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SUMMARY

We have investigated the dynamics between free
fibronectin receptors and clusters of them organized
into adhesion plaques on CHO cells using the ability of
these free integrins to be endocytosed and recycled to
the plasma membrane. Indirect inhibition of the endo-
cytic cycle by monensin resulted in the subsequent inter-
nalization of free receptors, which we followed by indi-
rect immunostaining and confocal —microscopy.
Consequently, all the adhesive structures that were in
equilibrium with free integrins became progessively dis-
organized. The cellular morphological changes were
analyzed and correlated with the distribution of cell-
substratum contacts viewed by confocal images obtained
after immunostaining with antibodies raised against the
fibronectin receptor, talin, vinculin and actin. After cell
adhesion to fibronectin, blockage of the endocytic cycle

induced disruption of the adhesion plaques that were
mainly localized at the cell periphery, and disappear-
ance of the stress fibers. However, the cells remained
firmly attached to the substratum through focal contacts
localized in the central part of the cell. These central
focal contacts, but not the peripheral adhesion plaques,
could form when the vesicular traffic was blocked prior
to adhesion and they allowed the cells to attach and flat-
ten onto the substratum. Whereas both adhesive struc-
tures contained the same receptors linked to talin and
vinculin, the central adhesive structures were attached
toashort stretch of actin but never permitted the organ-
ization of stress fibers.
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INTRODUCTION

We suggest that adhesion of CHO cells is mediated by two
types of adhesion plaques. The cells attach and flatten using
receptors that cluster to form central focal contacts; but
complete spreading is achieved by dynamic periphera
adhesion plagues in equilibrium with a pool of free
fibronectin receptors that are subjected to the endocytic
cycle.

CHO cells can attach to fibronectin, a component of the
extracellular matrix, using a specific receptor (Brown and
Juliano, 1985). This membrane glycoprotein is a member
of the integrin superfamily (for review see Hynes, 1992;
Ruodlahti, 1991; Dedhar, 1990). The fibronectin receptor
(FnR) of CHO cells is the counterpart of the human VLAs
(Hemler, 1990). Upon adhesion, the FnRs cluster into
highly organized cellular structures named adhesion
plagues or focal contacts that link the extracellular matrix
to actin microfilaments and a number of cytoskeleton pro-
teins such as talin, vinculin and a-actinin (for review see
Turner and Burridge, 1991).

On CHO cdlls in suspension, FnRs are constitutively

internalized (Sczekan & Juliano, 1990). Recycling occurs
to the plasma membrane from an intracellular pool
(Bretscher, 1989). However, heterogeneous populations of
FNR have been described on CHO cells, one of which (70-
75% of total receptors) might be unavailable for rapid inter-
nalization and recycling (Sczekan and Juliano, 1990). This
heterogeneity may reflect some specialized functions of the
FnRs, with respect to cell adhesion. Since it has been shown
that immobile spread-out cells exhibit reduced lateral
mobility of their integrins at focal contacts (Duband et al.,
1988), it was assumed that these latter structures are mainly
static. However, the question of whether turnover of the
integrins could take place within adhesion plagues through
the endocytic cycle has never been investigated and remains
open.

To address this question, an ionophore such as monensin
(Basu et al., 1981; Berg et a., 1983; Harford et al., 1983a,b)
or a weak base such as chloroquine (Gonzalez-Noriega et
a., 1980; Van Leuven et al., 1980; Maxfield, 1982) can be
used. These drugs block the recycling of the internalized
receptors but do not prevent endocytosis. Therefore, if the
integrins located at focal contacts were exchanged with free
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receptors that are subjected to the endocytic cycle, the pro-
gressive loss of surface receptor induced by monensin or
chloroquine should disorganize the adhesive structures.
Conversely, if the integrins involved in adhesion plaques
were not exchanged with free receptors, or if these recep-
tors were unavailable to the endocytic cycle, these struc-
tures should be resistant to the action of the drugs.

In this paper, we have analyzed the cellular morpholog-
ical changes induced by monensin or chloroquine in corre-
lation with the distribution of the adhesive structures
viewed by confocal images obtained after immunostaining
with antibodies raised against FnR, talin, vinculin or actin.
We report that the use of ionophores has allowed us to dis-
tinguish between two types of contacts: thick peripheral
adhesion plagues, which disappeared during monensin incu-
bation at 37°C, and thinner central adhesion plaques, which
were resistant to the drugs. Our data suggest that in periph-
era adhesion plagues fibronectin receptors are exchanged
with free receptors that are subsequently internalized and
recycled, whereas in central focal contacts, either this
exchange does not occur or the integrins are unavailable
for endocytosis.

MATERIALS AND METHODS

Protein purification

Human fibronectin was purified by affinity chromatography
according to the method of Engvall and Ruoslahti (1977). Human
talin was extracted from outdated platelets from the Blood Center
of Grenoble and purified as previously described (Turner and Bur-
ridge, 1988).

Cell culture

Wild-type CHOwere grown either on plates or in spinnersin Min-
imum Essential Medium with alpha modification (a-MEM), sup-
plemented with 7.5% foetal calf serum. They were harvested with
Hanks Balanced Salt Solution (HBSS) supplemented with 1 mM
EDTA and 0.05% trypsin (w/v).

Antibodies

Monoclonal antibodies against vinculin (clone V284) were
obtained from Boehringer Mannheim Biochemica. Human anti-
actin was a gift from Dr Micouin, from the Blood Center of
Grenoble, this antibody raised against human actin and coupled
to agarose beads retains a high specificity to actin. Monoclonal
antibody against FnR (clone PB1) was a generous gift from Dr
Juliano, from Chapel Hill University, North Carolina. The mon-
oclona antibody against the 190 proteolytic fragment of human
talin (clone 1B10), was raised in our laboratory. 1gG1 was puri-
fied from ascitic fluid by 50% ammonium sulfate precipitation.
The pellet was resolubilized in a 3.3 M NaCl, 100 mM borate
buffer, pH 8.9, and dialyzed against it overnight. High-pressure
affinity chromatography of 1gG1 was carried out using a5 ml Pro-
tein A-Trisacryl column (Merck) washed successively with 3 M
NaCl, 50 mM borate, pH 8.9, and 3 M NaCl, 10 mM borate, pH
8.9, and eluted with 100 mM glycine at pH 3 at a flow rate of 0.2
ml/min. The eluted fractions were immediately neutralized with a
few drops of 1 M Tris-HCl, pH 8. The purified antibody effi-
ciently recognizes the purified human and chicken talin and the
p190 fragment in solid-phase assays. It gives a specific immuno-
fluorescence staining of the adhesion plagues that can be com-
pletely displaced by large concentrations of pure talin.

Monensin- or chloroquine-treated cells

Monensin and chloroquine were from Sigma. Depending on the
experiment, cells were seeded either on 35 mm Petri dishes
(Falcon, Labware), or on glass coverdlips placed in 35 mm Petri
dishes. In all the experiments described here cells were grown on
a fibronectin coat deposited as already described (Tranqui et a.,
1992). Drugs were added to the cells before or after adhesion.

For studying drug action before cell adhesion, 1.0 ml of acell
suspension (1" 10° cells/ml) in a-MEM medium containing 20 mM
HEPES, pH 7.0, and 25 nmiMl monensin or 10 mM chloroquine, was
poured into a 35 mm Petri dish and allowed to adhere for 4 h.

For studying drug action on spread-out cells, the suspension
was plated onto dishes in HEPES/a-MEM medium for 4 h at
37°C. Then the medium was removed from the adherent cells and
replaced with the same medium supplemented with 25 niM mon-
ensin, and the incubation was followed for an other period of 4 h
at 37°C or 4°C.

Control experiments were carried out under the same conditions
but drugs were omitted.

Morphometric analysis

Samples prepared as decribed above were rinsed three times with
HBSS, then they were immersed in 3% paraformaldehyde in PBS
at 37°C for 10 min. Permesbilization was achieved by incubation
in 1% Triton X-100 in PBS, for 15 min. The contrast was
improved with trypan blue staining. The slides were analyzed by
means of a SAMBA 2005 image cytometer (Alcatel TITN,
Grenoble France) connected to a Zeiss microscope (objective “ 40,
1.3 NA, ail). Four different regions selected systematically from
the top to the bottom of the dlides were analyzed. The average
number of cells measured per dide was 300. The elongation factor
(Russ, 1990), the projection area and the form factor were deter-
mined for each cell with a cytometer. The elongation factor is
equal to the ratio between the maximum diameter and the mini-
mum diameter of the cytoplasm. The form factor is equal to the
ratio of the square perimeter to the projection area weighted by
4p. These variables trandate how far a shape diverges from a per-
fect circle. The form factor is equal to unity for a perfect circle
and increases when the shape becomes elliptical or when the cell
contour becomes more and more complicated.

Cell adhesion assays

To test the inhibition of adhesion by an anti-FnR antibody, cells
seeded on 35 mm Petri dishes for 4 h with or without monensin
(as described above), were incubated with 10 or 1 ng/ml of PB1
at 37°C. At low PB1 concentrations the dishes were gently washed
and the remaining adherent cells were photographed under phase
contrast, and counted. The number of adherent cells in a constant
unit area (0.03 mm?) was estimated. All adhesion assays were run
in triplicate, and for each sample 2 areas were counted. Results
were compared with controls without monensin and PB1 (100%
of adhesion).

Immunofluorescence studies

Fibronectin receptors, talin, vinculin and actin, were detected by
indirect immunofluorescence on cells grown on coated glass cov-
erdips. Samples treated with or without monensin or with low
concentration of PB1 were analyzed. We used the modified
method of Granger and Lazarides (1979). Briefly, cells were
washed three timeswith PBS at 37°C and then immersed in freshly
made 3% paraformaldehyde in PBS at 37°C for 10 min. Perme-
ability to antibodies was achieved with incubation in 1% NP40 in
PBS, for 30 min. After a 5 min wash in PBS, the antibody solu-
tion was added to the preparation and incubated for 30 min at



37°C. Fluorescent labeling was achieved with a 30 min incuba
tion with a rhodamine-conjugated F(abd, solution at 37°C.
Finaly, the cells were washed for 15 min in PBS and water, and
mounted in a mixture made of Mowiol and glycerol in which 1,4-
diazobicyclo-(2.2.2)-octane (DABCO) was added. Observations
were carried out either with a Zeiss confocal microscope, or with
a Nikon microphot microscope equipped for epifluorescence.

Microscopy

The morphology of living CHO cells treated with monensin or
choroquine, or untreated samples, was observed by phase-contrast
microscopy with an inverted light microscope (Diaphot Nikon)
equipped with a Ph2 plan 20, NA 0.5 objective lens.

Interference reflection microscopy (IRM) was performed with a
Nikon microphot FxA microscope equipped with a polarizer, an
analyser oriented at 90° to the polarizer, and aNPL Fluotar “ 50
oil immersion, NA 1.00 objective lens (Leitz) equipped with a
rotatable quarter wavelength quartz plate mounted on the front lens.
The preparations were epi-illuminated at 546 nm using and inter-
ference filter (10 nm band pass) located in front of the polarizer.

Confocal microscopy was performed by the indirect immuno-
fluorescence technique using anti-talin, anti-vinculin or anti-actin
antibodies, and the confocal imaging system (model LSM10
ZEISS, Oberkochen) equipped with a Planapo “ 63 oil immersion,
NA 1.40 objective lens. An argon laser (I = 514 nm) was used
to excite the dye, and the emission signal above 590 nm was col-
lected. The micrographs represent an optical section 0.2 nm thick.
Imaging improvements were obtained using a similar system to
AVEC enhancement techniques. Briefly, the signal-to-noise ratio
was improved when 16 frames were accumulated to form an image
(Allen et a., 1981).
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RESULTS

Monensin or chloroquine induce morphological
changes in adhesive CHO cells

Wild-type CHO cells were suspended in a-MEM/HEPES
and seeded without monensin on fibronectin-coated Petri
dishes. They were alowed to attach and spread onto the
substratum, then monensin was added and further incuba-
tion was carried out for 4 h as described under Materias
and Methods. Alternatively, monensin was added prior to
cell spreading, and the incubation was carried out for 4 h
at 37°C. Compared to the polygonal shape of control cells
(Fig. 1A), monensin treatment of spread-out cells induced
asignificant morphological change as viewed by phase-con-
trast microscopy (Fig. 1B): the cells rounded up but did not
separate from the fibronectin coat and remained flat. On the
other hand, when monensin was added prior to cell spread-
ing, it did not hamper the cell attachment to and initial
spreading phase onto fibronectin. Typical round but flat
cellswere observed (Fig. 1C). Thus, thefina step of spread-
ing resulting in polygonal cells was never reached.

The modifications of cell shape were quantified and ana
lyzed on the basis of the elongation factor (major axis/minor
axis) measurements on a statistically significant number of
samples (300 cells) (Table 1). Clearly, the modifications
observed were significant (Student’s t-test P<0.005). Fur-
thermore, adding monensin before or after spreading
resulted in a very similar final shape of the cell, signifi-
cantly distinct from those of the untreated control cells. This

Fig. 1. Morphology of control and monensin-treated CHO cells grown on fibronectin-coated Petri dishes. Wild-type CHO cellsin a-
MEM supplemented with 7.5% foetal calf serum (FCS) are grown in amonolayer and subsequently treated with 0.05% trypsin and 1 mM
EDTA in Hanks' Balanced Salt Solution (HBSS). After washing in HBSS, the cells are resuspended in a-MEM supplemented with 20
mM HEPES at pH 7 without FCS. The cells are seeded on fibronectin-coated Petri dishes at a concentration of 1 10° cells/ml and
incubated at 37°C in different experimental conditions. (A) Untreated CHO cells after 4 h at 37°C. (B) After apreincubation time of 4 h
at 37°C, monensinis added at afinal concentration of 25 mM and the incubation is continued for 4 h. (C) CHO cells are seeded in a-
MEM supplemented with 25 mM monensin and allowed to attach and spread on fibronectin at 37°C for 4 h. The phase-contrast pictures
were obtained at a magnification of ~ 200 using a Diaphot Nikon inverted microscope equipped with a Ph2 plan 20, NA 0.50 objective

lens.
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Table 1. Elongation factors of spread-out CHO cells
treated with ionophores

Spreading Post-spreading Elongation factor
conditions treatment (major axis/minor axis)
4h,37°C 4h,37°C 1.60+0.38
4h,37°C None 1.60+0.44
4h,37°C 4h, 4°C 1.60+0.46

4 h, 37°C + monensin None 1.43+0.32
4h,37°C 4 h, 37°C + monensin 1.45+0.19
4h,37°C 4 h, 4°C + monensin 1.63+0.45

4 h 37°C + chloroquine None 1.45+0.26

For each sample, the average number of cells analyzed was 300,
selected from four different regions of the slide.

morphological change was not observed when monensin
was added to fully spread-out cells at 4°C, Similarly,
addition of choloroquine before spreading reduced the
elongation factor of the cells to 1.45 + 0.26, a value close
to those obtained with monensin, whereas this permeable

amine was less efficient than the ionophore when it was
added after spreading. Since both drugs inhibit the endo-
cytic cycle by distinct mechanisms, these results suggest
that the morphological changes observed might be related
to the endocytosis and recycling of some FnRs. This inter-
pretation was further supported by the absence of any
observed effect when monensin was added to the spread
out cells at 4°C, a temperature that blocks endocytosis and
cellular traffic.

Furthermore, the intracellular pattern of FnR distribution,
viewed in a confocal section located at 1.8 nm from the
fibronectin-coated glass (i.e. above the adhesion plagues),
showed very weak immunostaining with the monoclonal
antibody PB1 in control cells (Fig. 2C). This result was
consistent with the low level of the intracellular FnRs that
represents only 15% of the total number (Bretscher, 1989).
Conversely, upon monensin treatment, a dramatic increase
in the concentration of the intracellular receptors was
detected (Fig. 2D). Since both experiments were performed
in the presence of 10 mg/ml of cycloheximide to prevent

Fig. 2. Visuaization of the internalization of FnRs upon monensin treatment of CHO cells. Indirect immunofluorescence staining was
used to localize FnRsin basal and intracellular confocal sections. Cycloheximide-treated cells (10 V) plated on fibronectin-coated
coverdlips were incubated with monensin (25 nM) as described under Materials and Methods. After 4 h, the cells were fixed with 3%
paraformal dehyde and permeabilized according to the procedure described under Materials and Methods. Staining was performed with
PB1, amonoclonal antibody raised against the hamster FnRs and an anti-mouse 1gG (Fab92 coupled with rhodamine. Optical sections of
0.2 mm located at 0.66 and 1.8 nm from the fibronectin coat were analyzed. (A and C) Control cell. (B and D) Monensin-treated cells. (A
and B) Optical sections located at 0.66 nm from the fibronectin coat where the best detection of the adhesion plaquesis obtained. (C and
D) Intracellular optical sections located at 1.8 mm from the fibronectin coat.



the synthesis of new proteins, the increase in the intracel-
lular concentration of integrin was mainly due to the inter-
nalization of surface-located receptors, suggesting that
receptors initially located in specific adhesion plagues were
now present in the intracellular space. In the same experi-
ments, optical sections located next to the fibronectin coat
(0.66 mm) showed a punctate staining, suggesting the organ-
ization of adhesion plagues (Fig. 2A and B). However, in
these optical sections the distribution of FnRs between
adhesive structures was modified by monensin: in control
cells (Fig. 2A) FnR clusters were mainly located at the
center and on the periphery of the cells, whereas in mon-
ensin-treated samples the FnR clusters were smaller and
their distribution was homogeneous, with no staining at the
edges of the cells (Fig. 2B).

Monensin blocks the spreading but not the
attachment of the cells

The kinetics of cell attachment and spreading were ana-
lyzed by means of the quantitative morphometric analysis
of the cultured cells using a SAMBA 2005 image cytome-
ter as described under Materials and Methods. For each cell,
three measurements were made: the projection area of the
cell, the perimeter of the cell, and the form factor. This
analysis revealed that the initial phase of cell attachment
was identical, with or without monensin present in the
medium. In control experiments, this initia step of attach-
ment and flattening of the cells was followed by a second
phase of spreading that corresponded to an increase of the
projected cell area and the form factor (Fig. 3). After one
hour at 37°C, a plateau was reached, indicating the state of
maximum spreading of the cells. However, when the
ionophore was present, the spreading phase was not
observed (Fig. 3), suggesting that either externalization of
FnRs or high intracellular concentrations of potassium were
required for cell spreading.

Monensin modifies the distribution of the cellular
adhesive structures

The loss of the polygona shape of the CHO cells induced
by monensin or chloroguine suggested that the adhesion
plaques located at the cell periphery were disorganized and
subsequently disrupted. However, since the adhesion of the
central part of the cells remained, it was likely that the cen-
tral cellular adhesion sites were less affected by the drugs
and allowed the cells to keep aflat architecture. In fact, the
FnR, vinculin or talin clusters were smaller in monensin-
treated cells (Fig. 2B, Fig. 4B and D), suggesting that these
structures were also disorganized by the drug, but with
slower kinetics. This hypothesis was confirmed by experi-
ments using overnight incubation with monensin. Long-
time exposure to the drug resulted in complete detachment
of the CHO cells (not shown).

To determine whether the morphological change
observed reflected a reorganization of the cellular adhesion
sites, we analyzed the matrix-cell contacts viewed by indi-
rect immunostaining using monoclonal antibodies raised
against FnR, talin and vinculin, and in the confocal optical
section 0.2 mm thick that was closest to the support (0.660
nmm). In this section we observed atypical pattern of periph-
era and central staining in control cells (Fig. 2A, Fig. 4A
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and C) using specific stainings for receptors, talin or vin-
culin. Since talin and vinculin were cytosolic proteins
mainly located at adhesive structures, the pattern observed
in Fig. 4 ruled out the hypothesis that the central staining
observed with anti-FnR antibody might reflect endocytic
vesicles located at the dorsal face of the membrane. This
heterogeneity of staining with anti-FnR, anti-talin or anti-
vinculin was never encountered in monensin-treated cells
(Fig. 2B, Fig 4B and C).

The staining patterns that we obtained, which were
specific to proteins located at adhesion plaques, suggested
that we could distinguish between two types of focal con-
tacts: typical adhesion plagues located at the edges of
spread-out cells and central focal contacts. Whereas the
former were sensitive to monensin, the latter were more
resistant to the drug. IRM studies of control and monensin-
treated cells (Fig. 5) indicated that the monensin-treated
cells till exhibited faint but distinct dark areas that roughly
correlated with the immunofl uorescence staining using anti-
vinculin monoclonal antibodies (Fig. 5C and D). This indi-
cated that the immunostaining pattern represented true sites
of adhesion to the fibronectin coat. On the other hand, IRM
showed that monensin disrupted the pseudopodia of the
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Fig. 3. Kinetics of cell attachment and spreading of control and
monensin-treated CHO cells. After different incubation times
(ranging from 15 min to 135 min) at 37°C in a-MEM
suppplemented with 20 mM HEPES, the adherent CHO cells were
fixed with 3% paraformadehyde and permesbilized with 1%
Triton X-100 in PBS. The permesabilized cells were stained with
trypan blue and a morphometric analysis was performed as
described under Materials and Methods on 300 cells for each
experimental condition. The average projected cell area and form
factor were estimated. Control and monensin-treated cells were
analyzed in two parallel experiments. Filled rectangles represent
kinetics performed with control cells. Open rectangles represent
kinetics performed with monensin-treated cells.
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cells, in good agreement with the dynamic nature of ruf-
fling edges of the cells and the recycling of integrin recep-
tors (Bretcher, 1989, 1992).

It is noteworthy that with control cells grown for 24 h
in a-MEM supplemented with 7.5% foetal calf serum, a
different distribution of the adhesive structures (viewed
by the anti-vinculin immuno-staining) was observed (Fig.
6). Larger peripheral adhesion plagues were detected
whereas no central focal contacts remained. A possible
explanation for this reorganization might be that the serum
has provided large amounts of other matrix components
such as vitronectin, and has allowed the organization of
heterogeneous clusters of distinct integrins. Such clusters
might induced a different organization of the underlying
cytoskeleton (Dejanaet al., 1988; Charo et al., 1990). On
the other hand, such a distribution of focal contacts may
also occur following the initial phase of spreading. The
cells grown for 24 h in medium supplemented with 7.5%
foetal calf serum exhibited exhibited a stronger sensitiv-
ity to monensin, which resulted in a more dramatic mor-
phological change (Fig. 7) after 4 h of incubations with
the ionophore. This was consistant with the reduced
number of central contacts that can be observed in Fig. 6
and with the dynamic nature of peripheral adhesion

plagues.

Peripheral and central adhesion plaques have
distinct organizations and properties

Analysis of consecutive confocal sections of untreated CHO
cells stained with anti-talin, anti-vinculin or anti-actin and
reconstitution of the images of transverse cuts indicated that
central focal contacts and peripheral adhesion plaques have
a different thicknesses. Conversely, with monensin-treated
cells, the thinner adhesive structures were the only ones
encountered (Table 2). This again pointed out that, a 4 h
incubation with monensin at 37°C disorganized adhesion
plaques located at the edges of the cells, but preserved those
with a more central position.

These differences suggested either that a different organ-
ization of the clustering of the underlying FnRs was
involved in the central focal contacts as compared to periph-
eral adhesion plagues, or that these receptors were differ-
ent. However, the same types of FnRs should be involved
in both structures, since the addition of 5 to 10 ng/ml of
PB1, an anti-FnR monoclona antibody that prevents cell
adhesion on fibronectin(Brown and Juliano, 1985), induced
complete detachment of the spread-out cells from the
fibronectin coat. However, when tested, the addition of the
PB1 antibody at a concentration of 1 ng/ml resulted in a
striking variety of cell shapes with very few focal contacts
at the central core, whereas some peripheral pads at the

Fig. 4. Immunofluorescence staining of adhesion plagues with anti-talin and anti-vinculin monoclonal antibodies in control and
monensin-treated CHO cells. The cells were seeded onto fibronectin-coated glass coverdips and alowed to attach and spread for 4 h at
37°C. Microscopy was carried out as described under Materials and Methods. (A and B) Immunofluorescence staining using anti-talin
antibodies (clone 1B10). (C and D) Immunofluorescence staining using anti-vinculin antibodies. (A and C) Control cells. (B and D)
Monensin-treated cells. Bars, 25 nm.



edges of the cells remained (Fig. 8). These observations
were consistent with the idea that the central focal contacts
have a distinct organization as compared to peripheral adhe
sion plaques.

Further evidence of the heterogeneous nature of cellular
adhesive structures was provided by the synergetic effect
of PB1 and monensin (Fig. 9). Indeed, the disruption of
adhesion plagues by monensin alowed low concentrations
of PB1 to detach the cells, presumably by disrupting the
remaining focal contacts. On the other hand, these struc-
tures seem to have different biologica properties: indirect
immunofluorescence studies with anti-actin antibodies
revealed that stress fibers could be observed in control CHO
cells (Fig. 10A). Conversely, with monensin-treated cells,
cortical and punctate actin staining was observed but no
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Fig. 5. IRM images of control and
CHO cells. The cells were seeded on
fibronectin-coated glass coverslips
and allowed to attach and spread for
4 h at 37°C. Then the medium was
removed and after awash in PBS,
replaced with 3% paraformaldehyde
in PBS at 37°C for 10 min. Then the
preparation proceeded as described
under Materials and Methods for
immunostai ning with anti-vinculin.
Microscopy was performed using a
Microphot FxA Nikon microscope
equipped for epi-fluorescence and
IRM as described under Materials
and Methods. (A and B) Control
CHO cells. (C and D) Monensin-
treated cells. (A and C) IRM images.
(B and D) Immunostaining of
vinculin. Bars, 10 nm.

stress fibers were present (Fig. 10B). Therefore, central con-
tacts were unable on their own to organize the stress fibers.
Using classical immunomicroscopy, double immunostain-
ing with anti-actin and anti-vinculin was performed on cells
spread out under our standard conditions. Fig. 11 shows
that all stress fibers terminated in adhesion plaques specif-
ically stained by anti-vinculin. Microfilaments often linked
peripheral and central adhesion plagues. These crosslinks
may explain the relative compartmentation of the periph-
eral and central cell-substratum contacts.

DISCUSSION

The present analysis of the pharmacological inhibition of
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Fig. 6. Views of the adhesive structuresin CHO cells after a24 h
incubation period in a-MEM supplemented with 7.5% foetal calf
serum. The cells were allowed to attach and spread on a
fibronectin-coated coverdlip for 24 h at 37°C. Then the medium
was removed and after awash in PBS, replaced with 3%
paraformaldehyde in PBS at 37°C. The incubation was carried out
for 10 min, and the preparation was subjected to microscopy.
Immunostaining was performed with anti-vinculin monoclonal
antibodies. Note that no adhesion plagues remain at the center of
the cell. Bar, 25 mm.

the endocytic cycle of the fibronectin receptors was under-
taken to examine the dynamics of the integrins within the
cell-substratum contact sites, which can provide transient
adhesion or stable anchorage to the extracellular matrix.
Evidence of some recycling of the FnRs in CHO cells has
been previously reported for CHO cells in suspension
(Bretscher, 1989; Sczekan and Juliano, 1990). However, in
that case, the integrins were not embedded in the focal con-
tacts and had maximum mobility; yet, only 30% of the FnRs
were efficiently internalized, regardless of their ligation
state, whereas a much larger fraction seemed to be unavail-

Fig. 7. Sensitivity to monensin of CHO cells spread out on
fibronectin for 24 hiin foetal calf serum-supplemented medium.
The cells were allowed to attach and spread on a fibronectin-
coated coverdlip for 24 h at 37°C. Then the medium was removed
and after awash in PBS, replaced with fresh a-MEM without calf
serum and with monensin (25 mM) for 4 h at 37°C. “ 100.

Fig. 8. Cell shape and adhesive structures of spread-out CHO cells
treated with anti-FnR PB1. Spread-out CHO cells were incubated
at 37°C with PB1 (1 ng/ml) for 4 h. Then the cells were fixed with
3% paraformaldehyde in PBS for 10 min at 37°C. The preparation
was subsequently processed as described earlier.
Immunofluorescence was performed with the anti-vinculin
monoclonal antibody. Bar, 25 mm.

iable for fast endocytosis (Sczekan and Juliano, 1990). Here
we report that FNRs may be distributed between distinct
sites of cell adhesion to the extracellular matrix with dis-
tinct structures. One of these seems to be sensitive to mon-
ensin by amechanism that may involve either receptor recy-
cling or the composition of intracellular ions.

Addition of monensin resulted in a dramatic morpholog-
ical change in the cells. Since this ionophore is a potent
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Fig. 9. Synergetic inhibition of cell adhesion by PB1 and
monensin. Monensin (25 M), PB1 (1 ng/ml) or monensin plus
PB1 were added to spread-out cells and the incubation was
continued for 4 h at 37°C. Then the living cells were washed with
PBS and photographed using a phase-contrast objective lens, at a
magnification of “ 100. For each experimental condition, the
number of adhesive cellsin a constant area of 0.03 mm?2 was
estimated as described under Materials and Methods. These values
are compared with those obtained in control experiments (250
cells per ared), as a percentage.



Table 2. Thickness of adhesion plaquesin CHO cells
spread out onto fibronectin-coated dishes

Experimental Adhesive Thickness
conditions structures Staining (mm)

Control cells Periphera Anti-talin 1.1+0.3
adhesion plagques Anti-vinculin -~ 1.3+0.3
Anti-actin 1.4+0.5
Central adhesion Anti-talin 0.8+0.3
plaques Anti-vinculin ~ 0.7+0.3
Anti-actin 1.0£0.3
Monensin- Adhesion plagues Anti-talin 0.8+0.3
treated cells (any localization) Anti-vinculin -~ 0.8£0.3
Anti-actin 1.1+05

Indirect immunofluorescence staining was performed as described under
Materials and Methods. The errors represent the resolution limit of the
microscope. The thickness of the labeling was determined by consecutive
optical sections (0.2 nm) and the reconstitution of the image of a
transverse cut.

inhibitor of receptor recycling, which most likely acts by
raising the pH of the endocytic vesicles (Maxfield, 1982),
and/or by lowering the intracellular potasium content
(Larkin et al., 1983, 1986), the change in the cell shape

Fig. 10. Adhesion plaques do not support the organization of
stress fibers in monensin-treated CHO cells. After 4 h of spreading
at 37°C, control and monensin-treated cells were fixed with 3%
paraformaldehyde for 10 min at 37°C. Immunostaining with anti-
actin monoclonal antibody was performed as described under
Materials and Methods. (A) Control cell. (B) Monensin-treated
cells. Bars, 10 mm.
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Fig. 11. Double labeling of actin and vinculin on CHO cells after
4 h of spreading at 37°C on fibronectin. The cells were spread on
fibronectin-coated coverslips for 4 h at 37°C and processed for
immunofluorescence microscopy as described under Materials and
Methods. Anti-human FITC(Fab). and anti-mouse RITC(Fab)>
were used for actin and vinculin staining, respectively. (A) Actin
staining. (B) Vinculin (plus actin) staining.

may be due to inhibition of the endocytic cycle inducing a
decrease in the number of the FnRs at the cell surface and
the subsequent disorganization of any dynamic cell-sub-
stratum contact. This interpretation is supported by awhole
line of evidence: (i) monensin did not induce any morpho-
logical change in spread-out cells at 4°C, atemperature that
blocks endocytosis and vesicular traffic (Table 1). (ii) A
similar effect was observed when the carboxylic ionophore
monensin was replaced by the permeant amine chloroquine,
another inhibitor of cell surface recycling that does not
affect theintracellular potassium concentration. (iii) A time-
dependent internalization of the fibronectin receptor has
been reported, using monensin-treated CHO cells in sus-
pension (Sczekan an Juliano, 1990), and was actualy
observed with spread-out CHO cells treated with monensin
and cycloheximide (Fig. 2).

It has been proposed that internalization of surface pro-
teins occurs when a ‘tyrosine internalization signal’ is
present in the cytoplasmic domain of the receptors. This
signal appears to be sufficient to direct transmembrane pro-
teins such as receptors into the endocytic pathway, and to
be necessary for the internalization of a variety of cell sur-
face proteins. This generic internalization signal may con-
sist of no more than 8-10 amino acids with a tyrosine
residue present in the membrane-distal portion of the
sequence. A statistically significant preference for polar or
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basic amino acids at specific positions on either side of the
tyrosine has been observed together with amino acids that
are frequently found in turns and clustered near the tyro-
sine on the side of the signal nearest the transmembrane
domain (Ktistakis et al., 1990). In fact, two tyrosine
residues located in putative internalization signals have
been identified on the cytosolic stretch of the by chain of
chicken and human integrins (Tamkun et a., 1986;
Argraves et a., 1987). One of these sequences is homolo-
gous to a tyrosine phosphorylation site in the epidermal
growth factor receptor. Nevertheless, the b1 chain seemsto
be a poor substratum for kinases (Turner et a., 1989) and
the replacement of the tyrosine (Tyr788) with a phenylala-
nine by site-directed mutagenesis resulted in no modifica-
tion of the behavior of the VLA receptors (Hayashi et a.,
1990). However, this sequence may contain several impor-
tant features of an internalization signal and its role should
be reconsidered.

An unexpected outcome of our study was the finding that
FnRs are distributed between two types of cell-substratum
contacts. These two structures have been distinguished on
the basis of their different sensitivity to monensin or chloro-
quine: the peripheral adhesion plagues are slowly disrupted
by monensin or chloroquine, whereas contacts with a more
central localization are more resistant to the drugs. Futher-
more, these two types of adhesive structures have also dis
tinct structural organizations. Central contacts are thinner
(Table 2). Tentative measurements of adhesion plaques
were performed earlier by Chen and Singer (1982) using
electron microscopy; however, due to the very similar elec-
tronic density of the proteinaceous material at the adhesion
plague and in the surrounding cytosol, such a determina
tion was unsucessful. However, Chen and Singer (1982)
have given an accurate measurement of the gap between
the membrane and the extracellular matrix (0.3-0.5 nm), a
value that is significantly smaller than the tickness of the
intracellular material located at the focal contacts. Thin
adhesive structures have been previously reported when
cells are allowed to attach and spread onto RGDS-coated
plastic dishes (Streeter and Rees, 1987) or when cells spread
onto plastic coated at low density with the synthetic pep-
tide GRGDY (Massiaand Hubbell, 1991). Furthermore, the
establishment of two types of adhesion plagues has pevi-
ously been identified in embryo quail cells (Bershadsky et
al., 1985). These authors reported that only one type was
associated with actin microfilament bundles and it may rep-
resent early adhesive structures. Our present data are very
similar even though the distribution of the cell contacts
seems quite different in CHO cells compared to quail cells.
When CHO cells are allowed to spread for a long time in
a medium supplemented with foetal calf serum, a reorga
nization of the adhesive structures is observed (Fig. 6).
Therefore, sequential organization of the cell-matrix con-
tact may occur during the cell cycle. It is noteworthy that
after a long time of spreading in serum-supplemented
medium the cells are still sensitive to monensin (Fig. 7).
Peripheral and central adhesion plagques differ with respect
to their biological properties: central contacts cannot alone
sustain the organization of the stress fibers (Figs 10 and
11). The sensitivity to monensin of classical (peripheral)
adhesion plagues suggests that they are in equilibrium with

free integrins, which are subjected to constitutive recycling,
and therefore it is likely that they exhibit a high degree of
self-renewal. Conversely, the relative resistance to mon-
ensin of the central focal contacts indicates that they may
be more-static structures, or may be in equilibrium with
receptors that are not subjected to the endocytic cycle.

Fibronectin receptor clusters in peripheral or centra
plaques involved similar fibronectin receptors, since both
structures are sengitive to the monoclonal antibody PB1.
However, it has been reported recently that alternative vari-
ants of the b1 integrin chain contain distinct cytoplasmic
domains (Altruda et al., 1990; Languino and Ruoslahti,
1992). The possibility cannot be excluded that such vari-
ants may be involved in different links with the cytoskele-
ton, or may not be subjected to endocytosis.

In summary, our results suggest that the fibronectin
receptors clustered within peripheral adhesion plaques are
slowly exchanged with neighboring receptors on the plasma
membrane, which are subsequently internalized and recy-
cled from an intracellular pool. On the other hand, central
focal contacts exhibit different structures and functions.
They are organized early in the adhesion process from
receptors that are already present at the cell surface (Fig.
3). These structures may be more static, or may be in equi-
librium with FnRs that are not available to the endocytic
cycle. Finaly, further organization of the adhesion plagues
involving other integrins may occur in long-term experi-
ments.

We propose that cells attach and flatten using external
receptors clustered in central focal contacts, whereas
spreading is achieved by the formation of periphera adhe-
sion plaques that support stress fibers. The reasons why the
same types of integrins are distributed between the distinct
structures remain to be elucidated.
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