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Spatial mapping of integrin interactions and dynamics
during cell migration by Image Correlation Microscopy
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Summary

Image correlation microscopy methodology was extended fivefold higher than surrounding regions). Interestingly,
and used to determine retrospectively the density, dynamics a5-integrin and a-actinin, but not paxillin, reside in a
and interactions of a5-integrin in migrating cells. a5-  complex throughout the cell, where they diffuse and flow
integrin is present in submicroscopic clusters containing 3- together, even in regions where they are not organized.
4 integrins before it is discernibly organized. The integrin  During adhesion disassembly some integrins diffuse away
in nascent adhesions, as identified by the presence of slowly, a-actinin undergoes a directed movement at speeds
paxillin, is ~1.4 times more concentrated, ~4.5 times more similar to actin retrograde flow (0.29um min=3), while all
clustered and much less mobile than in surrounding of the paxillin diffuses away rapidly.

regions. Thus, while integrins are clustered throughout

the cell, they differ in nascent adhesions and appear to http://jcs.biologists.org/cgi/content/full/117/23/5521/DC1

initiate adhesion formation, despite their lack of visible

organization. In more mature adhesions where the integrin  Key words:a5-integrin, Cell migration, Adhesions;actinin,

is visibly organized there are ~900 integringim= (about  Paxillin, Correlation microscopy, Cytoskeleton

Introduction promise to provide the methodology to dissect molecular

During migration, the cell executes and integrates a cycle épechanisms of complex spatially and temporally regulated
activities that include the formation of a membrane protrusioffrocesses like cell migration and provide the quantitative data
and the assembly of adhesion complexes at the leading ed@@gded to model them (for a review, see Webb et al., 2003).
the forward movement of the cell body, and detachment ofhese tools allow concentrations, intermolecular interactions,
adhesions and retraction at the cell rear (Horwitz and Parsortgansport properties and dynamics of biomolecules to be
1999; Lauffenburger and Horwitz, 1996). These processedetermined in situ. Thus, they provide the information required
repeat cyclically allowing the cell to move forward for understanding the mechanisms of adhesion and signaling
continuously. The spatial segregation of these activities impliedynamics that underlie the complex process of cell migration.
molecular heterogeneities and a polarity that are intrinsic to a In this study we have developed and extended image
migrating cell (Ridley et al., 2003). It also suggests thecorrelation microscopy [ICM - also known as image
existence of mechanisms that maintain this polarity duringorrelation spectroscopy (ICS) (Petersen et al., 1993; Petersen
migration. The implication is that the molecules that mediatet al., 1998; Wiseman and Petersen, 1999; Wiseman et al.,
migration-related processes have different concentration000)], a variant of FCS, to investigate the heterogeneities in
dynamics and/or intermolecular interactions across the celhe distribution, dynamics and interactionsa&kintegrin and
(Webb et al., 2002; Del Pozo et al., 2002). While some-actinin in the context of the formation and disassembly of
localized sites of activities, such as mature adhesions, can Bghesions during cell migration. While ICM has been used
readily visualized by optical microscopy, even these are ngireviously on static images, we have extended the technology
readily visualized in some of the most rapidly migrating cellsand developed methods to analyze image stacks retrospectively
The complex and dynamic macromolecular choreographfrom time-lapse sequences to produce cellular maps of
performed by migrating cells has led to the recognition thamolecular densities, interactions, diffusion rates, and the net
novel physico-chemical methods will be required to understandirection and magnitude of non-random, concerted molecular
this molecular process (Webb et al., 2003). The emergence miovement. Using these maps we have examined specific areas
quantitative, fluorescence-based microscopy techniques likif migrating cells before, during and after events such as
fluorescence correlation spectroscopy (FCS), fluorescengeotrusion formation and adhesion formation and disassembly.
recovery after photobleaching (FRAP) and speckle microscopyhese analyses revealed several novel observations including
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the clustering of integrins in newly forming adhesions,immersion objective lens (NA 1.40), which was mounted in an
differences in the transport properties of integrin, paxillin andnverted configuration. Images having dimensions of 480 by 512
a-actinin in regions where adhesions are disassembling, andiels were typically collected with an optical zoom setting »f 2

novel, robust interaction between integrin andctinin, but ~ 9iving 0.118um per pixel. Individual image frames sampled from the
not paxillin, outside of adhesions cells were accumulated as averages of 32 video rate scans.

Image autocorrelation and cross-correlation analysis

Materials and Methods Microscope image time series volumes were viewed, and image
Cell culture sections of 32 64, 128 or 256 pixels were selected from regions
CHO-K1, CHO-B2 (a cell line deficient in expressionatintegriny  ©Of the cell and exported for image correlation analysis using a custom
(Schreiner et al., 1991) and MEF cell lines were cultured in minimunf** Program written for the PC. Correlation calculations for all image
essential medium (MEM) supplemented with 10% FBS, andiMe series and nonlinear least squares fitting of the spatial correlation
glutamine, as well as 0.5 mg thheomycin (G418) when they were functions were performed in a LINUX environment on a 1.2 GHz dual
expressing fusion proteins. Nonessential amino acids were also addg@cessor PC using programs written in FORTRAN. Discrete
to the CHO media. Cells were maintained in a humidified, 8.5% colntensity fluctuation autocorrelation functions were calculated from
atmosphere at 37°C. Cells were lifted with trypsin and plated on 4H#1€ image sections as has been previously described (Wiseman et al.,
mm diameter No. 1.5 coverslips or on home-made 35 mm glagd?00). Nonlinear least squares fitting to the calculated temporal
bottomed dishes coated with an integrin-activating (2, 5 gl correlation functions was done on a PC using Sigma Plot for Windows
fibronectin FN) or non-integrin-activating matrix (20§ mt poly-  (SPSS, Chicago IL). The equations used for the calculation and fitting
D-lysine). Cells were maintained in CCM1 medium (HyClone, Loganf the normalized intensity fluctuation autocorrelation and cross-
UT) at 37°C during imaging with a Bioptechs FCS2 closed incubatiofOrrelation functions (both spatial and temporal) are described below.
chamber, or a Warner Instruments heated stage insert (Bioptechs,

Bgtler, PA; Wgrngr Instruments, Hamden, CT), in combination with ntensity correction for GAP-GFP experiments

Bioptechs objective heater. Nontransfected CHO cells were used e original GAP-GFP experiments were done on cells expressing

control samples to determine autofluorescence background levels. C .
samples that had been fixed with 4% paraformaldehyde in PBS for %%:’ (S65A), thus the data had to be corrected for differences between

. . brightness of EGFP and GFP (S65A). Comparisons were made b
minutes at room temperature were also prepare_d and_lmaged to Provy ar?d also by a molecular brigh(tness )analysips Both measurementg
a control for any contributions from mechanical vibrations, stage :

translations and laser fluctuations. Stable CHxBXFP-expressing sgg\évAthat :Ee dE(tBFP was fourt]ddto bexdl.m'?hter than the GFP
cells, plasmids fora5-GFP, a-actinin-GFP and paxillin-GFP, and ( ) so the data was corrected accordingly.

transfection protocols are explained in detail by Laukaitis et al. and

Webb et al. (Laukaitis et al., 2001; Webb et al., 2004). Theory

In the present work we present a general framework of the theory for
image correlation analysis and introduce equations new to the analysis

Slngle-phqton confocal microscopy . in this report. For a more complete introduction see Wiseman et al.
Confocal images were collected on an Olympus Fluoview 30Qwiseman et al., 2000).

microscope with an IX70 inverted microscope fitted with & 60

PlanApo (1.40 NA) oil immersion objective. Excitation was from the

488 nm laser line of a 40 mW Ar ion laser (Melles Griot, Tokyo, Generalized spatio-temporal correlation function

Japan) attenuated to 0.1-0.2% power using an acoustic optic tunalg define a generalized spatio-temporal correlation function which is
filter. A Q500LP dichroic mirror was used for the laser excitation anc function of spatial lag variablés andn and of a temporal lag

for collection of the emission from GFP-labeled cells. Images wergariablet for detection channels a and b:

collected using the Fluoview software with either 8800 pixels at

3x zoom or 10241024 pixels at 19 zoom corresponding to a pixel (Aa(X,y,)Ap(X+E,y+n,t+1))

resolution of 0.11um or 0.023um with the slow scan speed. fa$,11,7) = (alipder ' @

where the spatial intensity fluctuations are defined as:

Two-photon microscopy . _ 06y, = (XY, —ia )
Multi-photon imaging was conducted using a Biorad RTS2000MP . ) ) . . )
video rate capable two-photon/confocal microscope (BioRad‘,’Vhere <i>is t_he average intensity _of the image collected in detection
Hertfordshire, UK) in inverted configuration, coupled with a MaiTai channel a attime tin the image series. In cases where a=b=1 or a=b=2,
pulsed femtosecond Ti:sapphire laser (Spectra Physics, Mountaffl- 1 defines a_normallzed intensity fluctuation autgcorrelati)n
View, CA) tunable from 780-920 nm. The microscope uses a resonafit"ction for detection channel 1 or 2 (Fig. S1A). When a=1 and b=2,
galvanometer mirror to scan horizontally at the NTSC line scan rat&d- l represents a normalized intensity fluctuation cross-correlation
Aspects of the microscope scan optics and electronics have beBction between the two detection channels. The angular brackets
described in more detail previously for a prototype microscope dfidicate an ensemble average.

similar configuration (Fan et al., 1999). Point detection is employed

using a photomultiplier tube(s) with a fully open confocal pinhole(s) Spatial autocorrelation and cross-correlation

when imaging. For GFP the laser was tuned to 890 nm and a 5 . . . . . . .
DCLPXR %Iic%roic mirror and an HQ528/50 emission filter were! or a fixed collection time t (i.e. for one image) a normalized spatial

: : : : . tensity fluctuation autocorrelation function (a=b=1 or 2) or cross-
e e P EgIeaton uncton (s=1 and =) may be defned by evaluatng Eq
dichroic mirror, and HQ485/22 and HQ560/40 emission filters wer with zero time lag:
used for detection and separation of emitted light. All laser filters wer (Aa(X,y, )Ap(X+Ey+n,1)
from Chroma Technology Co. (Brattleboro, VT). raf(§,1,0) = — : (3)

Image time series were collected using a PlanApo Nikendio (a)ink
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We calculate the discrete approximation to these spatial correlatidummation is performed over all fluorescent species (Thompson,
functions by Fourier methods and fit them with Gaussian functions b$991). The analytical form of the fluctuation relaxation factor for 2D
nonlinear least squares methods as has been described previouifjusion is:
(Petersen et al., 1993; Wiseman and Petersen, 1999). The generali- -~

Gaussian fit function is represented as follows (note in this fittinc M = O + ot 8
equation and those that follow, the fit parameters are highlighted i e EIL Td% ' ®)
bold type):
2D Spatial Correlation Function while for 2D flow it is:
62""72'] 0 |:|2
ratf$,17,0)n = Gan(0,0,0) €Xp — [—— [0+ Gz an , (4) M. = T 9
Dok m =exp-G-0 (©)
gt g

where the subscript n denotes spatial correlation functions or fit

parameters obtained for a particular image number n (or from a p d for a diffusing species with a biased flow direction it takes the

of images in the two detection channels for spatial cross-correlatio 9rm.

in the time series. We obtain best fit estimates of the zero spatial le 0 rt O Or?0 toio
correlation function amplitude §g0,0,0}], the € correlation radius Mi=O+—0 exp-0-0 O+—0 [ (10)
in the focal plane dyp 29 and fitting offset parameter at long O WQg o Oo¥o0o WO g

correlation lengths (g, (Petersen et al., 1993). We have adopted & S )

new notation using an infinity symbol for the offset parameter becaud¥ote thattg andt; are the characteristic diffusion and flow times for

it emphasizes the fact that it is for incomplete decay at long correlatidh/Ctuations associated with the two transport modes.

lengths and times (see Eqs 11, 12 and 13), and is less likely to beTemporal autocorrelation functions were calculated for selected

confused with the zero lag correlation function amplitude. Note alsghage series sections and were fit with three separate functional forms

that wy, the effective two-photon & correlation radius, is that are analytical solutions for the generalized intensity fluctuation

proportional to the & beam radiusdy,) for the laser fundamental correlation function appropriate for specific cases of 2D transport

wavelength divided by square root of two. phenomena. The fit functions for 2D diffusion, combined 2D diffusion
We calculated the degree of aggregation (DA) as the product of tid flow for a single population of molecules, and two populations

spatial autocorrelation function amplitude and the mean intensity fo¥eparately flowing and diffusing in 2D, were calculated for each
each image. temporal correlation function and the appropriate functional form

- ; selected based on the highesdtdRrrelation coefficient for the fits.
DA = 6240,0,01(0)n ®) The fit functions applied were:
A time series plot of the DA parameter reflects the relative changes

in the mean aggregate size (Petersen, 1986; Wiseman and Peter%"diffusion (Fig. S1C,E):

1999).
o 0t
ra(0,0.7) = gan(0,0,0) L + — + G ab, (11)
Temporal autocorrelation and cross-correlation g =dd

A normalized temporal intensity fluctuation autocorrelation function
(a=b=1 or 2) or cross-correlation function (a=1 and b=2) may b

defined by evaluating Eq. 1 with zero spatial lags (Fig. S1B): %D diffusion and flow for a single population (Fig. S1D)

(Aa(X,y,DAip(X,y,t+1)) o r0?
ra0,07) = — . (6) (a{0,0.7) = gar(0,0,0) 0 + — [
(i) O 7O
The decay of this function is related to the temporal persistence ¢ O O wr (PO Qg
the average spatial correlation between images in the time series tt expd-0——0 O +—0 O+g-an, (12)
are separated by time lagThe shapes and decay rates of the tempora 0 Kwepan 0 O 7¢O 0

correlation functions are dependent on the dynamic transpoi.
properties of the independent discrete fluorescent units that contribute

to intensity fluctuations on the time scale of the measurement. Thep diffusion and flow for two populations (i=1, 2) (Fig. S1F):
temporal correlation functions can be solved analytically for the decay

functions that characterize diffusive or flow molecular transport in ¢ O 1t
two-dimensional (2D) system (Thompson, 1991). For a multi- ry40,0,7) =gan(0,0,0) (1 + — [
component system illuminated by a focused laser beam ingdEM 0 7a
mode, the temporal correlation function decay will have the following 2
form: O O vt -0
+0ap(0,0,0p exp O—0————0 [+ geap, (13)
R 0 K @2p ab [ 0
Z af(NM; _ o . _
_ where the fit parameters highlighted in bold type are the zero time
g = = , (7 lag correlation amplitude [g(0,0,0)], the characteristic diffusion
OR ? time (tg), the mean flow speed @vind an offset parameter for
E'Z ai(Ni) O the correlation function at long correlation times, £g9. The <y
=1 O a5> value is the mean laterat?ecorrelation radius obtained by

averaging thewp, ap Values obtained by fitting of the individual
whereaq; is the ratio of the fluorescent yield of species i relative tospatial correlation functions for each image in the time series using
that of the monomer subunit;EQ/Q,), M; is a general fluctuation Eg. 4.
relaxation factor specific for each mode of transport and the Diffusion coefficients were calculated using the best fit lateral
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correlation radius and the characteristic diffusion time (Elson andhannel into the yellow channel but virtually no bleed through (<1%)

Magde, 1974): from the yellow channel into the cyan for the two-photon microscopy
2 imaging. Signal cross-talk from channel 1 (CFP) into channel 2 (YFP)
Dexp= (wpp ay . (14) will systematically affect both the autocorrelation of the YFP signal

41y and the cross-correlation between the two channels. However, under

these conditions (cross-talk from channel 1 into 2), the cross-talk

The nonlinear least squares fitting yields best fit parameters for the,tiution will be a fractional contribution of the autocorrelation of
characteristic diffusion timeg, and the mean flow speed,|¥or the the first channel:

single population. Note that the characteristic flow time, is

inversely proportional to the mean flow speed: Mon(&,17.7) =
<(,)2p at} <aZ(X‘yrt)dZ(X+Ely+nrt+T)> + y2<dl(xvyvt)d 1(X+§,y+l7,t+r))
T M (1°) [ + V0P |

19)
For analysis of the single photon CLSM datay, is simply _

replaced by the=@radius at the focusu) for the excitation laser. rael§,1.7) =

For the two population fits (Eq. 13), the separate zero lag amplitude  (di1(x,y, DA o(x+&y+n,t4+1)) + YK A1(X,Y, DA 1(x+E y+n,t+7))

are interpreted according to a variant of Eq. 7 evaluated at zero tin

: iD[(ia) + ¥ '
g (il(i2) + i) 20)
B a?(N;) o wherey is the fraction of cross-talk from channel 1 into channel 2.
9a{0,0,0 = {axNp + axNo)}2 wherei=1or2. (16) For the two color ICCS experiments, we completely corrected the

cross-correlation functions and the channel 2 autocorrelation
Estimates of the fraction of immobile species for each correlatiofunctions for the cross-talk contribution from channel 1.

measurement were obtained from the zero time lag fit values and the

long correlation time offset fit value. By assuming that the immobile

species have the same aggregation state as the mobile species, weRasults

calculate the percent of immobile species in the following way (Eicm reveals the presence of submicroscopic clusters of
Feinstein et al., unpublished):

a5-integrin
% Immobile = sxab - 100, 17) The prominent adhesions that characterize quiescent, highly
adherent cells growing on rigid, planar substrates have been
9*6‘)*2 92(0,0,0) studied extensively. However, many cells, including some of
i=1 the most motile cells in vitro and those migrating in vivo, do

where the summation runs over the number of distinct mobiléot generally show highly organized adhesions. In addition,
populations detected (either one or two for the current studies).  during adhesion formation some components are present
Estimates of the change in DA for only the adhesive areas of thaitially but are not discernibly organized when viewed with
region of interest were calculated using the following relationship: the light microscope (Laukaitis et al., 2001). For example, new
DA = DAKi)a+ DAngi)na. 18) adhesions in protrusions contain organized paxillin (Fig. 1A-
, D) beforeas-integrin is visibly clustered (Fig. 1E-H).
dInhei VS“bSC”ptf]dt‘ r";‘ ﬁ“gh“aiso”ensmnrd tiontotalTﬁmeafured f"a'“e)'ICM was used to characterize the submicroscopic
adhesive (2) a onadhesive (na) regions. The area of ea Pganization ofa5-integrin. In ICM the spatial variations in

population is included in the average intensity terms which ar intensit d t te th b f
multiplied by the percent area each population takes up in the ima?éuorescence Intensity areé used o compute the number o

For calculations of the number of integrins per adhesion the DA fronfuorescent molecules and their degree of aggregation (Petersen
nonadhesive regions of cells (without paxillin containing adhesions§t al., 1998; Wiseman et al., 2000). In this analysis, either an
were used as DA and it was assumed that the change in DA is duéndividual molecule or an independent aggregate is scored as
primarily to changes in the adhesive areas and not adjaceat single fluorescence entity contributing to the measured
nonadhesive areas. average number of fluorescent entities, <N>, within the laser
beam focus. For our analyses, GAP-GFP (a 20 amino acid
membrane targeting sequence from GAP-43 that contains two
Image sections that had temporal autocorrelation functions best Ealmltoylated Cys'gelne |_'eS|dues) (Liu etal., 1993) was used to
YQlibrate the relationship between <N>, as measured by ICM,

with a flow component were selected for further correlation analysi d the fl intensity of a single GEP fi h Fi
to obtain velocity maps. A full space-time autocorrelation functiondNd tN€ Huorescence inténsity or a single uorophore (Fig.

was calculated from the image series taking into account non-zeffY)- This allowed the determination of the absolute number of
spatial lags and temporal lags (effectively a complete discretédividual molecules in regions of the cell and their degree of
calculation of Eq. 1). We resolved the spatial correlation peaks forggregation (DA, Eq. 5). As expected, there was a linear
flowing and diffusing components which would separate at longerelation between the intensity of GAP-GFP fluorescence and
temporal lags (Fig. S1G). Velocity components in x and y for thehe number of fluorescent entities as determined by ICM
flowing components were obtained by fitting the trajectory of theanalyses on cells of varying expression levels. The calculated
spatial correlation peak for the flowing population (B.H. and PW.W.pA for GAP-GFP was constant despite an order of magnitude
unpublished). range of expression levels, showing that the GAP-GFP is not

aggregated even at higher expression levels. This was

Cross-talk correction for cross-correlation confirmed by an ICM analysis of a mutant GFP, in which the

Control experiments with cells only transfected with CFP or YFPlow affinity GFP aggregation site had been mutated (Zacharias
showed that there was ~9% signal bleed through from the cyast al., 2002).

Image correlation velocity mapping
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cytoplasmic influences or from heterogeneities in the matrix.
On the basis of the intensity calibrated ICM data and a
measured average CHO cell area of 250& (from DIC
images), we estimate that the number of integrins in the cells
used for these experiments ranged from £18Bintegrins per
cell. For comparison, fibroblasts have approximateby18°
integrins per cell (Neff et al., 1982). In control experiments,
60% of the unlabeled CHO K1 cells showed no discernable
correlation function. Of the images that produced correlation
functions the number densities and fluorescence intensities
were no more than 4% of the typical values measuredSeor
GFP.

ab5-integrin is concentrated and clustered in nascent
adhesions

We have previously reported that paxillin is organized before
ab5-integrin in dynamic, nascent adhesions (Laukaitis et al.,
2001), leading to a working hypothesis that nascent adhesions
are nucleated by relatively small, subresolution integrin
clusters. To test this hypothesis, we used intensity analysis
combined with ICM to examine the organization of integrins
inside and outside of nascent adhesions. CHO B2 cells or
MEFs were doubly transfected with paxillin-CFP ardYFP.
The intensity ofa5-integrin-YFP (Fig. 3B) was measured
under adhesions identified by the presence of organized
paxillin-CFP in protruding regions of the cell (Fig. 3A) and
compared with intensities in areas adjacent to these adhesions.
On average there was a 35% increase in the density of integrin
under nascent, paxillin containing adhesions, with the increase
ranging from 5% to over 90% (Fig. 3C). A similar increase in
density was not seen with the GAP-GFP membrane marker.
When these data were sorted and binned by the average
intensity of integrin on each cell, the highest relative density
of integrins in adhesions occured on cells expressing lower
amounts of integrin (Fig. 3D). This is consistent with the notion
R that the number of sequestered integrins in adhesions is
pax]lhn-CFP aS-YFP relatively fixed, at least at this stage of adhesion maturation.
The average DA foa5-integrin is 1.6+0.2 times higher in
Fig. 1. Cells expressing both paxillin-CEP aaB-YFP show visibly regions that contain organized paxillin, indicating that integrins
organized paxillin but nai5-integrin. (A-D) Expressed paxillin-CFP are also more clustered in regions containing adhesions. When
in a protrusion at various time points of a confocal image time seriethese data were normalized for the fraction of area in the
of MEF cells during adhesion formation and turnover. The pairwise analyzed regions actually occupied by adhesions (Eq. 18) and
corresponding images ab-YFP expression for the same regions of the average increase in integrin concentration in the adhesions,
the cell are shown in E-H. Cells were 24 hours post-transfection angphe increase in the DA in nascent adhesions was actually
were plated on fug mi fibronectin for an hour before imaging at 4.5+0.6 times higher than that in nonadhesive regions.
37°C. Scale bar, 10m. Thereforep5-integrin is not only more concentrated in nascent
adhesions, but it is also more clustered there. A FRAP analysis
CHO-B2 cells — which are5-integrin deficient, do not of the integrin under the nascent adhesions, as revealed by the
adhere to fibronectin, and contain few other integrinpresence of organized paxillin, revealed that it is more
(Schreiner et al., 1991) — expressing variable levela®f immobile (32%; Fig. 4D,F, open triangles) compared with
integrin were plated on either 2Q@ mi poly-D-lysine or 2 surrounding regions (0%; Fig. 4F, filled circles) and not as
ug mi fibronectin (Fig. 2B,C, respectively). The DA fob-  immobile as mature adhesions (61%; Fig. 4A-C,E, open
integrin in cells plated on poly-D-lysine is virtually identical triangles). Taken together, these data are all consistent with the
to that for GAP-GFP, showing that it is not clustered. The DAypothesis that new adhesions are nucleated by relatively
for a5-integrin on cells plated on fibronectin is, by contrastsmall, submicroscopic integrin clusters.
about three times greater than that for GAP-GFP depending on
the expression level. The degree of aggregation was lower in ] . )
cells expressing higher levels of integrin, e.g. 2.3 vs 3.5 (Fig?ynamics of a5-integrin
2D), suggesting that the size and number of integrin clustei®he disassembly of adhesions is thought to result in a transient,
are relatively constant. This aggregation could arise from eithéocal concentration of adhesion molecules that arises from a
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Fig. 2. Average cluster size far5-
integrin in CHO B2 cells. Confocal
images of a CHO K1 cell
expressing GAP-GFP and plated o
coverslips coated with gg mi
fibronectin (A), or CHO B2 cells
expressingt5-GFP plated on
coverslips coated with either 200
ug mit poly-D-lysine (B) or 2ug
ml~* fibronectin (C). Data were corrected for the fact that the EGFP is 1.4 4 D
times brighter than the GAP-GFP (S65A). The plot shown is the average T
number of integrins per cluster calculated from many regions on many
cells (D), 166 areas, 44 cells for GAP-GFP, 102 areas, 18 ceti§for

GFP on poly-D-lysine, and 137 areas, 30 cells#GFP on fibronectin.

The DA values were calculated from the spatial correlation function x-

axis fit because the GAP-GFP was moving during the time the laser beam
moved from one row of the image to the next. For consistency the integrin
DA values were also calculated from the x-axis fit. The DA of 6.02+0.07
for GAP-GFP was used to normalize the data and calculate the number of
proteins per cluster far5-integrin. The break for low and high expressers
was set at an average intensity of below or above 300 intensity units. Error 0
bars are s.e.m. Scale barqrb. GAP-GFP  (5-GFP PDL  (15-GFP Low (5-GFP High

w
1

Proteins per Cluster
3%
1

-
1

de-clustering of adhesion components. To identify mechanisni®,s=0.04-0.1k10* cn? st 96-97% immobile), whereas
that may traffic molecules out of these regions and characteriztkere was a faster diffusive component in regions where
changes in integrin organization, image sequences weprotrusions were forming and retracting (regions 1 and 3, Table
analyzed by ICM to calculate diffusion coefficients, flow ratesl, Dys=2.4 and 0.8107'! cn? s, 39% and 70% immobile,
and immobile fractions of integrins from the measuredespectively). In region 1, where the cell protrudes and then
temporal correlation functions (see Materials and Methods)etracts, a5 showed a significant, net directed movement
When flow was present a directional correlation analysis wa®wards the cell body (v =0.7+0m s3). In other regions, a
done to determine the magnitude and net direction of directesiall fraction ofa5 was also undergoing directed movement
integrin transport (see Materials and Methods). These analysg&4%,v =1-2+0.3um s2); however, it was not detected by a
provided maps of protein dynamics across the cell

and enabled us to compare dynamic regions c
cell with quiescent ones.

Temporal ICM was used to produce a spatial
of a5-integrin dynamics across a CHO-B2 cell (|
5A and Movie 1 in supplementary material). THe
integrin was essentially immobile in the cen
regions of the cell (regions 4 and 5, Table

Fig. 3.Integrins are concentrated in nascent adhesions
demarked by the presence of paxillin-containing
adhesions. MEF or CHO cells were transfected with both ,¢

paxillin-CFP (A) andu5-YFP (B). Confocal image time C i D
series were collected 24 hours after transfection and 1 I § 50

hour after cells were plated on coverslips coated with 1 i i ? l
ug mit fibronectin. The % increase in the intensitydt 2 5 40 -

YFP in nascent adhesive areas relative to adjacent area§ Asdi ;

was calculated and plotted as a histogram (C; 144 5 w0 30 -
adhesions, 17 cells). In 5% of the adhesions measured,s 10 2

a5-integrin showed an equal or slightly lower intensity o S 20 ~
fluorescence in areas adjacent to paxillin containing sl g
adhesions. (D) The relative concentratiombfintegrin il

in adhesive areas is higher for lower-expressing cells. For |_| |_| Il |_|

the two image frames shown there is a 27% increase in 10 20 30 40 50 60 70 80 90+ i 500-799 800-1199 1200-1799
a5 intensity under paxillin based on measurements taken % increase in a5 intensity

on 20 adhesions. Scale bapr. under paxillin adhesions Integrin Intensity
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Fig. 4. FRAP ofa5-integrin shows that
it is less mobile in adhesive regions of
the cell. Confocal images ab-GFP
expressed in a CHO B2 cell plated on 2
ug mit fibronectin for 3 hours at
37°C. The first image in the time series
(A), the first image after bleaching (B)
and the last image (C) in the time
series are shown. (D) MEF cells
transfected with paxillin-CFP arub-
YFP about 1 hour after plating orud
mi~* fibronectin. The lower panel
shows where tha5-YFP was bleached
both under paxillin and in a more
central area of the cell. The paxillin-
CFP was not bleached. Normalized
FRAP curves showing the recovery of
oa5-GFP from the highlighted regions
in A-C (E) or ofa5-YFP (F) from the
highlighted regions in D. The plots
show the normalized

intensity of fluorescence

following bleaching Paxillin-CFP o5-YFP

of organized (open
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directional correlation analysis and therefore the movemeritable 2). This probably reflects residual immobile integrin
was directionally random (regions 4 and 5, Fig. 5A, Table 1)clusters remaining as footprints on the substratum (Laukaitis
et al., 2001). From an exponential fit of the time decay of the
o ) ) ) ] integrin density (Fig. 6C), the half-time for disassembly®f
Changes in integrin dynamics and density during integrin was 6.3+0.7 minute&=0.16+0.02 minY), which is
adhesion disassembly consistent with data on paxillin adhesion disassembly kinetics
Fig. 6A,B shows the first and last frames from a confoca{Webb et al., 2004).
image time series with near complete dispersion of visible
integrin containing adhesions (see boxed region, Movie 2 ] o . ) )
in supplementary material). An ICM analysis of the regionPynamics of a-actinin and paxillin during adhesion
just below where the adhesions are disassembling showsdigassembly
measurable diffusion coefficient {6=0.7x10* cn? s7%, 48%  For comparison with the5-integrin, we used ICM to map the
mobile), whereas other areas of the cell that were analyzelynamics ofa-actinin (Fig. 5B, Table 3), a cytoplasmic
show that the integrin is essentially immobile (DZ2en? s, adhesion component implicated in the linkage between
not shown). A randomly directed, nondiffusive componentjntegrins and the actin cytoskeletal network (Brakebusch and
probably due to vesicular traffic, is also present. Fassler, 2003). As with thes-integrin, thea-actinin mobility
Changes in the density of th@s-integrin in individual —was spatially heterogeneous. In peripheral, protruding regions
adhesions during adhesion disassembly were quantified i§gee Movie 3 in supplementary materiabactinin was highly
measuring the fluorescence intensity relative to GAP-GFP. Thaobile with a small immobile fraction (30% immobile,
intensity measurements on individual adhesions in region fiegions 6 and 15, Dyini=1.88+0.08 and 32410 cn? 572,
show that the integrin density decreases from ~875 to&365 respectively). In the highly active regions of the cell periphery
integrins pm™ as the bright adhesions disassemble; thisvhere the cell was extending protrusions, ruffling or retracting,
corresponds to a two-to-threefold decrease in integrin density significant fraction of thex-actinin molecules were also
(adhesions 1-4 Fig. 6E, filled circles Fig. 6C, Table 2). Foundergoing directed movement at a net rate of 0.2-m25
comparison, there was little change in integrin density irmin (20-30% immobile, regions 5, 15 and 16), a value similar
nonadhesive areas over the same time interval (area 8 Fig. 8&,that reported for retrograde flow of cortical actin in these
open triangles Fig. 6C, Table 2). This change in integrimegions (Vallotton et al., 2003). In more central quiescent
density was relatively modest, suggesting that changes negions of the cell the diffusion coefficients were lower
organization (clustering) might also be important. Following(regions 8 and 10, Diciini=0.4+0.1 and <0410 cn? s,
adhesion disassembly, the density of integrins did not reaglespectively), and a large percentage of the protein was
nonadhesive values but remained ~1.7 times higher (Fig. 6@nmobile (80%, regions 9 and 11).



5528 Journal of Cell Science 117 (23)

Fig. 5. A spatial map of the dynamic
of a5-integrin ora-actinin across the
cell. ICM results for a confocal imag
time series ofl5-GFP expressed in .
CHO-B2 cell plated for 1 hour on 2
ug mi fibronectin (A), or for a two-
photon microscopy image time seri
of a-actinin-GFP on a CHO-B2 cell
plated for 24 hours on By mi*
fibronectin (B), (C) and (D). Both
image series were collected at 37°(
A temporal ICM analysis was
performed on each of the highlighte
regions of size 12864 or 32 pixels.
Image stacks were with 100 frames
0.111pm (A) or 0.118um (C,D)
pixel size and a frame interval of 5
seconds. The temporal correlation
functions were fit to Equations 11, :
and 13 and the fit with the best R
value was used. The circles represi
the root mean square average
diffusion distance from the center o
the circle for a 10 minute period
based on the measured average
diffusion coefficient for each region.
The vectors represent the mean
translation distance and direction o
a 10 minute period based on the
measured velocities for regions
exhibiting flowing integrin
populations. The colored bars depit
the proportion of immobile (green),
flowing (yellow) and diffusing (cyan
integrin ora-actinin within each
region. For thex5-GFP image series
some areas appear to be off of the
(e.g. area 1). If this was the case th
analysis was limited to the image
frames where the region of interest
was completely on the cell. Region
was too small for the directional
correlation analysis. Correlation
velocity mapping was done for sma
areas around a retracting microspik
just below region 3 in Fig. 5B. The

arrows show the direction of the flo..

component of the correlation function and the size of the arrow is proportional to the magnitude of the velocity in thieacel. o
(D) Correlation analysis of images 70-100 of the image time series showing diffusiescctifin after adhesion disassembly. (E) Spatial-
temporal correlation functions for-actinin in area 1 shown in Fig. 5C. Notice the center of the correlation function peak moves from the center

of the axis in the direction shown by the arrow as things flow towards the upper left quadrant. ScalabésC5D) or 10um (B).

Table 1. Measured temporal and spatial ICM parameters fo5-integrin on image regions of a CHO B2 cell expressing

a5-integrin-GFP

Region Dx10 M (cn? s [v| @m mirr?) Diffusing (%) Flowing (%) Immobile (%) <DA>
1 2.4+0.4 0.7+0.1 5345 7+2 39+3 7
2 0.14+0.02 - - — 100+6* 6
3 0.5+0.2 - 3045 - 70+8 3
4 0.11+0.02 1.7+0.3 - 4+1 96+10* 6
5 0.04+0.02 0.9+0.2 - 3+1 97+59* 6
6 - 0.58+0.04 - 20+1 80+1 6
7 3+1 - 13£1 - 87+2 6
8 0.7+0.4 - 23+6 - 779 7

*These areas show diffusion but the rate is so slow it is considered essentially immobile. See also Fig. 5A. Diffusientspétfiwispeeds, and percentage
of protein within each protein population are given for diffusing, flowing, and immobile integrin populations in given remitaresi. The DA normalized

versus GAP-GFP for the first image in the time series is also shown.
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1000

® Average of Adhesions 1-4
v Average Area B
) Fit to Single Exponential Decay

Integrin per pm*

Fig. 6. Disassembly ofi5-integrin
in a retracting region of the cell.
Confocal images of CHO B2 cells
" . Rl 7 = Py i stably expressing5-GFP 3 hours
after plating on 21ig mr?
fibronectin. The first (A) and the
last image in the 17 minute time
series (B) are shown. Plots of the
average intensity of the four bright
adhesions (filled circles) and of a
nonadhesive area (open triangles,
region 8) within the boxed region
are shown. A single exponential fit
was made to the data to determine
the rate of adhesion disassembly.
(D,E) Outlines of individual
adhesions from the boxed region
that were analyzed by intensity to
provide a measure of integrin
density within adhesions (Table
2). Scale bars, 1jim.

In the lower right area of the image shown in Fig. &B, the arrow highlights the peak movement from the zero lag
actinin is present in an adhesion that disassembles (Fig. 5agsition (marked by the intersection of the red lines) in the
Movie 3 in supplementary material). A directional correlationdirection of flow. Interestingly, shortly after adhesion
analysis of the dynamics af-actinin in the vicinity of the disassembly and retraction, the inward flow terminates, and the
disassembling adhesion shows thahctinin executes a net a-actinin in the region undergoes simple diffusive movement
flow away from the adhesion towards the center of the cell. Th®q.acini=0.13 — 2.6107*! cn? s, Fig. 5D, Table 4).
fastest net flow, 0.29m mirr?, occurs at the base of the The dynamics of paxillin differ from that of both integrin
adhesion (Fig. 5C, region 3, Table 4). This rate corresponds &md a-actinin. No diffusive, flowing or immobile populations
the rate of filamentous actin retrograde flow (Vallotton et al.pf paxillin in nonadhesive areas or in areas near adhesions that
2003), suggesting that an analogous actin dynamic may occare undergoing disassembly was observed. FRAP analyses
in regions where adhesions disassemble. Fig. 5E shows tekeow that the diffusion of paxillin in these regions is much
spatial-temporal correlation peak for region 1 (Fig. 5C), andaster than that of either integrin @factinin and is too fast to

Table 2. Calculated number of integrins per adhesion from the region highlighted in Fig. 6A based on measured area of
the adhesion and the intensity of the adhesion relative to the intensity of GAP-GFP

First frame of movie Last frame of movie

Adhesion Protein relative to Protein relative to Factor change
(see Fig. 6E) Integringm=2 nonadhesive area Integripen? nonadhesive area in density
1 910+20 5 340+10 1.6 2.6

2 740+20 4 240+10 11 3.1

3 720+10 4 380+10 1.8 1.9

4 1130+20 6 500+10 2.4% 2.2

5 410+10 2 300+10 14 1.3

6 460+10 2 370+10 1.7 1.3

7 530+10 3 350+10 1.7 1.5

8 190+10 1 210+10 1.0 0.1

*This corresponds to the minimum value for this adhesion but it began to grow when the cell retracted so it does not ¢ortespastdrame of the movie.
It was assumed that GAP-GFP was monomeric in order to determine the number of proteins per adhesion. A measured be@@ilnaaidoof GAP-GFP
autocorrelation function fits was used in the calculations. Data was also corrected for differences in laser power betiRgbRRa@asurements and these
measurements. Error measurements are s.e.m.
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Table 3. Measured temporal and spatial ICM parameters foi-actinin on regions of a CHO B2 cell

Region D<107 (cn? 7Y <N>gifusing (M) [v| @m mirr?) <N>fioning (LM <N>immobile (LM ™) <DA>
0.78+£0.08 6.9+0.7 - - - 1.7
5 1.8+0.8 8+3 0.23+0.08 3+1 312 1.7
6 1.88+0.08 2.1£0.7 - - 0.82+0.03 6.2
7 2.1+0.2 4.2+0.2 - - 3.3%0.2 2.2
8 0.410.1 0.8+£0.2 - - 0.4+0.2 7.8
9 0.94+0.05 0.33+0.01 - - 1.35+0.03 5.4
10 <0.1 - - - - -
11 1.9+0.1 0.34+0.01 — — 1.05+0.03 5.0
12 1.8+0.2 2.310.1 - - 3.210.2 1.9
13 0.38%£0.02 4.8+0.2 - - 3.4+£0.2 5.3
14 1.23+0.09 9.9+0.5 - - 4.240.3 1.4
15 3+1 9+2 0.25+0.1 5+1 6+2 0.9
16 2+1 2+1 0.20£0.04 1.4+1.2 1+1 1.6

See also Fig. 5B. Diffusion coefficients, flow speeds, and humber densities per unit area squared are given for diffugingndammobile integrin
populations in given regions of interest. The DA for the first image in the time series is also shown. Note that these &# caloakted from two photon
images and do not correspond to the GAP-GFP normalized values.

Table 4. Measured temporal ICM parameters fora-actinin on regions of a CHO B2 cell expressing-actinin-GFP near a
disassembling adhesion

First 70 frames Last 30 frames
Region D10 (cm?s7)) [V[* (um mir?) Immobile* (%) Dx107 T(cm? s Immobile’ (%)
1 6+2 0.25+0.06 28 2.6+0.8 64
2 1.7+0.5 0.10+0.03 13 0.13+0.04 0
3 3.1+0.9 0.29+0.01 0 - 50
4 1.8+0.5 0.18+0.02 0 0.21+0.06 0
5 0.8+0.2 0.15+0.03 15 - 50
6 1.1+0.3 0.16+0.05 41 0.6+0.2 0
7 0.6+0.2 0.11+0.01 6 0.6+0.2 6

* values for first 70 frames of movig.values for last 30 frames of movie. See also Fig. 5C,D. Diffusion coefficients, flow speeds and percentage of immobile
protein are given for the given regions of interest.

be captured with the time resolution of these ICMwith some structure that inhibits its rapid diffusion as a free
measurements (not shown). By contrast, FRAP analyses shoaolecule (not shown)
that most of thex-actinin anda5-integrin are not free in the  Thus, as adhesions disassemble we see distinct fates
cytoplasm or membrane, respectively, but rather associatédr three different adhesion components. ThB-integrin
diffuses away or is left on the
A B substratumga-actinin moves away
directionally and paxillin diffuses
064 0.06 away rapidly presumably into
e sl il the cytosolic volume. This is
e \. ®  Cross Correlation consistent with previous studies
that have provided evidence for a
decoupling of integrin and the
cytoskeleton in retracting regions
with the integrin remaining on
the substrate and cytoskeletal
components like a-actinin
detaching from integrin and
retracting toward the cell body
(Laukaitis et al., 2001; Webb et al.,
2002). The present analyses extend
these observations by examining
Fig. 7. Temporal ICCM Correlation Functions fab-integrin-YFP correlated with-actinin-CFP the fates of components during
or paxillin-CFP. Temporal ICCM correlation functions were calculated from two-photon adhesion disassembly and
microscope image time series of CHO B2 cells expressiamtegrin-YFP anax-actinin-CFP (A) quantifying their transport rates.
or a5-integrin-YFP and paxillin-CFP (B). The integrin-paxillin data were calculated from images in
a central region of the cell where there was no organized paxillin. The temporal integrin
agtocorrelation function (closed .circlea}a.ctinin or paxillin autocorrelation function (open . a5-integrin and a-actinin
triangles) and the cross-correlation function (closed squares) are shown. Cross-correlation functi Hs
and the YFP autocorrelation function were corrected for bleed through of the CFP signal into théﬁ use and flow as a complex
YFP channel (see Materials and Methods). Our observation that integrins are
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Fig. 8.ICCM analysis ofl5-YFP H i
anda-actinin-CFP. Two-photon ||0n
fluorescence microscopy image g
collected at 37°C afi-actinin-

CFP (A-C) andx5-YFP (D-F) 21.5

hours after plating on 1j0g mi~ R
fibronectin. ICM and ICCM were a-actinin
conducted on each highlighted CFP
region of the cell. The distributic

of a-actinin,a5-integrin or

colocalized species was

determined via spatial

autocorrelation or cross-

correlation analysis. The

dynamics ofx-actinin,a5-

integrin or complexes moving

together was determined via a (IS-YFP
temporal autocorrelation or cros

correlation analysis. Spatial

functions were fit to Equation 4,

and temporal functions were fit

one of Equations 11, 12 or 13.

Equation 17 was used to estimate the fraction of each population that was immobile. The green bars show the fractiosp#cegiven
(diffusing, flowing or immobile) that is interacting with the second fluorescently tagged protein within a complex. The whitdh@doar is
the fraction noninteracting — i.e. the green bar in a region of the cell in Fig. 8A would represent the fractotirof that is diffusing
together witho5-integrin, whereas the green bar in Fig. 8D would represent the fracti&infegrin that is diffusing together withractinin.
Similarly, the green bar in Fig. 8B and 8E show the fractions of the respective proteins that are flowing together, andd-Bf- 8€present
the fraction of each protein population that is immobile and colocalized. Scale bans, 10

Flow Immobile

clustered in regions that are not discernibly organized suggesis a-actinin. This suggests that integrin is associated with
that they may reside in small, submicroscopic complexes thattinin even before it is visibly organized in large adhesions.
include other adhesion molecules. To investigate this, image By contrast, interactions between paxillin am8-integrin
cross-correlation microscopy (ICCM) was used to assay favere not detected in regions outside of adhesions. This is
associations betweea5-integrin anda-actinin or paxillin -~ shown by the zero value for the cross-correlation function
(Wiseman et al., 2000). In ICCM, spatial or temporal intensitybetweena5-integrin-YFP and paxillin-CFP (Fig. 7B, filled
fluctuations from two different fluorescent molecules (such asquares). However, interactions were detected between paxillin
CFP and YFP) were analyzed by computing the crossnd a5-integrin in regions of the cell that have organized
correlation function between two images. A non-zero spatisadhesions (not shown).
cross-correlation shows that the proteins reside together in a
common complex, and a non-zero temporal cross-correlation )
function shows that they move together as a complex (Fig. 7Aiscussion
see Materials and Methods). Elucidating the mechanisms by which adhesions form and
The temporal ICCM data show th@b-integrin-YFP andi-  disassemble is an increasingly timely but persistently elusive
actinin-CFP reside in a complex, i.e. they have a non-zerchallenge. Questions include: what is the organization of
cross-correlation function (Fig. 7A, filled squares), which hasascent adhesions? How does the organization of adhesions
immobile, diffusing and flowing populations (Fig. 7A; Fig. 8A- change as they assemble and disassemble? What are the fates
F). In addition to detecting the distribution and dynamics obf adhesion components following adhesion disassembly? Do
protein complexes, this analysis also allowed the calculation @fdhesion components reside in complexes outside of
the percentage of each protein population that is interacting edhesions? Because these processes are spatially restricted,
the complex (Table 5, Fig. 8). For example, in region 7, almostarefully regulated and highly dynamic, it is becoming
all of the diffusing population af5-integrin was diffusing with  increasingly clear that progress in this area will be accelerated
a-actinin (Fig. 8D; Table 5), and a significant, but lowerby the development of new imaging modalities.
faction, of thea-actinin was diffusing with the integrin (Fig. In this study we have addressed the organization and
8A,; Table 5). A population aofi-actinin that is associated with dynamics of integrins in adhesions on migrating cells using
actin and not integrin probably contributed to this differencecorrelation microscopy. In its usual rendition, fluorescence
The presence of endogenous as well as ectyactinin in  correlation spectroscopy (FCS), a small focal region of the cell
these cells may have also contributed. Table 6 shows the illuminated, and by correlation analysis of the temporal
dynamic parameters measured for the diffusing and flowinfuctuations in fluorescence intensity, the concentration,
a5-integrinbi-actinin complexes for the various regions of theaggregation state and dynamics of a fluorescently tagged
cell shown in Fig. 8. It is interesting that nearly all of f'e ~ component are determined (Elson and Magde, 1974). When
integrin, throughout the cell, whether immobile, flowing ortwo different molecules are tagged with different fluorophores,
diffusing is associated witli-actinin (Fig. 8D-F), including cross-correlation analyses provide estimates of the dynamics,
regions of the cell that do not contain any organized integriconcentration and interactions of any molecular complexes that
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Table 5. Measured temporal ICCM parameters fora5-integrin and a-actinin on image regions of a CHO B2 cell

a-actinin a5-integrin

Immobile- Immobile-
Region Co-diffusing (%) Co-flowing (%) co-localized (%) Co-diffusing (%) Co-flowing (%) co-localized (%)
1 40+2 - - 114+4 - -
2 - 76+8* 14+2 - 10719 75+11
3 - 65+5* - - 84+7 -
4 - 665 6242 - 8245 92+3
5 4242 - 58+3 92+2 — -
6 - 51+5 - - 10147 112+18
7 563 - - 1004 99+9
8 - 56+3 5046 - 1004 -
9 63+12 60+16 - 80+11 - —
10 - 56+8 - - 109+13 -

*One protein population that is both diffusing and flowifiyo protein populations, one that is diffusing and one that is flowing. See Fig. 8A-F. Percent of
protein populations that are co-diffusing, co-flowing or immobile and co-localized for the regions shown in Fig. 8. Pemergagasulated using the ICM

and ICCM data and Equation 17.

Table 6. Measured dynamics from a temporal ICCM
analysis ofa5-integrin and a-actinin from regions of a

not discernibly organized, reside in small clusters that average
three to four integrins. This average value includes any

CHO B2 cell unclustered integrin; thus it is probably underestimating the

Integrinki-actinin complex Integrimi-actinin complex - SiZz€ Of any clusters per se. Consistent with this, the average
Region Dx10* (cn? sY) [v| @m min?) integrin cluster size is lower in cells expressing higher levels
1 1.4+0.2 _ of integrin. This suggests that the integrin cluster size is
2% 1.74#0.2 0.50+0.10 determined by a fixed number of intrinsic sites that are
3* 13£0.1 0.40+0.07 saturated at relatively low levels of integrin expression. This
g* i-%’i%i 0.64+0.05 idea is also supported by the fact that the relative density of
P 2 0£0.2 0.59+0.07 integrin in nascent paxillin containing adhesions increases at
7 1.9+0.1 _ lower expression levels.
8* 1.0£0.1 0.60+0.03 The notion that integrins are organized in submicroscopic
9’ 0.8+0.4 1.010.07 clusters is supported by three other observations. First, the
10* 1.0£0.2 0.4£0.1

*One protein population that is both diffusing and flowifiyo protein

diffusion coefficients determined by either FRAP or ICM are
much slower than that for freely diffusing membrane proteins,

populations, one that is diffusing and one that is flowing. See Fig. 8A-F. Datavhich is consistent with a transient linkage to a relatively

were fit with one of Equations 11-13 and the fit with the béstRie was

immobile structure. Second, FRAP analyses show that 32% of

chosen. the integrins in nascent paxillin containing adhesions are

immobile, in contrast to the nearly complete mobility of the

include both molecules (FCCS) (Bacia and Schwille, 2003)integrins outside adhesions. Third, using paxillin as a marker,
Image correlation microscopy [ICM; alternatively called imageour data show thata5-integrin is 1.3-2 times more
correlation spectroscopy (ICS)] is a variant technology thatoncentrated and ~4.5 times more clustered in nascent
analyzes spatial intensity fluctuations from images obtained bgdhesions than in surrounding regions. These three
laser scanning confocal microscopy (Petersen et al., 1993)bservations are all consistent with the hypothesis that new
Previously, it had been used primarily to determine thedhesions are nucleated by relatively small integrin clusters.
concentration, aggregation and interactions of molecules on Previous analyses of disassembling adhesions in retracting
fixed cells (Petersen et al., 1998, Wiseman et al., 2000). In thiegions of the cell have shown that a portion of the integrins
present study, we have greatly extended this technology temains on the substratum while the cytoplasmic components,
retrospectively analyze image time series (retrospective imags a whole, tend to slide toward the center of the cell and/or
correlation) from migrating cells and provide spatial maps ofdisperse’. The ICM data provide insights into these adhesions
the concentration, aggregation state, interactions and transpearnd the disassembly process. The density of integrins in the
properties of integrins in migrating cells. We have also usethore mature adhesions in retracting regions differs from those
ICM to calibrate fluorescence intensities to provide estimatesf nascent adhesions. The former is two-to-sixfold higher than
of the molecular density of integrins in adhesions and useslirrounding regions, while the later is only 1.3-2-fold higher.
directional correlation analyses to determine the net directiohhese relative densities correspond well with those measured
and magnitude of nonrandom movements. These analyses hawe33-integrin (Ballestrem et al., 2001), and we have extended
provided novel insights into integrin and adhesion organizatiotheir analysis by estimating the number of integrins in
and dynamics in migrating cells. adhesions. The bright adhesions have a density of between 700

Previous studies have shown that under migration promotingnd 1200 integringm2, whereas the dimmer adhesions have
conditions, integrins are not highly organized, in contrast to thd00-600 integrinsum=. This is compared with 50-390
readily discernible organization of other adhesion componenistegrinsum=2 in nonorganized regions of the cell (the large
like paxillin (Laukaitis et al., 2001). We have found thatrange of densities represents highly variable expression levels).
integrins in cells plated on fibronectin, even though they aréhe integrin adhesion disassembly is incomplete, consistent
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with a portion of the integrin remaining attached to theThus, ICM and ICCM are exciting, important and timely

substratum (Laukaitis et al., 2001), and the rate of disassemldylditions to the emerging arsenal of technologies for studying
of the integrins that do move out of adhesions corresponds welbmplex, polarized processes like cell migration, signal
with rates of disassembly of paxillin (Webb et al., 2004). transduction, adhesion, cytoskeletal organization, mitosis and

The dynamics of integring-actinin and paxillin in the cytokinesis.

vicinity of the disassembling adhesions differ dramatically.

Many of the integrins diffuse away re|ati\/e|y S|ow|y, some not P-W.W.was funded by the LJIS Interdisciplinary Training Program,

at all. By contrast,a-actinin undergoes a net directed the Burroughs Wellcome Fund, and the Natural Sciences and
movement away from the adhesion that ceases after t gineering Research Council of Canada (NSERC), the National

: : : e i nter for Microscopy and Imaging Research (NCMIR-NIH award
adhesion disassembles. The rate of this movement is similar §41-RR04050, microscope designed by R. Y. Tsien in collaboration

that repprted fqr retrograde flow suggesting thqt an analogg%h Nikon Corp. (Japan), BioRad Laboratories), and NSF grant DBI-
mechanism might be involved and a potential contractilggg7257 (JAS). A.FH. was supported by NIH grant GM23244 and
coupling between the retraction and disassembly of thghe Cell Migration Consortium, NIGMS U54 GM064346. D.J.W. was
adhesion. This movement differs from the sliding of thesupported by NIH postdoctoral training grant HD07528. Thank you
adhesion, per se, as it is seen in regions where-twinin is  to X. Asay-Davis and T. Foley for programming assistance, James
not visibly organized. Thea-actinin in these regions is Bouwer for general assistance with the RTS 2000 microscope and D.
probably not coupled to integrin as there is no evidence for i§0lin for assistance with the transport analysis.

similar, robust net transport of integrin in retracting regions.
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