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Abstract

Real time measurements of cell-substratum adhesion in endo-
thelial cells were obtained by tandem scanning confocal micros-
copy of sites of focal contact (focal adhesions) at the abluminal
cell surface. Focal contact sites were sharply defined (low radi-
ance levels) in the living cell such that the images could be
enhanced, digitized, and isolated from other cellular detail.
Sites of focal contact are the principal determinant of cell-sub-
stratum adhesion. Measurements of (a) the focal contact area
and (b) the closeness of contact (inverse radiance) were used to
nominally define the adhesion of a single cell or field of cells,
and to record spontaneous and induced changes of cell adhesion
in real time.

The topography of focal contacts was estimated by calculat-
ing separation distances from radiance values using a calibra-
tion technique based on interference ring optics. While slightly
closer contact was noted between the cell membrane and sub-
stratum at or near the center of each focal contact, separation
distances throughout the adhesion regions were always
< 50 nm.

Subtraction of consecutive images revealed continuous spon-
taneous remodeling of individual focal adhesions in unper-
turbed cells during periods of < 1 min. Despite extensive remod-
eling of focal contact sites, however, cell adhesion calculated
for an entire cell over extended periods varied by < 10%. When
cytoskeletal stability was impaired by exposure to cytochalasin
or when cells were exposed to proteolytic enzyme, endothelial
adhesion declined rapidly. Such changes were recorded at the
level of single cells, groups of cells, and at single focal adhe-
sions. In both unperturbed and manipulated cells, the dynamics
of remodeling and cell adhesion characteristics varied greatly
between individual sites within the same cell; disappearance of
existing sites and appearance of new ones often occurred within
minutes while adjacent sites underwent minimal remodelling.

Tandem scanning confocal microscopy image analysis of
living cells in real time provides repetitive spatial, temporal,
and quantitative information about cell adhesion. Such an ap-
proach should allow more precise quantitative analyses to be
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made of the interactions between extracellular matrix, adhe-
sion proteins, integrins, and the cytoskeleton in the living cell.
(J. Clin. Invest. 1993. 91:2640-2652.) Key words: focal con-
tacts ¢ focal adhesions * adhesion dynamics

Introduction

Regions of focal contacts and close contacts between the ablu-
minal cell surface and the extracellular substratum are the sites
primarily responsible for cell adhesion. They are involved in
the regulation of cell morphology, proliferation, migration, dif-
ferentiation, and responsiveness (1), and provide anchorage
sites essential for the maintenance of tension within the cell
(2). Focal contact sites are associated with the insertion of
actin stress fibers on the cytoplasmic side of the plasma mem-
brane and an array of intracellular linker proteins, transmem-
brane integrins, and extracellular adhesion proteins that con-
nect the cytoskeleton to the extracellular matrix (3-5). Pad-
dock (6) has recently described the use of tandem scanning
confocal microscopy (TSCM)! to observe focal contacts in
Swiss 3T3 cells when the microscope is operated in the re-
flected light mode. In this application, the TSCM operates on
similar principles to interference reflection microscopy (IRM)
such that light is reflected from the aqueous layer lying between
the cell membrane and the substratum when the two materials
are apart, but when the two are in close apposition, reflected
radiance levels sharply decline and the focal contacts appear
dark grey to black. A substantial advantage of TSCM over IRM
is the optical sectioning capability afforded by confocal micros-
copy. By positioning the optical plane to include only the ablu-
minal cell surface, other cellular detail is excluded. Both TSCM
and IRM provide real time images of adhesion sites in living
cells. The recent availability of image enhancers, sensitive
charge-coupled devices video cameras, and sophisticated com-
puter-based image processing and analysis capabilities, permits
the collection of digitized image information for qualitative
and quantitative analysis.

In 1966, Stehbens ( 7) noted electron dense regions near the
plasma membrane of frog endothelial cells which resisted de-
tachment during cell injury. Subsequently, Abercrombie et al.
(8) in fibroblasts and Ts’ao and Glagov (9) in rabbit artery
endothelium observed microfilaments associated with these re-
gions that anchor the cell to the abluminal extracellular con-
nective tissue. Endothelial cells are particularly suitable for
studies of cell adhesion because they define the blood vessel/
plasma boundary and are polarized cells that attach to the sub-
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stratum on the abluminal side only. Their biology is markedly
influenced by cell shape which in turn is largely determined by
membrane interactions with the substratum (10-13). Endothe-
lial adhesion properties are also important in efforts to create
successful prosthetic vascular grafts (14) and in the regenera-
tion of endothelial coverage following surgical trauma. Al-
though the isolation of focal adhesions and purification of their
components has provided much structural and biochemical
information (15), dynamic information about endothelial cell
adhesion is very limited, as is detailed information about the
relationships between focal adhesion sites, cell morphology,
and cell function in living cells. Qualitative estimates of the
distribution of adhesion sites have been made by immunofluo-
rescence localization of adhesion-specific proteins (reviewed in
reference 1) and by IRM (3, 16-18), but the study of individ-
ual components in the kinetics of adhesion is limited by the
sensitivity of quantitative assays. Cell adhesion is usually mea-
sured as the number of cells that attach and flatten, or the cells
remaining attached after exposure to physical forces such as
flow (14) or centrifugation (19). These are one-time assays
that do not repeatedly measure the same cells.

In this paper, TSCM images of focal contact sites were ob-
tained and then enhanced, digitized, and processed by image
analysis procedures to provide spatial, temporal, and quantita-
tive information about focal contacts and cell adhesion in endo-
thelial cells in real time. Spontaneous rapid remodeling of these
sites was observed and measured, the topography of adhesion
regions was estimated, a method for consecutive measure-
ments of adhesion in living cells was developed, and the dy-
namics of focal contact sites during the disruption of adhesion
by recognized manipulations was examined.

Methods

Cell culture

Bovine aortic (BAEC) or human umbilical vein endothelial cells
(HUVE) were isolated and grown to passage 7-20 (BAEC) or 1-3
(HUVE) using standard procedures (20, 21). After trypsinization, the
cell suspension was plated at subconfluent density into 1 mm X 1 mm
square cross-section borosilicate glass capillary flow tubes (22) (Vitro
Dynamics, Rockaway, NJ) which either were untreated (BAEC) or
precoated with 0.1% gelatin (HUVE). The thickness of the gelatin
layer, a contributor to the cell-glass separation distance, was measured
as 6 nm+1 nm by atomic force microscopy (Barbee, K., R. Lal, and
P. F. Davies; unpublished ). BAEC were bathed in DME (high glucose;
Gibco Laboratories, Grand Island, NY) containing 10 mM Hepes, 2
mmol/ml glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin,
and 10% heat inactivated calf serum (Gibco Laboratories). After the
cells had plated on one wall of the tube, all subsequent routine medium
changes were conducted by capillary exchange. In some studies, cells
were grown on glass cover slips (Bellco Biotechnology, Vineland, NJ)
using standard procedures. Glass surfaces were not further pretreated
other than by serum-containing medium at the time of plating. Sub-
confluent cells were typically used 1 d after plating and confluent cells
after 1 wk in culture.

Confocal microscopy

Phase contrast and confocal images were viewed using a tandem scan-
ning confocal microscope (Noran Instruments, Inc., Middleton, WI)
equipped with long working distance Zeiss Planapo X40 and Neofluar
X100 oil immersion lenses with high numerical apertures (1.0 and
1.25, respectively) to concentrate the available light and to provide
images constituted from zero-order interferences (see below). Cells

were observed from outside of the capillary tube. To maintain pH and
facilitate nutrient supply and waste removal in the tubes, three tube-vol-
ume changes per minute were maintained by slow perfusion (150 ul/
min) using a closed flow circuit driven by a peristaltic pump (Harvard
Apparatus, S. Natick, MA) with appropriate pulse dampening, pH,
and temperature control systems. The optical plane of the TSCM (0.7-
pm thickness) was positioned just below the cell and raised until it
overlapped the interface between the cell and substratum. Images from
the TSCM were directed via an intensified charged-couple devices
video camera ( Videoscope International, Washington, DC) and relay
lens to produce an analogue video signal that was digitized and con-
verted to 640 X 480 pixels by an image analysis system (QX-7 214;
Quantex Corp., Sunnyvale, CA). Images were collected in real time,
averaged to reduce noise and increase sharpness, and corrected for
uneven illumination. Image analyses of adhesion sites were conducted
by radiance analysis procedures that measured the area of each adhe-
sion site, its radiance and location, using Quantex image recording and
analysis software routines. To calculate adhesion from area and radi-
ance measurements, additional subroutines were written. Focal con-
tacts were identified by the large decrease in radiance level associated
with them; this allowed elimination of other image detail by gray level
thresholding. The resolution of detection of focal contacts was depen-
dent upon the resolution of the computer screen (3.07 X 10° pixels?)
and the magnifying power of the objective lens (usually X100). With
this arrangement, a single pixel represented 2 X 1072 um?. Further
processing of images was conducted on a Macintosh IIfx computer
(Apple Computer, Copertino, CA).

Spatial estimates between the cell and substratum at
adhesion sites (topography of adhesion)

Bead model. A polystyrene bead was pressed against a glass surface and
observed by TSCM; interference fringes occurred at radial intervals
around the contact site (Fig. 1 4). The fringes were generated by alter-
nate constructive and destructive interference of out-of-phase light
paths as the separation distances between bead and glass increased. The
refractive indices of the bead, culture medium, and the glass were 1.59,
1.33, and 1.53, respectively. The radiance minima occurred at separa-
tion distance periods of one-half wavelength (A/2; in this case /2
nm) where destructive interference occurred. Thus the first dark ring
outside of the area of contact occurred when the distance between bead
and glass was 325 nm. Between the dark rings were radiance maxima
(constructive interference) also with a periodic separation distance of
A/2; thus the radiance differences between minima and maxima oc-
curred with A/4 (163 nm) periodicity. Radiance values were plotted as
a function of separation distance between the region of contact (zero
order minimum, 0 nm separation distance) to the first order maximum
fringe at A/4 (163 nm) as shown in Fig. 1 a—c.

Cell model. To observe greater than first order interference minima
fringes in a cell, the separation distance between the abluminal cell
membrane and the glass must exceed A/2 (325 nm). This is uncom-
mon underneath the body of the cell except where a process may be-
come partially detached or a ruffling membrane separates near a lead- -
ing edge. Occasionally, however, we were able to locate a first order
fringe, an example of which is shown in Fig. 1 B. A plot of radiance
value between the zero order minimum and first order maximum in
this cell revealed a similar plot to that observed in the bead model
except that the zero order minimum was set at 15 nm instead of zero
(Fig. 1, d-f’). This decision was based upon electron micrographs that
indicate the separation distances within focal adhesions of fixed cells to
be of the order of 15-30 nm. The calibration curve obtained from the
living cell was linearized by transformation and stored in computer
memory for referencing radiance/separation distances within the same
cell as well as in other cells in the same field. A program was written to
automatically calculate the separation distance when a cursor was posi-
tioned over different parts of the cell. Thus an estimate of the spatial
relationship between cell and substratum was obtained.
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Figure 1. Interference fringes in (a-c) a polysty-
rene bead pressed into contact with a glass sub-
stratum, and (d-f") within an endothelial cell. The
radiance plots obtained from within the cell were
used to calibrate separation distances between the
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Fluorescence staining

Cells were fixed with 4% formaldehyde in PBS for 20 min at 37°. After
three washes with PBS, the cells were permeabilized by 0.1% Triton
X-100 in PBS for 3 min at room temperature, washed twice with PBS,
then three times with 50 mM ammonium chloride, pH 7.3, for 5 min
each wash. After rinsing twice with PBS, nonspecific binding was
blocked by 0.1% BSA in PBS for 30 min, after which the cells were
incubated with antivinculin or antitalin antibody (monoclonal; Sigma
Chemical Co., St. Louis, MO) at a dilution of 1:50-1:500. After three
washes with PBS, FITC-conjugated rabbit anti-mouse immunoglobu-
lin (50 ug/ml) was added for 30 min at room temperature. Normal
serum IgG was used as a negative control for the primary antibody.
Filamentous actin ( F-actin) was stained by addition of NBD-phallaci-
din (23) (Molecular Probes, Inc., Eugene, OR) at a dilution in PBS of
1:100 of a 3-mM stock solution, for 20 min at room temperature,
followed by three final washes in PBS. Cells either on coverslips
(mounted in 1:10 glycerol:PBS containing 2 mg/ml p-phenyldiamine)
or in capillary tubes were viewed using a Leitz fluorescence microscope
equipped with epifluorescence, or the TSCM using a Xenon light
source and narrow band pass filters for fluorescein and rhodamine
excitation-emission (Omega Optical Co., Burlington, VT).

Additional photomicrographs were obtained using an Olympus
IMT-2 inverted microscope in phase contrast mode. Cell images were
photographed on 35-mm Kodak T-Max film, ASA 400, or Fuji ASA
3,200 film, by directing the light path to an Olympus OM-4 camera
attached to either the TSCM or the Olympus inverted microscope, or a
Leitz photomicrographic system (Leitz vario orthomat; X40/0.9 NA,
X100/1.1 NA lenses) for nonconfocal fluorescence image recording.
Digitized, processed confocal images were photographed directly from
the monitor screen using a Nikon F2 camera with 55-mm macro lens
and 35-mm Kodak Ektachrome film ASA 100, or were routed directly
to a color printer.
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ods.

Electron microscopy

Cells were fixed, dehydrated, and embedded as previously described
(23). Transverse sections, stained lightly with lead citrate, were exam-
ined in a Philips 201 microscope. Ruthenium red (0.05%; Sigma Chem-
ical Co.) was included in both glutaraldehyde and osmium fixatives at
4° to enhance the plasma membrane.

Cell perturbation

Cytochalasin B (Sigma Chemical Co.) or trypsin:EDTA (Gibco Labora-
tories) was infused into capillary flow tubes at concentrations of 10
ug/ml and 0.1%:2 mM, respectively. The flow tube configuration per-
mitted rapid exchange of these agents which are disruptive to focal
contact morphology. Consecutive TSCM images of single cells were
captured at intervals of 1 min for cytochalasin and 20 s for tryp-
sin:EDTA. Qualitative and quantitative image analysis was performed
as described above and in Results.

Results

TSCM of focal contacts in endothelial cells

When the optical plane of the TSCM was positioned at the
abluminal cell surface, black regions of focal contacts and gray
regions of close contacts were observed (Fig. 2). The low radi-
ance at these sites occurs because of a zero order interference
pattern such that inverse radiance levels were proportional to
the closeness of contact between cell and substratum within a
range of separation distances extending from 0 to 100 nm (13,
24). Cellular detail unrelated to adhesion sites was minimized
because of the restricted optical plane, a distinct advantage
over IRM (see Paddock for discussion of TSCM in IRM mode,



and Verschueren for a critical discussion of IRM; references 6
and 24). At focal contacts, the ventral plasma membrane ap-
proaches within 10-15 nm of the glass (13), greatly increasing
light transmission and decreasing reflected light levels. Close
contact regions, which appeared gray, have been estimated to
represent a gap of 30-100 nm (13, 24). Focal contacts were
sometimes evenly distributed throughout the cell (Fig. 2 a);
more often the distribution was uneven (Fig. 2 ). They varied
in number and location from cell to cell, occurring preferen-
tially at or near the leading edge of migrating cells (Fig. 2 b,
inset). There was a heterogeneous distribution within any sin-
gle cell, both with respect to size and shape. Focal adhesion
sites varied in area from the smallest detectable in this system
(single pixel resolution, 2 X 1072 um?) to elongated sites sev-
eral microns long by up to 1 um wide, dimensions that were
similar to those noted using IRM (16) and by Paddock using
TSCM (6). A histogram of the size distribution of 467 focal
contact regions in bovine aortic endothelial cells is shown in
Fig. 3. The distribution is weighted towards smaller sized sites
with the highest percentage in the smallest size range, < 2 um?
(< 50 square pixels), and 79% of the total were < 6 um? (300
square pixels).

Focal contacts in confluent endothelial cells, which are in a
nonproliferative and nonmigratory state, were generally less
aligned than those in single cells (Fig. 4). When confluence was
maintained for several weeks, the frequency of focal contacts in
the cell declined, accompanied by increased frequency of close
contacts rather than focal contacts (not shown). However, for
the studies of confluent cells reported here, the cells were rou-
tinely used within 3 d of attaining confluence and demon-
strated prominent focal contacts.

The percentage of the total abluminal cell surface area that
was involved in adhesion (focal and close contact regions) in
subconfluent and confluent cells was 21.6%+3.6 (SD; n = 4),

Figure 2. TSCM images
of single bovine aortic
endothelial cells in tis-
sue culture. In (a), focal
contact sites are distrib-
uted fairly uniformly
throughout the cell
whereas more polarized
(b) and migrating (inset
b) cells express hetero-
geneous focal contacts
preferentially localized
to the peripheral lamel-
lae. Inset X400.

and 16.2%+5.7 (SD; n = 8), respectively; significantly differ-
ent, P < 0.05.

Immunofluorescence and electron microscopy

F-actin filaments frequently appeared to terminate at the ablu-
minal surface of the cell (Fig. 5 a), presumably reflecting the
association of cytoskeletal elements with alpha-actinin which
in turn binds to 8 integrin (25, 26). Actin microfilaments also
may associate with other cytoplasmic linker proteins (talin,
vinculin, paxillin ) at focal adhesion sites (1, 27). Although the
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Figure 3. Distribution of sizes of focal contact regions in a field of
confluent endothelial cells (one to two cells/field). Each column is
the percentage (mean+SD) of all focal adhesion sites in each size
range (pixel area). One pixel corresponds to 2 X 1072 um?. Values
derived from three experiments; n = 467.
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Figure 4. TSCM images of confluent endothelial cells. Four regions of the confluent monolayer are shown 5 d after confluence was attained. In
addition to regions of focal contact, close contact areas (gray) are broadly distributed throughout each field. There are considerable differences
in the number and intensities of adhesion sites in cells within the same monolayer. In the confocal images, each of which represents one to two

cells, the cell boundaries are not visible.

sensitivity of the TSCM was insufficient for optical sectioning
of F-actin fluorescence, recent studies using the latest versions
of laser confocal microscopy have suggested filament termina-
tion at the regions of focal contact (Dissanayake, S., and E.
Chang, personal communication), observations that are also
in agreement with the conclusions of others using different ap-
proaches (3-5). The cellular distribution of vinculin (and ta-
lin) observed by immunofluorescence microscopy was similar
to that of focal adhesion sites (Fig. 5 b). Transmission electron
microscopy of transverse sections of focal contact sites also
revealed increased density of microfilaments at the cytoplas-
mic face (Fig. 5 ¢) in agreement with published observa-
tions (1-4).

Qualitative information obtained from TSCM images

Gray level thresholding was used to define the focal adhesions
whose well-resolved borders coincided with a sharp decline in
radiance values. The threshold value was set for the initial cell
image and maintained unchanged for the duration of each ex-
periment. TSCM images were digitized and focal contact re-
gions were extracted by exclusion of radiance levels above the
threshold value. The residual radiance scale was then expanded
by assigning a full range of values from 0 to 255 and expressed
in pseudocolor to amplify the small differences in radiance
within each contact region. The resulting images could be
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superimposed on phase contrast images of the same cell
(Fig. 6, a-c).

Profiles of individual focal contact sites. When radiance
profiles were obtained from TSCM images of focal contact
sites, we noted that light levels along the profile were variable.
Radiance levels were converted to a color scale (Fig. 6 d). It
should be noted, however, that the entire pseudocolor spec-
trum represents an expanded narrow range of radiance values
and that all of the contact region represents very close apposi-
tion of cell membrane to the substratum. Both the pseudocolor
distribution (Fig. 6 d) and the profile plots (Fig. 6 ¢) demon-
strated slightly closer contact at the interior of each site; more
than one maximal contact peak was often observed within a
confluent focal adhesion (an example is shown in Fig. 6 d).
However, the difference in separation distance between cell
and substratum at the edge of a focal contact site as compared
with one near its center was estimated to be small (see below).

Spatial relationships between cell and substratum. The to-
pographic mapping of a small area (14 X 14 um) of abluminal
cell membrane which includes several focal adhesion sites is
shown in Fig. 7. Radiance levels were converted to separation
distances by the interference fringe technique described in
Methods. The scale of the peaks and valleys (z axis) is exagger-
ated in this figure compared with the scale of the area axes to
amplify the topology. In the regions of focal contact, separation



Figure 5. Subconfluent endothelial cells stained for F-actin (a) and
vinculin (b). Stress fibers terminate at multiple sites throughout the
cell including the ventral cell membrane (3, 4). Two different cell
preparations are shown. The distribution of vinculin is similar to that
of focal contact regions. (¢) Transmission electron micrograph of the
abluminal side of a bovine aortic endothelial cell attached to glass. An
extensive microfilament network (arrowhead) is visible in the cyto-
plasm adjacent to and interacting with an adhesion site. Plasma
membrane invaginations and vesicles are absent at these sites. A sec-
ond smaller focal contact site, also rich in filamentous material, and
that has separated slightly from the substratum during tissue process-
ing is visible to the right. The plasma membrane glycocalyx was dec-
orated with ruthenium red (after fixation) in this preparation.

distances in the range 10-50 nm were recorded, consistent with
estimates from IRM and transmission electron microscopy. At
the boundaries of adhesion sites there was a sharp increase of
separation distance. Gradients measured from transverse pro-
files of individual sites averaged 5.5+2.6 nm per 0.1 um hori-
zontal distance (n = 8) consistent with the profiles obtained
from adhesion sites observed in transmission electron micro-

graphs. Near the center of focal contact sites where separation
distances were minimal, occasional regions of multiple “point”
contact were noted (Fig. 8). These images may reflect stress
fiber termination sites within the focal adhesion.

Remodeling of focal contact regions in real time. Focal con-
tact regions are dynamic structures even in quiescent, unper-
turbed endothelial cells. Remodeling, visualized by image sub-
traction, was observed within as brief a period as 15 s. Two
images (im) separated by an interval (t,-t,) were collected.
Subtraction of im 1 from im 2 revealed additions to existing
sites, while im 1 minus im 2 showed focal contact area that had
disappeared during the same period. The results of each sub-
traction were expressed in different colors and superimposed
upon the original unprocessed image. The assembled image in
Fig. 9, therefore, outlines the original location of focal contacts
(blue) and the areas of addition (red) and disappearance (yel-
low) that occurred during the remodeling interval. Fig. 9 dem-
onstrates remodeling during periods of 5, 10, and 30 min in an
undisturbed single endothelial cell. Significant remodeling was
noted in all cases; the shorter time intervals provided a better
appreciation of the increase, decrease, or movement of individ-
ual focal contact sites. Remodeling did not consistently occur
in any preferred direction in the cell; regions which expressed
preferred directional changes were always associated with ex-
ploratory directional movement of cellular processes and/or
cell migration. Area calculations indicated that 36, 43, and 54%
of the total available focal contact site area was involved in
remodeling during intervals of 5, 10, and 30 min, respectively,
in the image series shown in Fig. 9. However, these are only
estimates because entire small focal contact sites disappear and
new ones appear within minutes as part of the continuous re-
modeling process; numerous examples of this can be seen in
Fig. 9.

Quantitative information relevant to cell-substratum
adhesion

After a TSCM image was digitized and processed, the radiance
threshold was set over a narrow range (gray to black) to elimi-
nate all but the regions of focal contact which were then as-
signed an identity in computer memory (Fig. 10). Two mea-
surements, readily accessible in the digitized images, were
made to nominally define cell adhesion; the area of each focal
adhesion site, and the average radiance level of the pixels
therein:

Adhesion = A(R) ™! [1]
where A = area of focal contact (square pixels), and R = aver-
age radiance levels of the pixels within any defined focal adhe-
sion area. (R)™!, the inverse radiance, represents the darkness
of each pixel. Thus for a field circumscribing one cell, A is the
area of all focal contact sites in the cell and (R) ! is the average
darkness of those sites. Since all other image information from
the cell was excluded (by a combination of the optical section-
ing properties of the TSCM and by gray level thresholding of -
the digitized image), the image processing software rapidly cal-
culated A, R, and adhesion value for any defined field. A wide
range of images ranging from single focal adhesions to a field of
several cells were available for analysis. Field size was varied
primarily by the use of objective lenses of different magnifica-
tions with additional adjustment using the TSCM iris dia-
phragm. With a X40 objective, a field of several cells was ob-
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Figure 6. TSCM (a), phase contrast (b), and digitally processed (c¢) images of a single endothelial cell to demonstrate the extraction of focal
contact image information by digital image analysis. In (¢), focal contact sites are superimposed onto the phase contrast image. (a, b) X750; (¢)
%850. (d) Enlargement of individual focal contact sites expressed in pseudocolor. The differences in color reveal small differences in radiance
levels between the edges and center of each focal adhesion. Within each focal contact region the radiance threshold was reduced to a narrow range
where light blue represents near zero radiance (black ) and 255 represents dark grey, thereby amplifying the small but real differences of radiance
intensity within each site. (¢) Radiance profiles through two representative focal contact sites of Fig. 4 d.

served for analysis; at X100 with the field diaphragm stopped
down, the raw image was restricted to part of a single cell. Once
the image was digitized, however, the measurement of detailed
portions of the cell was essentially unlimited because enlarge-
ment to the single pixel level using a zoom facility was rou-
tinely available as part of the standard image analysis program
(examples of this application are shown in Fig. 13, see below).
Thus, adhesion measurements were performed on single focal
contact sites, single cells, or groups of several cells.

Adhesion remains constant despite extensive focal contact
remodeling in unperturbed cells

As noted above, the individual focal adhesion sites in unper-
turbed cells undergo extensive remodeling over intervals of
minutes. However, as shown for a 25-min period in Fig. 11,
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this occurs without a significant change in overall cell adhesion
as determined using equation [1]. The mean adhesion value
calculated during this period from four similar experiments
(96 data points) in unperturbed cells was 99.4%+2.1 (SD).

Perturbation results in loss of cell adhesion with predictable
average changes of focal contact area and radiance levels

When a single cell or a confluent monolayer of endothelial cells
was exposed to the cytoskeleton-destabilizing drug cytochala-
sin, or to the proteolytic enzyme trypsin, cells retracted from
each other and rounded up. As shown in Fig. 12 the area of
focal contact declined (Fig. 12 a), accompanied by increased
average radiance level (decreased image darkness; Fig. 12 b) as
contact between the abluminal cell surface and the substratum
was reduced. The relative changes in cell adhesion calculated



by equation [1] are shown in Fig. 12 ¢ (and for trypsin in Fig. 12
¢, inset). These experiments demonstrated the utility of re-
peated measurements of the same cell in real time; the quanti-
tative results are consistent with the loss of adhesion caused by
the drug and enzyme manipulations.

The response to cytochalasin of a single focal adhesion site
is shown in Fig. 13. During the 10-min period after addition of
the drug, the site changed its shape (by remodeling) as well as
its spatial relationship to the substratum. While there was an
insignificant change of area (< 3%) the color distributions
(Fig. 13 a and b) and profile graphs (Fig. 13, ¢) demonstrated
increased separation between the cell and substratum.

Figure 7. Topographical mapping of
a 14 um X 14 um area of endothelial
cell membrane in focal and close
contact with the substratum. The
cell is attached to the underside of
the glass surface; membrane regions
that come into focal and close con-
tact with the glass appear as peaks.
Separation distances between the
cell membrane and the substratum
were calculated from interference
fringe calibrations; separation values
are shown for a variety of sites in
the 196-um? area of profiled mem-
brane. The scale of the z axis (peaks
and valleys) is amplified in this fig-
ure (in comparison with the x and y
axes) to better demonstrate the to-
pographic relationship between cell
and substratum.

Heterogeneous responses of focal adhesion within a cell
subjected to perturbation

Despite an overall loss of adhesion in response to cytochalasin,
individual focal contact sites responded with markedly varied
kinetics. Some sites, particularly toward the central region of
the cell, remained relatively unchanged for many minutes
while others underwent disparate changes. Analyses of two
sites are presented in Fig. 14. The first (Fig. 14 a) was relatively
stable in size and radiance level before addition of the drug,
after which contact with the substratum was progressively lost.
In contrast, a second site (Fig. 14 b), which was rapidly remod-

Figure 8. Detail of a single focal
contact site which shows multiple
point contacts where the topo-
graphic characteristics were regular.
The estimated separation distances
were estimated to be 14 nm at these
points which may represent sites
where cell membrane is distorted by
actin stress fibers on the cytoplasmic
side of the membrane.
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Figure 11. Cell adhesion as a function of time in a single endothelial
cell. Cell adhesion was calculated using equation [1]. Each point is
the mean+SD of four separate experiments; n = 96.

eling at the time that the drug was added, quickly stabilized its
area and radiance levels such that adhesion was maintained
constant for an extended period. These data demonstrate use of
the technique to quantitate the kinetics of single focal contact
regions in defined locations of the cell.

Discussion

Detailed studies of molecular interactions in living cells in real
time have progressed significantly in recent years with the in-
troduction of IRM (16), decoration of cell structures with fluo-
rescent probes (28, 29), and both tandem scanning (30) and
laser scanning (31) confocal microscopy. These methods pro-
vide information about cellular events in real time, and there-
fore allow the dynamics of cell behavior to be evaluated and, in
some cases, quantitated. In addition, quantitative information
about cell interactions with the substratum in fixed cells has
recently been reported (32). In this paper we have used the

optical capabilities of TSCM to observe the dynamics of focal

contact sites in living endothelial cells and to determine cell
adhesion in real time. The approach takes advantage of the
development of hardware and software for image processing
and analysis and focuses on focal contact sites, the principal
structures responsible for adhesion of anchorage-dependent
cells. The data demonstrate (a) that most focal adhesion sites
continuously remodel, (b) that estimates of the detailed topog-
raphy of the adhesion sites can be calculated from radiance
measurements, (¢) that it is feasible to measure the adhesion of
a single cell, or part of a cell, over an extended period, (d) that
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Figure 12. Repetitive measurements demonstrating loss of cell adhe-
sion induced by cytochalasin (a-c) and trypsin (inset c). Att = 0,

a single endothelial cell was exposed to cytochalasin B (10 ug/ml) or
trypsin: EDTA. (a) Total area of focal contact sites in the cell. (b)
Average pixel radiance level of focal contact sites. (¢) Calculated cell

adhesion.

Figure 9. (top left). Remodeling of focal contact sites (shown in blue in [a] at time 0) after 5, 10, and 30 min (b, ¢, and d, respectively) revealed
" by image subtraction in part of an unperturbed cell. In each of panels b-d, sites that remained unchanged are shown in blue while addition and
loss of focal contact area are shown in red and yellow respectively. Confluent field of endothelial cells (one to two cells).
Figure 10. (bottom left). Processed TSCM image of focal contact sites in a single endothelial cell. The computer has stored digitized inforrqation
obtained from each site, which has been assigned a letter identity. Quantitative information concerning individual sites or integration of all sites
in the cell is readily accessible from the digitized area and radiance values.
Figure 13. Changes in a single focal contact site induced by cytochalasin. The site is shown immediately before (@) and 11 min after (») addition
of the drug. In addition to remodeling of the shape of the site, the pseudocolor distribution indicates decreased adhesion (increased radiance ]
level) in the center. (c) Radiance profiles at locations indicated by the white lines in (a) and () confirm loss of adhesion; by interference cali-

bration, the minimum separation distance is estimated to increase from 15 nm to 40 nm.
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there is heterogeneity throughout the cell with respect to the
kinetics of spontaneous focal adhesion assembly and disassem-
bly as well as in response to experimental manipulation, and
(e) that despite extensive changes in the distribution and ki-
netics of individual focal contact sites, the overall adhesion of
endothelial cells varies by < 10% when the cells are left undis-
turbed.

Concerning the measurement of cell adhesion. Cell adhe-
sion has usually been measured as the fraction of cells that
attach to a defined substrate after plating. While this approach
has provided much useful information concerning the relative
effectiveness of different adhesion molecules, it fails to address
the factors influencing steady-state adhesion in cultured cells.
Attempts have been made to determine the resistance of cells to
removal from culture surfaces by measuring the flow (14) or
centrifugal forces (19) required for detachment. In general,
however, these approaches do not provide continuous infor-
mation about cell adhesion, and cell counts represent an aver-
age response of many cells. In the approach reported here, dy-
namic and quantitative information was obtained about the
membrane/substratum sites regulating cell adhesion.

The TSCM acts as a confocal interference reflectance micro-
scope in which high contrast IRM images are generated by thin
layer optical properties at the cell-glass interface. The image
observed arises from light that is differentially reflected at the
interface between substances of different refractive indices.
When observed by oil-immersion objectives with epi-illumina-
tion, the field appears uniformly bright when no cells are pres-
ent because of strong reflection at the glass-liquid interface.
When the cell surface is in very close contact with the glass,
however, such as occurs at a focal adhesion, the high refractive
index of the membrane decreases the reflection, less light re-
turns through the microscope, and the image appears dark (24,

2650  P. F. Davies, A. Robotewskyj, and M. L. Griem

% ° 150 20 200 pixels represents ~ 4

Minutes um? of membrane.

33). When there is separation between the cell and the substra-
tum, light is reflected at both the glass-liquid interface and the
liquid—cell interface and interference occurs to produce alter-
nate bright and dark zones at separation distance intervals of
A/4 (163 nm). In the confocal microscope the optical plane
was set in the underlying glass substratum such that it glanced
the ventral cell surface and penetrated less than one wavelength
into the cell. Thus multiple interference patterns resulting from
wide separation of cell and substratum were reduced or elimi-
nated, and additional reflective interfaces within the cell (such
as nuclear—cytoplasmic and apical membrane-cytoplasmic in-
terfaces) were avoided. The resulting image therefore was gen-
erated primarily by the abluminal membrane interactions with
the glass substratum up to a separation distance of less than one
half wavelength (325 nm; first order fringe minimum), and
occasionally slightly higher (see calibration method in
Methods).

Within separation distances of 0 to 163 nm, the radiance
intensity increased as a function of the distance between cell
and substratum, the interference being zero order in such areas
when observed with objectives of numerical aperture > 1.0
(24). Consequently, by considering the area of focal contact in
a cell and taking account of the radiance values within the focal
contact sites, both qualitative and quantitative information
about cell adhesion was obtained.

There is good evidence that the focal contact sites are specifi-
cally responsible for the adhesion of anchorage-dependent
cells. Using IRM imaging of fibroblasts, Lotz et al. (19) have
correlated the area of focal adhesions with the cell-substratum
strength measured by a centrifugation technique. They noted a
close correlation between the area of focal contact and the
strength of adhesion on two dissimilar substrates, fibronectin
and tenascin. Their data also extended the estimates, made by



Bell (34) and Lotz et al. (19), of critical forces required to
detach cells (0.4-1.0 X 107° dyn/bond) in that the force re-
quired to remove 50% of a population of glial cells (> 36
X 107% dyn) was consistent with the sum of the fibronectin
receptor clusters in focal contacts in each cell. Thus the area of
focal contacts appears to provide a valid estimate of cell adhe-
sion. We suggest that, in addition to area, differences in the
average radiance levels of focal contact sites reflect small differ-
ences in adhesion avidity; the average radiance of all focal con-
tacts in the cell changed in a predictable direction when adhe-
sion was experimentally impaired. Consequently these differ-
ences, which arise because of altered focal contact profile with
respect to the substratum, were included in the calculation of
cell adhesion (equation [1]). The radiance profiles of individ-
ual adhesion sites consistently showed slightly greater contact
at the center, raising the possibility of ordered arrays of differ-
ent adhesion proteins arranged in the contact area or of lower
affinity of binding between integrins and extracellular matrix
in the periphery. Occasional profiles of point contact that were
particularly visible in three-dimensional topographical maps
were suggestive of the termination of actin bundles on the cyto-
plasmic side of the membrane presumably drawn there by the
interaction between actin, linker proteins, and transmembrane
integrins. Detailed monitoring of such sites in the presence of
specific antibodies directed against integrin/adhesion protein
may in the future provide insights into these complex interac-
tions.

The technique for calibrating separation distances between
cell and substratum is based upon straightforward interference
optics. While the principles are sound, there will be small dif-
ferences between the radiance curves in cells in different fields
and different experiments. This is determined by the setting of
the optical plane which, although every effort is made to stan-
dardize its position, will vary slightly within and between fields.
However, the approach addresses several key questions. First,
it shows unequivocally that the dark regions in the cell are
indeed adhesion sites because separation distances were always
< 50 nm. Second, it allows monitoring of adhesion topology.
That is useful even if the separation distances may be slightly
over or underestimated by the calibration fit; the relative num-
bers provide real time information. By setting the optical sec-
tion primarily outside of the cell, multiple order interference
fringes were avoided as were images of major cellular oganelles
whose contribution to the refraction/reflection images would
become a problem. In short, the calibration approach strongly
supports our interpretation of the nature of the discreet regions
of low radiance as focal contact sites.

Concerning remodeling of focal contacts. Spontaneous re-
modeling that occurred in all of the adhesion sites of unper-
turbed cells observed over a 30-min interval involved changes
in > 50% of the total adhesion area of the cell. At shorter inter-
vals, spatial differences in remodeling rates were more appar-
ent. There was, however, no distinctive location of more active
or less active sites within the cell, and adjacent focal adhesions
often remodeled at greatly different rates (e.g., see Fig. 9).

The mechanism of remodeling is unclear. Filamentous ac-
tin fibers terminate at focal contact sites and are linked to spe-
cific transmembrane integrin proteins via linker proteins (1).
The best characterized example of linkage is the binding of
a-actinin to F-actin at one end of the molecule and to the
integrin B, subunit at the other end (26). Other potential
linkers include primarily vinculin, talin, and paxillin, -all of

which are localized to focal contact sites (1, 27) although they
bind integrins with much lower affinities than does a-actinin
(26). Disassembly and reassembly of some of these molecular
associations are likely to be involved in the remodeling mecha-
nism. During remodeling many sites gain and lose equal areas
producing an appearance of site “migration.” Given the dy-
namic equilibrium between soluble cytoplasmic pools and
membrane-bound fractions of a-actinin, actin, and vinculin
(4), itis likely that turnover of the elements on the cytoplasmic
side of the membrane regulate extracellular changes in binding
affinity to adhesion proteins. Binding affinities between micro-
filaments and linker proteins, or between linker proteins and
intracellular domains of integrins, may be modified. When the
contact sites appear to move, the intracellular changes must
also induce disassociation of extracellular binding to adhesion
molecules on the glass; otherwise the contact sites would sim-
ply grow as the membrane-glass interface failed to separate (a
feasible mechanism when contact sites enlarge ). Evidence sup-
porting intracellular alteration of integrin adhesion to extracel-
lular proteins has recently been demonstrated by O’Toole et al.
(35). They showed altered binding affinity between allbg3 in-
tegrin and fibrinogen after truncation of the cytoplasmic do-
main of the allb subunit. Transmembrane signaling through
focal adhesions can also proceed from outside to inside.
Qwarnstrom et al. (36) have shown that IL-1/IL-1 receptor
interactions localized to sites of focal contact in fibroblasts pro-
duce loss of cell-substratum contact in part by mediating phos-
phorylation of talin via activation of a protein serine/threo-
nine kinase. Phosphotyrosine proteins and tyrosine kinases are
also concentrated at sites of focal contact (37, 38). During
spontaneous remodeling of focal contact sites, it is unclear if
protein conformational changes associated with phosphoryla-
tion events at the cytoplasmic side of the membrane can signal
the dissociation/reassociation of integrins with extracellular
adhesion proteins.

Digital image analysis of focal contact sites provides infor-
mation about the adhesion of living cells in real time. It facili-
tates measurements of the effects of cellular manipulation
upon cell adhesion at the sites structurally adapted to cell-sub-
stratum interactions. It is of particular interest in relation to
our studies of the effects of flow on endothelial cells, the signal
transduction mechanisms associated with such responses, and
the role that cell tension plays in their regulation (22, 39, 40).
When confocal techniques are combined with fluorescence mi-
croscopy of cytoskeletal components, particularly actin stress
fibers, and with specific probes for the proteins of the adhesion
complex, the mechanisms controlling the dynamics of focal
adhesion should become clearer. In light of the large amount of
emerging information concerning adhesion proteins, integrins,
and proteins linking integrins to the cytoskeleton, it should be
possible to use image analysis to interpret the interactions be-
tween molecules participating in adhesion in the living cell; in
effect using the imaging of a biological structure in real time to
analyze molecular function.
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