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SUMMARY

Human umbilical vein endothelial cells were stained with  clusters were supplied from the intracellular space.
FITC-labeled anti-B1 integrin antibody and plated on a  Simultaneous time-lapse imaging of exocytosis of integrin-
glass cover slip to elucidate the mechanism of integrin containing vesicles and elongating focal contacts showed
clustering during focal contact formation. The process of that most exocytosis occurred at or near the focal contacts
integrin clustering was observed by time-lapse total- followed by their elongation. Double staining of F-actins
internal-reflection fluorescence microscopy, which can and integrins demonstrated that stress fibers were located
selectively visualize the labeled integrins at the basal near the integrin clusters and that intracellular punctate
surface of living cells. The clustering of integrins at focal integrins were associated with these stress fibers. These
contacts started at 1 hour after plating and individual results suggest that the clustering of integrins is mediated
clusters kept growing for ~6 hours. Most integrin clusters by actin-fiber-dependent translocation of integrins to the
(~80%) elongated towards the cell center or along the cell extending tip of focal contacts.

margin at a rate of 0.29+0.241im minute~1. Photobleaching

and recovery experiments with evanescent illumination Key words: Focal contact, Evanescent light microscopy, Integrin,
revealed that the integrins at the extending tip of the Cytoskeleton, Endothelial cells

INTRODUCTION leading edge to become a source for making fresh FCs.

However, it is unclear in this scheme why they would not attach
Vascular endothelial cells in vivo show a spindle-like shape&o the substrate again before reaching the leading edge, where
aligning with their long axis, which runs along the vessel. Focahey are needed. The second model suggests that intracellular
contacts (FCs) via integrins play a crucial role in maintainingntegrins, which have already been internalized from the cell
the shape of the endothelial cells (Drake et al., 1992), amembrane, are translocated to the site where FCs are newly
in many other cell types (Kumar, 1998). Integrin is aformed (Lawson and Maxfield, 1995; Bretscher, 1989).
heterodimeric complex composed of noncovalently associatdeixocytosis of vesicles carrying integrins was suggested to be a
o andp chains. In mammals, 17 subtypes of theubunit and mechanism to supply integrins for newly forming FCs at the
eight subtypes of th@ subunit are known. These and3  leading edge of migrating cells (Stossel, 1993; Lawson and
subunits heterodimerize to produce 22 different receptorslaxfield, 1995). It is known that circulating proteins such as
(Kumar, 1998). Endothelial cells express a number integritransferrin, low density lipoprotein and ferritin receptors are
subtypes, two of whichogP1 and ay33) are known to be returned to the cell surface at the leading edge of spreading or
important for FC formation (Luscinskas and Lawler, 1994;moving cells (Bretscher, 1983; Bretscher and Thomson, 1983;
Ruoslahti and Engvall, 1997). In particulagf1, which binds  Ekblom et al., 1983). However, many of these studies used
an Arg-Gly-Asp (RGD) tripeptide in fibronectin (Ruoslahti, morphological observations of fixed samples and/or
1996), is important for vascular development and maintenand#ochemical evaluations. Recently, there have been several
of vascular integrity. studies of the morphological changes of FCs (Regen and

Two types of cellular mechanism have been proposed fddorwitz, 1992; Smilenov et al., 1999; Zamir et al., 2000;

integrin clustering. The first model suggests that the clusteringankov et al., 2000). These observed the movement of the cell
is dependent on the lateral diffusion of integrins in the plasmsurface integrins in migrating fibroblasts and demonstrated the
membrane (Sheets et al., 1995; Miyamoto et al., 1995; Regeelationship between the movement of FCs and stress fibers.
and Horwitz, 1992). It is conceivable that unoccupied integringlowever, the precise cellular mechanisms of integrin clustering
that have been released from the substrate at the rear of the el not clearly understood during the formation of the FCs in
diffuse laterally in the plasma membrane and arrive at thkving human umbilical vein endothelial cells (HUVECS).
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High-resolution imaging of the clustering process of integrind35M; Zeiss, Germany) with differential interference contrast (DIC),
in living cells is crucial to understanding the molecularEpiF illumination, confocal laser-scanning fluorescence (CLSF) and
mechanism of integrin clustering during FC formation__reﬂeqtion interference contrast (RIC) o_ptics. Video-enhanced DIC
Total-internal-reflection fluorescence (TIRF) microscopy ismaging was used to examine the details of the cell structures and
potentially useful to visualize the cell-substrate contact regioRPIF imaging to monitor the intracellular distribution of FITC-
(Schwartz et al., 1980; Tatsumi et al., 1999). Because th tibody-labeled integrins and transport vesicles. A CLSF microscope

tact oo lectively illuminated b t light i adiance 2000; Bio-Rad, USA) was used to analyze the three-
contact region Is selectively liiluminated by evanescent Ight y;ensional distribution of the integrins, particularly those near the

TIRF microscopy, fluorescence from fluorophores both in thgypmembrane region @im above the substrate). For RIC imaging,
bulk solution and inside the cells are significantly suppressegle EpiF mirror was simply replaced with a 50% mirror and each
compared with epifluorescence (EpiF) microscopy. Using thispecimen was illuminated with red filtered (610 nm) light. RIC
TIRF imaging system, we have analyzed the process of integrinicroscopy was used to view FCs to clarify whether the TIRF images
clustering during FC formation in HUVECs. of integrins originated from FCs.
The chamber for the multimode imaging microscope consisted of
a 0.25-0.35 mm soda-lime-glass cover slip (No. 3, Matsunami, Japan)
and a rectangular prism. The laser beam (473 nm, 3-18 mW,

MATERIAL AND METHODS attenuated to 10 mW (Solid State 473, HK5510, Shimadzu, Japan) or
) 532 nm, 5 mW, (DPSS532, Coherent, USA)) was directed into the
Cell preparation rectangular prism (2 mm height BK-7 glass prism, refractive index=

Endothelial cells were prepared from a human umbilical cord vein a6.522, Nihon Ryokyo, Japan). The incident beam propagates in the
described previously (Grimbrone, 1976). In brief, a human umbilicaglass cover slip towards the optical axis of the microscope via multiple
cord was aseptically removed from the placenta immediately after iaternal reflections. The diameter of the each spot of laser light at each
birth. The vein was washed with phosphate-buffered saline (137 mhmternal reflection was ~50Qim. The incident angle6) in our
NaCl, 8.10 mM NaHPQ4, 2.68 mM KCI, 1.47 mM KHPQ4, pH experimental condition was 70°. The depByp)(of the evanescent
7.40), followed by treatment with 0.2% trypsin for 10 minutes. Thelight penetration (surface light intensity divided by e) was estimated
perfusate was centrifuged at 1,500 rpm for 10 minutes and th® be 75 nm for 473 nm light using Eqn 1 (Burmeister et al., 1994;
resulting cells were washed with phosphate-buffered saline, plated #hu et al., 1986):
35 mm plastic dishes and maintained in Humedia-EG2 (Kurabo, . .
Osaka, Japan), which was made by modifying the MCDB 131 Dp = A+ (4mma) V(sir?8 - (n2/m)?) @
medium. Cells used in this study were within two to three passagesvhere) is the wavelength of the laser lighi,andn; are the refractive

o ) o indices of glass and water, respectively. Because the actual penetration
Fluorescent staining of integrins in living HUVECs depth depends on the refractive index of the medium and the flatness
HUVECs removed from a culture dish were transferred onto &f the substratum, the penetration depth of evanescent light was
handmade chamber for TIRF microscopy (described below) and weexperimentally examined in a previous study (Tatsumi et al., 1999).
incubated with FITC-labeled monoclonal antibodies against thdIRF microscope images were focused on a cooled-CCD camera
extracellular domain of integriBy subunit (FITC-anti-integrin; (Micromax, Princeton Instruments, USA) after passing through a 510
CD29, ENDOGEN, USA) for 30-90 minutes (1:50 dilution). After nm or 560 nm long-wave-path filter (for green fluorescence from
washing the dye three times, the chamber was moved onto a stagdaifeled integrins), or a 590 nm long-wave-path filter (for red
a multimode imaging microscope (described below). In soméluorescence from labeled actins or transport vesicles). The images
experiments, HUVECs were incubated without the above antibody fasbtained were processed with the programs MetaMorph (Universal
2 hours and were fixed with 2% paraformaldehyde. The specimen wéawsaging, USA) and Photoshop (Adobe). During the experiment, the
labeled with the same monoclonal antibody against the extracellul@mperature of the chamber was maintained at ~37°C.
domain as above or with that against the intracellular domains of the In the bleaching and recovery experiments, a higher power of laser
(31 subunit (CD29, DAKO, Denmark). The latter antibody was further(18 mW, 30 seconds exposure) was used to bleach the FITC
labeled with secondary rhodamine-labeled antibody. The staininfjluorescence only in the evanescent field, and the recovery of the
patterns of FCs labeled with the antibodies were exactly the same witlluorescence was examined with smaller power and short exposure of
or without preincubation with the antibody against the extracellulathe laser light (1 mW, 1 second).
domain of thef1 subunit. This result demonstrated that the antibody
used for the live imaging did not perturb the integrin clustering andPrugs
that integrin dynamics can be imaged by an FITC-labeled antibodyhe drugs used were cytochalasin D (Sigma), butanedione monoxime
against extracellular domains of tResubunit in living cells. (BDM; Sigma), ML9 (Biomol, USA), ML7 (Biomol, USA),

For the simultaneous live imaging of exocytosis and integrincolchicine (Sigma); bodipy-labeled phalloidin (Molecular Probes,
clustering, cells were treated with both ghtiintegrin antibody and USA), antibodies for integrin (FITC-aniz integrin; anti-human
FM4-64 (1uM, Molecular Probes, USA), a fluorescent styryl dye, CD29, ENDOGEN, USA or anti-human CD29, DAKO, Denmark),
that can selectively label transport vesicles (Henkel and Betz, 1995)ctadecyl rhodamine-B chloride (0246, Molecular Probes, USA),
The simultaneous observation was made 1 hour after plating the celfM4-64 (Molecular Probes, USA), goat anti-mouse IgG (Chemicon

To examine co-localization @ integrin with vinculin, FITC anti-  International, USA), anti-vinculin (mouse monoclonal, clone V284,
Bi-integrin antibody-labeled HUVECs were cultured for 2 hours andJpstate Biotechnology, USA) and TRITC-anti-mouse 1gG (DAKO,
fixed with 2% paraformaldehyde, permeabilized by 0.5% Triton X-Denmark). Other drugs were from Sigma (USA) or Wako (Japan).
100 and blocked with unlabeled goat anti-mouse IgG (Chemicon
International) to suppress the nonspecific staining. This sample was
incubated with anti-vinculin (mouse monoclonal, clone V284, UpstatQQESU LTS
Biotechnology) and TRITC anti-mouse IgG (DAKO, Denmark). No
TRITC staining was seen without anti-vinculin treatment. Process of EC formation in HUVECS
Multimode microscopy HUVECSs stained with antibody against the inted¥irsubunit
TIRF optics were incorporated into an inverted microscope (Axiovertvere incubated under the standard culture conditions and were
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A EpiF TIRF DIC

Fig. 1. Integrin clustering during FC formation. (A) HUVECSs were fixed at 30 minutes (a-c), 1 hour (d-f) and 6 hours (g-i) afterTplating
left-hand column shows EpiF images, the middle column TIRF images and the right-hand column DIC images of the cellg &itbffeiten
plating; images in each line are from the same cell. At 30 minutes after plating (a-c), a uniform distribution of intdggarsesl in >90% of
the bottom area of the cell (b). At 1 hour (d-f), a dappled distribution of integrins (the region surrounded by a brakehdine ¢lusters of
integrin are seen. Arrows show typical clusters of integrins in the region surrounded by a continuous line in e. At émolatsgf{g-i),
clusters of integrins cover the entire bottom surface of the cell (four typical examples are indicated by arrows in r);gaemosve show the
same integrin clusters. Integrins in the bottom surface of the cell were imaged more clearly by TIRF microscopy than byoEpdpyni
Arrowheads in a, d and g show the punctate spots of integrins near the cell nucleus. (B) Integrin clusters observed towSIRPbjar
correspond to the dark areas in the RIC image (arrows in a) of a HUVEC at 2 hours after plating. (C) Integrin clusterbylgsFvéa)
correspond to the vinculin clusters in the EpiF image (b) of the same HUVECSs at 2 hours after plating..Bars, 20
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fixed at various times (30 minutes to 6 hours after plating) tanmediately above the cover slip with a small clearance (data
examine the clustering process of integrins using multimodeot shown). These results confirmed that integrin clusters at
imaging microscopy. Integrins were uniformly distributed overFCs were selectively imaged in the living cell membrane by
the basal surface of the cells at 30 minutes after plating (Fig.IRF microscopy. Analysis of TIRF images showed that the
1Ab). At 1 hour after plating, a dappled pattern of integrinsaverage width of integrin clusters at FCs was #0081 pum

(Fig. 1Ae, region surrounded by a broken line) and scattergth=50), and their average length was 2034 um (n=50) at
clusters of integrins (Fig. 1Ae, indicated by arrows in thes hours after plating. A similar observation was reported in
region surrounded by a continuous line) became visible. At Bbroblasts (LaFlamme et al., 1992).

hours, clusters occupied the entire basal surface of the cellsThe distribution of integrins in the whole cell body was
(Fig. 1Ah, arrows). The clusters could be observed by eithesxamined by EpiF microscopy. At 30 minutes (or sometimes
EpiF or TIRF microscopy (Fig. 1Ag,h, arrows). However, thel hour) after plating, punctate spots of integrins were observed
images observed by TIRF microscopy were much clearaaround the nucleus (Fig. 1Aa,d, arrowheads), which were not
because of the lower background fluorescence noise. Most &&en in TIRF images (Fig. 1Ab,e), indicating that they were
the clusters observed by TIRF microscopy (Fig. 1Bb, arrowdpcated in the intracellular space. At 6 hours after plating, the
almost matched the dark-contrast contact regions in RI@unctate spots of integrins around the nucleus decreased and
images (Fig. 1Ba, arrows). The distribution and shape of thénose at FCs increased (Fig. 1Ag). These results suggest that
integrin clusters were in good agreement with those of ththe surface integrins labeled with the FITC antibody were
vinculin clusters in the EpiF images of HUVECs at 2 hourdnternalized, accumulated around the nucleus and translocated
after plating (Fig. 1C). These results strongly suggest that the the ventral surface of the cell being recruited to the FC
clusters of integrins observed with the TIRF microscope werérmation.

FCs. The morphology of the cell membrane was examined b_?_/. ) ) ) ) )

staining the cell membrane with 0246, an octadecyllime-lapse imaging of integrin cluster formation at
rhodamine-B chloride (Tatsumi et al., 1999), and the resuftCs

showed that the membrane was almost flat, being locatéthe dynamic process of the formation of integrin clusters at

Fig. 2. Analysis of the elongation
of integrin clusters at FCs. (A) A

composite TIRF image of 12 cells
with superimposed arrows that
indicates the direction of
elongation of the integrin clusters.
Each TIRF image was taken from
a region of the cell where active
elongation of integrin clusters at
FCs was seen. Each arrow shows
the gross shape and length of a
cluster analyzed and the direction
of its elongation. The brightness
of the arrow indicates the
elongation rate (ER) of the
cluster. For example, white
arrows show the FCs that
elongated with a rate greater than
0.4pm minute® and black

arrows a slower elongation rate
(<0.2um minutel). (B) Time
courses of elongation of integrin
clusters at FCs located at the
marginal and central regions of
the cells. The elongation rate at
the marginal region was
significantly higher than that in
the central region at 12 minutes
and 15 minutes. (C) The relative
direction @) of the elongation

was measured with respect to the
horizontal axis that approximates
a tangent to the cell margin
nearest to the cluster.
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FCs was examined in living cells by time-lapse TIRFwas 0.17+0.06um minutel (n=15), which is significantly
microscopy. TIRF images were recorded every 3 minutes frotower (P<0.01) (Fig. 2B).
1 hour after plating for 15 minutes, because cells showed mostThe directions of the elongation of integrin clusters were
active integrin clustering at FCs between 1 hour and 2 houexamined in 72 cases. Most of the integrin clusters at FCs
after plating. Analysis of the integrin clustering at FCs (32%longated towards the center of the cell (68%, Fig. 2Db), and
FCs from 10 cells) during the first 30 minutes showed that 10%ery few integrin clusters were towards the cell margin (4%,
of FCs were elongated, 3% were shortened and 87% weFgeg. 2Dd). The remainder had intermediate orientations (Fig.
unchanged. The average length of the unchanged FCs at?Pa,c).
hours after plating was 7.81.64um (n=50). This value was The intensity profile of the fluorescence of individual
similar to that of FCs at 6 hours after plating, suggesting thalongating integrin clusters at FCs were measured to clarify the
the FCs with this length were matured. There were ndetails of the FC elongation (Fig. 3). The fluorescence intensity
differences in the size and density of the FCs between the cellsthe extending tip of the integrin clusters in the central region
that were incubated with the antibody against extracellulaof the cell was relatively low compared with that of the middle
integrin and the cells without incubation with the antibody (se@art of the integrin cluster and became higher during
Methods). The period necessary for FC formation (2 hoursglongation (Fig. 3A). However, the intensity of fluorescence at
was the same in control HUVECs and anti-integrin-antibodythe extending tip of the integrin clusters at the marginal region
treated HUVECSs. These observations suggest that th@santi- of the cell was always high during elongation (Fig. 3B,
integrin antibody was non-perturbing. arrowheads). These results suggest that a relatively small
Unidirectional elongation of integrin clusters was usuallyamount of integrin was supplied at the extending tip of FCs in
observed over the entire ventral surface of the cells (Fig. 2)he central region, whereas a large amount of integrin was
The elongation rate and direction of individual integrin clustersupplied at the tip of FCs at the marginal region of the cell.
were calculated from time-lapse images. The values obtained ] .
are summarized in Fig. 2A, demonstrating a clear tendency fdfansport and turnover of integrins
the elongation rate in the central region of the cell to be lowdPhotobleaching and recovery of fluorescence have been used
than that in the marginal region of the cell. The elongation ratm various studies to determine the movement of fluorescently
of integrin clusters within 1Qum of the cell margin was labeled molecules (Mallavarapu and Mitchison, 1999; Nakata
0.42+0.29um minute! (n=15) and that in the central region et al.,, 1998; Oancea et al.,, 1998). Photobleaching by

Slow Type B Fast Type
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Fig. 3. Time-lapse TIRF images of
the elongation of individual integrin
clusters at FCs. (A) Time-lapse
TIRF images of integrin clustering
for 15 minutes of recording. The
left-hand column shows a series of
TIRF images of an elongating
integrin cluster in the central region
of the cell. The right-hand column
shows the corresponding
fluorescence intensity profiles
(arbitrary unit; a.u.) along the
elongation path. Arrows show the
tip of the integrin cluster, extending
to the right. (B) A series of TIRF
images of an elongating integrin
cluster at the FC near the marginal
region of the cell. Arrows point to
the tip of an integrin cluster. The
right-hand column indicates the
corresponding fluorescence
intensity profiles of the integrin
cluster, showing that the extending
cluster is brighter near the tip
(arrowheads) and grows faster than
those at the central region of the
cell.
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Fig. 4. Photobleaching and recovery of the
fluorescence. The two columns show a
photobleaching and recovery process in two ce
(A-D) and that of two integrin clusters at FCs
(E-H), respectively. A and E show control TIRF
images; B and F are those just after
photobleaching; C and G are those after 15
minutes of recovery. D and H show the result o
subtracting B from C and F from G, respectivel
Two arrows in A point out the two cells, separa
by a bright border. The arrow in G shows the
intensive recovery of integrin fluorescence at tf
extending tip of the integrin cluster, and the
arrowhead in G demonstrates the relatively we
recovery of fluorescence in the preformed clus:
| and J show the fluorescence intensity profile
along the broken lines (a-c) shown in F and G.
three profiles in | were measured immediately
after photobleaching and those in J after 15
minutes of recovery. Arrows in | and J show the
intensity at the extending tip of the integrin clus
recovered in G, arrowheads in | and J show a
preformed part of the integrin cluster, and dout
arrowheads show the background level of
fluorescence near the tip. Upon photobleaching
the fluorescence decreased to ~60 counts fron
original 150 counts. A strong recovery was thel
seen at the tip of the integrin cluster (Jc, arrow
whereas the recovery was relatively small at th
middle of the integrin cluster (Jb, arrowhead) a
in the background (Jc, double arrowhead). =
(K) Control images (a,c) and images immediate 20 pm 10 —

after photobleaching (b,d); all images are from um

same cell. The TIRF image (b) shows that the

FITC antif3:-integrin antibody fluorescence at the ventral surface of the cell was faded after photobleaching. The EpiF image (d) shows that
the intracellular FITC fluorescence remains intact after photobleaching.

b C

Intensity
50 150 50 150 50 150

TR

(am)

evanescent light allows photobleaching of FITCs conjugateth the high magnification images were analyzed to examine
with integrins only at the ventral surface of the cell, whilethe amount of integrin supplied to individual FCs. The
keeping the intracellular FITCs (conjugated with integrins)fluorescence intensity of integrins was determined at the
intact (Fig. 4K). FITC-stained HUVECs were illuminated by extending tip of the integrin clusters (85% of observations
an intense 473 nm laser beam (18 mW, 30 seconds) fn=68; Fig. 4G)) or diffusely along the preformed integrin
photobleaching. The mean intensity of the TIRF of single cellslusters (15% of observations). Quantitative representation of
immediately after the onset of photobleaching illumination was typical recovery of fluorescence after photobleaching is
45% of the control and it returned to the control level at 15hown in Fig. 4E-J, demonstrating that the fluorescence at the
minutes or more after the illumination. Strong recovery ofextending tip of the integrin cluster increased from 61 to 133
fluorescence was seen near the cell margin and the boundaunts (Fig. 4, arrows in | and J). However, fluorescence at
between the two cells, whereas the recovery was relativetjhe middle part of the integrin cluster, which existed before
weak in the central region of the cell (Fig. 4, left column). Ifphotobleaching, increased from 66 to 83 counts (Fig. 4,
the florescence recovery was caused by lateral diffusion @frrowheads in | and J). Fluorescence also recovered slightly
unbleached labeled integrins in the apical cell surface, thesd the outside of the integrin clusters (Fig. 4, double
should be a time-dependent gradient of recovery from tharrowheads in | and J). Subtraction of a photobleached image
marginal to central region of the basal area. However, suchfeom a recovered one shows more clearly the intensive
phenomenon was not observed. These findings demonstraiszovery at the extending tips of the integrin clusters at FCs
that integrins were supplied to the ventral surface of the ce{Fig. 4H). These findings suggest that the intracellularly
from the intracellular region, and that the amount of integringlistributed integrins were translocated mainly to the tip of
supplied around the cell margin and the junctional arealongating FCs. Relatively weak recovery of fluorescence in
between the cells was larger than that in the central region tfe pre-existing clusters suggested that integrins in the cluster
the cell. This larger supply of integrins at the cell marginamaintained their turnover with a lower supply rate than that at
region might be one of the causes of the larger rate dhe extending tip. Weak recovery of fluorescence outside FCs
elongation of the integrins at the marginal regions of the ceBuggested that integrins were also translocated to the cell
in Fig. 3. membrane but that the amount of integrin supplied was lower
Photobleaching and recovery of 68 integrin clusters at FChan that of FCs.
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Source and mechanism of integrin supply to the FC and integrins. Fig. 6Ba,b show the images of two vesicles
formation (indicated by arrows in a) and integrins located at the
The distribution of integrins slightly above the integrin clustercorresponding positions of the vesicles (indicated by arrows
at FCs was imaged by CLSF microscopy to examine the sourdieb), just above an elongating FC. It is very likely that these
of integrin supplied to the extending tip of FCs. Time-lapse/esicles contain integrins from the fluorescence images. Fig.
recordings of integrin clusters at FCs were carried out b§Bc,d show the images taken 3 minutes after images a and b,
interchangeable TIRF and CLSF microscopy at 1 hour aftend that the FM4-64 florescence of two vesicles had
plating (Fig. 5). CLSF images afun above the basal surface disappeared from their original positions (Fig. 6Bc), while
of the cell showed the punctate spots of integrins remained ne=r
the extending tip of the integrin clusters at FCs in 3284 10)

of the cases observed. In the remaining cases, diffus
fluorescence images of integrins were observed near ti
integrin clusters at FCs. These findings suggested th
intracellular integrins near the tip of FCs could be a source ¢
integrins that can be used for the FC formation.

One of the most likely mechanisms for the supply of
integrins to FCs is that it is mediated by an exocytosis of th
vesicles that contained the integrins. To examine th
involvement of exocytosis in the FC formation, cells were
treated for 30 minutes with FM4-64 and then washed. Th
exocytosis process during the formation of integrin cluster
was imaged using FM4-64. When cells were stained witl
FM4-64 and antBi-integrin  antibody, most of the
intracellular vesicles (60%1)=158) were positive for both
FM4-64 and integrins, suggesting that integrins were carrie
by vesicles (Fig. 6Aa,b). The number of FM4-64 fluorescenc
spots declined gradually, probably because of the exocytos
of FM4-64 (Fig. 6Ac). To examine the relationship betweer
exocytosis of FM4-64 and FC formation at the basal regiol
of the cells, we made simultaneous TIRF images of vesicle

12 15(min)

Fig. 6. Time-lapse imaging of exocytosis and elongation of FCs.
HUVECSs were double stained with FM4-64, a marker for transport
vesicles, and fluorescent afti-integrin antibody for 30 minutes
before plating. (A) EpiF images observed at 60 minutes (a,b) and 90
minutes (c,d) after plating; (a,c) fluorescence spots from vesicles;
Fig. 5. Simultaneous time-lapse imaging of integrin clusters at FCs (b,d) fluorescence spots from integrins. Arrowheads in a and b

by TIRF and CLSF microscopy. (A) A TIRF image of integrin indicate the spots positive for both vesicles and integrins. The
clusters at 90 minutes after plating. The area surrounded by a number of fluorescence spots decreased gradually, suggesting the
rectangle was magnified and their dynamics were imaged by time- progress of exocytosis (c). (B) TIRF images were observed 60
lapse TIRF and CLSF microscopy for 15 minutes as shown in B.  minutes (a,b) and 63 minutes (c,d) after plating. (a,c) The
Elongation of an integrin cluster at an FC was observed in the uppedisappearance of fluorescence spots from vesicles (arrows). (b,d) The
series of TIRF images (an arrow in each frame shows the tip of an fluorescent spot from integrins and the spread of the bright integrin
extending integrin cluster), and a punctate spot of integrins in the cluster. (C) TIRF images of the elongation of FCs. Images were
intracellular space (an arrow in the lower series) was located slightlytaken at 60 minutes (a) and 75 minutes after plating (b). Red dots in
(~1pm) above the tip of the integrin cluster at the FC. Bargm0 b show the location of vesicle disappearance (putative exocytosis)
(A) and 5um (B). during 15 minutes of observation.
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the fluorescence of the integrins spread along the FCEgolocalization of integrins with stress fibers

suggesting an elongation and spread of the FC (Fig. 6BdAssociation of F-actins with FCs has been reported in various
The sudden disappearance of FM4-64 fluorescence from tigpes of cell (Kumar, 1998). Spatial distributions of stress
vesicles within a relatively short period and the stable ofibers and integrins in intracellular space and near the integrin
increased intensity and size of the fluorescence from theusters at FCs was examined by CLSF and TIRF microscopy
integrins that were suggested to be in those vesicles strongdy various times during FC formation. Cells were fixed at 30
suggested the exocytosis of FM4-64 and the incorporation ofinutes, 1 hour and 6 hours after plating, and were double-
integrins into FCs. Simultaneous time-lapse TIRF imagingtained for F-actins angh integrins. Sectioning images were
using FM4-64 and anti-integrin antibody for a longer periodaken at 1um above the basal plane of the cell by CLSF
(15 minutes) showed that 45% of the FM4-64 fluorescencmicroscopy. At 30 minutes after the cell plating, the labeled
spots disappeared at or near the extending tip of FCs (lesgegrins were colocalized with F-actins, particularly at the
than 1um from the tip) (Fig. 6C); 25% of the fluorescencemarginal region of the cells (Fig. 7Ac, arrows). At 1 hour after
spots disappeared in the central part of FCs and the remainiptating, 95% of the fluorescence spotsafintegrins were
fluorescence spots (30%) disappeared outside the FCs. Thésealized along the stress fibers (Fig. 7Ad,e,f; arrows and
observations, together with those from photobleaching andrrowheads). Essentially the same result was obtained at 6
the recovery experiments, suggested that the exocytosis loburs after plating (Fig. 7Ai). The spatial distributions of stress
integrin-containing vesicles is the major mechanism by whiclibers and integrins at the cell bottom were imaged
integrins are supplied to the FCs in the basal membransimultaneously by TIRF microscopy (Fig. 7B). Stress fibers
FM4-64 can be used as a marker for endocytosis of vesiclegere located along the bottom of the cell and they often
in general, but in the present experimental conditionterminated at integrin clusters at FCs (Fig. 7B, arrows). The
endocytosis of FM4-64 was not seen, because the diffusiddLSF images of integrins and stress fibers showed the co-
of the dye was too rapid to label the membrane aftelocalization of integrins and stress fibers in the intracellular
exocytosis. space. Most of the integrins were located along the intracellular

Integrin Actin Superimposed

Fig. 7.Colocalization of integrins
and stress fibers imaged by CLSF
and TIRF microscopy. (A) HUVECs
were fixed 30 minutes (a-c), 1 hour
(d-f) and 6 hours (g-i) after plating.
The left-hand column shows the
images of integrin distribution
(a,d,g); the centre column shows
stress fiber distribution (b,e,h); the
right-hand column shows
superimposed images of the
corresponding images in the left and
centre columns (c,f,i). These images
were taken Jum above the basal
plane of the cell with a CLSF
microscope. At 30 minutes after
plating, integrins were colocalized
with F-actin at the marginal region
of the cell (arrows in c). Arrowheads
in e and f indicate a typical stress
fiber. At 1 hour after plating, the
integrin clusters were located along
the stress fibers (two arrows in d and
f show typical cases). The same
trend was observed in integrin
cultures at 6 hours after plating (g-i).
(B) HUVECSs were fixed at 1 hour
after plating and observed by TIRF
microscopy. (a) A TIRF image of
integrin clusters at FCs; (b) stress
fibers; (c) superimposed images of a
and b. Bright images of integrin
clusters can be seen at the ends of
stress fibers (arrows in a-c). Bar,

20 um.
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stress fibers at 2 hours after plating. This supports the idea tt Q integrin
most of the integrins are translocated along the intracellule
stress fibers. These findings also agree with those from tl
photobleaching experiment, because these intracellul:
integrins (FITC) were not bleached by evanescent ligh
illumination.

Inhibition of integrin clustering at FCs by
cytochalasin D, BDM and ML9

Both actin-based and microtubule-based intracellula direction of
translocation systems have been reported previousl focal contact elongation
(Hirokawa, 1998; Merma”.et al., 1998.)' The effects of dru9§:'g. 8. Hypothetical model of integrin transport and the clustering at
'that b!ock these translocation mechanlsms on the format|o.n BCs. Surface integrins are first internalized, probably by endocytosis
integrin clusters at FCs were examined. At 1 hour after platings) and accumulated around the nucleus; this occurs ~30 minutes to
the cells were treated with cytochalasin D (30 nM), BDM (101 hour after plating the cell. Integrins are transported to the ventral
mM; an inhibitor of non-muscle myosin Il and myosin V side of the cell by an actomyosin-dependent vesicle transport system
adenosine triphosphatases (Cramer and Mitchison, 1995)R) and are recruited to the tip of extending FC, probably via
ML9 (10 uM) or ML7 (10 uM) (blockers of myosin-light- exocytosis (3) (red arrows show the sequence of these events). The
chain kinase (Saitoh et al., 1987)) for 1 hour and examined f@kirection of FC_ eIongationj in t_his _study was towards the cell centre in
FC formation by TIRF or EpiF microscopy. In the presence ofnost observations (the direction is shown by blue arrow). Elongation
cytochalasin D and BDM, 90% of integrin clusters at the FC§€ased when FCs grew to ph.
disappeared and the remaining integrin clusters at FCs were
thinner and shorter than the controls. Punctuate spots of the cell membrane (Sheets et al.,, 1995), which was
integrins were observed around the nucleus. Similar inhibitorguggested to be necessary for FC formation (Miyamoto et al.,
effects were seen in ML9-treated specimens. However, MLT995). Second, vesicles that contain integrins translocate from
showed less inhibitory action than ML9 as shown by &he intracellular space to FC-forming sites (Lawson and
biochemical study (Saitoh et al., 1987). Colchicine had ndlaxfield, 1995). The present findings support the latter
effect on the formation of integrin clusters at FCs. All of thesédwypothesis, because the photobleaching and recovery
findings suggest the importance in FC formation ofexperiments by evanescentillumination strongly suggested that
actomyosin-dependent translocation of integrins. integrins were supplied from the intracellular space to the
elongating site of FCs. Analysis of the intensity profile of
integrin fluorescence and simultaneous imaging of elongating
DISCUSSION FCs by CLSF and TIRF microscopy also support the latter
hypothesis. Furthermore, the EpiF (or CLSF) imaging of
Translocation of integrin clusters and the formation of FCsntegrins demonstrated that most were condensed near the
have mainly been studied in fibroblasts (Bretscher, 198%ucleus after the endocytosis of the integrins at 30 minutes
Smilenov et al., 1999; Zamir et al., 2000). These studieafter the plating and, at 6 hours, these punctate spots of
demonstrated the translocation of integrins in migrating cellgtegrins around the nucleus decreased (or disappeared) while
from the trailing edge (tail) to the extending margin (head) othose at FCs increased, suggesting that most of the integrins
the cell, where new adhesive contacts are formed. A possibleere supplied from intracellular space. Simultaneous imaging
process of integrin translocation can be summarized as followsf exocytosis of integrin-containing vesicles and elongation of
(1) endocytosis of integrins at the leaving edge (BretscheECs also suggested that the supply of integrins to FCs was
1989; Altankov and Grinnell, 1995; Palecek et al., 1996); (2jnediated by exocytosis. Fig. 8 summarizes our hypothesis for
translocation of vesicles containing integrins to the perinucleantegrin translocation and FC formation. The extension of
region (Bretscher, 1989; Sczekan and Juliano, 1990; Tawil @ttegrins towards the cell centre might be due to a direct
al.,, 1993; Altankov and Grinnell, 1995); and (3) furtherincorporation of integrins by exocytosis to the tip of FCs and/or
translocation of integrins to newly constructing FCs (Lawsorthe lateral translocation of integrins that originated from
and Maxfield, 1995). The punctate spots of integrins near thexocytosis near the tip of FCs. However, we do not exclude the
cell nucleus observed at 30 minutes after cell plating in thpossibility that part of the integrins incorporated in the tip of
present study agrees with the above hypothesis that thiee elongating FCs could arise from the bleached cell-surface
integrins were taken up into the cell by endocytosis from thetegrins that could not be seen after photobleaching. It is
cell surface and translocated to the perinuclear region. Th@ausible that surface integrins will turn over for a long time.
dappled image of integrins at 1 hour after plating might alsd@he integrins supplied at the tip of FCs could also be recycled
be due to the endocytosis of integrins at the basal ceflowly because the site of adhesion could turn over.
membrane. Because these punctate spots disappeared after tHa this study, we could recognize certain spots of integrins
formation of integrin clusters at FCs, the integrins at thend their colocalization with short filaments of actins at the
perinuclear region would be translocated to the basal cetharginal region of the cell at 30 minutes after cell plating,
membrane to construct new FCs. We mainly examined thiwhere no stress fibers and no punctate spot of integrins were
process in this study. seen. This suggests that integrins aggregate by lateral diffusion
Two hypotheses for the construction of new FCs have beeand form a premature adhesive contact during an early stage
proposed. First, lateral diffusion of integrins in a local regiorof FC formation at the marginal region of the cell.
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The importance of stress fibers for the FC formation has Recent studies (Regen and Horwitz, 1992; Smilenov et al.,
been reported in several studies. Inhibition of FCs formatiod999; Pankov et al., 2000; Zamir et al., 2000) showed the
by cytochalasin D or BDM has been shown in previous studiesanslocation of surface integrins in the fibloblasts. The present
(Folsom and Sakaguchi, 1997; Folsom and Sakaguchi, 1998)udy demonstrated that the elongation of integrin cluster
as well as in the present study. We also showed that vesiclesased when it reached a length of in and that the
containing integrins were associated with stress fibers and thelbngated integrin clusters did not move laterally. Therefore,
the stress fibers terminated near FCs within 100 nm. Because consider that the FCs we observed here are different from
the vesicle diameter is ~50-300 nm (Heuser, 1980; Orci et athe movable ‘extracellular matrix contacts’ reported by Pankov
1986), the stress-fiber-dependent translocating system coudd al. (Pankov et al., 2000).
bring vesicles containing integrins to the vicinity of FCs. The present study, which focused on the process of FC

Myosin V is associated with punctate structures that arformation in HUVECs, suggested that the extension of
presumably Golgi-derived cytoplasmic vesicles (Espreafico entegrins towards the centre is due to the exocytosis of integrin-
al., 1992) and/or with small organelles that are colocalized witbontaining vesicles at FCs. However, the present findings do
actin filaments or microtubules (Evans et al., 1997). Undenot exclude the presence of the lateral translocation of surface
certain conditions, myosin V attached to synaptic vesiclegtegrins. The lateral movement of integrins towards the
moves along actin filaments (Evans et al., 1998). Inhibition ointegrin cluster and our model of FC formation are not
serine and threonine phosphorylation by H-7 or ML-7 (bottexclusive; these two mechanisms might both work during FC
block the activity of myosin-light-chain kinase) also resultedformation. However, the EpiF (and CLSF) imaging of integrins
in the destruction of actin bundles and FCs (Zamir et al., 2000)n the present study showed that most were condensed near the
The inhibitory action of BDM and ML-9 (and ML-7) on FC nucleus after the endocytosis of integrins, which will be
formation in this study agrees with the idea that vesicletranslocated to FCs, suggesting that most integrins were
containing integrins are translocated to FCs in an actomyosisupplied from the intracellular space in HUVECs. Another
dependent way (Fig. 8). possible explanation is that the dynamics of integrin

The rate of microtubule-based transportation (20-g60 translocation during FC formation in HUVECs might differ
minute’l) (Vale et al.,, 1985; Bloom, 1992) was generallyfrom that of the integrin translocation in fibroblasts. The
higher than that of actomyosin-based transportation (0.1-1@ultimode live imaging used in this study will be a powerful
um minute) (Smilenov et al., 1999; Choquet et al., 1997). Intool to clarify the molecular mechanism of FC formation.
the present study, the elongation rate of integrin clusters at FCs
was 0.29um minutel and colchicine had no inhibitory effect  This study was partly supported by a Grant-in-Aid for Scientific

on the formation of integrin clusters at FCs, again suggesti esearch from the Ministry of Education, Science, Sport and Culture
the presence of actomyosin-dependent translocation Japan, a grant from the Japan Space Forum, a grant from the future

integrins. The integrin-cluster elongation at FCs in this stud r:ogsrgrx of the JSPS, and a grant for the object-oriented research from
e .

was towards the cell centre. The actin-dependent transport was

reported to be towards the cell centre in many cases (Palecek

et al., 1996; Pankov et al., 2000; Zamir et al., 2000). The
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