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We have developed an approach for the quantita-
tion of vinculin, a focal contact associated protein,
based on a multimodal confocal microscopy and
image analysis. Vinculin spot distribution was im-
aged in confocal fluorescence microscopy and the
corresponding focal contacts were imaged in confo-
cal interference reflection microscopy. These im-
ages were analyzed with a SAMBA image cytometer.
The image analysis program provided 12 morpho-
metric features describing cellular area, shape, and
proportions of vinculin spots as well as six topo-
graphical features describing the distribution of
vinculin and the relative overlap of vinculin and
focal contacts. This approach was applied to the
study of rat osteosarcoma cells submitted tomechani-
cal stresses: successions of 2g and 0g accelerations
during a series of parabolic flights. The measured
features were assessed by means of correlation
analysis and stepwise discriminant analysis. After

correlation analysis, only ten parameters were re-
tained. Quantitation of cell morphological param-
eters indicated that cell area was significantly af-
fected by gravitational stresses as well as vinculin
distribution. Cell area was reduced by 50% and
vinculin spots were restricted to cell periphery. Cell
adhesion measured by IRM decreased significantly
in the first part of the flight and remained stable at
the end of the flight. These results suggest that
cell-matrix adhesion is affected by gravitational
stresses. Image analysis provides useful tools to
investigate focal adhesion re-organization under dif-
ferent physiological stimuli. Cytometry 28:298–
304, 1997. r 1997 Wiley-Liss, Inc.
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There is now a large body of evidence that mechanical
loading plays a critical role in bone cell function and
differentiation (13). However, the precise mechanisms
that regulate the transduction of a mechanical signal into a
biochemical signal remain unknown. Osteoblasts are more
sensitive to a large category of mechanical stresses (i.e.,
hypergravity, shear stress, hydrostatic pressure) than fibro-
blasts or endothelial cells (7) and osteosarcoma cells (ROS
17/2.8) are known to be sensitive to mechanical stress (9)
or to microgravity (6). While most of the studies focused
on mechanical signal transduction in a biochemical mes-
sage, little is known about the organization of cell adhe-
sion structure, which is one of the mechanotransductors.
Previous studies suggested that mechanical stimulation is
probably mediated through focal adhesion plaques (18).
Vinculin is a cytoskeletal protein that mainly co-localizes
to focal adhesions, specialized regions of the cell involved
in attachment to the extracellular matrix (19). Vinculin is
part of a complex structure that links the actin network to

the plasma membrane and contains a focal adhesion
targeting sequence (2). A significant proportion of vincu-
lin is organized into a detergent-resistant juxtamembra-
nous structure (focal adhesion plaque) (5,8). Vinculin,
when revealed by immunostaining (vinculin containing
structures associated with integrins (12,3)) can be found
both at cell–cell and cell-matrix adherens junction and
near the nuclear envelope. In ROS 17/2.8 (osteosarcoma
cell line) we observed that vinculin immunostaining was
strongly correlated with close contact areas (all physical
contacts between the basal membrane and the substra-
tum), shown by interference reflection microscopy. In
ROS the vinculin spots are larger and more clustered than
in NIH3T3 and cell–cell staining is present as small
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punctuations. Changes in vinculin distribution under me-
chanical stresses could be appraised by immunostaining
(3) but quantitation of these proteins is necessary to better
understand rearrangements of focal contacts under me-
chanical stimulation. Cell adhesion is not entirely depen-
dent on integrin-associated proteins and it is also impor-
tant to evaluate the physical contacts of the cell with the
substratum.
We have developed an approach based on image analy-

sis to measure morphometric and topographic parameters
of 1) vinculin immunostaining imaged by confocal scan-
ning laser microscopy (CSLM), and 2) close contacts of cell
membrane with the substratum imaged by confocal inter-
ference reflection microscopy. This has been applied to
cultured cells that were submitted to parabolic flight
experiments. The aim was to emphasize the rearrange-
ment of focal adhesion plaques during variation of gravita-
tional stress.

MATERIALS AND METHODS
Cell Cultures

The cells used in this work were rat osteosarcoma cells
(ROS 17/2.8) a well-defined osteoblastic cell line. Culture
medium was DMEM supplemented with 10% fetal calf
serum, 2 mM L-glutamine and 1% penicillin/streptomycin
solution. Cells were grown on glass coverslips for 48 hr
before immunostaining.

Immunofluorescence Staining

The cells were washed in PBS, fixed, and permeabilized
with paraformaldhehyde 4% for 30 min followed by 0.1%
Triton X100. Nonspecific binding was blocked by incuba-
tion at 37°C in PBS/10% fetal bovine serum. Primary
antibody vinculin (diluted 1/100) and FITC conjugate
(1/64) were purchased from Sigma, France. The incuba-
tions of antibodies were carried out at 37°C for 45 min.
Cells were extensively washed in PBS between incuba-
tions and mounted in PBS/glycerol-20% before confocal
laser scanning examination.

Microgravity Experiments

Microgravity conditions were obtained during a para-
bolic flight. The flight was performed during the 21st
European Spatial Association (ESA) parabolic flight cam-
paign. The 180-min flight consisted of two series of 15
parabolas. Each parabola lasted 3 min and was divided in
three different phases of acceleration: 30 sec at 2g fol-
lowed by 25 sec at 0g and ending at 30 sec at 2g. Five
minutes of 1g flight separated each group of three parabo-
las. Control cells were fixed after take-off during a 1g
period, prior to gravitational stresses. Two experimental
groups of cells were fixed after 15 and 30 parabolas.

Confocal Microscopy

The cell preparations were analyzed with a LSM410
confocal scanning laser microscope (Carl Zeiss, Iena,
Germany) using a 63x, NA 1.4, Plan-Apochromat oil
immersion objective (Carl Zeiss). Vinculin immunofluores-
cence labelingwas imaged in confocal fluorescencemicros-

copy (CFM) and the adhesion plaques were imaged in
confocal interferential reflection microscopy (CIRM).

Confocal Fluorescence Imaging. The fluorescence
of FITC was excited with the 488 nm line of an air-cooled
argon laser. The emission light was separated from the
excitation light by a 510 nm dichroic beam splitter. Then a
510-560 nm bandpass filter was used to select the specific
fluorescence emission of FITC. One confocal section per
cell was recorded with the focus set inside the cell, 0.55
µm from the interface between cell membrane and glass
coverslip. Eight images were averaged in order to improve
signal-to-noise ratio. The images were coded over a 256
gray level scale.

Confocal Interference Reflection Imaging. The in-
terference reflection images were obtained using the
polarized 488 nm line of an air-cooled argon laser. The
objective lens was fitted with aWollaston prism. A rotating
polarizer was placed after the confocal pinhole in order to
reject internal light reflections from optical parts of the
microscope. One confocal section per cell was recorded
with the focus set to the level of interface between cell
membrane and glass coverslip. This interface was found by
changing the focus until the maximum of reflected light
was obtained. Eight images were averaged in order to
improve signal-to-noise ratio. The images were coded over
a 256 gray level scale.

Image Analysis

The confocal images were analyzed using the SAMBA
IPS-640 image cytometer (Alcatel-TITN, Grenoble, France).
A specific application was written in the proprietary image
oriented language of the SAMBA system. The flow chart of
this application is given Figure 1. An average of 30 cells per
experimental group were analyzed. These cells were
measured as they appeared on the slide, with no other
selection criterion other than being isolated. Cells in
clusters were not measured.

Preprocessing Step. The principal property of confo-
cal imaging is optical slicing. Therefore, it was important
that the plane of the glass coverslip was perfectly parallel
to the focal plane. A tiny tilt of the glass coverslip creates
an intensity gradient in CIRM images. The first step of our
program consisted of a background equalization of the
gray levels of CIRM images. The principle was to create a
virtual image of the background in which the objects (i.e.,
focal contacts) were wiped out. This was obtained by
means of a gray level morphological closing (14,16). Then
the gray value of each pixel of the CIRM image was divided
by the value of the corresponding pixel of the virtual
image of the background (Fig. 2).

Cell Delineation. Neither CIRM images nor CFM im-
ages provided continuous information about the cell
contours. Therefore, no automatic segmentation scheme
could be used to obtain binary masks of the cells. These
binary masks were interactively drawn by using the mouse
pointer of the SAMBA system.
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Segmentation of Vinculin Immunofluorescence.
The binary masks of vinculin fluorescent spots were
obtained by means of a bright top-hat transform (4,11).
The top-hat transform is an adaptive thresholding tech-
nique (Fig. 3). First we calculated the gray level morphologi-
cal opening of the CFM image (Fig. 3b). Then the ‘‘open’’
image was subtracted from the CFM image (Fig. 3c).
Finally, a gray level threshold was applied to the resulting
image (Fig. 3d).

Segmentation of Focal Contacts. The binary masks
of focal contacts were obtained by means of a dark top-hat
transform. The dark top-hat is the same operation as the
bright top-hat but with a preliminary inversion of the
contrast of CIRM images (i.e., negative image).

Morphological Parameters. Twelve morphological
features were calculated by the image analysis program:
the area of the cell (CA); the form factor of the cell (i.e.,

FIG. 1. Diagram of the image analysis program. CIRM: confocal interference reflection microscopy;
CFM: confocal fluorescence microscopy.

FIG. 2. Background level equalization of confocal interference reflection
images. a) Raw CIRM image; b) morphological closing of the CIRM image;
the local gray level minima are wiped out by surrounding brighter gray

levels; c) corrected image and interactive segmentation; the gray levels of
image a are divided pixel by pixel by the gray levels of image b, the contours
of the two central cells are shown in black as outlined by the user.

FIG. 3. Segmentation of vinculin spots in confocal fluorescence images.
The spot binary image was obtained by means of a top-hat transform. a)
Confocal fluorescence image; for the sake of readabilty, the fluorescence
levels are shown in reverse contrast: high levels (vinculin spots) appear in

dark and low levels (background) appear in bright; b) morphological open;
c) image of the differences between a and b; d) gray-level thresholding of c;
a logical and operation with the binary image of cells was applied in order to
restrict the measurements to those cells fully contained in the image.
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squared perimeter vs. area) (FF); the ratio of the largest
diameter vs. the smallest diameter of the cell (CR); the
number of vinculin spots (NVS); the total area of vinculin
fluorescence (TVA); the relative area of vinculin fluores-
cence (RAV); the average area of vinculin spots (AVA) and
its standard deviation; the average length of vinculin spots
(ALV) and its standard deviation; the average ratio of
length vs. width of vinculin spots (RLW) and its standard
deviation; and the relative area of focal contact plaques
(RAP).

Topographical Parameters. Six topographical fea-
tures were calculated in order to express the spatial
organization of the vinculin spots, as well as their percent-
age of overlap with focal contacts: the angular span of
vinculin spots (AS); the average distance of vinculin spots
from the edge of the cell (ADE) and its standard deviation;
the area percentage of overlap of vinculin spots and focal
contacts (OVF); the area percentage of non-overlapping
vinculin spots or isolated vinculin area (IVA); and the area
percentage of non-overlapping focal contacts or isolated
focal contact area (IFA). Figure 4 illustrates the calculation
of AS and ADE. The angular span of vinculin spots (AS, Fig.
4a) was obtained by calculating the standard deviation of
the orientation of vinculin spots and expressed the anisot-
ropy of orientation. The average distance from the edge
was introduced by Young (20) and used by other authors
(15,17) to characterize the average radial distribution of
material in a closed shape (Fig. 4b). First the distance map
of the binary mask of the cell was built (15) and the
histogram of the intersection between the distance map
and the binary image of the vinculin spots was calculated.

Then the bins of this histogram were weighted by the
values of the corresponding bins of the histogram of the
total distance map. Finally, ADE was calculated as the
average value of the resulting normalized histogram.

Statistical Methods

Multivariate analysis tools were used to compare the
experiments and to assess the significance of measure-
ments (or variables). First, all data files were merged and
the correlation matrix was calculated. This matrix was
examined in order to find redundancies between pairs of
features. When a high correlation feature was found, one
variable of the pair was discarded from further analysis.
This rejected feature was chosen by applying the follow-
ing rule: either its total correlation (i.e., sum of the
absolute values of correlation) with all the remaining
features was the greatest, or its biological interpretation
was not straightforward.
The experiments were compared by means of stepwise

discriminant analysis (SDA). Factorial discriminant analysis
(FDA) is a multivariate statistical analysis whose goal is to
stress the differences between experimental groups. In
other words, the problem addressed was how possible
was it to separate experimental groups given measure-
ments on several variables (10). This was achieved by
finding linear combinations of variables called ‘‘canonical
discriminant functions’’ which maximized the variance
between groups while minimizing the variance within
groups. In order to evaluate the discriminatory role of
every variable, FDA was carried out in a stepwise manner.
In this case, variables were added to the discriminant

FIG. 4. Calculation of two topographical features. a) Angular span: two
typical vinculin spot distributions are shown. Left: the spots are mainly
distributed in a corona with their greatest axis (length) oriented radially
with reference to the center of the cell; the distribution of angles is
homogeneous over the -90° to 90° range with a large angular span value.
Right: the vinculin spots are regularly aligned along stress lines (association
with the cytoskeletton); the distribution of angles is concentrated over a
small range. b) Average distance from the edge: An isodistance map is

calculated from the binary mask of the cell, each layer corresponds to pixels
whose distance from the closest edge pixel is the same. A histogram of the
distances is calculated by intersecting the distance map and the binary
masks of the vinculin spots. Distances are normalized by the greatest
distance in the map (i.e., the center of the cell) and the bins are weighted by
the corresponding bins of the total histogram of the distance map. The
measured feature is the average normalized distance calculated from the
weighted histogram.
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functions one by one until it was found that adding extra
variables did not give significantly better discrimination.
The quality of discrimination between each step was
assessed by comparing a posteriori probability of group
membership of cells with their actual membership. The
results were expressed in the form of confusion matrices
in which rows correspond to the group of origin and
columns correspond to a posteriori group assignment of
cells. Ideally, if discrimination was perfect then only the
first diagonal of the confusion matrix should be filled with
values other than nil. Classification estimates were unbi-
ased; the use of the ‘‘jackknife’’ or ‘‘leave-one-out’’ proce-
dure ensured that the assignment of a single cell was tested
against the a posteriori probabilities involving all the other
cells except that cell (10).
The statistical software (correlation analysis and discrim-

inant analysis) was developed in our laboratory in standard
C language and is in compliance with the BMDP statistical
package.

RESULTS
Assessment of Image Segmentation

Cell delineation and segmentation of focal contacts and
vinculin spots was the only part of the program that
required human intervention. The operator had to set two
gray-level thresholds that were used for all the analyses and
had to draw the cell contours. Hence, these were sources
of variability of measurement. The intra- and interobserver
coefficients of variation were measured on repeated analy-
ses of the same set of cells. The results are given in Table 1.
The interobserver coefficients of variation were smaller
than 2% and the highest intra-observer variability did not
exceed 4%.

Multivariate Analysis

Correlation Analysis. The study of the correlation
matrix revealed that eight correlation coefficients were
greater than 0.8 in absolute value. The corresponding
features were withdrawn from further analysis in order to

avoid redundancy. The remaining ten measurements are
listed in Table 2.

Discriminant Analysis. Factorial discriminant analy-
sis provided linear combinations of the measured features
that described the discriminatory power of the measure-
ments. The maximum number of these linear combina-
tions, also called canonical functions or linear discriminant
functions, is equal to the number of cell groups minus one.
Thus, a canonical discriminant plane based on the two
linear discriminant functions could be built within which
the cell measurements were projected (Fig. 5). The extent
of the groups and their overlaps were visualized by
drawing their convex hulls. The convex hull is the contour
of the convex area that encompasses all the points of a set.
The first factorial axis mainly separated the control groups
from the parabolic flight groups. It appeared that only
three control cells were also enclosed within the convex

Table 1
Intra- and Interobserver Variations for 12 Features Measured

on the Same Set of 10 Cells

Feature Observer 1 Observer 2 Interobserver

CA 0.53 0.61 0.68
FF 1.24 1.73 0.06
NVS 0.99 1.10 0.24
TVA 1.43 2.10 1.27
PVA 1.08 2.47 0.61
AVA 2.05 2.80 1.04
AS 1.22 1.98 0.20
ADE 2.89 3.56 0.30
RAP 0.51 0.53 0.53
OVF 0.33 0.86 0.33
IFA 0.23 0.53 0.24
IVA 2.35 3.96 1.63

The coefficients of variation are expressed in %. The abbrevia-
tions of measurements are given in Materials and Methods. The
values shown in boldface correspond to the greatest coefficient of
variation in each column.

Table 2
List of the Features Retained for Discriminant Analysis

CA—cell area
FF—cell form factor
CR—ratio of the largest diameter vs. the smallest diameter of the
cell

NVS—number of vinculin spots
TVA—total area of vinculin fluorescence
AVA—relative area of vinculin fluorescence
RAP—relative area of focal contact plaques
AS—angular span of vinculin spots
ADE—average distance of vinculin spots from the edge of the
cell

IVA—area percentage of non-overlapping vinculin spots or iso-
lated vinculin area

FIG. 5. Factorial discriminant analysis: Projections of the measured cells
in the factorial plane. The two axes correspond to the first linear
discriminant function and the second linear discriminant function. Con-
trol cells (squares); cells fixed after 15 parabolas (triangles); cells fixed
after 30 parabolas (diamonds). The convex hulls of the groups are drawn
to show the maximum extent of the cell populations.
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hulls of the experimental groups. The second factorial axis
mainly separated the two experimental groups. Although
the convex hulls of the cell populations did overlap, it
could be considered that the groups are well discriminated
by the measured features. This is confirmed by the analysis
of the confusion matrix, listed in Table 3. The rate of
correct classification was 87.5%. No cells from the para-
bolic flight groups were assigned to the control group.
Although there was a higher confusion between the
experimental groups, the rate of correct classification
between the two groups was still high (87%). The step-
wise discriminant analysis made it possible to assess the
intrinsic discriminatory power of each feature. This yielded
to a hierarchy of the measurements, summarized in Table
4. Cell area (CA) was the first parameter to be selected and
the confusion matrix for this step showed that this feature
primarily separated the control group from the parabolic
flight groups. The latter groups were highly confused. The
introduction of the measure of isolated vinculin area (IVA)
increased dramatically the rate of correct classification
from 66.7% to 78.1%. In fact, IVA increased the separation
between the 15 parabolas group and the 30 parabolas

group. Then CR, AVA, RAP, and AS were introduced but
only slightly improved the separation of the three groups.
The additions of the cell form factor (FF), the total vinculin
area (TVA), and the average distance from edge (ADE) gave
the optimal segregation. It must be noted that the number
of vinculin spots (NVS) did not improve discrimination.

DISCUSSION
We have developed an approach for the quantitation of

focal contact-associated proteins based on a multimodal
confocal microscopy and image analysis. It has been
applied to the analysis of the distribution of vinculin and
focal adhesion in rat osteosarcoma cells submitted to
various gravitational stresses. The parts of the program
that depended on human intervention did not introduce
significant errors in the measured features and only 10
features out of 18 offered independent information. Since
the number of cells in each experimental group was
significantly greater than the number of measured fea-
tures, a multivariate analysis was possible. We report here
only quantitation of vinculin staining; however, without
major changes in procedure the same image analysis could
be conducted with other focal contact-associated proteins,
such as Talin and Paxillin, or other proteins which
co-localize with vinculin, such as phosphotyrosine (PY-
20).
Stepwise discriminant analysis showed that significant

differences existed between control cells and cells submit-
ted to parabolic flights. In fact, few cells were confused
between the two groups. The changes induced by the
mechanical stresses affected mainly the morphometrical
features: cell area, cell shape, and size of vinculin spots.
However, the number of vinculin spots was not found to
improve discrimination, although this feature showed
significant differences between groups when a classical
Student’s t-test was used. In fact, NVA appeared to be
highly correlated with two other features included in the
analysis: CR (r 5 0.74) and TVA (r 5 0.75). This is why this
variable was included only in last position. Another inter-
esting point is that IVA was included in the second step.
IVA expressed the area of isolated vinculin spots, that is,
those that did not overlap with the physical focal contacts.
This suggested that the mechanical stresses induced modi-
fications of the relative distribution of vinculin and focal
contacts.
The results presented in this paper are preliminary and

are given to present the confocal image analysis method.
They must be confirmed by a more complete and detailed
analysis. In particular, the number of cells studied here is
very small: around 30 cells per group. However, since no
selection scheme other than measuring isolated cells was
used, we may expect that our samples are not too biased.
A larger number of cells (.100) per group and an
independent test set must be used to confirm the results.
In order to interpret the modifications of cell shape and of
the relative distribution of vinculin and focal contacts, it is
necessary to add more experimental conditions. Indeed,
there was an alternance of 2g and 0g acceleration periods
during the parabolic flights, and it is difficult to distinguish

Table 3
Discriminant Analysis/Confusion Matrix

Group

Classification

Control 15 parabolae 30 parabolae

Control (34 cells) 30 (88%) 1 3
15 parabolae (30 cells) 0 24 (80%) 6
30 parabolae (32 cells) 0 2 30 (93%)

Confusion matrix of cell measurements. Total correct classifica-
tion rate 87.5%. In such a matrix, the rows correspond to the
actual experimental group and the columns correspond to the
groups to which the cell measurements were assigned on the
basis of a posteriori probability. Boldface numbers on the main
diagonal indicate the number of well-classified cells; parentheses:
the percentage of correct classification for the corresponding
row. For example, 30 control cells were correctly re-assigned
while four cells could be confused with the two parabolic flight
groups.

Table 4
Stepwise Discriminant Analysis: Hierarchy of the

Measured Features

Step Feature Correct classification

1 CA 66.7%
2 IVA 78.1%
3 CR 80.2%
4 AVA 82.3%
5 RAP 82.3%
6 AS 82.3%
7 FF 87.5%
8 TVA 88.5%
9 ADE 90.6%
10 NVS 87.5%

The abbreviations of feature names are given in Materials and
Methods. The step number indicates the introduction of a new
variable in the discriminant analysis. For example, at step 4 AVA
was added to CA, IVA, and CR. The rate of correct classification
(in %) is then calculated in the four-dimensional space defined by
these four features.
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their respective importance. Therefore, this study must be
completed by measuring the same features in cell popula-
tions that were submitted to a constant 2g acceleration or
submitted to simulated 0g acceleration in a clinostat (1) or
real microgravity (orbital space flight). Such additional
experiments are currently being undertaken.
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