma membrane. The majority of the reactive small vesicles at the
plasma membrane contain both proteins (c1). Results are represen-
tative of three experiments. Bars, (a–c) 10 �m; (insets) 5 �m.
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Anti-intersectin pAb applied to fixed and SLO-permeabil-
ized cells was detected with DNP anti-rabbit IgG, followed
by anti-DNP mAb and protein A-gold (Pathak and Ander-
son, 1989), modified as described in MATERIALS AND

METHODS. We found intersectin, under conditions of good
endothelial morphology and large sampling, at the plasma
membrane (Figure 3A) specifically associated with caveolae
open to the cell surface, (a1–v1, v2). Notably, intersectin was

Figure 3. Localization of intersectin (A) and dynamin (B) in cultured
ECs by EM immunogold labeling using DNP-conjugated rabbit IgG
and protein A gold. (A) Gold particles (5 nm) are found at the plasma
membrane associated with caveolae profiles open to the apical front
(a1, v1 and v2) and on apparently free caveolae in the cytosol (a, v3–v5).
Note the gold particles associated with caveolae just released from the
plasma membrane (a, v10 and v11; a3, v12; and e). Gold particles are
often found at the constriction region between two adjoining caveolae
(a, v6 and v7, v8 and v9; a2; and a3). Note the preferential association of
intersectin with the caveolae neck region (b–d). Gold particles are also
found associated with Golgi-derived vesicles (f, arrowheads) and
CCVs (g and h). Bars, (a, a1, a2, a3, f, g, and h) 50 nm, (b, c, d, and e)
20 nm. (B) Gold particles (6 nm) are preferentially associated with the
neck region of caveolae open to the EC surface (a, b, and e, v1).
Frequently, more than two gold particles labeled a caveolar profile or
its neck. Gold particles are also frequently found at the constriction
region between two adjoining caveolae (d and e, v1 and v2) and
associated with caveolae apparently free in the cytosol (c and e, v3).
Bars, (a–c) 20 nm; (d and e) 50 nm.
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preferentially associated with the neck region of wide or
narrow open caveolae (b, c, d). Intersectin was also fre-
quently associated with apparently free caveolae, (a–v3, v4,
v5, a2) and with the constricted region of two adjoining
caveolae (a–v6–7, v8–9). Morphometric analysis indicated
that 38% of the 612 gold particles counted on 10 �m2 of EC
surface labeled caveolae open to the cell surface, whereas
23% were found on caveolae apparently free in the cytosol.
Interestingly, �87% of gold particles labeling caveolae open
to the cell surface were exclusively associated with their
neck region. Gold particles were also associated with CCVs
(Figure 3 A, g and h). These data (summarized in Table 1)
provide the first EM morphological evidence of intersectin

association with caveolae and CCVs, and its preferential
association with caveolar neck. Small clusters of gold parti-
cles were also present throughout the cytosol (19%), on
Golgi-derived vesicles, and associated with cytoskeletal el-
ements (8%; Figure 3Af).

We took advantage of this methodology to examine dy-
namin distribution in cultured ECs. As reported (Oh et al.,
1998), we found dynamin (Figure 3 B) preferentially associ-
ated with the neck region of caveolae (a, b, e–v1). However,
we also found gold particles associated with the constricted
region between two adjacent caveolae (d, e–v2–3) and with
caveolae apparently free in the cytosol (c, e–v4), implying
that some dynamin remains associated with caveolae after

Table 1. Morphometric analysis of intersectin localization in cultured ECs by EM immunogold labeling

Caveolae

Plasmalemma proper Cytosol CCVs ICMPlasma membranea Cytosol

Gold particles 232 	 12 141 	 10 37 	 8 116 	 13 37 	 5 49 	 6
Intersectin labeling (%) 38 23 6 19 6 8

On 10 �m2 of EC surface containing 396 caveolar profiles, we counted 612 gold particles; 61% of gold particles were associated with caveolar
profiles. CCVs, clathrin-coated vesicles; ICM, intracellular membranes. Data are shown as means 	 SD.
a From 232 gold particles counted on caveolae open to the cell surface, 202 particles (�87%) were associated with the caveolar neck region.

Figure 4. Intersectin is required for caveolae fission. (A) Low-density caveolin-enriched membranes (fractions. 5–11) were obtained by
density centrifugation on sucrose gradients when rat lung EC plasma membrane patches bearing attached caveolae were incubated with
cytosol, 1 mM GTP, and the ATP regenerating system. (B) EM negative staining applied on aliquots from fraction 7 of sucrose gradients
revealed a homogeneous population of caveolae (a), which by EM immunocytochemistry were heavily labeled by 10 nm gold conjugated
anti-caveolin pAb (b). (C) When both cytosol and plasma membranes sheets were depleted in intersectin, caveolin was not detected by
Western blotting in the light fractions of sucrose gradients. The GTP-induced caveolae fission did not occur. (D) The signal detected for
caveolin by immunoblotting of aliquots containing equal amounts of total protein from PM patches (starting material), fractions 5–10 of
sucrose gradients, and repelleted silica-coated membranes, were quantified by scanning densitometry and plotted as a percentage of signal
detected in the starting material. All data are representative for four different experiments.
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detachment from plasmalemma. Morphometric analysis of
dynamin immunogold labeling showed that of the 632 gold
particles found on 10 �m2 of EC surface, 442 particles (70%)
were associated with caveolae, whereas the remaining 190
were found in the cytosol (14%), on the plasmalemma
proper (11%), or other intracellular membranes (5%). About
272 gold particles (86%) detected on caveolae open to the cell
surface were associated with the caveolae neck region.
Taken together, the findings suggest that the intersectin-
dynamin association may provide a highly efficient control
of caveolae release from the plasma membrane and caveolae
clusters during transcytosis.

Intersectin Is Required for Caveolae Fission
To address the functional relationship between intersectin
and caveolae, we used a cell-free system for caveolae fission
(Schnitzer et al., 1996) modified as described in MATERIALS
AND METHODS. In controls, purified rat lung endothelial

Figure 5. Internalization of biotinylated cell surface proteins in
ECs by caveolae. Contribution of caveolae to the internalization of
biotinylated cell surface proteins was evaluated using a double
internalization assay and CT-FITC as a marker for the caveolar
uptake. Cell surface proteins were biotinylated and then internal-
ized for 30 min, at 37°C. Biotinylated proteins still on the cell surface
after 30 min were reduced with glutathione, and the uptake of
biotinylated surface proteins was analyzed morphologically by flu-
orescence microscopy using neutrAvidin-Texas Red (a). CT-FITC
bound on the cell surface at 4°C (inset b.1) was internalized for 30
min at 37°C (b). Virtually similar staining pattern indicates the
dominant contribution of caveolae to the internalization process.
The merged image (c) indicates the degree of colocalization of the
two probes. Inset c.1 shows in detail that majority of small vesicles
contain both probes. Results are representative of three experi-
ments. 
ars, (a–c) 10 �m; (insets) 4 �m. (d) K� depletion used to
inhibit internalization by CCVs did not affect caveolae internaliza-
tion. (e) The number of biotin molecules in the final supernates of
ECs lysates when biotinylated cell surface proteins or CT-biotin
were used as probes. A similar number of biotin molecules are
found in the lysates of ECs K�-depleted. Results are the averages 	
SD of four different experiments.

Figure 6. Expression of wt-intersectin inhibits caveolae internalization.
(A) In control cells subjected to biotinylation of cell surface proteins and
internalization assay, fluorescent staining with neutrAvidin Texas Red
indicates a strong punctate pattern throughout the cytosol a1 (see inset a3
for a higher magnification) with accumulation in the perinuclear area.
Inset a2 shows an enlarged EC subjected to the internalization assay. Note
the relatively limited labeling at the cell surface because of the internaliza-
tion. (B) ECs transiently transfected with myc-tagged wt-intersectin were
selected based on their resistance to blasticidin and subjected to the inter-
nalization assay; anti-myc mAb followed by anti-mouse IgG FITC were
used to visualize the transfected cells (b2). NeutrAvidin Texas Red re-
vealed a generalized prominent fine punctate cell surface staining (b1 and
b4). A strong punctate, belt-like staining was often seen at the plasma
membrane (b3) below which was a region of low density of puncta (b5).
Panels b3 and b5 are enlarged versions of the boxed regions in b1. (C)
Effects of �SH3A and DN-intersectin on biotinylated cell surface protein
internalization. ECs expressing �SH3A (c1) or DN-intersectin (c3) were
subjected to the biotin internalization assay. NeutrAvidin Texas Red
showed a limited staining in both cases. Anti-myc mAb followed by
anti-mouse IgG FITC were used to visualize the transfected cells (c2, c4).
Bars, (a1, a2, b1, c1, and c3) 10 �m, (a3 and b3) 10 �m, and (b4 and b5) 7.5 �m.
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plasma membrane patches bearing attached caveolae (Stan
et al., 1997) were incubated with EC cytosol, 1 mM GTP, and
an ATP-regenerating system, conditions that promote
caveolae fission (Schnitzer et al., 1996). Caveolae fission was
monitored biochemically by sucrose density centrifugation
and morphologically by immunogold labeling and negative
staining EM. The released caveolae were detected by SDS-
PAGE and immunoblotting with anti-caveolin pAb in frac-
tions 5–11 of sucrose gradients as low-density membranes
that were caveolin enriched (Figure 4A). EM-negative stain-
ing and immunogold labeling revealed in the same fractions
a homogeneous population of vesicles, 70–90 nm in diame-
ter (Figure 4Ba) that were heavily labeled by 10 nm gold
conjugated anti-caveolin pAb (Figure 4Bb). This anti-caveo-
lin antibody has been characterized and used previously for
immunoisolation of caveolae on magnetic beads (Stan et al.,
1997). To address the role of intersectin in caveolae release,
plasma membrane patches depleted of intersectin by high
salt were incubated with cytosol that was intersectin-immu-
nodepleted by specific antibodies against intersectin. This
was necessary because intersectin is present in both mem-
brane-associated (Okamoto et al., 1999) and soluble pools

(Tong et al., 2000). The cytosolic fraction, intersectin-de-
pleted, maintained its dynamin immunoreactivity as as-
sessed by Western blotting (our unpublished results). This is
not surprising considering that intersectin-dynamin interac-
tion was not detected by cross-linking in the endothelial
cytosolic fraction. On depletion of intersectin by this means,
the plasma membrane-attached caveolae failed to undergo
fission; i.e., caveolin was not detected in the light fractions of
sucrose gradients (Figure 4C). Similar results were obtained
when plasma membrane patches were incubated with GTP
and ATP in the absence of cytosol. These results establish
that intersectin is required for caveolae release from the
plasmalemma. Immunoblot signals for caveolin detected in
equivalent aliquots from the light membrane fractions of
sucrose gradients, the starting material (PM patches), and
the repelleted silica-coated membranes were quantified den-
sitometrically (Figure 4D).

Expression of wt-Intersectin Inhibits Caveolae
Internalization
We addressed using a biotin internalization assay (Zurzolo
et al., 1994) the effects of overexpressing wt-intersectin on

Figure 7. Effects of wt-intersectin overexpression on caveolae-mediated uptake. (A) The number of biotin molecules present in the EC
lysates containing the internalized biotinylated cell surface proteins in control, mock, wt-intersectin �SH3A, or DN-intersectin transfected
cells was determined by ELISA in 4–5 experiments. Ordinate: number of biotin molecules per well; abscissa: ng total protein (TP) per well.
(B) Degree of inhibition of caveolae-mediated uptake in transfected cells compared with control. Bars, 	SD. (C) Cultured ECs were
transiently transfected with the DNA construct encoding myc tagged wt-intersectin. After protein expression, cells were lysed and processed
along with an aliquot of untransfected ECs lysate (control) for Western blots with anti-intersectin pAb or anti-myc mAb, respectively.
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caveolae internalization in ECs. It is well documented that
ECs possess a large population of caveolae and that trans-
cytosis mediated by caveolae is a major function of the
endothelium (Simionescu and Simionescu, 1991; Palade et
al., 1997). The transport is rapid (9–30 s) and a vesicle acts as
a shuttle between the luminal and abluminal front of the cell
(Boyles et al., 1981; Tuma and Hubbard, 2003). Furthermore,
the population of CCVs in ECs is relatively small (Palade et
al., 1979) and they have a minor contribution to the inter-
nalization process (Simionescu and Simionescu, 1991). First,
to validate the use of biotinylated cell surface proteins as
probes for caveolar uptake, a double internalization assay
was carried out using both, a cleavable biotin reagent and
cholera toxin (CT) subunit B. For morphological survey by
fluorescence, we used CT-FITC, whereas the biotinylated
toxin was used for quantitative assessment of internalization
by ELISA. CT is widely accepted as a marker for caveolae-
mediated uptake (Schnitzer et al., 1996; Tran et al., 1987). CT
binds specifically the ganglioside GM1 that is concentrated
in caveolae (Parton et al., 1994) and is largely excluded from
clathrin-positive regions of the plasma membrane (Nichols,
2003). The double fluorescent labeling analysis of the uptake
showed a similar staining pattern for both biotinylated cell
surface proteins and CT-FITC (Figure 5, a and b). The inter-
nalized biotinylated proteins were detected with neutrAvi-
din Texas Red. We observed fine puncta at the cell surface
and scattered all over the cytoplasm with a propensity to
accumulate in the perinuclear region. The overlapped image
(Figure 5c, and inset c1) indicated a high degree of colocal-
ization of both probes. Inset b1 shows binding of CT-FITC to
the EC surface at 4°C. The quantitative assessment of inter-
nalization of biotinylated cell surface proteins and CT-biotin
by ELISA indicated that both probes were internalized to the

same magnitude (Figure 5e). We detected 57 	 3.1 � 1014

biotin molecules/mg total protein when biotinylated cell
surface proteins were internalized, and 48.5 	 2.7 � 1014

biotin molecules/mg total protein when CT-biotin was used;
these results indicate that �85% of the internalization pro-
cess is dependent on caveolae. Similar results were obtained
in control experiments where cultured ECs first were de-
pleted of K� (Larkin et al., 1983) to inhibit the clathrin-
mediated pathway before the biotin internalization assay. A
punctate staining pattern (Figure 5d) and a similar number
of biotin molecules found in the lysates of K�-depleted ECs
(Figure 5e) support findings on the major contribution of en-
dothelial caveolae in the internalization process. The punctate
pattern overlapped a slight diffuse staining explained by the
fact that hypotonically shocked cells have, as seen in Figure 5d
and as previously reported (Larkin et al., 1983), a more con-
densed cytosol and a smaller nucleus than control cells. Thus
taken together, our morphological and quantitative data dem-
onstrate that internalization of biotinylated cell surface proteins
in ECs is mediated primarily by caveolae.

To evaluate the effects of intersectin overexpression on
caveolae internalization, control and transfected cells were
exposed to a cleavable biotin reagent and processed for
morphological and biochemical analyses. In controls (Figure
6A), the fluorescent staining indicated an extensive fine
punctate pattern throughout the cell (a1, a3) with some ac-
cumulation in the perinuclear region (a1, a2). In cells trans-
fected with myc-tagged wt-intersectin (Figure 6B), the stain-
ing was reduced; interestingly, biotin was detected in
punctate structures marginated at the cell periphery (b1, b4)
or accumulated in a fluorescent punctate belt-like structure
under the plasma membrane (b3). No staining or low density
of puncta was observed beneath these vesicular structures

Figure 8. Electron micrographs
of ECs overexpressing wt-inter-
sectin. Micrographs show partial
views of cultured ECs overex-
pressing wt-intersectin. The cells
maintain a large population of
caveolae open to the apical (A) or
basolateral (B) fronts of the cells
or apparently free in the cytosol
(arrows). The majority of caveolae
profiles are part of large clusters
of interconnected caveolae,
“grape-like” structures or with
unusual shapes, accumulated at
the cell periphery. Insets in A il-
lustrate additional “grape-like”
(a1, a2) or unusually shaped (a3),
caveolae clusters. Note the caveo-
lar profiles displaying staining-
dense rings (arrowheads). Bars,
50 nm.
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marginated at the cell periphery (b5). These findings suggest
accumulation of caveolae that are unable to move through
the cell cortex into the cytosol. Moreover, the resistance of
biotin to glutathione, a membrane impermeant reducing agent
(Bretscher and Lutter, 1988), indicated the lack of connection
between these marginated vesicular structures and the cell
surface. The transfected cells in these experiments were de-
tected with anti-myc mAb (b2, c2, c4). We have also examined
if the truncated form of intersectin deleted of its SH3A domain,
(�SH3A), or the dominant negative construct, (DN-intersectin),
containing only the five SH3 domains (Fumitoshi and Yamagu-
chi, 2002), inhibited caveolae-mediated uptake. Among inter-
sectin’s five SH3 domains, the SH3A has the highest binding
affinity for dynamin (Yamabhay et al., 1998). We found that the
fluorescent staining was extremely limited in both �SH3A and
DN-intersectin expressing cells, suggesting inhibition of caveo-
lae-mediated internalization of biotinylated cell surface pro-
teins (c1, c3).

To evaluate quantitatively the effects of wt-intersectin
overexpression, we estimated by ELISA the number of bi-
otin molecules in control and transfected EC lysates. ELISA
was applied on transiently transfected cells that had been
selected based on their blasticidin resistance. In all lysates
prepared from transfected cells, the number of biotin mole-
cules was markedly reduced (Figure 7A). The inhibition of
uptake was 68.4% by reference to control (Figure 7B). Thus,
as suggested by fluorescence, accumulation of caveolae un-
able to move through the cell cortex into the cytosol ac-
counts for the marked decrease in the uptake of biotinylated
proteins in cells overexpressing wt-intersectin. In cells over-
expressing �SH3A or DN-intersectin, we observed using
biochemical measurements a 65% and �80% reduction of
caveolae release, respectively (Figure 7, A and B). This find-
ing is in agreement with our immunofluorescence data,
further establishing the crucial role of intersectin in caveolae
fission. Expression of wt-intersectin in transfected cells,
monitored by Western blotting with anti-myc mAb, indi-
cated that the 140-kDa protein corresponding to intersectin
was threefold greater than the endogenous level (Figure 7C).

To better understand the effects of intersectin overex-
pression in ECs, we performed a detailed morphological
analysis by EM. Transfected cells accumulated large clus-
ters of caveolae at the cell periphery (Figure 8, A and B)

many with no apparent connection to the cell surface.
Serial sectioning applied on transfected cells confirmed
that majority of these structures had no communication to
the cell surface (our unpublished results). On the basis of
these findings, we assumed that some of the caveolae
detached from the plasmalemma formed either discrete
vesicular carriers (Figure 8A, arrows) or caveolae clusters
by caveolae fusion, thereby sequestering the biotinylated
proteins. Moreover, their accumulation at the cell periph-
ery suggested their failure to be released through the cell
cortex and their impaired movement into the cytosol.
Extensive morphometric analysis of control and trans-
fected cells indicated that there was no significant change
in the total number of caveolae open on either front of the
cell or apparently free in the cytosol. However, in trans-
fected cells, the majority of caveolae open o the cell sur-
face or apparently free in the cytosol were part of large
“grape-like” clusters (Figure 8A and insets a1, a2) or had
uncommon shapes (Figure 8A, a3) formed by 7–10 or more
interconnected caveolae. In transfected cells, 69% of
caveolae in the cytosol were clustered and marginated.
Similar clustering occurred when the caveolae were open
apically (68%) or basolaterally (74%). In control cells,
caveolae clusters (usually 4 – 6 interconnected caveolae)
comprised an average of 27% caveolae open to the cell
surface and �40% caveolae in the cytosol. Besides clus-
tering, we observed: 1) caveolae open to the cell surface
displaying narrow necks surrounded by dense-stained
rings (Figures 8B, arrowheads, and 9A, a– d), which were
frequently associated with the constricted region of two
adjacent caveolae (Figure 9A, e and f), and in favorable
sections almost complete collars encircling the caveolae
neck (Figure 9Ag), 2) caveolae with elongated necks (Fig-
ure 9A, h and i), 3) closed caveolae tethered to the plas-
malemma (Figure 9A, j and k), and 4) caveolae with
extremely long necks (Figure 9A, l–p), which in favorable
sections were connected to the plasmalemma (Figure 9,
m–p). Despite of the reduced number of clathrin-coated
pits (CCPs) in ECs, we observed that the CCPs in inter-
sectin-overexpressing ECs also remained attached to the
plasmalemma (Figure 9Ba) and that there were CCPs with
elongated necks (Figure 9B, b– d), similar to the morpho-
logical intermediates produced by dynamin GTPase do-
main mutants in tTA-HeLa cells (Damke et al., 2001). EM
immunogold study indicated dynamin immunoreactivity
at the level of elongated necks of invaginated caveolae
(Figure 9C, a– e) and CCPs (Figure 9D, a– e) as well as at
constriction sites between adjacent caveolae in caveolar
clusters (Figure 9C, c and f).

DISCUSSION

Transcytosis mediated by caveolae is a major transport path-
way in ECs. Although caveolae are the primary vesicle
carriers responsible for transcytosis in endothelial cells
(Simionescu and Simionescu, 1991), the mechanisms of their
fission from the plasma membrane remain unclear. Previous
studies (Schnitzer et al., 1995; Apodaca et al., 1996; Oh et al.,
1998; Predescu et al., 2001) as well as this one strongly
suggest that common molecular mechanisms that underlie a
variety of vesicle-mediated transport steps from yeast vac-
uole to the mammalian nerve terminal operate also in trans-
cytosis. In the present study, we have addressed the role of
intersectin in the caveolae internalization. We demonstrated
by several biochemical procedures such as coimmunopre-
cipitation, velocity sedimentation on glycerol gradients, and

Figure 9 (facing page). Gallery of representative caveolae profiles
(A) and CCPs (B) and dynamin immunoreactivity (C and D) in ECs
overexpressing wt-intersectin. Micrographs in A show highly mag-
nified staining-dense rings surrounding the necks of caveolae open
to the cell surface (a–d), constricted region between two adjoining
caveolae (e and f), caveolae with elongated necks (h and i), caveolae
attached to the plasmalemma and unable to move into the cytosol (j
and k), and caveolae with extremely long necks (l–p). The micro-
graph in panel g shows in a favorable section an almost complete
ring encircling a caveolae neck. A caveolae neck of �70 nm length
(the vesicle diameter) was considered as elongated neck. The figures
shown in these panels were not seen in normal cells. Bars, (a–k and
n) 20 nm, (l, m, o, and p) 50 nm. (B) CCV attached to the plasma-
lemma, just before release into the cytosol (a) and CCPs displaying
elongated (b and c) or long necks (d). Bars, 50 nm. (C) Representa-
tive electron micrographs show dynamin immunoreactivity at the
level of elongated caveolar necks (a–c), constricted region between
adjacent caveolae (c and f), and staining-dense ring encircling a
caveolae neck (e). A long caveolae neck immunoreactive to dynamin
antibody is shown in d. Bars, (a, b, d, and e) 25 nm; (c and f) 35 nm.
(D) Dynamin immunoreactivity is associated with a staining-dense
ring surrounding the neck of a deep pit (a), elongated pits (c–e), or
a CCP displaying two necks (d, arrowheads). Bars, 50 nm.
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cross-linking the strong association of intersectin with dy-
namin and SNAP-23. The cross-linking experiments using
DST, a membrane-permeant cross-linker applied to intact
cultured ECs, showed that the three proteins formed a mem-
brane-associated complex, suggesting that these interactions
that may be critical for caveolae release occur at the mem-
brane level. We also observed by immunofluorescence the
extensive colocalization of intersectin with both caveolin, the
generally accepted caveolar marker (Rothberg et al., 1992)
and dynamin, the GTPase required for caveolae fission. EM
immunogold labeling showed the association of intersectin
with caveolae in greater detail such as its preferential local-
ization at the neck region of caveolae. Significantly, both
intersectin and dynamin were also localized at constriction
sites between two adjoining caveolae and with caveolae
apparently free in the cytosol after their detachment from
the plasmalemma. These findings support a functional role
of intersectin-dynamin interaction in the mechanism of
caveolae fission. Moreover, the association of intersectin
with other membranous organelles, the Golgi and CCVs,
also suggests its involvement in different vesicular path-
ways.

Quantitative analysis of internalization by caveolae using
biotinylated cell surface proteins or CT-biotin as probes
demonstrated that caveolae contributed to greater than 85%
of the uptake process in ECs. In support of this, K�-deple-
tion used to inhibit internalization by CCVs did not signif-
icantly affect the internalization of the biotinylated cell sur-

face proteins. Thus, caveolae-mediated uptake is by far the
dominant mechanism of internalization in ECs.

In the present study, we have established the functional
role of intersectin in the mechanism of caveolae fission using
both a cell-free system depleted of intersectin and intact
cultured ECs overexpressing DN-intersectin. Intersectin de-
pletion prevented the GTP-dependent release of caveolae
from plasma membrane sheets, a critical step in the forma-
tion of caveolae-derived vesicular carriers (Schnitzer et al.,
1996). These findings show that the GTP-dependent caveo-
lae release requires intersectin. Although dynamin was
present in this system, it alone was not sufficient to induce
caveolae fission. A DN-intersectin consisting only of the SH3
domains markedly inhibited caveolae internalization consis-
tent with a crucial role of intersectin in caveolae fission.

We also carried out studies to assess the effects of wt-
intersectin overexpression in ECs. The biotin internalization
assay used in cultured ECs overexpressing wt-intersectin
indicated by light and EM impairment in membrane fission
and the failure of caveolae to move through the cell cortex
into the cytosol. Caveolae-mediated uptake was reduced
68% compared with controls. Detection of glutathione-resis-
tant biotin in the marginated caveolae structures in the cell
cortex indicated their lack of communication with the cell
surface; thus, the overexpression of wt-intersectin had ap-
parently sealed the marginated caveolae after their fission
from the plasma membrane. Interestingly, expression of the
�SH3A construct in cultured ECs resulted in significant

Figure 10. Role of intersectin-dynamin in-
teraction in caveolae dynamics. In this model,
the intersectin-dynamin interaction plays a
central role in caveolae fission. Both intersec-
tin and dynamin are preferentially associated
with the caveolae neck (a). Intersectin binds
and clusters dynamin in the proximity of the
plasma membrane generating a high local dy-
namin concentration required for ring forma-
tion around caveolar necks. Dynamin bound
to intersectin is functionally impaired and fis-
sion is restrained (b). Domain structures of
intersectin and dynamin (c). Intersectin binds
the PRD domain of dynamin via a subset of
its SH3 domains (SH3A, SH3C, and SH3E).
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inhibition of caveolae internalization as assessed morpho-
logically and biochemically. This finding suggests an essen-
tial involvement of the SH3A domain, an inhibitor of endo-
cytosis (Simpson et al., 1999) and a dynamin interacting-
module (Yamabhay et al., 1998), in regulating intersectin
function. By EM, we observed that the ECs overexpressing
wt-intersectin displayed a range of morphological changes
(i.e., extensive caveolae clustering, large caveolae clusters
marginated at the cell periphery, and pleiomorphic caveolar
necks). These changes were likely the consequence of simul-
taneous overexpression of intersectin’s five protein-protein
interaction modules involved in regulating endocytic
events. The extensive caveolae clustering, and as a result
impaired internalization and movement of caveolae, is a
unique finding. Clustering is a process characteristic for
caveolae-derived vesicular carriers with a high propensity to
fuse and form interconnected “grape-like” structures (Simio-
nescu and Simionescu, 1991; Predescu et al., 2001). We ob-
served the extensive accumulation at the cell periphery of
large caveolae clusters in which caveolae are in close contact,
fuse to each other, and lose their normal shape and caveolae
with modified necks. Comparable pleiomorphic modifica-
tions of necks of CCPs were also seen with intersectin over-
expression, suggesting similarities in the scission steps of
caveolae and CCPs. Thus, the findings suggest that intersec-
tin is a key protein required for fission of both caveolae and
CCPs in ECs.

Intersectin binds via three of its five SH3 domains to the
proline-rich COOH-terminus domain of dynamin (Yamab-
hay et al., 1998; Okamoto et al., 1999). Recent studies showed
that interactions of dynamin with SH3-domain–containing
proteins such as amphiphysin-2 (Owen et al., 1998; Takei et
al., 1999) and intersectin (Simpson et al., 1999) are important
in regulating the formation of CCVs. In the present study,
intersectin overexpression did not interfere with dynamin
recruitment to the neck region of caveolae or CCPs; that is,
we observed dynamin immunogold labeling of the elon-
gated caveolar necks and invaginations of CCPs in the ECs
overexpressing intersectin. Intersectin is a strategically lo-
cated peripheral membrane-associated protein (Okamoto et
al., 1999) that is able to bind and cluster dynamin (dimers
and tetramers in its native state; Muhlberg et al., 1997). Thus,
the present data suggest a model in which intersectin re-
cruits dynamin in the proximity of the plasma membrane to
facilitate its interactions with membrane lipids and generate
a high local concentration of dynamin required for the collar
formation at the neck (Figure 10). However, dynamin re-
mains functionally impaired and fission does not occur as
long as dynamin is bound to intersectin. Intersectin may also
act in concert with other proteins and lipids to regulate
dynamin function (O’Brian et al., 2001; McPherson, 2002)
and thereby different steps in caveolae internalization.

Dynamin is believed to function by GTP-triggered self-
assembly into a helical collar around the neck of invaginated
pits or caveolae, followed by coordinated GTP-hydrolysis
and release of vesicles from plasmalemma (Takei et al., 1995;
Oh et al., 1998; Schmid et al., 1998). Although the physiolog-
ical significance of dynamin collars, thought to be dynamin
associated with other factors (Sever et al., 2000), seems to be
indisputable, they have not previously been observed to be
associated with caveolae. In the present study, we detected
in intact ECs not transfected with dynamin mutants, stain-
ing-dense rings encircling short caveolar necks similar to the
collars described around necks of endocytic vesicles in nerve
terminals of shibire flies (Takei et al., 1995). We showed that
overexpression of intersectin stabilized the caveolar necks

and collars, thus enabling their detection by EM. Based on
similarities between the effects of intersectin overexpression
in ECs and expression of dynamin GTPase domain mutants
on CCV formation (Damke et al., 2001), it is tempting to
speculate that intersectin regulates dynamin’s enzymatic ac-
tivity and self-assembly. Thus, intersectin may hold in abey-
ance the dynamin multimers and other components of the
caveolae internalization machinery consistent with the scaf-
folding function of intersectin’s SH3 domains.

The role of actin in caveolae internalization (Pelkmans and
Helenius, 2002; Pelkmans et al., 2002) as regulated by inter-
sectin also needs to be considered. Intersectins interact
through a subset of their SH3 domains with N-WASP, which
regulates actin polymerization by stimulating actin-nucleat-
ing activity of Arp2/3 complex (Hussain et al., 2001;
McPherson, 2002). Our overlay studies using the SH3A do-
main of intersectin showed WASP to be an intersectin-inter-
acting protein in ECs (our unpublished results). Thus, it is
possible that overexpression of wt-intersectin interfered
with local actin organization and thereby may have also
contributed to inhibiting the internalization of caveolae.
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