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Adhesion-Induced Physiological Cell Death
DORIT HANEIN". ANAT YARDEN', HELENA SABANAYh. LIA ADDADI" and BENJAMIN GEIGERh."

Cultured epithelial cells interact massively. rapidly and stereospecifically with the (011 ]
faces of calcium (R,R)-tartrate tetrahydrate crystals. It was suggested that the massive rapid
adhesion represents an exaggerated and isolated form of the first initial events in the attachment of cultured cells to conventional tissue culture surfaces (Hanein. et a].. Cells and
Materials. 5, 197-210: 1995). Attachment is however not followed by normal cell spreading
and development of focal adhesions. but results in massive cell death. In this study, the fate
of the crystal-bound cells was characterized by electron microscopy. How cytonietry and
microscopic morphometry and was found to display the characteristics of physiological cell
death. We show that the direct interaction with the highly homogenous and repetitive { 01 1 )
faces per se does not trigger the transduction of lethal transmembrane signals. We suggest
that the excessive direct interactions between the cell membrane and the crystal. by inipairing cell motion. prevent the evolution of RGD-dependent cell adhesion. This implies that the
deprivation of proper extracellular matrix (ECM)-receptor contacts of substrate-attached
epithelial cells eventually triggers physiological cell death.
KeTuwxfs; Apoptosis. Cell-adhesion. Crystal

INTRODUCTION

man and Moscona, 1978; Geiger. et al.. 1987: Burridge, et al.. 1988; Geiger, et al.. 1990).
Cell-substrate adhesion is a molecularly complex
and diversified multistage process. which includes, in
sequence, initial cell attachment. spreading on the
surface and focal adhesion formation (Grinnell and
Hays, 1978; Bongrand. et al.. 1982; Duval. et al..
1988). While the first events are believed to involve
direct molecular interactions with the solid substrate

Interactions of anchorage-dependent cells with solid
surfaces have a key role in the formation and maintenance of tissue integrity and organization, regulation of cell motility. and the control of a large variety
of cellular activities (Vasiliev and Gelfand. 198 1:
Sims, et al., 1992; Wang, et al., 1993). These include
anchorage dependent growth and differentiation. cell
activation, and modulation of gene expression (Folk-
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(Curtis, et al., 1983). the development of focal adhesions requires specific interactions between adhesive
extracellular matrix (ECM) proteins such as fibronectin and vitronectin, and the respective surface integrin
receptors (Hynes, 1992; Yamada and Kleinman,
1992). Integrins have been found not only to provide
a transmembranal mechanical linkage between the
cytoskeleton and the ECM but also to regulate several intracellular processes such as tyrosine phosphorylation, cytoplasmic alkalization. intracellular calcium fluctuations and inositol lipid metabolism (reviewed in Schwartz, 1992; Juliano and Haskill, 1993;
Geiger, et al., 1996). The involvement of integrins in
such signaling pathways suggests a possible role in
the control of cell growth. Indeed. cell attachment
was found to induce the expression of growth-associated genes, such as cyclin A, which when overexpressed promote anchorage-independent proliferation
(Guadagno, et al., 1993). In addition, binding to
beads coated with anti-integrin antibodies or fibronectin affected gene expression and differentiation
and stimulated cell spreading (Adams and Watt,
1989; Sporn, et al.. 1990; Curtis. et al., 1992).
Cell adhesion appears to be an absolute requirement for proper cell proliferation in fibroblasts,
which otherwise arrest in the G1 phase of the cell
cycle (Otsuka and Moskowitz, 1975; Matsuhisa and
Mori, 198 1: Guadagno and Assoian, 199 1). Adhesion
to the ECM may even be essential for survival of
certain cell types, suggesting that ECM-integrin interactions may trigger “survival signals” that prevent
entry into a “cell suicide” program (Ruoslahti and
Reed. 1994).
Apoptotic cell death is currently viewed as a twophase process (Earnshaw, 1995). First, cells respond
to an external or internal stimulus and become committed to death. Subsequently, they undergo dramatic
structural changes enabling their morphological identification. Apoptosis is usually characterized by overall shrinkage of the cell, active surface membrane
blebbing. dramatic reorganization of the cell nucleus.
chromatin condensation at the nuclear periphery and
nuclear fragmentation (Wyllie. et al., 1980; Compton,
1992; Darzynkiewicz, et al., 1992). These features of

apoptosis are distinct from those typical of death by
necrosis, or pathological cell death (Vaux. 1993).
which is characterized by cell swelling, followed by
membrane rupture and cytoplasm extrusion (Duvall
and Wyllie, 1986; Dive, et al., 1992).
The relation between specific cell-substrate attachment and cell survival was investigated in this study.
In a previous work, we showed that the use of crystal
surfaces as adhesive substrates may provide unique
information on the fine structural and molecular requirements of cell adhesion (Hanein, et al., 1993). We
have shown that cultured epithelial cells (from Xenopiis kidney epithelial line A6). interact differently
with the chemically equivalent but structurally distinct faces of calcium (R.R)-tartrate tetrahydrate crystals. Within minutes after plating massive attachment
occurs only to the (011) face-type of the crystal. The
adherent cells are initially spherical and attach to the
surface through an extended foot-like structure. They
flatten only moderately during the first several hours,
with no indication of association with an ECM layer
(Hanein, et al.. 1993). Binding appears to be independent of exogenous proteins as it is not blocked by
RGD-peptides or the presence of serum in the medium. Disruption of the actin or tubulin networks and
even chemical cell fixation prior to seeding, do not
inhibit this attachment (Hanein, et al.. 1995). The
binding is, however, stereoselective, as the cells distinguish between the (011) faces of (R,R) and (S,S)
calcium tartrate tetrahydrate crystals, which are the
mirror image of each other. with structurally identical
surface organization. It thus appears that this extensive stereospecific attachment is due to direct binding
of chiral cell membrane components to the crystal
surface at multiple sites (Hanein, et al., 1994). It was
suggested that the massive and rapid adhesion represents an exaggerated and isolated version of the initial events in the attachment of cultured cells to conventional tissue culture dishes (Hanein, et al.. 1995).
We proposed that these direct interactions, sparse on
conventional substrates, are amplified by the periodicity of the crystal surface, where selected chemical
moieties emerge at the surface in a dense repetitive
array.
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It was also observed that attachment to the ( 0 1I }
crystal faces is not followed by normal cell spreading
and development of focal adhesions. and eventually
leads to massive cell death.
In this study we have carefully examined the fate
of the cells adhering to the (011) faces of calcium
(R.R) tartrate crystals during this critical period between cell plating and cell death. We show that the
observed incompatibility of the crystal face with cell
growth is not due to active induction of a lethal signal
but rather to deprivation of vital interactions with the
ECM. Three independent analyses. electron microscopy. nuclear staining and flow cytometry, suggest
that the pathway leading to cell death corresponds to
physiological. rather than pathological cell death.

METHODS
Crystallization
Optimal conditions for crystallization of calcium
(R.R)-tartrate tetrahydrate were determined, ensuring
that the crystals were well-formed, homo,oeneous.
and reproducible with respect to morphology and
size. Thirty ml of 40 mM sodium hydrogen tartrate
(Merck-Schuchardt. Darmstadt) was mixed with 30
ml of 43 mM CaCI2.2HIO (Merck-Schuchardt.
Darmstadt) at pH 6.5 and transferred to 35 mni cell
culture dishes (Falcon, Becton Dickinson Labware.
Plymouth) or to 150 mm glass crystallization dishes
(Kimax, USA). at room temperature. Typically. crystals of -300-400 pm size form within 1 day. Determination of the crystal morphology and identification
of crystal faces was performed as previously reported
(Hanein, et al.. 1993). Crystals were gently removed
from the glass dishes with a needle (Becton Dickinson. New Jersey, USA) under a dissecting microscope and transferred to 35 mm cell culture dishes.

Cell Culture
Routinely, A6 cells (Xenopus l e m i ~ epithelial
.
kidney
cells, ATCC CCL 102) were cultured at 28°C in
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Dulbecco's minimum essential medium (Biological
services unit of the Weizmann Institute) supplemented with 10% fetal calf serum (Biolab Lab. Itd.,
Jerusalem. Israel). Cells were seeded either on the
culture dishes in which the crystals were previously
grown. still attached to the dish (Hanein, et al.. 1993).
or on culture dishes which contained detached crystals (previously grown on the glass dishes). To avoid
crystal dissolution. all culture. fixation. and washing
solutions were saturated with respect to calcium
(R,R)-tartrate tetrahydrate.

Electron Microscopy (EM)
Scniiriing Electron Microscopy (SEM)
Cells were fixed in 2% glutaraldehyde in 0.1M cacodylate buffer. pH 7.1. for 30 minutes. The dishes
were rinsed twice and postfixed for 30 minutes with
19 osmium tetroxide in 0. I M cacodylate buffer. After rinsing (2X). the crystals were detached from the
dishes and transferred to Microporous Spec Cap (Spi
Supplies, Westchester. PA, USA), dehydrated with
ethanol and critical point dried with CO1 (Pelco'I"
CPD2, Redding. CA. USA). The crystals were placed
on carbon-coated stubs and sputter coated with gold.
The specimens were examined at an accelerating
voltage of 1 0 + 15 kV with a JSM-6400 scanning
electron microscope (Jeol Itd.. Tokyo, Japan).

Trammission EM (TEM)
The preparation of cells and tartrate crystals for TEM
followed the procedure previously reported (Hanein.
et al.. 1993). Briefly. the crystals and cells were fixed
for 30 minutes in 2 9 glutaraldehyde and 1%
paraformaldehyde (Spi. Supplies, Westchester. PA,
USA) in 0.1M cacodylate buffer. pH 7.2. The dishes
were rinsed four times and embedded in a thin layer
(<1 mm) of 1.7% agar. The tartrate crystals were dissolved from the agar layer with 2 mm EGTA solution
over night. Following complete dissolution of the
crystals. cells were postifixed with 1% osmium
tetroxide, 0.5% potassium ferrocyanide and 0.57r potassium dichromate in 0.1M cacodylate buffer. pH
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7.2. The dishes were embedded in Polybed 812
(Polysciences Inc., Wamngton, PA, USA). Thin sections (500-700A) were placed on copper grids and
stained with uranyl acetate and lead citrate. The samples were examined using the Philips CM12 transmission electron microscope at an accelerating voltage of 100 kV.
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Crystals Dispersed on Top of A6 Confluent
Monolayer
Calcium (R,R)-tartrate tetrahydrate crystals were
crystallized, manually detached from the dishes as
described above, and applied on top of a confluent
culture of A6 cells in saturated complete medium.
Following 24 hours of incubation the dishes were
rinsed twice and fixed. For EM observation, the cells
were cultured on coverslips glass (0 = 0.13mm)
(Chance Propper LTD., Smethwick, Warley, England). The fixation procedure was as described
above except that the glass slides containing the cells
and crystals were fixed en-bloc.

Cellular Dynamics Experiments
A6 cells were seeded on 35 mm Falcon tissue culture
dishes in which the crystals were previously grown,
still attached to the dish, and cultured in saturated
complete medium. Light microscopy, monitoring cell
shape and position was performed using an IM35 inverted microscope (Zeiss, Oberkochen, Germany).
The cell cultures were kept in a humidified atmosphere of 5% C 0 2 in air, at 26"C, throughout the
experiments.

Nuclear Morphology
Cells incubated in 35 mm Falcon tissue culture dishes
containing calcium (R,R)-tartrate tetrahydrate crystals were fixed for 5 minutes in cold ethanol
(-20"C), at different time points following plating.
The cells were stained en-bloc with 0.5 pg/ml DNAspecific dye DAPI (Sigma, St Louis, MO, USA) for
10 minutes and rinsed twice in tartrate-saturated PBS

solution (Arndt-Jovin and Jovin, 1989). The cells
were examined using a Axiophot Zeiss fluorescence
microscope equipped with the proper filters and a water immersion objective (X40NA = 0.75) .

Flow Cytometry
Cells were grown either in regular or tartrate-saturated medium, in 35 mm Falcon tissue culture dishes
or in poly[2-Hydroxyethyl-Methacrylate] (polyHEMA, 120 pg/ml, Sigma, St. Louis, MO, USA)
coated dishes (Disposable Medical Products,
Miniplast, Ein-Shemer, Israel). Hoechst 33342 (HO,
5 pg/ml, Sigma, St. Louis, MO, USA) was added to
the culture medium 30 minutes before the cells were
harvested from the Falcon tissue culture dishes by
trypsin-versene (Biolab Lab. ltd. Jerusalem, Israel).
The cells grown in poly-HEMA coated dishes were
mechanically suspended and collected by gentle centrifugation. The cells attached to the (011 } faces were
detached by dissolving the crystals with 5 mM EGTA
for 30 minutes and washed twice with PBS buffer.
Following analysis of the HO staining by flow cytometry (480 nm, FACStar+, Becton-Dickinson. Plymouth, England), Propidium Iodide (PI, 5 pg/ml,
Sigma) was added for 10 minutes on ice and the simultaneous analysis of HO and PI (600 nm) was then
carried out according to Darzynkiewicz, et al. (1994).

RESULTS
Analysis of Cell Motility Following Initial
Attachment to the Crystal Faces'
In order to determine whether the absence of cells on
the { 0 1 1 } crystal surfaces following long incubation is
due to migration of the cells from these surfaces or to
cell death in situ, time-lapse microscopic experiments
were performed. We followed live A6 cells attached to
the { 01 1 } surfaces by phase-contrast microscopy, and
compared their locomotory activity with that of cells
attached to the culture dish. Cells attached to the
{ 01 1} face were essentially immobile and remained

ADHESION INDUCED APOPTOSIS

spherical for 8 hours (Fig. lA, B), whereas the cells
on the plate spread, migrated and formed epithelial
patches (Fig. lC, D). It thus appears that attachment
to the crystal faces results in cell immobilization
within the time frame examined.
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Ultrastructural Analysis of Crystal-Bound Cells
Within the first few hours after plating visible ultrastructural changes were apparent in crystal-bound
cells. These were characterized by irregular condensation of chromatin, appearance of multilamellar inclusions and vacuoles throughout the cytoplasm and
often by the appearance of surface blebs and ruffles
(Fig. 2A). Apical membrane foldings and ridges,
which were prominent shortly after plating (and characteristic of fully spread A6 cells growing on tissue
culture substrates) disappeared 6 hours after plating
(Fig. 2B). At 24 hours after plating only severely
damaged, apparently dead cells and cellular debris
were detected (Fig. 2C). All these cellular features are
characteristics of cells dying by apoptosis (Wyllie, et
al., 1980; Earnshaw, et al., 1995).

345

Fluorescent light microscopy shows moderate morphological changes in the nuclei of the cells attached
to the crystal faces already within 1 hour of incubation. Fine DAPI-labeled granules scatter throughout
the entire periphery of the nucleus and appear to bleb
off from the nuclear surface (Fig. 3C). After longer
incubation (3-11 h), the nucleus begins to shrink
compared to the control (Fig. 3A, B, D, F) and finally, disintegrates into fragmented chromatin masses
(Fig. 3E). Similar nuclear fragmentation occurs in
apoptotic cells (Wyllie, et al., 1980; Earnshaw, et al.,
1995). In contrast, no fragmented nuclei were observed in cells attached to the culture dish during the
entire experiment ( 1-24 h) (Fig. 3B).
Flow cytometry was used to analyze DNA content
in the apoptotic population following cell attachment
to the crystals compared to control tissue culture
dishes. Initially the cellular DNA content was determined using the DNA specific dye, Hoechst 33342
(HO). During the entire experiment (1-18 h) no
changes in DNA fluorescence were observed in cells
attached to tissue culture dishes (Fig. 4). There was
no apparent difference in the profile of DNA content

FIGURE 1 Phase contrast photomicrographs of A6 cells attached to the tissue culture dish (bottom panel) and cells attached to the (011 1
faces of calcium (R,R)-tartrate tetrahydrate crystals (top panel). The black dots are introduced as reference to mark the position of selected
cells, after the short incubation times. A) Cells attached to the (011) face of an (R,R) tartrate crystal, 10 minutes after plating. B) A
photograph of the same (011) face following 8 hours incubation. C) Cells attached to the culture dish near the crystal following 1 hour
incubation. D) Cells attached to the culture dish near the crystal following 8 hours incubation. Note that the cells on the crystal face are
rounded whereas the cells attached to culture dish are already spread. Mag. X320.
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FIGURE 2 Transmission electron micrographs of A6 cells attached to the [ 01 I 1 faces of calcium (R.R)-tartrate tetrahydrate cryhtals. after
different incubation periods in complete medium. Asterisk denotes the space that was occupied by the crystal. A) An A6 cell attached to the
(011) face, following 1 hour incubation. B) A partially spread cell. attached to the (011 ) face, following 6 hours incubation. C) Dead cell
on the (011 ) face, following 24 hours incubation. Magnification X 10000.

distribution of cells attached to tissue culture dishes
or to the crystals shortly after cell seeding (30 minutes, not shown). However, after 3 hours incubation,
a significant sub-population of cells with a DNA content lower than 2n appeared only among the cells
which were attached to the crystals (Fig. 4A. upper
panel). This sub-population was characterized by a

pronounced sub-G1 peak and by DNA debris which
accumulated at the lower left part of the histogram.
The DNA content profile seems to change dramatically following attachment to the crystals. as all
phases of the cell cycle, namely G1, S and G 2 M .
were significantly reduced. Following 11 hours of incubation, the DNA content profile of the cells which

Downloaded By: [Weizmann Institute of Science] At: 20:44 23 May 2009
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FIGURE 3 Time course of the DNA morphological changes as observed by DAPI staining upon attachment of A6 cells to the (01I ] faces
of calcium (R,R)-tartrate tetrahydrate crystals (A, C. D, E) as opposed to cells attached to the culture dish (B). A) An overview of the nuclei
of A6 cells attached to the (011) crystal face following 3 hours incubation, Bar = 10 pm. B) Typical appearance of nuclei of cells on the
culture dish, following 11 hours incubation. C) Typical appearance of nuclei of cells attached to the crystal following 1 hour incubation, or
following II hours incubation (D, E). Bar = 5 prn. F) Histogram representing the average projected area o f A 6 nuclei on the tissue culture
dishes (TCD) or on the { 01 1 ] faces of the crystals following various periods of incubation.

were attached to the crystals further changed; most of
the nuclei exhibited a DNA content lower than 2n and
the sub-G1 peak was reduced as well (Fig. 4B, upper
panel). Such profiles indicate that with increasing incubation time of A6 cells on the crystal surfaces, a
population of cells with reduced HO fluorescence
(“hypodiploid peak”) accumulates initially as a
sub-G1 population which is further degraded with
time. In this case, the overall shift in the position of
the peaks reflects major alterations in chromatin
structure.
In order to estimate the fraction of the apoptotic
cells we have added another DNA specific dye, Propidium Iodide (PI), which does not penetrate mem-

branes of live cells and thus stains chromatin of dead
cells only (Belloc, et al., 1994; Darzynkiewicz, et al.,
1994). Moreover, the level of PI labeling may discriminate between different stages during the apoptotic process (Darzynkiewicz, et al., 1994). Following
3 hours of incubation, only 20% of the cells were
completely negative for PI uptake (population (a) in
Fig. 4A, middle panel), with some hypodiploid nuclei
(population (Apl) in Fig. 4A). Among the PI positive
cells (80%) three sub-populations were identified:
those containing an intermediate level of PI uptake
(population (Ap2) in Fig. 4A), those containing high
level of PI uptake (population (b) in Fig. 4A) and
those containing only nuclear debris (see the left side

D. HANEIN et al.
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FIGURE 4 Flow cytometric analysis of A6 cells attached to the (0111 crystal faces ((Oll)), to the tissue culture dishes (TCD), or
suspended in non adhesive poly-HEMA dishes (HEMA). The cells were initially stained with Hoechst 33342 (HO, upper panel) followed
by F’ropidium Iodide (PI) staining for simultaneous analysis of HO and PI (middle panel). Live cells which were negative to PI penetration
are marked with red dots (a), while all the dying cells (PI positive) are marked with black dots (b). The sub-G1 population is marked Apl
and the intermediate PI uptake population Ap2. The cell size and shape is represented by the forward light scattering (FSC) plotted against
side scattering (SSC) of HO-stained A6 cells (lower panel). A) cells incubated for 3 hours, in complete medium; B) cells incubated for 11
hours, in complete medium; C) serum starved (0.1% serum for 48 hours) cells which were incubated in the absence (-serum) or presence
(+serum) of 10% serum for 3 hours. (See color plate VII).
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of the plot in Fig. 4A). Following 11 hours incubation
on the crystals, the apoptotic populations Apl and
Ap2 are much less abundant and the majority (94%)
of nuclei is PI positive while most of the nuclei accumulate as nuclear debris (middle panel, Fig. 4B).
The apoptotic pathway which takes place following
attachment of cells to the crystal surface can thus be
described as follows: initially nuclear fragmentation
occurs while the membrane stays intact, later the
membrane starts to deteriorate leading to a progressive perineabilization to PI. In addition, we observed
a decrease in the forward light scattering among the
dying cells (Fig 4), probably due to the shrinkage of
the nuclei, in line with the microscopic examination
(Fig. 3 ) .

The Mechanism of Induction of Apoptosis in
Crystal-Bound Cells
In order to check whether the cause of the apoptotic
process, which takes place on the crystals, is a deprivation of anchorage to a permissive substrate, we
have plated A6 cells on non-adhesive poly-HEMA
(Folkman and Moscona, 1978) coated dishes in complete medium. At various time points their DNA content was measured by flow cytometry. Following 3
hours incubation, 36% of the cells exhibit a lower
forward scattering signal, as well as an increase in PI
uptake, and this fraction reaches 6.5% after 11 hours
(Fig. 4 ) . With increasing incubation time in suspension, the population of cells with reduced HO fluorescence also increases, similar to the behavior of
crystal-bound cells. The apoptotc process observed in
isolated cells adhering to the crystal faces resemble
those observed in cells grown in poly-HEMA coated
dishes, but the time course appears to be slower.
We have previously reported that serum deprivation did not change the attachment properties of A6
cells to the (011) crystal faces (Hanein, et al., 1993).
Indeed a similar fraction (20%) of A6 cells appeared
to be PI negative following 3 hours of incubation on
the crystals. irrespective of whether the cells were
starved or grown in complete medium (Fig. 4A, C,
middle panels). However. when 10% serum was
added 15 minutes after seeding the cells on the crys-
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tals. 43% of the cells were impermeable to PI. suggesting that serum stimulation can partially rescue A6
cells from the apoptotic process (Fig. 4C).

Cells Attached to Both the Crystals and the
Tissue Culture Dish do Not Undergo Cell Death
Cell death on the crystal (011 } faces could be the
result of a lethal transmembrane signal directly triggered by the interactions with the crystal surface. or
could stem from deprivation of vital interactions with
the matrix. To distinguish between these possibilities
small tartrate crystals (100-150 pm in size) were
seeded on top of confluent monolayers of well spread
A6 cells. The dishes containing the crystals and the
cells, were incubated for 24 hours and fixed. SEM
observations indicated that the majority of crystals
(87%) attach to the cell monolayer via the { 01 1 }
faces (Hanein, et al., 1995). However, in contrast to
the structural deterioration observed in cells attached
to the (0111 faces, the cells bearing crystals on their
dorsal membrane were apparently healthy (Fig. 5A.
B). TEM analysis indicated that the cells under the
crystal face preserved their typical epithelial morphology and the crystals were attached to the cells via
apical membrane foldings and microvilli (Fig. SC.
D). No deformation, or only very limited deformation, of these membrane protrusions could be detected at the crystal-cell attachment interface (Fig.
SD). Thus direct interaction of the crystals with cells.
through their { 01 1 ) faces is intrinsically compatible
with survival and growth. Moreover, cells which are
simultaneously attached to two adjacent crystal faces.
(011 } and { l o l } . display normal cellular morphology (data not shown). It can be concluded that incompatibility with cell growth is expressed only
when cells are exclusively attached to the (011)
faces.

DISCUSSION
The fate of anchorage-dependent A6 cells adhering to
the { 01 1 } faces of calcium (R,R)-tartrate crystals.
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FIGURE 5 A) Scanning electron micrograph of a typical confluent monolayer of A6 cells. B) Scanning electron micrograph of a calcium
(R,R)-tartrate tetrahydrate crystal attached to the monolayer via its (011) face. Bar = 10 p.C) Transmission electron micrograph of a
typical cell from the monolayer in (A), showing the apical membrane foldings and ridges. The black circle denotes the Agar layer. D)
Transmission electron micrograph of a typical cell from monolayer in (B), showing the apical membrane directly contacting the (01 1)
crystal face. The Asterisk denotes the space that was occupied by the crystal, from which the agarose was excluded. Note the largely
unperturbed dorsal surface morphology in the two micrographs. Magnification X 10,OOO.

was studied using electron microscopy, microscopic
morphometry and flow cytometry. We report that, despite their strong attachment to the crystals, the cells
undergo physiological cell death, as if they were deprived of adhesive interactions. Thus adhesion to the
crystal apparently triggers apoptosis in this system, in
contrast with the more common situation, where it is
the inhibition of cell adhesion which leads to cell
death.

Apoptosis has been described in many normal biological processes, such as embryonic development
and lymphoid differentiation, metamorphosis, and
hormone-dependent atrophy. Cell death during development of C. elegans, for example, is caused by the
activation of specific genes within the cell (Ellis, et
al., 1991), suggesting that death is a cell fate as any
other differentiation-dependent cell fate. On the other
hand, death may be induced by deprivation of growth
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factors such as nerve growth factor (NGF), involved
in maintaining neurons during development. or tibroblast growth factor (FGF). active in the survival and
proliferation of many types of vascular endothelial
cells (Araki, et al., 1990: Deckwerth and Johnshon.
1993). Similarly, integrin-mediated signaling appears
to be an important factor in the control of cell survival. since many anchorage-dependent cells. deprived of adhesion, undergo apoptosis (Ruoslahti and
Reed. 1993). While the exact molecular mechanism
of integrin-mediated signaling is still unclear. it is
conceivable that adhesion-dependent immobilization
of these molecules triggers the transmembrane assembly of both the cytoskeletal elements of focal adhesions and a battery of signal transduction kinases
(Schwartz. 1992; Juliano and Haskill. 1993: Miyamoto, et al.. 1995: Geiger, et al.. 1996). In this context, integrin clustering per se without cell spreading
was found to be sufficient to cause elevation of cytoplasmatic pH (Schwartz. et al., 1991a; Schwartz. et
al.. 1991b). Similarly. the inositol lipid pathway.
closely connected to growth stimulation, i s also affected by adhesion (Cantley. et al.. 1991 j. suggesting
a significant role for integrin-mediated signaling in
the growth of anchorage dependent cells (reviewed in
Schwartz. 1993).
As pointed out above the work described here
raises an apparent paradox: the observation of adhesion-induced death of anchorage-dependent cells. We
show that this is in fact not a paradox. as physiological cell death probably occurs due to excessive integrin-independent interactions which prevent the establishment of receptor-ECM contacts that are essential for cell survival.
The present results extend our understanding of
cell-crystal interaction (Hanein, et al.. 1993), showing that loss of cells from the (011) faces of the
tartrate crystals i s due to apoptosis rather than pathological cell death or cell migration. This is supported
by structural manifestations of the process. including
chromatin condensation and DNA degradation. Notable is the abundant formation of vacuoles and accumulation of multi-lamellar bodies observed by TEM.
and the retention of local membrane integrity at the
crystal attachment site to the { 0 I1 ) surface.
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The massive cell death occurring on the (011 )
faces clearly depends on physical attachment to the
surface. We show that once attached to the (011)
face. A6 cells become essentially immobile and undergo only limited spreading. Cells growing in the
same culture, but attached to other surfaces such as
the culture dish or the { 101 ) faces of the same tartrate crystals. are mobile, spread. divide and show no
pathological symptoms. This was verified by both
light- and electron microscopic observations (Hanein.
et a]., 1993). It was thus concluded that neither the
presence of tartrate molecules in the medium, nor
their elevated levels close to the crystal surface. have
a toxic effect. Furthermore. cells spread on regular
culture dishes and exposed to tartrate crystals, still
bind the crystals to their apical surfaces selectively
through the {Oil] faces (Hanein. et al., 1995). yet
show no pathological signs. or local changes in the
membrane or the cytoskeleton close to the crystal attachment sites. Interestingly. we frequently detected
apparently healthy cells which were spread across a
crystal edge, contacting both the (011) and { 101)
faces. All these data indicate that not the direct interaction with the (011) faces per se. but rather the
deprivation of other adhesive interactions. triggers
the apoptotic machinery. This notion is further supported by several lines of evidence. The nuclear
changes detected in A6 cells by flow cytometry, are
similar to those found in cells plated on non-adhesive
dishes. Interestingly. less apoptotic cells were detected on poly-HEMA coated dishes. compared to the
crystal-bound cells, which may be due to partial rescue from apoptosis through cell-cell contacts. Such
contacts are completely prevented on the crystals by
the strong initial binding. Furthermore, the lack of
pathological symptoms in cells attached to both the
(01 I } and the [ 101) faces of the crystal (Hanein, et
al.. 1993) can be viewed as a "rescue mechanism"
operated by the additional adhesion to a permissive
surface.
The exact nature of the "survival factor", present
on the culture dish or on the [ 101 ) faces. but not on
the { O l l ) faces, is not clear, yet it is, most likely, an
ECM component. As noted. adhesion to the culture
dish or to the { 101 ) faces is RGD-dependent while
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attachment to the (011 ] faces is RGD-independent. In
agreement with this contention, preconditioning of the
crystals with serum proteins lowered the amount of
cells attached to the (01 1 ] faces, while stimulating attachment to the (101) faces (Hanein. et al.. 1993).
Furthermore. attachment to the (01 1 ] faces was not
significantly affected by treatment of either the cells or
the crystals with trypsin, by cytoskeletal or metabolic
inhibitors and even by fixation (Hanein, et al., 1995).
Recent studies provided evidence that the survival
of anchorage-dependent cells indeed requires ”correct” ECM interactions. Apoptosis was induced by
disruption of the interactions between normal epithelial cells and the ECM (achieved by growing the
cells on poly-HEMA coated plates) and it was suggested that correct acquisition of substrate-contacts
prevents apoptosis (Frisch and Francis, 1994). Apoptosis could be also triggered by antibody-induced
inhibition of integrin or by overexpression of
stromelysin-1, which degrades the ECM. The apoptotic pathway was shown. in this case. to act through
an integrin-dependent negative regulation of interleukin- 1 fi converting enzyme (Boudreau, et al.,
1995). Anti-integrin antibodies were also reported to
induce apoptosis in human breast epithelial cells, in
colon stem cells and in chick vascular cells
(Howlett. et al., 1995; Bates. et al.. 1994; Brooks. et
al.. 1994).
A few approaches for rescuing adhesion-deprived
cells from apoptosis have been reported. It was
shown that suspended endothelial cells may be rescued by. treatment with a tyrosine phosphatase inhibitor or by plating the cells on immobilized integrin p, antibody (Meredith, et al.. 1993). Moreover,
it was shown that attachment per se is not sufficient
to circumvent the apoptotic response and that a
minimal degree of cell spreading is essential (Re, et
al., 1994). supporting our observation that despite
strong attachment to the crystals. in the absence of
cell spreading, apoptosis occurs. Serum was also
shown to rescue adhesion-deprived cells from apoptosis. Melanoma cells which lack the integrin a ,
subunit partially overcame the apoptotic process in
the presence of serum or insulin (Montgomery, et
al., 1994). Similarly, in the present study, serum partially rescued the apoptotic process on the crystals.

The possible nature of the transmembrane survival
signals triggered by integrin-mediated adhesion was
highlighted by showing that interactions of integrins
with the respective immobilized ligands triggers local tyrosine phosphorylation (Kornberg and Juliano.
1992). It was shown that integrin-mediated activation of p12SFAKis an early step in the signal transduction cascade ( G u m and Shalloway. 1992;
Schaller. et al., 1992). and that cell adhesion to ECM
molecules like fibronectin can trigger. across the
membrane. local phosphorylation of tyrosyl residues
(Burridge, et al., 1992; Lipfert. et al.. 1992). Furthermore. we have demonstrated that vinculin-containing
adhesions are major sub-cellular tyrosine phosphorylation sites (Volberg, et al.. 1991) and that the state
of phosphorylation dramatically affects the organization of these adhesions (Volberg, et al.. 1992). On
the basis of these observations it was proposed that
beyond their mechanical function as transmembrane
force transducers, adherens-type junctions act as
“signal transduction domains”. affecting a large variety of long-term cellular functions (Geiger. et al..
1992; Geiger. et al., 1996).
In addition to integrins. various growth-stimulatory agents were shown to induce signaling through
the integrin pathway. For example. it was shown that
platelet-derived-growth-factor (PDGF). fibroblastgrowth-factor (FGF). lysophosphatidic acid. bombesin. vasopressin and endothelin can stimulate tyrosine phosphorylation of p12SFAK and paxillin
(Rankin, et al.. 1994; Hatai. et al.. 1994: Seufferlein
and Rozengurt. 1994: Zachary. et al.. 1993). Such
growth factor-induced phosphorylation was found to
be dependent on the cell attachment to the substrate
(Hatai. et al., 1994). It is conceivable that in our
system serum stimulation may induce phosphorylation and signaling through the integrin pathway. allowing some rescue from apoptosis.
The crystal-bound cells described here seem to
be highly suitable for future studies on the molecular nature of the transmembrane signals essential
for cell survival. The results obtained to date unequivocally establish that physical adhesion per se
is not sufficient for cell survival and that excessive
interactions may in fact inhibit ECM-integrin interactions. Physiological adhesion requires balanced
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interactions with a variety of surface epitopes,
some providing the initial stage in surface adhesions, while others provide long term survival and
growth signals.
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Endnotes
1 As direct, short-term cell attachment was ohserved
specifically and exclusively on the [ 01 1 ) faces of cal-

cium (R.R)-tartrate tetrahydrate crystals, the mention
of crystal surfaces in all the text will refer to these
faces. unless differently specified.
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