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Summary 

lmmunofluorescent labeling for fibronectin was 
largely excluded from sites of closest contact be- 
tween spreading chicken gizzard fibroblasts and 
the substratum. This was observed by double im- 
munofluorescent labeling of fixed cells for fibronec- 
tin and vinculin, a smooth muscle intracellular pro- 
tein that is specifically associated with focal adhe- 
sion plaques, in conjunction with interference-re- 
flection microscopy. When the cells were plated on 
a fibronectin-coated substratum they adhered to its 
surface and rapidly spread on it. The immunofluo- 
rescent labeling for fibronectin in those cultures 
(after fixation and triton permeabilization) was usu- 
ally absent from the newly formed, vinculin-contain- 
ing focal adhesion plaques. We have found, how- 
ever, that the accessibility to the cell-substrate gap 
at the focal adhesion plaques is limited and there- 
fore a more direct approach was adopted. We have 
found that cells spreading on a substrate coated 
with rhodaminelabeled fibronectin progressively 
removed the underlying protein from the substrate. 
The removal of flbronectin involved at least two 
distinct mechanisms. Part of the substrate-associ- 
ated fibronectin was removed from small areas and 
displaced toward the cell center. The arrowhead- 
shaped areas from which fibronectin was removed 
often coincided with vinculin-rich focal contacts. 
We observed, however, many areas where focal 
contacts were found over unperturbed fibronectin 
carpet, as well as fibronectin-free areas with no 
overlapping focal contacts. The possibilities that 
fibronectin is actively displaced from areas of cell- 
substrate contact, that the focal adhesion plaques 
are transiently associated with these areas and their 
implications on the dynamics of cell spreading and 
locomotion are discussed. The second route of fi- 
bronectin removal from the substrate was endocy- 
tosis. The rhodamine-labeled fibronectin was found 
in the cells in a partial or transient association with 
clathrin-containing structures. 

Introduction 

A well-recognized property of cultured fibroblastic 
cells is their capability to adhere to solid substrata 
and to spread on their surfaces. Although this phe- 
nomenon is still poorly understood at the molecular 
level, a number of observations implicate the extra- 
cellular matrix protein fibronectin in cellular adhesion 
(for review see Yamada and Olden, 1978). Fibronectin 

is a glycoprotein found on the surface and around 
cultured fibroblasts and is closely related to the 
plasma protein cold insoluble globulin (GIG) (Morrison 
et al., 1948; Ruoslahti and Vaheri, 1975). The addition 
of either protein to cultured cells has been shown to 
promote cell attachment to the substratum (Ruoslahti 
and Vaheri, 1975; Pearlstein, 1976; Hook et al., 1977; 
Yamada et al., 1978) and subsequently to induce cell 
spreading (Grinnell, 1978; Grinnell and Hays, 1978). 
In a related vein, the addition of fibronectin to trans- 
formed cells, which often exhibit rounded-up shape 
and reduced surface fibronectin levels (Hynes, 1973; 
Vaheri and Ruoslahti, 1974), partially restored flat- 
tened morphology and normal adhesiveness charac- 
teristic of the nontransformed phenotype (Yamada et 
al., 1976; Ali et al., 1977). 

A different line of studies has indicated that the 
closest and probably the strongest adhesion of well- 
spread fibroblasts to a solid surface occurs through 
specialized areas at the ventral cell surfaces denoted 
focal contacts or focal adhesion plaques (Curtis, 
1964; lzzard and Lochner, 1976; Abercrombie and 
Dunn, 1975). These areas can be recognized as small, 
arrowhead-shaped plaques by interference-reflection 
microscopy. Moreover, electron-microscopic and im- 
munofluorescent studies have shown that the cyto- 
plasmic faces of focal adhesion plaques are the sites 
where actin-containing stress fibers terminate (Aber- 
crombie et al., 1971; Heath and Dunn, 1978; Geiger, 
1979; Wehland et al., 1979). 

Some insight into the molecular architecture of mi- 
crofilament-membrane association at the adhesion 
plaques was recently obtained by the demonstration 
that a newly described smooth muscle protein, vin- 
culin, (130 kd protein) was concentrated at the cyto- 
plasmic surfaces of these focal sites (Geiger, 1979; 
Geiger et al., 1979). This was based on immunofluo- 
rescent labeling with antivinculin antibodies, com- 
bined with interference-reflection microscopy. 

Another set of experiments that linked fibronectin 
to the process of cell adhesion involved the demon- 
stration that fibronectin can be associated transmem- 
branally with intracellular actin-containing microfila- 
ment bundles. By immunofluorescence experiments 
(Heggeness et al., 1978; Hynes and Destree, 1978) 
and by electron microscopy (Singer, 1979) fibronec- 
tin-containing structures on the external surfaces of 
fibroblasts were found in close juxtaposition, across 
the cell membrane, with actin-containing filament bun- 
dles. 

This and other related information taken together 
have raised the possibility (Hynes and Destree, 1978; 
Grinnell and Feld, 1979) that fibronectin molecules 
may function in cell adhesion and spreading by di- 
rectly mediating the attachment of the cell membrane 
to the substratum at the focal adhesion plaques. 

To explore the spatial relationships of fibronectin to 
the focal adhesion plaques we have, therefore, carried 
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out double immunofluorescent labeling for both fibro- 
nectin and vinculin, in conjunction with interference- 
reflection microscopy on the same embryonic chicken 
gizzard fibroblasts. Our findings indicate that, not only 
is fibronectin labeling not enriched under focal con- 
tacts, but it is often excluded from them in an agree- 
ment with recently published observations (Badley et 
al., 1980; Birchmeier et al., 1980). The removal of 
fibronectin from the substrate is an active and dynamic 
process. Part of the substrate-attached fibronectin is 
displaced at the exterior of the cell during cell spread- 
ing, whereas some fibronectin is endocytosed by the 
cells and found transiently associated with clathrin- 
containing structures. 

Results 

The Spatial Distribution of Vinculin and 
Fibronectin and Their Relation to Focal Adhesion 
Plaques during Early Stages of Cell Spreading 
Embryonic chicken gizzard cells were fixed, permea- 
bilized and indirectly immunolabeled for both vinculin 

and fibronectin using the combination of rabbit and 
guinea pig antibodies to the respective antigens fol- 
lowed by specific goat antibodies to rabbit and guinea 
pig IgG conjugated to rhodamine or fluorescein. The 
antibodies to fibronectin were raised against human 
CIG; however, they crossreacted extensively with 
chick fibronectin. 

A comparison of the fibronectin labeling pattern 
(Figure 1 A) and the vinculin labeling (Figure 1 B) indi- 
cated that the two were mutually exclusive. The 
matched arrows point to areas in which vinculin is 
organized in typical arrowhead-shaped plaques (see 
for comparison Geiger, 1979). The same areas show 
no, or very little, fibronectin labeling. When the distri- 
bution of fibronectin labeling was compared to the 
interference-reflection images obtained from the same 
cells (Figures 1C and 1 D, respectively) the areas 
devoid of fibronectin labeling coincided with interfer- 
ence-reflection-dark focal adhesion plaques. The ex- 
clusion of fibronectin labeling from vinculin-rich focal 
contacts was, however, not complete, as can be ap- 
preciated from careful examination of the pairs A-B 

Figure 1. lmmunofluorescent Labeling of Chicken Gizzard Cells for Fibronectin and Vinculin 

(A and B) Cell fixed 2 hr after plating, then permeabilized with Triton X-100 and double immunolabeled indirectly for fibronectin (A) and vinculin 
(B). The primary antibodies used were rabbit antibodies to chicken vinculin and guinea pig antibodies to human GIG. The secondary antibodies 
were rhodamineconjugated goat antirabbit IgG and fluorescein-conjugated goat anti-guinea pig IgG. The matched arrows point to vinculin- 
containing areas from which fibronectin labeling is absent. (C) Chicken gizzard cells fixed 60 min after plating and immunolabeled for fibronectin 
as in A. (D) The same cell photographed in interference-reflection optics. The matched arrows point to interference-reflection dark areas from 
which fibronectin labeling is missing. Bar indicates 10 pm. 
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and C-D in Figure 1. Thus focal contacts could be 
found from which fibronectin staining was not ex- 
cluded and vice versa. 

The Spatial Distribution of Fibronectin, Vinculin 
and Focal Adhesions in Cells during Spreading on 
Fibronectin-Coated Substratum 
To study further the fate of substrate-attached fibro- 
nectin during cell spreading we plated chicken gizzard 
cells on a fibronectin-coated substratum. At various 
stages of spreading the cells were fixed with formal- 
dehyde, permeabilized with Triton X-l 00 and stained 
with antibodies to both fibronectin and vinculin as 
described above. A typical result obtained with cells 
fixed 2 hr after replating is shown in Figures 2A and 
28. The fibronectin carpet in between the cells was 
immunolabeled uniformly as shown in Figure 2A. Un- 
der the cells, however, the labeling was missing from 
discrete elongated areas as indicated by the arrows 
in Figure 2A. Along the margins of many of those 
areas, we often observed an enrichment in fibronectin 
labeling in a form of small filamentous bundles. When 

the immunolabeling patterns for fibronectin and vin- 
culin (Figure 28) were compared, we found that most 
of the areas free of fibronectin labeling coincided with 
vinculin-containing focal adhesion plaques. 

A major objection that could be raised against the 
interpretation of the results described here is that the 
antibodies to fibronectin might have not gained access 
to just these areas at the ventral cell surface that were 
most closely associated with the substratum despite 
the Triton treatment. 

To address this problem directly several lines of 
experiments were taken. We attempted to modify the 
fixation conditions to render the focal contacts more 
accessible to the antibodies. Cells were shortly treated 
with detergent (0.5% Triton X-100 in 50 mM MES 
buffer [pH 6.01) then fixed and immunolabeled as 
above. The results of such treatment (Figure 2C) 
indicated that fibronectin labeling was still absent from 
significant areas under and near the spreading cells. 
As a rule, in the vicinity of the areas devoid of fibro- 
nectin labeling, an accumulation of fibrous fibronectin 
was noticed. 

Figure 2. lmmunofluorescent Labeling for Fibronectin (A and C) and Vinculin (B) of Chicken Gizzard Cells 2 Hr after Plating 

(A) Cell fixed, permeabilized and immunolabeled with guinea pig antifibronectin and fluorescein-conjugated goat anti-guinea pig IgG. 
(B) The same cell labeled with rabbit antivinculin and goat antirabbit rhodamine. The matched arrows in A and B point to vinculin-containing areas 
in which fibronectin labeling is missing. The arrowheads point to sites devoid of fibronectin labeling which do not coincide with vinculin-rich 
plagues. Notice the enrichment in fibrillary fibronectin near the edges of most of the vinculin-containing areas. 
(C) Cell immunolabeled for fibronectin with rabbit antibodies and goat antirabbit IgG rhodamine. The ceil was first permeabilized and then fixed 
and immunolabeled. Notice the absence of fibronectin from both restricted locations (arrows) and from large areas at the cell periphery. Bar 
indicates 10 am. 
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To determine the fate of fibronectin directly we 
conjugated rhodamine to substrate-attached CIG (rh- 
GIG) and determined its distribution during cell attach- 
ment and spreading. Examination of such culture un- 
der the fluorescence microscope revealed a progres- 
sive removal of the rhodamine-labeled fibronectin. 
After about 30 min of spreading, the fibronectin carpet 
under the attached cells was still mostly uniform as 
may be appreciated from comparison of the fluores- 
cent pattern and phase photomicrograph of the same 
area (Figures 3A and 36, respectively). Some of the 
cells, however, showed at that stage a very limited 
removal of the substrate-attached fibronectin from 
restricted areas at the cell periphery, as indicated by 
the arrows in Figures 3A and 38. The removal of 
fibronectin from the substratum at the cell periphery 
was often extensive, even when the cells were still in 
early stages of spreading as shown in Figure 3C. It 
was noted that an accumulation of fluorescently la- 
beled fibrillary fibronectin was observed in the vicinity 
of the cleared area, proximal to the cell center. Careful 
examination of the fibronectin carpet revealed that it 
was also removed from restricted, elongated areas 
under the central regions of the cells. Longer incu- 
bation periods on the fibronectin carpet resulted in its 
extensive ‘removal both from the cell periphery and 
the cell center. An example of cells growing for 60 
min on rh-CIG carpet is shown in Figures 3D and 3E. 
The borders of the fibronectin-clear areas are not 
strictly related to the margins of the cells as can be 
concluded from the fluorescent pattern in Figure 3D 
and the combined fluorescence-phase micrograph in 
Figure 3E. Variations in the concentration of fibronec- 
tin used for coating the substrate (and hence in the 
thickness of the carpet) had an apparent effect on the 
process of fibronectin removal. Increasing the fibro- 
nectin concentrations over 30 pg/ml resulted in a 
poor and delayed removal of the carpet. In concentra- 

tions below 1.5 pg/ml the rhodamine labeling was 
weak, and the displacement of this thin carpet was 
difficult to document. The removal of substrate-at- 
tached fibronectin was not unique to either chicken 
fibroblasts or human CIG. A similar phenomenon was 
observed with other cell types, including human fore- 
skin fibroblasts and mouse 3T3 cells, plated on either 
human or bovine CIG. An example of a human foreskin 
fibroblast spreading on rh-human CIG carpet is shown 
in Figure 3F. The addition of sodium azide in concen- 
trations of up to 20 mM to the culture medium caused 
a delay in attachment, spreading and fibronectin re- 
moval by the cells, but did not prevent it. 

The use of rh-CIG carpet enabled us to study the 
accessibility of the focal contacts to antibody re- 
agents. When exposed to Triton X-100 (0.5% in 50 
mM MES buffer, 5 mM MgC12, 3 mM EGTA [pH 6.01) 
for 2 min, then fixed with formaldehyde and immuno- 
labeled indirectly for fibronectin using fluorescein- 
conjugated antibodies, the two patterns obtained (Fig- 
ures 3G and 3H, respectively) were essentially iden- 
tical. When, however, fixation was carried out prior to 
detergent permeabilization we were able to find many 
regions in which the substrate-associated CIG was 
not disturbed, while antibody-labeling was missing 
from them. Figure 31 shows the fluorescent pattern of 
the fibronectin carpet after 1 hr of incubation with the 
cells. The immunolabeling of the same area (Figure 
3J) indicated that the labeling was largely missing 
from many focal areas under the spreading cells al- 
though the fibronectin carpet in those areas appeared 
intact. We thus concluded that the accessibility of the 
antibodies to the focal contacts may indeed be very 
limited in prefixed cells. The implications of these 
findings on the interpretation of the results described 
in Figures 1 and 2 as well as the results obtained in 
other laboratories will be discussed later. 

To study directly the correlation between cell con- 

Figure 3. Fibroblastic Cells Plated on Rhodamine-CIG Carpet 

(A) Rhodamine fluorescence in culture of chicken gizzard cells 30 min after spreading. The arrow points to the removal of rh-CIG from the 
substrate at the cell periphery. 
(6) Phase photomicrograph of the same field. The cells are still radially spread and the fibronectin carpet under most of them is still intact or 
slightly perturbed. 
(C) Rhodamine fluorescence as in A. The cells shown there exhibit a more extensive removal of fibronectin from the cell periphery and its 
accumulation proximally to the cell center. 
(D) Rhodamine-CIG carpet 60 min after plating of chicken gizzard cells. The substrate-associated fibronectin is removed from both the periphery 
and central regions of the cell. 
(E) Combined fluorescence-phase photomicrograph of the field shown in D. The fibronectin-free area at the periphery is often located outside the 
borders of the cells. 
(F) Human foreskin fibroblast during early spreading on rhodamine-conjugated human CIG. The removal of rh-CIG is similar to that obtained with 
chicken cells. 
(G) Rhodamine-CIG carpet 60 min after plating of chicken gizzard cells. 
(H) The same field immunolabeled for fibronectin with rabbit antibodies to fibronectin and fluorescein-conjugated goat antirabbit IgG. The cells 
were first treated with Triton then fixed and immunolabeled. The substrate associated rhodamine and fluorescein-labeling patterns are essentially 
identical. 
(I) Rhodamine-CIG carpet in cells 60 min after plating. 
(J) lmmunolabeling of the same cell for fibronectin (fluorescein). The cells were fixed first, and then permeabilized and immunolabeled. Notice the 
similar absence of rh-CIG and immunolabeling from the areas indicated by the arrows. There was, however, exclusion of fibronectin immunolabeling 
from many sites under the ventral cell membrane (arrowheads in J) though the rh-CIG in those areas appeared intact (matched arrowheads in I). 
Bar indicates 10 pm. 
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tacts and the areas from which fibronectin was re- 
moved, cells growing on rh-CIG carpet were fixed 
either before or after detergent treatment and then 
immunolabeled for vinoulin. As depicted in Figure 3 
and in Figures 4A, 4D and 4E, fibronectin was no 
longer uniform under the cells and exhibited a com- 
plex pattern of distribution. Similarly, vinculin labeling 
inside the cells consisted of large number of randomly 
oriented patches (Figures 48 and 4E). The vinculin 
distribution was closely correlated to that of cell-sub- 
strate focal contacts as visualized by interference- 
reflection microscopy (compare, for example, the vin- 
culin labeling in Figure 4B to the same cell observed 
by interference-reflection optics in Figure 40 The 
fibronectin-free areas were partially related to the 

vinculin-containing focal contacts. Thus in many lo- 
cations, such as those marked with matching arrows 
in Figures 4A-4C and in Figure 4D, fibronectin was 
removed from the area under the focal contact or its 
vicinity. This process was however not complete and 
the area under many of the vinculin-rich contact sites 
coincided with intact, or only slightly perturbed, fibro- 
nectin carpet. Similarly, many of the areas on the 
substrate from which fibronectin was extensively re- 
moved were not related to focal contacts and often 
were not even related to the borders of the cell itself 
(Figures 4E and 4F). In small areas where vinculin 
displayed a “fibrillary” or “streaky” appearance we 
have often Observed an enrichment of fibronectin un- 
der those restricted areas as pointed out by the central 

Figure 4. The Spatial Relationships between Fibronectin Removal, Vinculin and Interference-Reflection Patterns 

(A) Rhodamine-CIG carpet 60 min after plating of chicken gizzard cells. 
(6) The same cell, permeabilized. fixed and immunolabeled indirectly for vinculin using fluorescein-conjugated antibodies. 
(C) The same cell examined with interference-reflection optics. 
The arrows in A-C point to the areas in which fibronectin is apparently removed from vinculin-rich focal contacts. Many focal contacts are located 
over unperturbed fibronectin carpet. 
(D) Rhodamine-CIG carpet 30 min after plating. The insert shows the interference-reflection image of the cell (arrows point to the same locations). 
The substrate associated fibronectin is apparently removed from the focal contact. 
(E) Rhodamine-CIG carpet, 60 min after plating of chicken gizzard fibroblasts. 
(F) The same cell immunolabeled for vinculin. Notice the partial and extensive removal of fibronectin from certain vinculin-rich areas (top arrow) 
while in many other locations fibronectin removal was not related to vinculin. The lower and central arrows point to sites in which fibronectin is 
accumulating in an apparent association with “fibrillary” vinculin labeling. Bar indicates 10 pm. 
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and bottom arrows in Figures 4E and 4F. The possible intracellular vesicular structures as indicated by the 
implications of these complex relationships between arrows in Figures 5A, 5C and 5G. These fibronectin- 
exogenous fibronectin and vinculin-containing focal containing structures were usually observed at a focal 
contacts will be discussed later. plane dorsal to the substrate attachment sites, as 

After incubation of chicken gizzard cells on a rh- clearly seen in Figures 5E and 5G. The accumulation 
CIG carpet much fluorescence was associated with of these structures was progressive and closely re- 

Figure 5. Endocytoses of Fibronectin by Chicken and Human Fibroblasts 

(A) Chicken gizzard cell fixed 30 min after plating on rh-CIG carpet. Arrows point to particulated. nonfibrillary rh-CIG. 
(6) Chicken gizzard cell as in A, fixed 2 hr after plating. 
(0 Chicken gizzard cell fixed 60 min after plating on rh-CIG carpet. 
(D) The same cell, after fixation and immunolabeling for fibronectin with fluorescein (no permeabilization was performed), The rhodamine-labeled 
fibronectin associated with granular structure (indicated by arrows) is not accessible to the antibodies and thus appears unlabeled. It is therefore 
concluded that this fibronectin was endocytosed by the cells. 
(E) Human foreskin fibroblast. fixed 60 min after plating on rh-CIG carpet. Many rhodamine-labeled particulated structures are found in the 
perinuclear region, in a focal plane dorsal to the substrate. 
(F) The same cell; fixed, permeabilized and immunolabeled indirectly with anticlathrin antibodies and fluoresceinated goat antirabbit IgG. The 
labeling is associated with numerous cellular structures, probably coated pits and coated vesicles as well as with tubular structure near the 
nucleus (possibly Golgi apparatus). The numbers of either fibronectin or clathrin-associated vesicles were usually too large to test for a direct 
correlation between the two. 
(G) Chicken gizzard cell fixed 30 min after plating on rh-CIG carpet. This cell was selected for a limited amount of endocytosed fibronectin. 
(H) The same cell, labeled after fixation and permeabilization for clathrin. Comparison of the two patterns indicates that significant number of the 
fibronectin-associated endocytic vesicles are apparently associated with clathrin (arrows point to the same locations). This correlation is only 
partial, namely, some of the endocytosed CIG is not associated with clathrin vesicles, and many of the coated vesicles do not contain CIG- 
detectable clathrin. Bar indicates 10 pm. 
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Figure 6. Chicken Gizzard Cells Plated on Substrate-Attached BSA. 

(A) Chicken gizzard cell fixed 2 hr after plating on BSA carpet. The 
cell was fixed, Triton permeabilized and immunolabeled for BSA. 
(B) Chicken gizzard cell fixed 60 min after plating on rh-BSA carpet. 
Notice the absence of fluorescence from elongated areas under the 
cells. Bar indicates 10 pm. 

lated to the removal of the fibronectin carpet. After 
about 30 min of incubation (Figure 5A), only few such 
structures were visible, while after 2 hr, most of the 
fibronectin carpet was already removed and a very 
large number of fibronectin-containing particles was 
noted (Figure 5B). This fibronectin was most probably 
endocytosed by the cells because it was localized 
above the level of the substrate and it could not be 
labeled by antifibronectin antibodies unless the cells 
were permeabilized first with detergent. This is dem- 
onstrated by Figures 5C and 5D. The cells were 
growing on a rh-CIG carpet for 60 min, then they were 
fixed and immunolabeled with antifibronectin anti- 
bodies and fluoresceinated goat antirabbit IgG. The 

results indicated that the particulated rhodamine-con- 
jugated fibronectin is not accessible to the antibodies 
and thus it is most probably inside the cells. When the 
cells were treated with Triton prior to the labeling, the 
intracellular rh-CIG was positively labeled (not shown). 

To characterize further the fate of the endocytosed 
fibronectin, the cells (chicken or human fibroblasts) 
were fixed, permeabilized and labeled with anticlathrin 
antibodies, to visualize coated vesicles and coated 
pits. Usually a very large number of clathrin-containing 
structures were found (Figures 5F and 5H) and the 
correlation with the large number of fibronectin-con- 
taining vesicles (for example Figure 5E) was difficult. 
In many cells (of both human and chicken origin), 
however, areas were found in which the endocytosed 
fibronectin appeared closely associated with clathrin- 
labeled structure (compare the fluorescence in the 
region indicated by the arrow in Figures 5G (fibronec- 
tin) and 5H (clathrin). 

The Redistribution of Bovine Serum Albumin (BSA) 
during Cell Spreading on BSA Coated Substratum 
As another type of control a uniform carpet of BSA 
was prepared on glass coverslips and the cells, sus- 
pended in serum-containing medium were plated on 
it. After different periods the cells were fixed, permea- 
bilized and labeled for BSA with rabbit anti-BSA and 
rhodamine-conjugated goat antirabbit IgG. The im- 
munolabeling for BSA (Figure 6A) was largely absent 
from cell-substrate contacts, as verified by interfer- 
ence-reflection microscopy. However, since our pre- 
vious results indicated that such a pattern may result, 
at least partly, from reduced accessibility for the anti- 
bodies, we have investigated this phenomenon further 
using a rhodamine-labeled BSA carpet. The results 
(Figure 6B) pointed to a reduced fluorescence in 
elongated areas under the spreading cells. The mar- 
gins of these areas were, however, more diffuse than 
those found with the fluorescent fibronectin, and the 
accumulation of fibrillary materials typical for fibronec- 
tin was not observed. 

Discussion 

Extensive efforts have been invested in recent years 
in an attempt to characterize the mechanisms involved 
in the process of cell adhesion. Two major experimen- 
tal approaches have been employed in such studies: 
first, anatomical characterization of those areas in the 
membrane directly associated with intercellular con- 
tacts or with sites of adhesion to extracellular matrix 
or tissue-culture substratum (Izzard and Lochner, 
1976; Abercrombie and Dunn, 1975; Heath and Dunn, 
1978); and second, search for extracellular compo- 
nents that promote cell attachment and spreading. 
Such materials may either be produced by the cells or 
may be supplied to them exogenously (Grinnell 1978; 
Vaheri and Mosher, 1978; Yamada and Olden, 1978). 
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The attachment of cultured fibroblasts to the sub- 
stratum as identified by electron microscopy and in- 
terference-reflection optics occurs at limited areas 
over the ventral cell-surface-denoted focal contacts 
or focal adhesion plaques. In these restricted areas 
the cell membrane was found to run parallel to the 
surface of the substratum, leaving a gap of only 1 OO- 
150 A between them (Izzard and Lochner, 1980). In 
addition, broader areas of less firm attachment were 
also detected by interference-reflection microscopy 
while the rest of the ventral cell surface remained 
loosely attached to the surface. The focal adhesion 
plaques are not only the sites of closest contact with 
the substratum but also are characterized by the 
association of their cytoplasmic faces with the termini 
of actin-containing microfilament bundles. This was 
originally found using electron microscopy (Aber- 
crombie et al., 1971; Heaysman and Pegrum, 1973) 
and later by a combination of interference-reflection 
microscopy and immunofluorescent labeling for actin 
and its associated proteins (Heath and Dunn, 1978; 
Geiger, 1979; Wehland et al., 1979). Recently it was 
demonstrated that a newly described smooth muscle 
protein, denoted by us vinculin, is specifically concen- 
trated in the sites of microfilament-membrane con- 
tacts at the focal adhesion plaques (Geiger, 1979; 
Geiger et al., 1980; Feramisco and Burridge, 1980). 
In the studies described here the simultaneous im- 
munolabeling for vinculin and fibronectin on the same 
cell was found to be very useful for the determination 
of the spatial relationships between fibronectin and 
the focal contacts. 

The attachment- and spreading-promoting proper- 
ties of fibronectin, together with its pattern of distri- 
bution on the cell membrane and the apparent trans- 
membrane association with actin-containing microfi- 
lament bundles, raised the possibility that fibronectin 
directly mediates the contact between the cell and the 
substratum at the focal adhesions. However, the re- 
sults presented here indicate that the relationships 
between fibronectin and focal contacts are consider- 
ably more complex. 

The results of double immunolabeling for fibronectin 
and vinculin on the same cells together with interfer- 
ence-reflection microscopy (Figure 1) pointed to the 
absence of labeling from focal contact, in an agree- 
ment with the recent data of Badley et al. (19801, 
Birchmeier et al. (1980), Fox et al. (1980) and Grinnell 
(1980). However, a major difficulty in the interpreta- 
tion of these results is the possibility that the absence 
of labeling of fibronectin inside the focal contact re- 
sults merely from reduced accessibility for the anti- 
bodies rather than from its actual absence from these 
areas. The studies performed with the uniform fibro- 
nectin carpet provided us with means to look into that 
problem. When we fixed and tritonized cells growing 
on a rhodamine-conjugated fibronectin carpet and 
then immunolabeled them indirectly for fibronectin 

using fluoresceinated antibodies (Figures 31 and 3J), 
there were many areas from which the labeling was 
missing (arrowheads in Figure 3J), although the fibro- 
nectin of the carpet in those areas was still intact. The 
same areas (not shown) contained vinculin and ap- 
peared dark in interference-reflection microscopy, in- 
dicating that there is indeed a reduced penetration of 
antibodies to focal contacts. Thus an absence of 
immunolabeling in that specialized region, as demon- 
strated also by Badley et al. (1980) and by Birchmeier 
et al. (19801, should not be taken as an indication for 
actual absence of fibronectin. Several approaches 
were designed to circumvent the accessibility prob- 
lem. One of them made use of a brief detergent 
treatment before fixation. lmmunolabeling for fibro- 
nectin of cultures growing on rhodamine-fibronectin 
carpet indicated that absence of labeling was re- 
stricted only to those areas from which the rh-CIG was 
removed (Figures 3G and 3H). Chen and Singer 
(1980) immunolabeled ultrathin frozen sections of 
chick fibroblasts simultaneously for fibronectin and 
for Con A-binding proteins at the cell surface. Their 
results indicated that fibronectin labeling was indeed 
reduced or missing from focal contacts which were 
extensively labeled for Con A-binding sites. 

In a second set of experiments we have determined 
the spatial distributions of exogenous fibronectin- and 
vinculin-containing focal contacts in cells growing on 
a uniform carpet of fibronectin (human GIG). This set 
of experiments was performed on two types of fibro- 
nectin carpets; the first was of native fibronectin and 
the second used rhodamine-labeled fibronectin. The 
experiments performed with fluorescent fibronectin 
layer enabled us to determine its distribution directly 
and thus avoid the necessity for immunolabeling and 
the possible artifacts which may result from uneven 
penetration of the antibodies. The experiments per- 
formed with unmodified fibronectin, on the other hand, 
are believed to represent more reliably the interaction 
of cells with the native protein. Nevertheless, both the 
native and rhodamine-conjugated protein promoted 
attachment and spreading of a variety of cells includ- 
ing chicken gizzard fibroblasts, 3T3, L cells and hu- 
man foreskin fibroblasts. 

The removal of substrate-attached fibronectin was 
progressive and by 6 hr of incubation most of the 
protein was removed. The lateral displacement of 
fibronectin and the formation of fibronectin cables 
outside the cells occur most probably via a dynamic 
membrane process in sites of cell-substrate contact. 
However, the correlation between the fibronectin-free 
areas and vinculin-containing focal contacts was quite 
complex as may be appreciated from Figure 5. Many 
areas from which fibronectin was partially or exten- 
sively removed coincided with focal contacts. This 
was observed most commonly in early stages of 
spreading. Nevertheless, the removal of fibronectin 
was by no means a prerequisite for the formation of 
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focal contacts as determined by interference-reflec- 
tion microscopy and vinculin immunolabeling, since 
many of the focal contacts were located on an intact 
or only partially perturbed fibronectin carpet (Figures 
5A-5C). Similarly, many of the fibronectin-free areas 
were not related to focal contacts and were often 
located outside the cell borders (see, for example, 
Figures 5E and 5F). This observation is related most 
likely to the dynamic nature of the spreading process 
and to cell locomotion. This extensive removal of 
fibronectin by moving cells may also be related to the 
formation of phagokinetic tracks on coloidal gold, as 
observed by Albrecht-Buehler (1977). Finally, there 
were also areas in which accumulation of fibronectin 
was directly related to vinculin-rich areas (Figures 5E 
and 5F, arrays). Usually the vinculin organization in 
these sites was “fibrillary” rather than focal. This 
finding may be related to the previously described 
transmembrane association of fibronectin with actin 
(Heggeness et al., 1978; Hynes and Destree, 1978; 
Singer, 1979) and to the recent demonstration of 
spatial relationships between fibronectin and microin- 
jetted vinculin (Feramisco and Burridge, 1980). We 
have no direct data concerning the temporal sequence 
of events related to contact formation and fibronectin 
removal, though our data support the view that fibro- 
nectin promotes cell contact, but once the contact is 
established, fibronectin may be removed from the 
substrate at that area. 

The removal of substrate-attached proteins seems 
to be a general phenomenon, since it was observed 
also with cells growing on a BSA layer. BSA did not 
promote attachment and spreading as did fibronectin, 
but the distribution of the rhodamine-labeled BSA was 
also altered under the spreading cells. Unlike fibro- 
nectin, however, there was no apparent accumulation 
of the labeled BSA, certainly not in a fibrillary form. 

In addition to the lateral displacement of extracel- 
lular fibronectin, we also observed progressive endo- 
cytosis of this protein by the cells (Figure 5). Cells in 
early stages of spreading usually displayed such en- 
docytosis in cell regions close to areas from which 
fibronectin was also laterally displaced, and thus the 
two processes could occur simultaneously in the same 
area. We have tried to determine whether the endo- 
cytosis of fibronectin is related to clathrin-coated ves- 
icles by labeling’cells with anticlathrin antibodies. This 
comparison was usually difficult to do due to the large 
number and high density of both fibronectin- and 
clathrin-containing structures. In some cells, however, 
some coincidence was found suggesting partial or 
transient association (Figures 5G and 5H). 

The phenomena described here, namely the spatial 
relationships between cell-substrate contacts and re- 
organization of the matrix protein fibronectin may be 
mutually related. The removal of substrate-attached 
fibronectin by both lateral displacement and by en- 
docytosis is a contact-related process. Nevertheless, 

these alterations in fibronectin distribution, together 
with de novo production and secretion of this protein 
by the cells may, in turn, further affect cell attachment 
and locomotion. These cell-matrix relationships may 
thus be of great importance for the normal develop- 
ment and motility of cultured cells. 

Experimental Procedures 

Purification of Human Plasma Fibronectin 
Fibronectin (cold insoluble globulin) was purified from human plasma 
using two cycles of gelatin-Sepharose column chromatography 
(Ruoslahti et al., 1976; Orly and Sato, 1979) and was apparently 
homogeneous as determined by polyacrylamide gel electrophoresis 
(gradient slab gels of 6-l 5% acrylamide) in the presence of SDS 
(Studier, 1973). Phenylmethylene sulfonyl fluoride (PMSF) 0.2 mM 
was included throughout the purification and storage to minimize 
proteolysis. The purified fibronectin was stored in 2 M urea at 4’C 
and dialyzed against PBS before use. Human fibronectin and similarly 
purified bovine fibronectin were dialyzed exhaustively against 0.1 M 
potassium phosphate buffer to remove the urea and coupled to 
glutaraldehyde-activated Ultrogel AcA 22 (LKB. France) to be used 
as an immunoabsorbent (Ternynck and Avrameas. 1976). 

lmmunochemical Reagents 
Antibodies to human plasma CIG were raised in rabbits and in guinea 
pigs by intradermal injection of 400 pg of the antigen in complete 
Freund’s adjuvant (Difco). The rabbits were also injected directly into 
the poplitheal lymph nodes. The animals were boosted 3 and 4 weeks 
afler the primary immunization and were bled weekly starting 7 days 
later. Antibody titer was estimated by double immunodiffusion in 1% 
agarose gels and by immunofluorescent labeling of cultured chicken 
cells. Purified antibodies to human CIG were prepared by affinity 
chromatography on Ultrogel-immobilized human CIG and stored at 
4°C in the presence of 10 mM NaN3. The limited crossreactivity of 
the antihuman fibronectin with bovine plasma fibronectin was elimi- 
nated by adsorption of the antibodies on a bovine CIG column. 

Rabbit antibodies to vinculin as well as to BSA and goat antibodies 
to rabbit and guinea pig IgGs were prepared essentially as described 
earlier (Geiger. 1979). Pure antibodies to clathrin were provided by 
D. Louvard, EMBL Heidelberg. Monospecificity of all antibody prep- 
arations was verified by immunoprecipitation as previously described 
(Geiger. 1979). Conjugation of antibodies to rhodamine-lissamine 
sulfonyl chloride (Research Organics Inc.) was performed according 
to the method of Brandtzaeg (1973). Conjugation of dichlorotriazinyl 
amino fluorescein (DTAF, Research Organics Inc.) to antibodies was 
carried out for 1 hr at pH 9.0, using a molar ratio of 1O:l between 
DTAF and IgG. The fluorophore-conjugated antibodies were chro- 
matographed on DEAE-cellulose (Brandtzaeg. 1973) to isolate the 
antibody fraction that contain 3-4 fluorophores per IgG molecule. 

Microscopy 
Fluorescence microscopy was performed with a Zeiss Photoscope Ill 
equipped with filter sets for double (fluorescein-rhodamine) immu- 
nofluorescence (Geiger and Singer, 1979). 

Interference-reflection microscopy was performed in either Pho- 
toscope Ill as previously described (Geiger. 1979) or in a similar 
fashion, with a Zeiss Universal microscope equipped with epiillumi- 
nator. 

Cells and Tissue Culture 
Cultures of embryonic chicken gizzard cells were prepared and 
maintained in culture in DME/F-12 (1 :l) media in the presence of 
10% fetal calf serum. For immunofluorescence experiments, cells 
were grown on 16 or 22 mm square glass coverslips. Fibronectin or 
BSA carpets were prepared by incubating the coverslips for 30-60 
min at 25°C with fibronectin (15 pg/ml in phosphate buffered saline 
[PBS]), or with BSA (500 pgg/ml in PBS), and then extensively rinsed. 
To prepare rhodamine-labeled fibronectin or BSA carpets, precoated 
coverslips were incubated for 5 min with 1 ml of 0.2 M sodium 
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carbonate buffer (pH 9.0) containing 6 pg of rhodamine-lissamine 
sulfonyl chloride at room temperature. Conjugation of the protein in 
solution with rhodamine prior to preparation of the carpet was not 
effective since the subsequent association with the glass was consid- 
erably reduced. Both untreated and rhodamine-labeled fibronectin 
exhibited a similar capability to bind to a gelatin column ancf to 
promote cell attachment and spreading of suspended chicken gizzard 
cells in serum-free medium. Fixation and indirect immunofluorescent 
labeling were carried out as previously described (Geiger and Singer, 
1979). 
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