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Summary

Live cell, time-lapse microscopy was used to study A, by contrast, triggered rapid and massive movements of
trafficking of caveolin-1-GFP in stably expressing CHO caveolin-positive structures towards the centrosomal
cells. Multiple cytological and biochemical tests verified region of the cell. The caveolar membrane system of CHO
that caveolin-1-GFP was a reliable marker for endogenous cells therefore appears to be comprised of three caveolin-1-
caveolin-1. At steady state, most caveolin-1-GFP was either containing compartments. These include caveolae that are
at the cell surface associated with invaginated caveolae or confined to the cell surface by cortical actin flaments, the
near the centrosome in caveosomes. Live cell fluorescenceperi-centrosomal caveosomes and caveolar vesicles, which
imaging indicated that while much of the caveolin-1-GFP we call ‘cavicles’, that move constitutively and bi-
in caveolae at the cell surface was relatively sessile, directionally along microtubules between the cell surface
numerous, highly motile caveolin-1-GFP-positive vesicles and caveosomes. The behavior of cavicles suggests that they
were present within the cell interior. These vesicles moved function as transport intermediates between caveolae and
at speeds ranging from 0.3-fim/second and movement was caveosomes.

abolished when microtubules were depolymerized with

nocodazole. In the absence of microtubules, cell surface

invaginated caveolae increased more than twofold and they Movies available online

became organized into linear arrays. Complete

depolymerization of the actin cytoskeleton with latrunculin  Key words: Caveolin, Recycling endosome, Caveolae, Caveosome

Introduction provides a striking example of this coordinate control by both

A detailed understanding of how microtubules are involved if these cytoskeletal arrays. Long distance, bi-directional
membrane trafficking is rapidly emerging, but the role of actifmovements of the granules occur along radially arranged
flaments in this process remains relatively unknownmicrotubules, and require microtubule motor proteins of the
Microtubules serve as tracks for long range, rapid movementénesin and dynein families. In contrast, more spatially
of transport intermediates between donor and acceptdestricted movements occur along actin filaments and make use
compartments in the secretory and the endocytic pathwag$ the actin motor myosin Va (Rogers and Gelfand, 2000).
(Bloom and Goldstein, 1998). In addition, microtubules controMyosin Va also appears to be required to tether pigment
the movement of organelles such as mitochondria an@ranules to actin filaments located in the cell periphery and this
peroxisomes and the steady state distribution of the ER, tfi& the mechanism responsible for determining the steady state
Golgi apparatus, endosomes and lysosomes. Actin filamengéstribution of the granules (Wu et al., 1998). Both microtubule
also appear to be involved in organelle and vesicle movemeragd actin filaments may also play roles in the intracellular
particularly along axons (Kuznetsov et al., 1992) and inmovement of endocytic membrane generated from clathrin
microvilli (Fath and Burgess, 1993) but in general thesgoated pits (Apodaca, 2001). Actin seems to be important for
movements occur both within a shorter range and have slowevents that take place during the budding process (Kamal et al.,
velocities than microtubule based movements. 1998; Lamaze et al., 1997) while microtubules appear to be
Interestingly, there are several recent studies that show tiiesponsible for the movement of newly budded endocytic
movements of some organelles and vesicles are controlled bgsicles to different sites within the cell (Kamal et al., 1998;
both microtubules and actin filaments. These includ&/aletti et al., 1999). By contrast, little is known about how the
movement of phagosomes in macrophages (Al-Haddad et atytoskeleton controls the dynamics of caveolae and the
2001), of lysosomes in hepatoma cells (Cordonnier et altfansport intermediates that might communicate with them.
2001), of mitochondria and other vesicles in neurons Caveolae, or plasmalemmal vesicles, were originally
(Bridgman, 1999; Morris and Hollenbeck, 1995) and ofdescribed as flask-shaped, plasma membrane invaginations
pigment granules within the extensions of pigment producingpound in gall bladder epithelial and endothelial cells (Palade,
cells (Rodionov et al., 1998; Rogers and Gelfand, 1998; Wu d953; Yamada, 1955) but are now known to be present in a
al., 1998). The distribution of pigment granules in melanocytebroad variety of cell types (Anderson, 1998). Numerous
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morphological studies have documented that caveolae mediatige cell imaging

the movement of molecules across endothelial cellsor live cell recordings, cells were sub-cultured at least 2 days before
(Simionescu, 1983). Transcytosis appears to involve membraeach experiment into 35 mm dishes which had been modified with a
invagination, vesicle budding and movement of vesicles fillediole in the bottom to which a #1 thickness glass coverslip was glued
with cargo to the opposite side of the cell. The principle methotMat Tek Corp, Ashland, MA). The dishes were placed in a humidified
used to identify caveolae in these studies is their shape. Rlexiglas chamber and maintained at 37°C and 5% tG@ughout
morphologic membrane signature works well in thin€ach experiment. We did not see any effect of either the number of

endothelial cells where vesicles travel only short distances gays in culture or cell density on caveolin-1-GFP movement. Cells

¢ th I t Is. h lae-deri ere imaged using a Leica TCS-SP laser scanning confocal
raverse tne cell. In most Cells, however, caveolae-uerive icroscope with a 10Q 1.4 NA, plan-apochromatic lens using a

transport intermediates rapidly mix with structures of similarcompyter controlled 488 nm argon laser to excite GFP or a 568 nm
morphology originating from other membrane compartmentsgypton laser to excite Alexa red dyes. Signals were collected at 1.6
As a consequence, it is very difficult to track the movement ofecond intervals using a photomultiplier tube, digitized 512
caveolae-derived membranes in most cells. pixels) and converted into images using Leica TCS software. FRAP
The standard method for mapping the traffic of intracellulaffluorescence recovery after photobleach) was performed by exposing
membranes is to follow the movement of a visible marker fo-10 bleach spots in areas of interest and bleaching with the 488 laser
fibroblasts is caveolin-1 (Rothberg et al., 1992). This integraquantify fluorescent intensitifes in photobleqched r.egions, which were
membrane protein is a component of the Cytoplasmicﬁogrecmd for overall bleaching by comparison with areas that were
. . exposed to the full power of the laser.
filamentous coat that decorates the cytoplasmic surface of
fibroblast and endothelial cell caveolae. Attachment of green
fluorescence protein (GFP) to the C-terminal end of thénmunofluorescence and immunogold electron microscopy
molecule does not appear to interfere with its localization t@ells plated onto coverslips in 12-well dishes were fixed either with
caveolae (Pelkmans et al., 2001). Previous studies suggest tA%t paraformaldehyde (PFA) in PBS at room temperature or with
caveolin-1-GFP collects at sites of cell-cell contact (Volonte efhethanol at —20°C. Cells fixed with PFA were permeabilized with
al., 1999) and along the cleavage furrow during cytokinesi§-2% TX-100. Non-specific binding sites were blocked by incubating
(Kogo and Fujimoto, 2000). Caveolin-1-GFP has also beer%)_versllps for 30 minutes in PBS containing 1% fish skin gelatin

3 . P . igma, St Louis, MO). Fixed cells were incubated with primary
used to show that SV-40 virus is internalized by caveolae a antibodies diluted in PBS containing 1% fish skin gelatin for 30

delivered to a unique endocytic compartment called inutes, washed with PBS several times and then incubated with the
caveosome (Pelkmans et al., 2001). appropriate secondary antibodies conjugated to the specified Alexa

Here we describe caveolin-1 dynamics in CHO cells stablyyes (Molecular Probes, Eugene, OR) for 30 minutes before mounting
transfected with caveolin-1-GFP. We observed the fluoresceqith Aqua Poly/mount Polysciences). Images were collected using the
fusion protein in caveolae and the caveosome, and ipeica TCS-SP laser scanning confocal microscope and processed
constitutively motile vesicles and tubules that evidently servesing Adobe Photoshop. Images usually consisted of from 10-16
as transport intermediates between them. Furthermore, beca@gécal slices in order to span the entire depth of the cell. Mouse anti-

perturbation of either microtubules or actin filaments causetjansferrin receptor (Zymed, San Francisco, CA) was used to label
I;.?cy(:llng endosomes in CHO cells. Rabbit anti-mannosidase Il was

rapid and profound changes in the dynamics and IocalizatiiIndly orovided by Kelly Moreman. For electron microscopy (EM)
of caveolin-1-GFP, we conclude that these two structurall nalysis, cells were processed for indirect immunogold detection of

distinct components of the cytoskeleton act coordinately tgither GFP or caveolin-1 and quantified as previously described

regulate trafficking of the caveolar membrane system. (Smart et al., 1994).

Materials and Methods Isolation of Triton-X-100-insoluble membranes, velocity
Construction of caveolin-1-GFP and generation of stable sedimentation and immunoblotting

caveolin-1-GFP-expressing cell lines Triton-X-100-insoluble membranes were isolated as previously
GFP was attached to the C-terminal end of caveolirtibdlll described (Liu and Anderson, 1995) with the following changes.

restriction sites were added to bothamd 3 ends of the human Briefly, two 100 mm dishes of confluent CHO cells stably expressing
caveolin-1 cDNA by PCR using the Expand High Fidelity PCRcaveolin-1-GFP were washed twice with ice cold buffer A (12.5 mM
system (Roche Molecular Biochemicals, Indianapolis, IN). The PCRMES, 75 mM NaCl, pH 6.5). The cells were then scraped from the
product was digested witHindlll and inserted into thélindlll site dish and solubilized in 1 ml of buffer B (1% Triton X-100 in buffer
of the EGFP-N1 eukaryotic expression vector (Clontech, Palo AltoA containing 10puM leupeptin, 500uM benzamindine, 1Qug/ml

CA). The proper orientation and sequence of caveolin-1-GFP weroybean trypsin inhibitor, 1pg/ml pepstatin A, 200 ug/ml
verified by sequencing. The polybrene method (Brewer, 1994) wgshenylmethylsulfonyl fluoride and 1 mM EDTA) and incubated on ice
used to transfect CHO K1 cells with the caveolin-1-GFP construcfor 20 minutes. The sample was then homogenized with a dounce
Transfected cells were selected by growing in 0.8 mg/ml G418omogenizer 20 times, mixed with 1 ml of 2.5 M sucrose in buffer A
(Invitrogen, Carlsbad, CA) for 14 days. Individual clones wereand loaded on the bottom of a 12-ml ultracentrifuge tube. The sample
isolated and screened for expression of the caveolin-1-GFP hyas overlaid with 8 mls of a 10-30% sucrose gradient in buffer A and
fluorescence microscopy, expanded and then frozen for future useentrifuged at 29,000 for 21 hours at 4°C in a SW41 rotor. Equal
The transfected CHO cells used in each experiment were maintain&actions (700ul) were collected and the protein was precipitated by
in DME (Invitrogen, Carlsbad, CA) supplemented with 10% FCS plusadding TCA and deoxycholate (final concentrations 7% and 0.015%,
and 40ug/ml proline in a humidified C©(5%) incubator at 37°C. respectively) from concentrated stock solutions. The pellets were
New batches of cells were established from frozen stocks every 1@ashed once with acetone, solubilized in sample buffer (Laemmli,
12 weeks. Normal human fibroblasts were grown as previousl$970) and separated by SDS-PAGE. Proteins were transferred to
described (Goldstein et al., 1983). PVDF membranes at 20-30 volts overnight in transfer buffer (25 mM
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Tris, 192 mM glycine). Membranes were processed for A,
immunoblotting by first incubating for 30 minutes in PBS containing
5% dried milk powder and 0.05% Tween 20 (blocking buffer)
followed by incubating with primary antibody diluted in the same
buffer for 1 hour. The membranes were washed 3-5 times i
PBS/0.05% Tween 20 and then incubated with a horseradis
peroxidase (HRP) conjugated secondary antibody (Biorad, Hercule
CA) in blocking buffer for 1 hour. After extensive washing, antibodies
were detected using chemiluminescence (Amersham Bioscience
Piscataway, NJ Velocity sedimentation analysis of caveolin-1-GFP
was performed as previously described (Machleidt et al., 2000). Caveolin-1-""

Cav-GFP -

Palmitate labeling 1312 1110 98 7 6 5 4 3 21
Cells were plated in 60 mm dishes and incubated in the presence top bottom
500Ci of [3H]-palmitate (NEN, Boston, MA) for 2.5 hours at 37°C.

Each dish was washed 2 times with PBS and scraped on ice into 1

buffer C (25 mM Tris-HCIl.pH7.5, 5 mM EDTA, 150 mM NaCl, 1% B.

Triton X-100 and 60 mM n-octy-D-glucopyranoside) and

solubilized on ice for 1 hour. The samples were cleared b

centrifugation at high speed in an Eppendorf microcentrifuge for 1

minutes. Caveolin and caveolin-1-GFP were immunoprecipitated b

incubating overnight with 161 of a polyclonal anti-caveolin-1 Cav-GFP —»

antibody (Transduction Laboratories, Lexington, KY) and the

immune complexes collected by adding |H0of protein G-agarose

(Sigma, St Louis, MO) for 1 hour. The precipitates were washed

times with buffer C, solubilized in sample buffer containing 10 mM

DTT by boiling and separated by SDS-PAGE on a 5-20% gradier

gel. Gels were treated with Amplify (Amersham Biosciences, Caveolin-1 -

Piscataway, NJ) and dried for autoradiography. Films were develope

after 7 days.

Results

Caveolin-1-GFP is a reliable marker for endogenous
caveolin-1 C.

To examine the intracellular trafficking of caveolin-1, we fused

the C-terminal end of wild-type caveolin-1 to green Cav-GFP > SENENR.
fluorescence protein (GFP) and established a stable cell lii S
expressing this protein. Several criteria were used to establi:

that this chimeric protein behaved like endogenous caveolin-. Cayeulin:l- *
One of the properties of caveolin-1 is that it is resistant t
extraction in cold Triton X-100. Enriched fractions of detergen:
insoluble membranes were isolated from cells, fractionated c..
sucrose gradients and analyzed by immunoblotting with antFig. 1. Caveolin-1-GFP behaves like endogenous caveolin-1. CHO
caveolin-1 (Fig. 1A). The low-density membranes migratedells stably transfected with caveolin-1-GFP were grown for 2 days

towards the top of the gradient (fractions 6-12), as judged byntil confluent. (A) Triton X-100-insoluble caveolae were separated
the presence of caveolin-1 (Fig. 1A). The d,istribution offfom soluble membranes on sucrose gradients and immunoblotted

e P : ith anti-caveolin-1. Caveolin-1-GFP (Cav-GFP) co-fractionated
caveolin-1-GFP was indistinguishable from that of endOgenou%ith endogenous caveolin-1 (Caveolin-1). The intensity of the bands

caveo!ln—l, 'Ud'ca““g that_the chimeric protein was alsc.}orthe two proteins indicates that caveolin-1-GFP constitutes a
associated with detergent insoluble caveolae (Cav-GFP, Fighinor amount of the total caveolin-1 pool. (B) Cells were incubated

lA) Comparlson Of the Immunoreactive Slgna|S fOI’ CaVeo“nfor 2.5 hours in the presence%{-pa“’nitate to label acy|ated
1-GFP and caveolin-1 demonstrated that the fluorescent fusi@foteins. Caveolin-1 was immunoprecipitated, separated by PAGE
protein was expressed at a low level compared to caveolin-and processed for autoradiography. Both the endogenous protein
Quantification of immunoblots from this and similar (caveolin-1) and the caveolin-1-GFP (cav-GFP) were covalently
experiments indicate that the molar ratio of caveolin-1-GFP ttgbeled with®H-palmitate. (C) Caveolin was extracted from cells

bottom top

transfected CHO cells. Immunofluorescence microscop %.Ca"eo""’!r meé"br:aﬂes a'(‘jd then a“a'yzedl.by( Ve'OCilt.y glr)adied”t

B : imentation. Both the endogenous caveolin (caveolin-1) an
showed that the expression levels were relatively constant frofiy, . . ~o (cav-GFP) form oligomers that migrate to the
cell to cell and non-expressing cells were very rare. Caveolir ;

. - o=~ ""bottom of the gradient.

1-GFP was also palmitoylated (Dietzen et al., 1995), indicating
that the transfected protein trafficked through the same
compartments as the endogenous protein (Fig. 1B). Th&f caveolin-1 to oligomerize, another important property of

attachment of GFP to caveolin-1 also did not alter the abilityative caveolin-1 (Monier et al., 1996). This was indicated by
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A. GFP CAVEOLIN-1 MERGE

Fig. 2. Caveolin-1-GFP is located in
caveolae. (A) A mixed culture of parental
CHO cells and CHO cells stably expressing
the caveolin-1-GFP were plated on coverslip
and grown for 2 days before they were fixed
in methanol and labeled with anti-caveolin-1
followed by an Alexa-568-labeled goat anti-
rabbit IgG. The green channel (GFP) shows
only those cells that express caveolin-1-GFP,
while the red channel shows anti-caveolin-1
staining. The anti-caveolin-1 antibody
detects both endogenous caveolin-1 and B
caveolin-1-GFP. The merged image shows -

nearly perfect overlap indicating that all of

the GFP signal is from caveolin-1-GFP and

not from GFP that has been cleaved from the | ¢
caveolin. The addition of a GFP moiety has Chg A -
not affected the distribution of caveolin e
(compare the caveolin distribution in the 5 A : \T ;
non-expressing cell at the top with one thatis . \ -
expressing the GFP construct below it). : . ¥

(B) Cells were grown for 2 days in 6-well <y 2
tissue culture dishes and incubated for 1.75 i
hours in the presence of i nocodazole,

which was used to enhance our ability to

recognize caveolae at the cell surface of . '

these cells. The samples were then fixed and "+ e = ; g1
processed for immunogold localization of S R 7 ok I, . EWs ot _ it
GFP. Bars, 2@um (A); 0.25um (B). PACANE i AR B TR ' !

co-fractionation of the fusion protein with caveolin-1 caveolin-1 throughout the cytoplasm and a prominent
containing high density complexes on sucrose gradients @fccumulation of caveolin positive membranes at the center of
membranes solubilized with a mixture of Triton-X-100 andthe cell (Fig. 2A, arrows). This peri-nuclear structure did not
deoxycholate (Fig. 1C). Immunofluorescence microscopy (Figco-localize with the Golgi apparatus markers, mannosidase |
2A) and immunogold EM (Fig. 2B) were also used to(Fig. 3D-F) or GM130 (data not shown). Instead, it
determine the distribution of caveolin-1-GFP in these cellsaccumulated near the microtubule-organizing center (MTOC),
The caveolin-1-GFP fluorescence closely matched thehich was visualized by anti-tubulin staining (Fig. 3A-C). The
distribution of the anti-caveolin staining, indicating that therecycling endosome is also located near the MTOC in CHO
GFP probe was not mislocalized. Moreover, the caveolin-tells. To compare the distribution of the caveolin-1-GFP
staining patterns in transfected and non-transfected cells wetempartment with recycling endosomes, cells were stained
indistinguishable (Fig. 2A). Finally, the gold label waswith anti-transferrin receptor antibody. Fig. 3G-l shows that
principally associated with vesicles and cell surfacecaveolin-1-GFP and the transferrin receptor were highly
invaginations (arrows) that had the characteristic morphologgoncentrated within the same peri-centrosomal region.
of caveolae. Taken together, these data establish that caveol@aveolin-1-GFP generally covered a broader area than the
1-GFP is a valid fluorescent indicator of native caveolin-1 antransferrin receptor and at high magnification appeared to be
can be used to study caveolin-1 traffic in live cells. largely distinct, although tightly intertwined with the
compartment stained by the transferrin receptor antibody.
Caveolin-1 positive membranes and recycling endosomes,

Caveosomes are clustered near the microtubule therefore, share an overlapping distribution in these cells.
organizing center in close proximity to recycling

endosomes in CHO cells

Conventional immunofluorescence of normal humarMotility of caveolin-1-GFP

fibroblasts has shown that caveolin-1 is frequentlyThe trafficking of caveolin-1-GFP was observed in living cells
concentrated in patches at the edge of the cell and in lineby confocal, time-lapse microscopy and was found to be
arrays over the cell surface (Rothberg et al., 1992). Confocaémarkably dynamic. At least three different types of movement
imaging of caveolin-1-GFP in CHO cells showed a similarwere seen. Many of the caveolin-1-GFP patches at the cell
pattern (Fig. 2A). In addition to the typical surface staining ourface were relatively immobile (yellow arrows, Fig. 4A),
caveolin however, confocal optical sections taken through thexhibiting only localized tethered movements. Occasionally a
cell showed that there were numerous scattered puncta pétch of caveolin-1-GFP appeared to move away from the cell
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surface, as if it were budding from Cav-GFP Tubulin Merge
membrane, but these events were rare

difficult to capture. Since EM showed t
cell surface caveolin-1-GFP was prima
associated with caveolae membranes
2), we conclude that a substantial propol
of the caveolae in these cells are sessile
possibility remains, however, that th
seemingly immotile caveolae internalize
recycle locally without being detected
time lapse fluorescence microsc
(Anderson et al., 1992).

In addition to being localized at the c Cav-GFP Mannosidase Il Merge
surface, caveolin-1-GFP was obser
in vesicle-like structures that commo
exhibited rapid movement  alo
curvilinear paths within the cytoplas
These movements were most visible 1
the lower surface of the cells just below
nucleus where the surface area is le
The velocities and distances traveled
these caveolar vesicles, or ‘cavicles’, w
quite variable. Eighteen recordings in
different cells, were used to determ :
the apparent instantaneous velocities Cav-GFP Transferrin-R Merge
individual cavicles and these ranged fi
0.3-2.0 ym/seconds with uninterrupt
movements that ranged from 2-36m.
These rapid movements occurred in
directions, and frequently were interrup
by short pauses. A dramatic example
one of these long-range movement:
shown in Fig. 4A (separation of wh
arrows). Many other examples
shown in the accompanying mov
(http://jcs.biologists.org/supplemental)
(Fig. 4C). Fig. 3.Caveolin-1-GFP is localized at the MTOC, in close proximity to recycling

In cells expressing caveolin-1-GFP, endosomes. CHO cells stably expressing caveolin-1-GFP were plated on coverslips and
also routinely saw thin tubules decorz process:_ad for confocz_al imaging. _CeIIs were then fixed and Iabeled either with ant'i—
with caveolin-1-GFP (yellow arrows, F mann05|_dase Il to stain the Golgi (B), antl-t_ubulln to stain microtubules (E) or anti-
4B). These tubules were very dynamic transferrin receptor antibody to stain recycling endosomes (G). Secondary antibodies
formed networks that would break. refc were either Alexa-568-conjugated goat antl—rabb_lt IgG or Alexa—595—_conjugated goat

- . anti-mouse 1gG. The green channel shows the distribution of caveolin-1-GFP (A,D,G)
and undergo rippling movements (Fig. - anq the red channel the distribution of mannosidase Il (B), tubulin (E) or the transferrin
see also movies online). The tubules dic  receptor (H). Merged images are shown in panels C, F and I. Each picture is a single
appear to be induced by overexpressio confocal image through the center of the cell. Baih0
caveolin-1-GFP because they were obse
in cells expressing both high and low le
of the fusion protein. These structures were not evident iwas completely bleached using the 488 laser at full power for
conventionally fixed, untreated cells, however, implying tha2 seconds and recovery monitored over a 5 minute and 40
the tubules do not survive chemical fixation. We do not knovsecond recovery period. Fig. 5 shows images taken before
the origin of these tubules, but they were present both at theeaching, immediately after bleaching (O time) and 5 minutes
cell periphery and in association with caveolin-1-GFP positivafter the bleach period. Recovery was apparent within
membranes that accumulate near the centrosome in CHO ceb@proximately 1 minute and there was a clear accumulation of

These observations suggest that caveolae can pinch off GFP in the same region by 3 minutes. Quantification of the
elongate from the plasma membrane and travel into the cell, bplhotobleached area demonstrated that recovery was 100% when
ordinarily only a minor fraction of the total caveolae exhibitthe decrease in the overall signal due to FRAP-independent
such activity during short time intervals. To determine whethebleaching was subtracted. Recovery was not affected by
the caveolin-1-GFP located in the peri-centrosomal region giretreatment of the cells with cyclohexamide indicating that
the cell was exchanging with the other pools of caveolin-1-GFBaveolin-1-GFP was being transported from the other regions
we performed fluorescence recovery after photobleachingf the cell and was not due to new synthesis. The movie of the
experiments (FRAP). The peri-centrosomal region of the cebbleach and recovery can be viewed online (Fig. 5A).
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Effects of disrupting microtubules of CHO cells (Fig. 6B). The caveolin-1-GFP in the linear
Both the speed of caveolin-1-GFP movements within the celirrays was nearly immobile, and even the tethered movements
and the fact that they followed curvilinear paths suggested thatere reduced.
cavicles were traveling along microtubules. This was The linear arrays of caveolin-1-GFP that were amplified by
confirmed by treating caveolin-1-GFP expressing cells witmocodazole were reminiscent of stress fibers, which represent
nocodazole to depolymerize microtubules. Almost allbundles of actin filaments. Accordingly, we used fluorescent
caveolin-1-GFP movement ceased under these conditions (Fjghalloidin to compare the distributions of actin filaments and
6A; see also movies online). Unexpectedly, nocodazole alsmaveolin-1-GFP. Surprisingly, linear arrays of caveolin-1-GFP
caused caveolin-1-GFP to accumulate on the cell surface imere not always aligned along or adjacent to stress fibers in
linear arrays that were most apparent near the bottom surfacecodazole-treated cells (Fig. 7) and were occasionally found
in areas where fluorescent phalloidin
A. staining was weak or absent.

We also examined the effects of
nocodazole on the behavior of
endogenous caveolin-1 in  normal
human fibroblasts (Fig. 8). A significant
amount of caveolin-1 is normally
organized in linear arrays in these cells
(Fig. 8A); however, the number and
thickness of these arrays increased
markedly after cells were exposed to
nocodazole (compare Fig. 8A with 8C).
Anti-tubulin staining showed that the
microtubules had been disrupted by the
nocodazole treatment (compare Fig. 8B
with 8D). A similar redistribution of
endogenous caveolin-1 into linear
arrays was observed in NIH3T3 cells
and rat embryo fibroblasts (data not
shown).  When normal human
fibroblasts treated with nocodazole
were examined by electron microscopy,
we saw a more than twofold increase in
the number of invaginated caveolae
(Fig. 8E). These structures were
positive for immunogold labeling with
anti-caveolin-1 (data not shown). This
increase was quantified using numerous
micrographs and the data is presented
in Table 1. We conclude that
microtubules are required for long-
range movement of caveolin-1 positive
structures and in their absence both
caveolin-1 and invaginated caveolae
accumulate at the cell surface.

Effects of disrupting the actin
cytoskeleton

The arrangement of caveolae in linear
arrays, particularly in fibroblasts, has

Fig. 4.Caveolin-1-GFP displays three different types of movement. Cells were plated 48 hoty&en described before and is believed to
before use into culture dishes that had a glass coverslip glued to the bottom. Confocal sectioesdue to an association of caveolae
were taken at 1.6 second intervals near the bottom of the cell, just under the nucleus in celigith the cortical actin cytoskeleton
stably expressing caveolin-1-GFP. (A) Some of the caveolin-1-GFP in these cells showed ofliyumi et al., 1989). To determine if
saltatory movements (yellow arrows). A 12.8 second recording showed, however, that otheryctin was involved in organizing the
patches of caveolin-1-GFP in the same cell rapidly moved apart (follow white arrows). caveolin-1 into these linear arrays, we
(B) A third population of caveolin-1-GFP was associated with dynamic tubular structures ked at the combined effects, of
(yellow arrows), which can also be seen in the accompanying movie. (C) Stills from two vidé%g :
showing examples of long range and saltatory movement in control cells. Bam, (&): 5um  hocodazole and drugs known to disrupt
(B). The movies that correspond to panels B and C can be viewed online actin filaments  (Fig. 9). Cells
(http://jcs.biologists.org/supplemental). expressing  caveolin-1-GFP  were
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incubated in the presence (Fig. 9B,D,F) or absence (Fi(Table 1. Quantification of the nocodazole-induced increase
9A,C,E) of nocodazole plus either media alone (Fig. 9A,B) in surface caveolae
cytochalasin D (Fig. 9C,D), which partially disassembles acti

. - . . h Number Number Length  Caveolae/ %
fl|amer_1t5, or latrunculin A (Fig. _9E{F) V_Vh|Ch dep0|ymer|ze_STreatment ofcells  ofcaveolae  (cm)  unitlength increase
actin filaments completely. Projection images of the entirg o 142 593 02 03

stack of control cells showed a patchy distribution of caveolinngcodazole 143 1102 0.15 0.73 155

1-GFP with prominent accumulations in the center of the ce
(arrows). Nocodazole treatment caused the peri-centrosornr
accumulations of caveolin-1-GFP to disappear with anovies online). By 20-30 minutes there was an obvious
concomitant appearance of linear arrays at the cell surface (Fccumulation of the caveolin-1-GFP in the center of the cell
9B). Cytochalasin D at low concentrations had little effect orand cavicles could still be seen moving towards and away from
the overall distribution of caveolin-1-GFP (Fig. 9C) butthis region (Fig. 10A, 30 min). These rapid movements
completely prevented the formation of linear arrays inoccurred along microtubules because they were completely
nocodazole treated cells (Fig. 9D). Latrunculin A, by contrasteliminated when cells were treated with both nocodazole and
dramatically increased the amount of caveolin-1-GFP both itatrunculin A (Fig. 6C; see also movies online). Live cells were
the center of the cell and in irregularly shaped
structures dispersed throughout the cytopl
This was accompanied by a loss of caveoli
GFP from the cell surface (Fig. 9E). In c
exposed to both latrunculin A and nocoda:
(Fig. 9F), caveolin-1-GFP was only found
dispersed, irregularly shaped structures an
longer accumulated at the center of the cell.
results of these experiments indicate that col
actin filaments confine and organize cave
near the cell surface while microtubules ci
cavicles that have been released from
tethers into the cell.

The effects of latrunculin A on the localizat , c
of caveolin-1-GFP could be better apprecii
by following the marker at early times after ¢ bleach-0 time Recovery-5 min
were exposed to the drug (Fig. 10A). Withi prebleach y
minute of exposure to latrunculin A, there we  Fig. 5 FRAP analysis showing that there is active exchange between caveolin-1-

massive increase in the inward movement o GFP located in the peri-centrosomal region and the other pools of caveolin. Cells
caveolin-1-GFP. Aggregates of caveolin-1-( stably expressing caveolin-1-GFP were plated 48 hours before viewing into culture
positive structures began to separate from dishes that had a glass coverslip glued to the bottom. Confocal images were taken
plasma membrane and migrate towards at 1.6 second intervals for approximately 1 minute and then the entire peri-

center of the cell (Fig. 10A, 1 min; see ¢ centrosomal region of the upper cell was bleached in 6 spots for 2 seconds each
movies online). By 10 minutes, most cells w using the 488 laser at full power. Immediately foIIownng_ the bleach, images were
rounding up. but remained attached to 2041 colcled sl 10 second tenale or another & miules and 40 seconds. Pane
subs_tratum by. several elongated processes. GFP in two cells. The central accumulation in the top cell was then bleached (area
persisted in this state for sgveral hour,s' Cave within the white circle, B). Panel C shows that the accumulation at the center of the
1-GFP could be seen moving rapidly into anc cell has recovered within 5 minutes, indicating that caveolin-1-GFP travels between
of these processes as well as throughout the various caveolin positive compartments. The corresponding movie can be
regions of the cell (Fig. 10A, 10 min; see ¢ viewed online (http://jcs.biologists.org/supplemental).

Fig. 6. Nocodazole blocks the movem
of caveolin-1-GFP in live cells and
organizes caveolin-1-GFP into linear
arrays. CHO cells stably expressing
caveolin-1-GFP were grown for 2 day
before being viewed by confocal )
microscopy, as described in Materials
and Methods. (A) Still from video of
CHO cells pretreated with 1M
nocodazole for 1 hour before viewing.
Long range movements have
disappeared. (B) Immunofluorescenct
micrograph of CHO cells pretreated witn

nocodazole taken at the bottom surface of the cell. (C) Still from video of stably expressing CHO cells pretreateavvitbct@azole for

1 hour before the addition ofpM latrunculin A. Within 1 minute the arrays have disappeared and everything appears to be immobile. Bar,
10pum. The movies that correspond to panels A and C can be viewed online (http://jcs.biologists.org/supplemental).
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CAVEOLIN-1 TUBULIN

NOC

Fig. 8.Nocodazole reorganizes caveolin-1 and caveolae at the cell surface of normal
Fig. 7. Association of caveolin-1-GFP with the human fibroblasts. (A-D) Normal human fibroblasts were grown on coverslips for 2
actin cytoskeleton. Cells stably expressing days. One set of cells was processed without further treatment for indirect
caveolin-1-GFP were plated on coverslips, gron  immunofluorescence localization of caveolin-1 (A) and tubulin (B), while the other
for 2 days and treated with 10/ nocodazole for set was incubated in the presence ®{# nocodazole for 2 hours before staining
30 minutes before fixing with paraformaldehyde  for caveolin-1 (C) and tubulin (D). The linear arrays in the treated cells were both
Panel A shows the distribution of caveolin-1-GF ~ more extensive and thicker. (E) Normal human fibroblasts were grown in 6-well

panel B the distribution of F-actin stained with dishes for 2 days, incubated in the presencéqfM nocodazole for 2 hours, and
Alexa-633-phalloidin; and panel C a merged im:  processed for EM. This treatment induced a striking increase in the number of
The arrows indicate regions where caveolin is caveolae that could be detected by electron microscopy. Bapsn $&,B); 23um
aligned along or adjacent to stress fibers. (C,D); 0.8um (E).

first treated for 30 minutes with nocodazole in order to fornfound associated with arrays of 50-70 nm invaginations that
arrays and then latrunculin A was added. Within 1 minute oéxtended from the surface into the cell (e.g. between black
the addition of latrunculin A the arrays had disappeared. In therrows). Also common were circular profiles of membrane,
presence of both drugs there was virtually no movementontaining numerous invaginated caveolae (asterisk) that
Furthermore, latrunculin A did not induce caveolin-1-GFP tcappeared to have detached from the surface. A typical example
accumulate near the centrosome in cells that were treated wibthone of these clusters is shown in the inset of Fig. 10B. These
nocodazole (Fig. 6C, Fig. 8F). structures seen by EM correspond well to the large, irregularly

The effect of latrunculin A on the distribution of caveolin-1 shaped structures that were seen by fluorescence microscopy
in untransfected normal human fibroblasts was also examinéal caveolin-1-GFP expressing cells (compare Fig. 10A and
using immunogold electron microscopy (Fig. 10B). The anti-LOB). We do not know if these membrane profiles are transport
caveolin-1 immunogold was found associated with invaginatethtermediates or simply regions of membrane that buckled in
caveolae before treatment (not shown). By contrast, withithe absence of an actin support. Nevertheless, they always
minutes after adding latrunculin A, the immunogold label wasontained multiple, invaginated caveolae.
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CONTROL NOCODAZOLE Fig. 9. Disruption of the actin cytoskeleton blocks

. the formation of the linear arrays of caveolin-1-GFP
induced by nocodazole. CHO cells stably expressing
caveolin-1-GFP were plated on coverslips and grown
for 2 days, as described in Materials and Methods.
Cells were incubated for 30 minutes in the absence
(A,B) or presence of either 218V cytochalasin D
(C,D) or 1uM latrunculin A (E,F) and then
incubated for an additional 60 minutes with (B,D,F)
or without (A,C,E) 1QuM nocodazole, before fixing
with paraformaldehyde and processing for
visualization of GFP. Note that both cytochalasin D
and latrunculin A blocked the redistribution of
caveolin into linear arrays (compare B with D and F)
and that nocodazole blocked the latrunculin A
induced redistribution of caveolin-1-GFP to the cell
center (compare E with F). Each image is the
projection of a stack of confocal images that extend
through the entire cell. Bar, 20m.

NONE

eYia D filaments therefore appears to constrain either the

formation of cavicles from caveolae, or the
movement of newly formed cavicles towards the
centrally located caveosomes. Thus,
microtubules and actin filaments act coordinately
to control membrane trafficking in the caveolar
system. Finally, comparison of the distributions
of caveosomes with other peri-nuclear
endomembrane compartments emphasizes the
existence of an extensive caveolar membrane
system that is analogous to the endosomal
membrane system and there may also be at least
a partial merger of the caveosome with the
recycling endosome. A model that summarizes
many of these findings is presented in Fig. 11.

LAT A

Recycling endosomes and the caveosomes

In CHO cells we found that caveosomes

) _ accumulated at the MTOC. This observation was
Discussion reminiscent of the accumulation of caveolin containing
Thanks to a few recent studies of cultured mammalian celijlembranes near the centrosome of A431 cells exposed to
transiently expressing GFP-tagged versions of caveolin-1, gkadaic acid plus hypertonic medium (Parton et al., 1994). Not
picture of caveolar membrane dynamics in individual cells hagll cells accumulate caveolin-1 near the centrosome, however,
begun to emerge (Pelkmans et al., 2001; Thomsen et al., 2008cause we did not observe such accumulations in human
We have extended that approach by stably transfectingbroblasts (data not shown). Centrosomal caveolin-1-GFP in
caveolin-1-GFP into a cell type, CHO, in which fluorescentCHO cells has a very similar distribution to that of the
caveolin-1 analogues have not been studied previously. Ligansferrin receptor-rich recycling endosomes (Maxfield and
cell, time-lapse microscopy of these cells revealed severgamashiro, 1987). This region of a CHO cell is difficult to
novel aspects of caveolin-1 trafficking. First, we found thatesolve by immunofluorescence microscopy but careful
CHO cells, in contrast to other cell types that have been studiestamination of multiple stacked confocal images suggested
by similar approaches, contain an abundance of constitutivetitat the two membrane systems are intertwined rather than in
motile caveolar vesicles, or ‘cavicles’ that were revealed byhe same compartment. Nevertheless, the close apposition of
FRAP experiments to serve as transport intermediates betwegfveosomes and recycling endosomes and their partial co-
plasma membrane caveolae and peri-centriolar caveosomesdgalization at the light microscope level may provide
the absence of specific extracellular stimuli. The finding thagpportunities for direct communication between the caveolar
this form of trafficking was abolished by nocodazole indicatechnd the clathrin-mediated endocytic systems.
that microtubules serve as the tracks along which motile Biochemical evidence for communication between these
cavicles move. Second, the trafficking of cavicles fromtwo membrane systems has already been reported, as anti-
caveolae to caveosomes was observed to be abruptiansferrin receptor IgG was able to immunoprecipitate both
upregulated when actin filaments were disassembled lkie receptor and caveolin-1 (Gagescu et al., 2000). Recycling
exposure of cells to latrunculin A. The cortical network of actinendosomes appear to share other caveolae markers including
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Fig. 10.Latrunculin A causes a
redistribution of caveolin-1-GFP in
CHO cells (A) and caveolae in norma
human fibroblasts (B). (A) CHO cells
stably expressing caveolin-1-GFP we
treated with latrunculin A (1M) and
the cells were imaged within 1 minute
using confocal time-lapse microscopy
The three panels in A are stills from
videos taken at 1.6 second intervals f
total of 6 minutes each after 1 minute
10 minutes or 30 minutes of latrunculi
A treatment. Within 1 minute there is
dramatic increase in the trafficking of
caveolin-1-GFP in the cells. By 10
minutes the caveolin-1-GFP has form
larger aggregates and caveolin can b
seen moving into and out of long
processes that keep the cells attache
the substratum (arrows). By 30 minut
there was an accumulation of caveolil
in the center of the cell. The videos
taken at 1 minute and 10 minutes afte
latrunculin treatment can be viewed
online. (B) Normal human fibroblasts
were grown for 2 days and then
incubated with uM latrunculin A for
30 minutes before processing for
immunogold localization of caveolin-1
Numerous large caveolin-positive
structures were seen that appeared tc
have multiple invaginated caveolae ali
around them (*). The inset shows a higher magnification of these structures. Bars(A)f) 0.24um (B); 0.16um (inset). The corresponding
movies can be viewed online (http://jcs.biologists.org/supplemental).

..{:’\. . . :—"'A - --‘ r')
o |
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flotillin-1, sphingomyelin and cholesterol (Gagescu et al.dextran uptake in SV-40-infected CV-1 cells. One possible
2000). Moreover, the folate receptor, a GPI anchored proteiexplanation for this difference is that during infection with the
that clusters in caveolae (Ying et al., 1992), has been found wiirus the caveosome is somehow modified to exclude other
recycling endosomes containing transferrin (Mayor et al.cargo. Further work is required before this compartment can
1998). Perhaps this ligand entered cells through caveolde fully defined functionally and biochemically and to
before being delivered to recycling endosomes, even thougletermine the extent, if any, to which caveosomes
many other ligands found in recycling endosomes indisputablgommunicate with recycling endosomes.
arrive there via the coated pit-dependent pathway. In support
of this idea, our own studies looking at the uptake of ) i
rhodamine-tagged transferrin suggest that at early time pointual control of caveolin-1-GFP traffic
transferrin and caveolin are internalized into separate vesicl&ur findings indicate that actin filaments and microtubules play
but at later time points the transferrin pathway caropposing roles in regulating the steady state distribution of
communicate with caveolin-1 containing compartments (dataaveolin-1-GFP. Whereas the cortical actin cytoskeleton
not shown). appears to confine caveolin-1-GFP at the cell surface,
In as much as the centrosome is the principal site of internalicrotubules serve as tracks for the transport of caveolin
caveolin-1-GFP positive membranes in CHO cells, we favothrough the cytoplasm. The speed of these microtubule based
the idea that this compartment corresponds to the recentigovements ranged from 0/3m/seconds to as high as 2
described caveosome (Pelkmans et al.,, 2001). To date then/second, which is consistent with dynein and kinesin
principle markers for the caveosome are caveolin, and SV-4firected movements of organelles and vesicles along
virus. Caveosomes accumulated SV-40 virus that had beenicrotubules. Although the microtubule motors responsible for
internalized by caveolae in CV-1 cells. The caveosomes in C\¢avicle motility remain to be defined, one leading candidate is
1 cells were not clustered at the centrosome, but this differentiee recently described minus end-directed kinesin, KIFC3.
may simply reflect cell type specific variability. A recent paperThis motor reportedly moves detergent resistant membranes
by Nichols (Nichols, 2002) also describes a distinct class dike caveolae along microtubules (Noda et al., 2001)
caveolin-1 positive endosomes that accumulate 10K dextraBepolymerization of microtubules caused a redistribution of
cholera toxin, GPI-GFP and SV-40 virus. We found that outhe caveolin-1-GFP located at the centrosome to punctate
cavicles also contain 10K dextran and cholera toxin (data natructures located throughout the cell as well as an increase in
shown) a finding that contrasts with the reported lack ofhe total number of invaginated caveolae at the cell surface. In
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CaveolarMembrane Sysem regulate caveolae budding and cavicle traffic. Once formed
from budded caveolae, cavicles may associate with motor
molecules that propel them along microtubules. Actin
regulation of the caveolar membrane system fits well with the
growing evidence that spectrin and actin regulate membrane
traffic in other membrane systems as well (Lippincott-
Actin Schwartz, 1998). . o -
Filaments The behavior of caveolae and cavicles is highly reminiscent
of the movements of pigment granules. In mammals, the
pigment melanin that is deposited in the skin and hair is
produced in melanocytes and transported to the cell periphery
where it is secreted and then endocytosed by adjacent
keratinocytes. Indilute mice, which lack myosin Va, the
amount of secreted pigment is drastically reduced resulting in
their characteristic light coat color (Wu et al., 1998). Time
lapse video microscopy of wild type addute melanocytes
has shown that fast, bi-directional, microtubule dependent
transport of melanosomes is the mechanism responsible for
long range transport of melanosomes, while accumulation at
Caveosome the dendritic tips where they are secreted is due to the myosin
Fig. 11.A model for trafficking in the caveolar membrane system of Va dependent capture of these organelles in the actin-rich
CHO cells. Taken together, our observations suggest that cells periphery. This generates an actin-filament dependent
contain a more extensive caveolar membrane system than has beemolarized distribution of organelles that are transported bi-
previously appreciated. In CHO cells it appears to consist of a directionally along microtubules. Several unconventional
population of fairly immobile and stable caveolae at the plasma  myosins have now been implicated in organelle transport
membrane, peri-centrosomal caveosomes and a population of (reviewed by Tuxworth and Titus, 2000). These include a

transport intermediates that may include both cavicles and tubules . :
that serve as bi-directional transport intermediates between caveolareelated' myosin V dependent mechanism that regulates

and caveosomes. The cavicles move along microtubules but corticap'gm.ent granule distributions in fish scale melanophore cells
actin filaments restrict their inward mobility. Red, caveolin-1; green, (Rodionov et al., 1998; Rogers and Gelfand, 1998), the
caveosome; blue, actin; pink/purple, microtubule. involvement of myosind in the movement and distribution of
lysosomes (Cordonnier et al., 2001), and a role for myosin VI
in clathrin mediated endocytosis (Buss et al., 2001). It will be
contrast to the apparent trapping of caveolae at the cell surfairgeresting to learn whether any myosins are similarly involved
in the absence of microtubules, elimination of actin filamentin establishing the steady state enrichment of caveolae at the
caused a marked decline in caveolin-1-GFP located near tipl|asma membrane, and of caveosomes near the centrosome.
cell surface and a corresponding increase in peri-centrosomalOur data are in strong agreement with the results obtained
caveolin-1-GFP. This suggests that surface caveolae have thy other investigators who have used caveolin-GFP (Pelkmans
potential to bud from the plasma membrane and travel into thet al., 2001) or GFP-caveolin (Thomsen et al., 2002) to
cell, but are prevented from doing so by the actin cytoskeletoemonstrate that cell surface caveolae are relatively stationary.
How do actin filaments restrain the inward movement offThey are also consistent with a report that GFP-caveolin-1 is
caveolin-1? Two obvious possibilities are that cortical actirpresent on a population of relatively motile structures scattered
filament networks act as simple physical barriers to théhroughout the cytoplasm (Thomsen et al., 2002). In other
detachment of caveolae from the plasma membrane or thespects, however, our results seem to be at odds with those
inward movement of cavicles beyond the cortex. In either ofeported in prior similar studies. For example, caveolin-1-GFP
these cases, local disassembly of cortical actin networks wouldas used to demonstrate that binding of SV-40 virus could
be necessary to initiate inward transport of cavicles alontrigger internalization of caveolar membranes from the surface
microtubules. Another possibility is that cross-linking of CV-1 cells, which was rarely observed in the absence of
molecules attach caveolae or cavicles to actin filaments in thérus (Pelkmans et al., 2001). Although SV-40 can clearly
cell cortex. In this case, either removal of the cross-links oinduce uptake of caveolae, it is not clear what normally initiates
local depolymerization of actin filaments would allow caviclesthis process in virus-free cells. Our data indicate that in CHO
to move inward. In vitro studies have shown that caveolae buzklls, at least, caveolae are internalized constitutively, albeit at
from isolated membranes in a process that requires ATP, GTiewer rates than have been observed for clathrin coated pit
and cytosolic factors (Gilbert et al., 1999). A similar in vitrouptake. Likewise, photobleaching of peri-centrosomal GFP-
system has been used to study the budding of clathrin coatedveolin-1 in transiently transfected HelLa cells (Thomsen et
pits from purified fibroblast membrane (Lin et al., 1991). Inal., 2002) was followed by fluorescence recovery that was
this system release of a subpopulation of coated vesiclesuch slower than we observed in CHO cells that stably
requires a proteolytic cleavage step to release the buddimxpressed caveolin-1-GFP. Although the causes of this
membrane from its spectrin/ankyrin linkage with the actindiscrepancy are unknown, leading suspects include cell type-
cytoskeleton (Kamal et al., 1998). Interestingly, only thisspecific differences in caveolar membrane trafficking,
subpopulation of vesicles is able to move along microtubuleiinctional differences between GFP-caveolin-1 and caveolin-
to a degradative compartment. A similar mechanism mag-GFP, and overexpression of GFP-caveolin-1 in the

Flask-Shaped Caveolae

Tubular /}4

Caveolae
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transiently transfected HelLa cells. The last possibility seemilbert, A., Paccaud, J. P., Foti, M., Porcheron, G., Balz, J. and Carpentier,
especially likely, because the low level of FRAP that was J. L. (1999). Direct demonstration of the endocytic function of caveolae by
observed in HeLa cells whose peri-centrosomal regions werg? Cell- free assaj. Cell Sci.112, 1101-1110.

. . - Soldstein, J. L., Basu, S. K. and Brown, M. S(1983). Receptor-mediated
phOtObleaChed was abolished by pretreating the cells wit endocytosis of low-density lipoprotein in cultured cellethods Enzymol.

cycloheximide. This implies that GFP-caveolin-1 was 9g 241-260.
accumulating in the Golgi complex of the HelLa cells as a resultumi, T., Shibata, Y. and Yamamoto, T.(1989). The cytoplasmic surface
of overexpression. In contrast, we show here that caveolin-1-structures of uncoated vesicles in various tissues of rat as revealed by quick-

: freeze, deep-etching replicas.Electron Microsc38, 47-53.
GFP in Stably transfected CHO cells was EXpressed at IO)@lamal, A., Ying, Y. and Anderson, R. G(1998). Annexin VI-mediated loss

levels relative to e_ndOQenOU_s caveolin-1, and that peri- of spectrin during coated pit budding is coupled to delivery of LDL to
centrosomal caveolin-1-GFP in the CHO cells was not lysosomesJ. Cell Biol. 142, 937-947.
associated with the Golgi, but rather with caveosomes th&pgo. H. and Fujimoto, T. (2000). Concentration of caveolin-1 in the

fortuitously accumulated near the MTOC. This allowed us to cleavage furrow as revealed by time- lapse analggshem. Biophys. Res.
Commun268 82-87.

bleaCh_ Caveosomes_ selectively and to show that rap‘r?{:znetsov, S. A., Langford, G. M. and Weiss, D. G1992). Actin-dependent
traffICkIng Of C&VGO“n-l-GFP tO these Ol’gane”es OCCUI’red organe”e movement in Squ|d axop|a§ﬂature35a 722-725.
continuously in the presence of cycloheximide. In CV-1 cells.aemmli, U. K. (1970). Cleavage of structural proteins during the assembly
Pelkmans et al. (Pelkmans et al., 2001) also only saw caveolin-of the head of bacteriophage Tature227, 680-685.

1-GFP in the Golgi apparatus in a few cells that were highlydmaze. C.. Fuimoto, L. M., Yin, H. L.and Schmid, S. L.(1997). The
. the fusion protein. More work is needed to actin cy_toskeleton is required for receptor-mediated endocytosis in
overexpressing p - mammalian cells). Biol. Chem272, 20332-20335.

determine if these are cell-specific differences in caveolarn, H. C., Moore, M. S., Sanan, D. A. and Anderson, R. G(1991).
membrane traffic, or simply reflect the influence of the probes Reconstitution of clathrin-coated pit budding from plasma membranes.
used to monitor the movement of these membranes. Whatevefe!l Biol. 114 881-891.

the explanation proves to be, the caveolar membrane systeﬁi%&?fogé?n‘:h(":";[té} ;'1%95928_)5;9(:“05"‘3'“3' proteins and Golgi dynamics.

clearly more extensive and dynamic than has been previously, p. and Anderson, R. G.(1995). Compartmentalized production of
appreciated. ceramide at the cell surfack.Biol. Chem270, 27179-27185.
Machleidt, T., Li, W. P., Liu, P. and Anderson, R. G.(2000). Multiple
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