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Migrating fibroblasts perform polarized, microtubule-
dependent exocytosis towards the leading edge
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Summary

Cell migration might involve biased membrane traffic  nocodazole, exocytosis continued, but fusion sites were
toward the leading edge to facilitate the building of clustered around central Golgi elements; there was no
extracellular matrix, membrane protrusions and adhesion peripheral exocytosis. We conclude that microtubules are
plagues. We tested the hypothesis that secretory vesicles are necessary for the domain-specific fusion of post-Golgi
preferentially delivered toward the leading lamella in  vesicles with the plasma membrane during migration.
wound-edge fibroblasts. Single fusion events of vesicles

containing LDLR-GFP were mapped by total internal  Movies and supplemental data available online

reflection fluorescence microscopy (TIR-FM). In migrating

fibroblasts, exocytic events were polarized towards Key words: Total internal reflection, Evanescent wave, Cell

the leading edge. After disrupting microtubules with  polarization, Post-Golgi vesicle, Migration, Secretion

Introduction completely abrogates transport of post-Golgi carriers

Fibroblasts develop pronounced morphological asymmetrie@ontaining neurotropin receptor (p75)-GFP towards the
when undergoing directed migration. This includes a larg@eriphery of the cell in MDCK epithelial cells (Kreitzer et al.,
lamellipodium at the front and the nucleus at the back 02000).
the cell. The development of this asymmetry depends on In polarized epithelial cells, disruption of the microtubules
cytoskeletal rearrangements and it has been proposed tis#gws the delivery of apical membrane proteins and often
polarization of membrane trafficking is also important inresults in their mistargeting to the basolateral surface. By
supporting migration. It was the goal of this work to testcontrast, microtubule disruption does not significantly affect
whether membrane traffic is polarized in migrating cells andhe delivery of basolateral membrane proteins but does induce
whether the cytoskeleton contributes to this polarization. ~ apical exocytosis of proteins normally secreted into the
Secretory cargo exits the Golgi in pleiomorphic membranebasolateral medium (Boll et al., 1991; Thyberg and
bounded vesicles. Numerous live-cell studies have implicatebloskalewski, 1999). Although the effects of microtubule
microtubules in the transport of secretory cargo from the Golglisruption on apical and basolateral protein targeting in
to the plasma membrane in mammalian fibroblasts (Lippincotepithelia have been well characterized, it is unclear whether
Schwartz et al., 2000). Upon depolymerization of microtubuleg@nd how microtubules exert control over targeted transport of
with nocodazole, exocytic vesicles ceased to move angecretory carriers for fusion with specific domains of the
secretion of human chromogranin B was slowed (Wacker et apjJasma membrane. This is an important issue in highly
1997). In another study, the saltatory motion of post-Golgpolarized cells such as neurons and epithelia, in which the
vesicles carrying vesicular stomatitis virus glycoprotein-greeffidelity of asymmetric protein trafficking is essential to the
fluorescent protein (VSVG-GFP) stopped after nocodazoléunction of these cells in situ. It is equally crucial in cells that
treatment but the rate of bulk delivery to the plasma membrarieansiently polarize in response to acute stimuli, such as
was unchanged (Hirschberg et al., 1998). Similar to théibroblasts migrating to close a wound.
findings in fibroblasts, some post-Golgi vesicles loaded with Migration might require polarized exocytosis at the leading
VSVG-GFP co-localized with microtubules in the cytosol ofedge for the localized delivery of newly synthesized proteins
PtK> epithelial cells (Toomre et al., 1999). It is important toand/or lipids, which are needed for adhesion and localized
realize, however, that treatment of cells with microtubuleaddition of membrane. For example, integrins are recycled to
antagonists also results in fragmentation and dispersal of tiiee front of migrating neutrophils via a €alependent
Golgi apparatus to peripheral regions of the cytoplasm (Colmechanism (Lawson and Maxfield, 1995). Alternatively, local
et al., 1996). It is possible that redistribution of Golgi elementslelivery of bulk membrane to the leading edge might help to
could bypass microtubule-mediated secretory traffic. Inhibitiorform cell protrusions and could even drive migration (Bretscher,
of microtubule-based transport with microinjected, function-1996). A third potential explanation for enhanced membrane
blocking kinesin antibody leaves the Golgi intact buttraffic near the leading edge might be the modulation of
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membrane tension to facilitate cellular protrusions during actirecycling-deficient mutant of the low-density-lipoprotein receptor
polymerization (Raucher and Sheetz, 2000). (LDLRa18, 15 pg mfY). The cDNA was prepared in HKCI
To date, there has been no direct experimental evidendicroinjection buffer (10 mM HEPES, 140 mM KCI, pH 7.4)
showing that mammalian fibroblasts perform polarizec®nd microinjected using back-loaded glass capillaries and a
exocytosis towards the leading edge during migration. Earl{flicromanipulator (Narishige, Greenvale, NY). After injection, the
experiments on fixed cells showed a biased distribution lls were maintained at 37°C in a humidified x&@vironment for

h 0 minutes to allow the expression of injected cDNAs. Newly
secretory cargo (VSV-G) towards the leading lamellae o ynthesized protein was accumulated in the Golgi/trans-Golgi

wound-edge fibroblasts (Bergmann et al., 1983). Howevehetyork by incubating cells at 20°C (1-3 hours) in bicarbonate-free
because these studies were done using fixed cell assays, ibMEM supplemented with 5% serum and 1@Pmi-L cycloheximide
impossible to distinguish whether biased distribution was dugsigma Chemicals, St Louis, MO). Cells were transferred to recording
to polarized secretion or to polarized retention of proteins imedium (Hanks Balanced Salt Solution, supplemented with 20 mM
discrete membrane domains. HEPES, 1% calf serum, 4.5 g7l glucose, 100pug mk?
Total-internal-reflection fluorescence microscopy [TIR-FMcycloheximide). After shifting to the permissive temperature of 32°C
(Axelrod, 1989)] has been used to image the final step of tH&r transport out of the Golgi, the arrival of vesicles labelled with
secretory pathway — fusion of single vesicles with the plasmisP-Ral8-GFP was monitored by time-lapse TIR-FM. Nocodazole
membrane (Steyer et al., 1997: Oheim et al., 1998; Schmoran2¥S oPtained from Sigma (Sigma Chemicals, St Louis, MO).
et al., 2000; Toomre et al., 2000). Recently, we established a
quantitative method for imaging single fusion events at th@émage acquisition

plasma membrane using TIR-FM (Schmoranzer et al., 2000}he illumination for TIR-FM was done through the objective as
This method enabled us to distinguish fusion events from oth@keviously described (Schmoranzer et al., 2000). It consists of an
vesicle behaviours such as movement out of the focal plane iowerted epifluorescence microscope (IX-70, Olympus America,
photolysis. By locating individual fusion events in live cells, weMelville, NY) equipped with high-numerical-aperture lenses (Apo
can now investigate the spatial distribution of fusion sites at thE00x NA 1.65, Apo 6& NA 1.45; Olympus) and a home-built
plasma membrane and whether there are any preferred domajfgperature controlled enclosure. LDLR-GFP-tagged proteins were
of exocytosis in mammalian cells. Specifically, we can test th 4C't2%VXtthh& 4|?8 nm line of f"?o aégon Alase;I (Omglcl%rom;._, tr1no_del
hypothesis that exocytosis occurs preferentially at the leadin ifr;r ( 488'DCLGP§ES f\lrl'Ot];m(é?SrSvserécoi)tfmggte fr;’m acr:(r:or:r?:
edge of migrating fibroblasts. Furthermore, if domain-specifi@rechnologies (Bratfleboro, V).
delivery of secretory cargo does occur in migrating fibroblasts, |nages were acquired with a 12-bit cooled CCD (either Orca |
we can also test which cytoskeletal elements are involved in this742-95 or ORCA-ER, Hamamatsu Photonics, Bridgewater, NJ)
process. Because microtubules support the long-range transpesth with a resolution of 1280024 pixels [pixel sizes of
of post-Golgi carriers, we tested the role of the microtubulg6.70 um)2 and (6.45um)?, respectively]. The camera, the NI-
cytoskeleton in the site-specific delivery of secretory vesiclesIMAQ 1424 image acquisition card (National Instruments, Austin,
Here, we mapped the spatial distribution of fusion sites ifX) and a mechanical shutter (Uniblitz, Vincent Associates,
migrating and stationary fibroblasts using time-lapse TIR-FMRochester, NY) were controlled by in-house software written in
Exocytosis of secretory vesicles was polarized towards thg°BVIEWD 6.1 using the IMAQ Vision package (National
leading edge of migrating fibroblasts. After treatment Withlnstruments). Images were acquired with full spatial resolution at 4-

. - . frames per second. Images containing a region of interest of the
nocodazole to disrupt microtubules, transport and delivery Il were streamed to memory on a PC during acquisition and then

. . . . e

post-Golgi vesicles were abolished to the periphery of the cellyed to hard disk. The number of frames acquired per continuous

in non-motile cells and to the leading edge of migratingsequence was limited by the size of the memory (~100-500 kB per

wound-edge cells. image depending upon the size of the region of interest and the
binning mode of the camera). The depth of the evanescent field was

Materials and Methods gp;l:allzyooé()) 120 nm for the Apo &0N.A. 1.45 lens (Schmoranzer

Cell culture Cells were chosen that had an even adherence to the coverslip. The

Normal Rat Kidney (NRK) fibroblast were maintained in DMEM initial 1 hour of expression after microinjection allowed sufficient

(Mediatech Cellgro, Herndon, VA) supplemented with 10% bovinetime for some newly synthesized protein to reach the plasma

calf serum, respectively, in a 37°C incubator humidified with 5% CO membrane. Thus, we evaluated the adherence pattern based on the

Cells were plated either onto glass bottom dishes (MatTek, Ashlandniformity of LDLR-GFP at the plasma membrane.

MA) or on autoclaved coverslips (Fisher Scientific). For microscopy

on stationary NRK fibroblasts, cells were plated at a high enough ) ] )

density such that they reached confluence within 1-2 days. Only celMapping of fusion sites

that were in contact with the neighbouring cells were chosen foProcessing and analysis of the video sequences was done either with

microscopy. For experiments on migrating fibroblasts, a denselin-house software written in LABVIEW 6.1 using the IMAQ Vision

confluent monolayer was wounded by scraping of rows of cells witipackage or with MetaMorph (Universal Imaging, Downingtown, PA).

a sterile pipette tip. Cells at the edge of the wound were allowed fbhe sites of fusion were mapped manually using in-house software

recover for 2-3 hours at 37°C. Only cells with clearly polarizedwritten in LABVIEW 6.1. By systematically cropping the whole field

morphology, large lamellipodium and a nucleus away from the edgef view into smaller, easily viewable areas, the video sequences were

were chosen for microinjection. viewed repeatedly with different look-up tables to localize the fusion
events. The times of docking and fusion start, and the coordinates of

o the fusion sites were catalogued. The coordinates were plotted in

Nuclear microinjection Origin” (OriginLab, Northampton, MA) and then overlayed with the

Cells were microinjected with constant pressure into the nucleus witbpifluorescence image of the cell taken at the start of release of the

cDNAs encoding the green fluorescent protein (GFP) chimera of @olgi block.
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Results
Monitoring fusion during TIR-FM

To monitor exocytic fusions in live cells, °
expressed the membrane protein LDLR-GFF
nuclear microinjection and accumulated ne
synthesized protein in the Golgi/trans-G
network by incubating the cells at 20°C. After
hour of accumulation, cells were shifted to 32°
temperature permissive for transport out of
Golgi. The distribution of newly expressed LDL
GFP 10 minutes after release of the C
block was observed using either conventi
epifluorescence microscopy or TIR-FM (Fig. 1)
epifluorescence (Fig. 1A), the whole -cell 20755 25535 -15.54s 0.00s
illuminated and LDLR-GFP was obsen
primarily in the juxtanuclear Golgi complex.
contrast, in TIR-FM images (Fig. 1B), only
region of the cell in contact with the substratu
illuminated by the evanescent field (~100 nm
the cell). Time-lapse TIR-FM recordings sho
that individual vesicles could be seen moving a
the plasma membrane until they stopped and -
(Fig. 1C,D, Movies A,C). Fusion of a vesicle

defined quantitatively by the simultaneous ris  Fig. 1. Fusion of a post-Golgi E ; E—— 2
total and width of the fluorescence intensity of ~ Vesicle near the leading edge o Width"2 I
vesicle (Fig. 1E) (Schmoranzer et al., 2000). 'ffgagtid by TIR-FM. NRK dwit o1 "8
TIR-FM, we observed vesicles fusing with oroblasts were micronjected with .= " g
. cDNA encoding LDLR-GFP and £ P =
plasma membrane as early as 10 minutes . ; 2 . 1.0 43
I f the Golai block d fusi - the newly synthesized proteins s =
release of the 01g1 DIock, and Tusion continues allowed to accumulate in the Golgi = / . 3
up to ~120 minutes until the LDLR-GFP Vv 4 20°C. The cells were then 81 / ‘ Los 18
. . [
completely emptied from the Golgi. imaged by epifluorescence (A) and - Y /
TIR-FM (B) 10 minutes after the e —Loo
shift to 32°C. Scale bar, 30m. i [:4::1 0

Exocytosis is polarized towards the leading Using epifluorescence, the

edge in migrating fibroblasts accumulated LDLR-GFP brightens
We tested for domain-specific delivery the area of the Golgi complex. Using TIR-FM on the same cell, single vesicles
biosynthetic membrane cargo (LDLR-GFP) can be seen that have arrived at the contact surface. (C) An enlargement of a
fibroblasts by mapping the vesicle fusion site  vesicle moving toward the leading edge and (D) fusing with the plasma
stationary and migrating NRK cells. Vesicle fus ~ membrane. Scale barspn (C), 1um (D). (E) Plots of the total intensity and the
was detected by TIR-FM as described above width of the fluorescence intensity of the fusion event in (D). Time is indicated
the positions of fusion sites (from images acqt relative to moment of fusion start at 0.00 seconds.
over a 60 minute period) were mapped
Materials and Methods). Uneven adherence of cells might biamigrating fibroblasts differs from that in stationary cells, we
the TIR-FM fusion analysis, which relies on the plasmameasured the frequency and distribution of fusion events in
membrane being in close contact with the coverslip. Thus, igells at the edge of an experimental wound. To ensure that the
all experiments, we selected only cells that showed a uniforimjected cells were migrating, we monitored the position of the
adherence pattern as detected by the fluorescence signalcefls before and after the TIR-FM recordings (Fig. 3). Similar
the plasma membrane in TIR-FM at the beginning of théo previous observations, only two-thirds of these cells had
experiment. their Golgi oriented towards the front of the cell (Palazzo et
In all mapping experiments (Fig. 2), the fusion sites wereal., 2001). For example, the Golgi complex of the cell shown
superimposed on the outline of the cell (yellow line) and amn Fig. 3D is so oriented, whereas the Golgi of the cell in Fig.
epifluorescence image showing the location of the carg@C is not. Thus, Golgi reorientation was not used as the
(LDLR-GFP) at the beginning of Golgi-block release. At thiscriterion for migration.
time most of the cargo was accumulated in the Golgi. In The map of post-Golgi vesicle fusions in migrating cells
stationary cells (cells grown to confluence), the resulting magiffered dramatically from that in stationary cells. Strikingly,
revealed that fusion events were widely distributed over the cathany fusion sites were clustered close to the leading edge of
surface (Fig. 2A, Movie A), with areas of sparse and areas ofigrating cells (representative example of four migrating cells
more clustered fusion sites. In general, most vesicles weig Fig. 2D and Movies C front and back). This distribution of
transported away from the Golgi towards the periphery of th&usion sites was quantified in two ways. First, the distance
cell until they fused. between the fusion site and the Golgi was measured as a
To test whether the delivery of post-Golgi vesicles infunction of the maximum distance between the Golgi and the
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Fig. 2.Map of fusion sites of post-Golgi Stationary Migrating
vesicles. NRK fibroblasts were microinjected

with cDNA encoding LDLR-GFP and

imaged using TIR-FM with a temporal
resolution of ~5 frames per second between
10 minutes and 60 minutes after the release
of the Golgi block. Cells were outlined
(yellow line) by thresholding the
epifluorescence image against the
background. Epifluorescence images indicate
the LDLR-GFP load in the Golgi before the
release of the Golgi block (grey level). The
sites of fusion are indicated by either yellow
crosses or cyan stars, depending on whether
the fusions were complete or partial,
respectively. For the migrating cells (C,D),
the direction of the leading edge is indicated
by white arrows. Stationary (A,B) and
migrating (C,D) cells are either untreated
(A,C) or treated with 1M nocodazole

(B,D) during the last hour of the 3-hour

Golgi block. Scale bars, 30m.

Untreated

periphery of the cell (Fig. 4AB
Because vesicles are transported a
curvilinear microtubule tracks, tt
measurement does not record the

distance travelled. However, this anal
can be used to compare the statis
distributions of the values from ce
under different conditions. In station:
cells, the distance values show an ¢
distribution, falling off gradually at abo
40% of the maximum distance between the Golgi centre antklls (peak at ~65%, average at ~44%) than in stationary cells
the farthest edge of the cell (Fig. 4A). The fusions werdpeak at ~15%, average at ~21%) (Fig. 4A,B). Approximately

significantly farther from the Golgi in migrating, wound-edgehalf of all fusion sites were mapped at a position greater than

Nocodazole

Fusion sites: partial

Fig. 3. Microinjected cells move during TIR-FM recording

of exocytic events. (A,B) Monolayers of NRK fibroblasts
were wounded. Cells at the edge of the wound were
microinjected with cDNA encoding LDLR-GFP, incubated
for 1 hour at 37°C and then shifted to 20°C for 2 hours
prior to image acquisition. Wound-edge cells expressing
LDLR-GFP were identified at low magnification by
epifluorescence (black outlines). The cells were then
imaged under transmitted light at the same magnification to
localize the wound edge at the beginning of the experiment
(green outline). At the end of the experiment, ~90 minutes
later, the same field was imaged again at low magnification
(red outline). Cells at the edge of the wound advanced
significantly (10-2Qum) during that time. All injected cells
advanced with the wound edge. (C) High magnification
contrast images were taken of the injected cell marked by
the asterisk in (B). The outlines of the cell and the nuclei
were traced just before the first TIR-FM recording (0 min,
green) and after the last TIR-FM recording (30 min, red).
(D) The cell shown in (C) was imaged by TIR-FM in eight
intervals (each 500 frames, 5 frames per second). The
complete (yellow crosses) and partial (cyan stars) fusion
events were mapped. The fusion map was overlayed on top
of an epifluorescence image taken at the beginning of the
TIR-FM recording. Notice that the Golgi complex is
oriented towards the direction of migration (white arrows).
Scale bars, 5am (A,B), 10um (C,D).
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51 Fig. 5. Distribution of the fusion density and time in stationary and
0 migrating NRK fibroblasts. For each cell, the long axis was defined
"c') 10 20 30 40 50 60 70 80 as the fu_rthest distance from edge to ed_ge through the centre. The
. P . . total region of the cell was then divided into three orthogonal parts
Distance:fuson siteto Golgi with equal width along the long axis (A). To compare migrating and
[% of max distance (olgi-center to cdl-edge] stationary cells, we chose region 1 to be at the end of each cell that

was closest to the nucleus. The number of fusion sites were counted
Fig. 4. Distances of fusion sites of vesicles from the nearest Golgi in each region and normalized by the total number of fusions per
element in untreated or nocodazole-treated stationary and migratingsell. The fusion density was determined by dividing the normalized
fibroblasts. The distances from each site of fusion (mapped in Fig. Z)umber of fusions per region by the normalized area of each region.
to the closest Golgi element (before the release of the Golgi block) To account for the higher fusion rate in migrating cells (~22 fusions
were measured for stationary (A) and migrating (B) cells. The data per minute) compared with stationary cells (about eight fusions per
from untreated and nocodazole-treated cells are coded in black andminute), the values for the migrating cells were multiplied by 2.75.
grey, respectively. To normalize for cell size, the distance values areThese fusion-density/time values of each cell [five stationary cells
displayed as the percentage of the maximal distance between the (176 fusions) and four migrating cells (375 fusions)] were averaged
centre of the Golgi and the furthest edge of the cell. The counts are and plotted with the SEM as error bar (B).
normalized to the total counts (notice the axis break).

domain). This would be consistent with our observation of a
50% of the distance between the Golgi and the cell periphergharply bordered exclusion of fusion sites ~1a2 short of the
This clearly demonstrates that post-Golgi vesicles areell edge. However, it is also possible that vesicular transport
transported over a longer distance in migrating versusto this region is restricted by a dense actin meshwork at the
stationary cells. leading edge.

Second, the polarization of fusion sites was quantified by Migrating cells exhibited a higher fusion rate (about 22
measuring fusions per unit time in each of three equally spacédsions per minute, 353 fusions in four cells) than stationary
areas along the long axis of the cells (Fig. 5A,B). Comparedells (about eight fusions per minute, 181 fusions in four cells).
with stationary cells n=5), migrating cells ri=4) clearly  Near the trailing edge of migrating cells, the rate of fusions per
showed strongly biased exocytosis within the region of the celinit area was comparable to the rate of fusions across the
including the leading edge (region 3). The number of fusionsontact surface of stationary cells. By contrast, near the leading
occurring at the leading edge might be an underestimatdge of migrating cells, the rate of fusions was significantly
because some regions of the lamellipodium might not be clogegher (Fig. 5).
enough to the coverslip to be detected by TIR-FM. Indeed, We have previously observed that not all fusion events
many vesicles moving towards the leading edge disappearegsult in complete emptying of cargo from the secretory
abruptly without undergoing obvious fusion. It is possible thatresicles (Schmoranzer and Simon, 2003). When we analysed
these vesicles fused with regions of the plasma membrarniee number of partial and complete fusion events in stationary
outside the evanescent field (i.e. the ventral plasma membracells we found that, in 14% of all fusion evems181 in four
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cells), only part of the membrane protein cargo of each vesiclaicrotubules even as the vesicle is fusing and delivering
was delivered to the plasma membrane. An example cell imembrane cargo to the plasma membrane (Schmoranzer and
shown in Fig. 2A in which vesicles that completely deliveredSimon, 2003).
their cargo are marked with yellow crosses and those that Here, we show directly, by mapping the fusion sites of post-
delivered only part of the membrane cargo are marked witsolgi vesicles in live cells, that intact microtubules are
cyan stars. The spatial distributions of complete- and partiatesponsible for the delivery of vesicles to certain domains on
release fusions could not be distinguished. A similathe cell surface. In untreated, stationary cells, fusion sites were
population of partial-release fusion events was observed in tivadely distributed over the cell surface. In migrating cells the
migrating cells (13% of 353 fusions in four cells; Fig. 2C, Fig.fusions were strongly polarized towards the leading edge.
3D). With disruption of the microtubule array, fusion of post-
Golgi vesicles still occurred. However, the fusion behaviour
changed in two ways. (1) All fusion sites were clustered around

Disruption of microtubules eliminates long-range, the central Golgi elements. We can therefore conclude that
polarized delivery of post-Golgi vesicles to the cell long-range transport from the central Golgi to the plasma
periphery membrane is clearly dependent on microtubules. (2) In the

To test the role of microtubules in the targeted delivery of postabsence of microtubules, a substantial proportion of vesicles
Golgi vesicles, we treated the cells with Pl nocodazole require repeated fusions to deliver all of their membrane
during the last hour of the Golgi block. After this treatmentproteins to the plasma membrane. This is consistent with our
microtubules were largely, but not completely, depolymerizegrevious observations that the microtubules affect the
(see supplementary Fig. S1, http://jcs.biologists.orgtlynamics of vesicular fusion (Schmoranzer and Simon, 2003).
supplemental/). Although the Golgi was fragmented slightlyMapping the partial and complete releases, we see no bias of
under these conditions, most of the Golgi elements were stilhe partial fusions toward the leading lamellae in migrating
located in a juxtanuclear position (Fig. 2B,D). Post-Golgicells.
cargo appeared as large fluorescent spots that underwent littleJt has been proposed that migration might require polarized
if any, directional transport. Fusion events, however, were stikxocytosis at the leading edge for delivery of recycled proteins
observed, albeit at a reduced rate (about four fusions psuch as integrins (Lawson and Maxfield, 1995), secretory
minute, 185 fusions). proteins (Bergmann et al., 1983) or bulk membrane (Bretscher,
We repeated the mapping experiment in nocodazole-treatd®96). However, like the enhanced exocytosis we observed at
cells. At the wound edge, these cells exhibited the santbe leading edge, we recently found that endocytosis is
polarized morphology as the non-treated wound-edge cells bignhanced near the leading edge (Rappoport and Simon, 2003).
as expected, they did not migrate. Therefore, we called thehus, it does not seem likely that the net addition of bulk
nocodazole-treated wound-edge cells simply ‘polarized’ cellanembrane by enhanced exocytosis at the leading edge is
In both stationary cells in a confluent monolayer (Fig. 2B) andequired to drive migration. The enhanced exocytosis and
polarized cells at the edge of a wound (Fig. 2D), the fusioendocytosis could instead be a mechanism by which to
sites were clustered around the partially dispersed Golgiromote rapid and reversible modifications in the protein and
elements. As a result, the distribution of fusion sites idipid composition, and/or the tension of the membrane at the
dramatically shifted to smaller values, with ~70% of all fusionleading edge. Enhanced exocytosis might contribute to the
sites clustered between 0% and 5% (notice the break in thielivery of new membrane and secretory proteins toward the
vertical axis in Fig. 4A,B). Very few fusions occurred at theleading edge. Alternatively, a change in membrane tension
cell periphery. This result clearly demonstrates that long-rangmight facilitate the formation of cellular protrusions during
vesicle transport toward the cell periphery is microtubuleactin remodelling (Raucher and Sheetz, 2000). Either scenario,
dependent. Significantly, the proportion of partial fusion eventalone or in combination, could be forces that contribute to cell
increased from 13% in untreated cells to 54% in nocodazolaigration.
treated cells (Fig. 2B,D). Our data show that microtubules are required for peripheral
and domain-specific exocytosis in fibroblasts. Disruption of
) ) microtubules has been shown to stop or reduce locomotion of
Discussion fibroblasts (Vasiliev et al., 1970; Gail and Boone, 1971;
Microtubules are involved in the long-range transport ofGoldman, 1971; Liao et al., 1995). Injection of an antibody
organelles, including post-Golgi vesicles (Hirschberg et al.against kinesin results in reduction of cell asymmetry and
1998; Toomre et al., 1999). However, because secreticsuppression of pseudopodial activity at the leading edge of
continues in the presence of microtubule antagonists, thmigrating fibroblasts (Rodionov et al., 1993). Injection of an
precise role of microtubules in secretion is unclear. It wasntibody against kinesin also blocks microtubule-based
suggested that microtubules might be responsible faransport of secretory cargo from the Golgi to the cell periphery
delivering post-Golgi vesicles to specific regions within the(Kreitzer et al., 2000). Together, these results support the
plasma membrane. hypothesis that polarized exocytosis is required for migration.
Using TIR-FM, we previously established a quantitative How localized secretion contributes to migration and the
method for imaging single fusion events of constitutivelymechanism by which secretory carriers are directed to the
secreted vesicles at the plasma membrane (Schmoranzer etlabding lamella in migrating fibroblasts remain to be resolved.
2000). This method enabled us to locate single fusion even@early, this targeting is microtubule dependent but it is still
over a large area of a living cell. Using this technique, weinknown how vesicles end up on correct microtubule tracks
observed that secretory vesicles remain attached to tlier their destination.
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