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How Cells feel their environment :
a focus on early dynamic events

Elodie Cretell’2’3’4, Anne Pierres1’2’3, Anne-
Marie Benoliel”* and Pierre
B()ngrandl’z’3’4’5

'Lab. Adhesion and Inflammation, INSERM UMR
600, Parc Scientifique de Luminy, Marseille,
France, “CNRS UMR 6212, *Université de la
Mediterranée, *Assistance Publique — Hopitaux de
Marseille. FRANCE

It is now well demonstrated that cell
adhesion to a foreign surface strongly
influences prominent functions such as
survival, proliferation, differentiation,
migration or mediator release. Thus, a
current challenge of major practical and
theoretical interest is to understand how
cells process and integrate environmental
cues to determine future behaviour. The
purpose of this review is to summarize some
pieces of information that might serve this
task. Three sequential points are discussed.
First, selected examples are presented to
illustrate the influence of substratum
chemistry, topography and mechanical
properties on nearly all aspects of cell
behaviour observed during the days
following adhesion. Second, we review
reported evidence that long term cell
behaviour is highly dependent on the
alterations of cell shape and cytoskeletal
organization that are often initiated during
the minutes to hours following adhesion.
Third, we review recently obtained
information on cell membrane roughness
and dynamics, as well as Kinetics and
mechanics of molecular interactions. This
knowledge is required to understand the
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influence of substratum structure on cell
signaling during the first minute following
contact, before the appearance of detectable
structural changes. It is suggested that
unraveling the earliest phenomena following
cell-to-substratum encounter might provide
a tractable way of better understanding
subsequent events.

Keywords :  Adhesion, cell behaviour,
substratum topography, substratum
rigidity, signaling

Cell adhesion to foreign surfaces strongly
influences nearly all functions, including
proliferation, differentiation, migration or
release of active mediators. These phenomena
are of prominent importance for both practical
and theoretical reasons. Indeed, a major
challenge of tissue engineering consists of
elaborating biomaterials inducing adequate
response of surrounding tissues, with proper
integration and inhibition of potentially
harmful inflammatory or infectious processes.
Also, the ultimate goal of cell biologists may
well be to understand the rules followed by
cells for behavioural choices. Studying the
consequences of cell adhesion to well-defined
controlled structures should bring major
insights along this line.

During the Ilast years, numerous
investigators provided impressive information
on the way cells respond to substrate properties
such as molecular structure, lateral density and
distribution of active sites, mechanical
properties, micrometer- or nanometer-scale
topography. Also, the involvement of some
well-defined signalling cascades in these
sensing events was convincingly demonstrated.
The present challenge may well be to make
sense from the huge amount of data that have
been gathered. The complexity of this task may
seem quite overwhelming in view of the
number of molecules and genes involved in
response to environmental cues. Indeed, since
a limited perturbation of the cell environment
may affect hundreds of important interrelated
molecules, it is very difficult to obtain
unambiguous proofs of an immediate
relationship between a surface pattern and the
triggering of a given signalling cascade in
adherent cells.

The strategy we suggest to tackle with
these difficulties is to analyze the phenomena
occurring during the first few seconds
following the encounter between a cell and a



surface. Hopefully, this approach might allow
us to identify surface properties liable to
influence cell behaviour in a fairly immediate
way. However, as will be discussed below,
following this line will require to gather some
insight on some cell molecular processes that
remain incompletely understood at the present
time. However, asking questions may be more
appropriate than describing solved problems in
an inaugural issue of a scientific journal.

This review will include three main
parts. First, we shall describe some
representative examples of cell response to
substratum properties. Second, we shall review
some evidence supporting the concept that cell
shape and cytoskeletal organization may
provide a link between environmental cues and
cell behavioural choices. Third, we shall
describe some recent results concerning cell
membrane dynamics, as a basis for cell-
substratum interaction.

SURFACE PROPERTIES KNOWN TO
INFLUENCE ADHERENT CELL
BEHAVIOUR

Our purpose is to illustrate basic principles
with representative examples rather than
presenting exhaustive reviews. Therefore, we
apologize for the omission of much important
work. We shall only list some surface
parameters that are now recognized as
important determinants of cell behaviour.

Surface chemistry.

The best known example of the importance on
surface chemistry on cell behaviour may well
be the need to subject plastic (polystyrene)
dishes to a specific treatment to make them
suitable for cell culture. This emphasizes the
important of nonspecific features such as
hydroxyl groups that will decrease surface
hydrophobicity'. Another example is the long-
known capacity of phagocytic cells to ingest
selectively hydrophobic  particles’. More
recently, a study made at the proteomic level
resulted in the identification of 21 genes of
Hela Cells whose expression was substantially
altered by substratum hydrophobicity after 24h
adhesion’.

Now, while the importance of surface
charge or hydrophobicity was studied for
decades, it is not obvious that cells are
intrinsically sensitive to these nonspecific
physical-chemical properties. As recently

discussed®, most recent evidence supports the
concept that cells essentially perceive foreign
surfaces through membrane receptors that are
specific for well defined molecular structures.
Since biomaterials become coated with
adsorbed molecules within seconds following
their exposure to biological media, and the
conformation of adsorbed biomolecules is
dependent on the physical-chemical properties
of underlying surfaces, cells may detect these
properties in an indirect way, through exposure
of specific binding sites linked to
conformational changes. Thus, fibronectin was
found to support cell growth much more
efficiently when it was adsorbed on
hydrophilic rather than hydrophobic surfaces’.

Nature, density and lateral distribution of
specific ligands.

The most general mechanism allowing cells to
respond to surfaces they have just encountered
is the generation of biochemical signalling
cascades following the interaction between cell
membrane receptors and their specific ligands
when they are exposed on the surfaces.
Multiple experiments supported the general
concept that the cell response is dependent on
the nature of stimulated receptors. As an
example, different receptors may be involved
in mediating cell attachment to and spreading
on a surface’. Now, in addition to the ligand
species, density and distribution of binding
sites may strongly influence cell behaviour.
Thus, the migration behaviour of fibroblasts
deposited on surfaces coated with an integrin
ligand (YRGDS peptide) was markedly
influenced by the spatial distribution of
binding sites at the nanoscale level’. More
recently, it was reported that the spreading of
rat fibroblasts on surfaces coated with RGD
integrin ligands was markedly influenced by
the spacing of binding sites: when the distance
between binding sites was increased from 58 to
108 nm, spreading efficiency decreased with
less regular progression of the cell leading
edge and frequent occurrence of retraction
events®.

Several well-demonstrated
mechanisms might be responsible for these
findings.  First, ligand clustering may
dramatically  enhance cell  attachment
efficiency since binding strength may increase
exponentially with respect to attachment
valency’. Second, clustering of cell membrane
molecules such as integrins may dramatically



influence the triggering of signalling cascades
as a consequence of interactions between
intracellular molecules linked to the receptors.
Thus, receptor clustering may influence
signalling in a qualitative as well as a
quantitative way'®.

Surface topography.

It has been well demonstrated for several
decades that cells deposited on substrata
bearing micrometric patterns adapted their
shape and orientation to the topological
features of the surface, a phenomenon called
"contact guidance". Thus, cells displayed
marked alignment along grooves of
micrometrical depth and width''. More
recently, it was also shown that cells are
sensitive to nanoscale topography. Thus, when
fibroblasts were deposited on surfaces bearing
islands of 13-nanometer height, they displayed
marked enhancement of gene expression, as
demonstrated with microarray technology'.
Indeed, 584 responses were detected out of
1,718 tested genes. Also, nanoislands induced
filopodium formation and cell spreading.
Further work allowed the identification of
molecules involved in force generation, such
as myosin II, and focal contact development,
such as focal adhesion kinase, in topography
sensing’'.

Additional information was obtained
with different approaches. Thus, when
nanoscale patterns were varied, it appeared that
the adhesion of human fibroblasts was lower
on ordered arrays of nanopits compared to flat
surfaces or randomly distributed pits".
Another study might provide additional
information on underlying phenomena. The
activation of T Iymphocytes by surfaces
exposing complexes formed by cognate
peptides and histocompatibility molecules
(pMHC) is a process of prominent importance
for the development of immune defence. When
T lymphocytes were deposited on surfaces
bearing pMHC freely diffusing in supported
lipid layers, the addition to surfaces of
nanobarriers impeding the lateral diffusion of
complexes formed between T cell receptors
(TCR) and pMHC resulted in marked increase
of the lifetime of signal generation by
peripheral TCR/pMHC clusters'®. This work
provided a formal proof that the presence of
nanostructures on surfaces might strongly
influence the development of signaling
cascades.

While there is no doubt that cell
behaviour is influenced by nanoscale
topography, underlying mechanisms remain ill
understood. The aforementioned finding that
barriers as low as 50 nm might efficiently alter
lateral diffusion of molecular complexes is
certainly significant. Also, there is some
evidence that local surface curvature might
influence molecular interactions in the cell
membrane'®. Thus, substratum topography is
likely to influence the in-plane movement and
interactions of the proteins embedded in the
cell membrane. This may drastically influence
the generation of signaling cascades.

Surface stiffness.

It is now well demonstrated that the behaviour
of adherent cells is markedly altered by surface
mechanical properties. Thus, when fibroblasts
were deposited on collagen surfaces with local
variations of rigidity, they were found to
migrate towards stiffer regions, a phenomenon
denominated by the authors as "durotaxis"'®.
More recently, when human mesenchymal
stem cells were deposited on collagen-coated
surfaces of varying rigidity, cell differentiation
was dramatically affected by substratum
stiffness. Indeed, cells deposited on softer
matrices with a Young modulus of [1.1 - 1 kPa
differentiated into neurons. Stiffer surfaces
(about 10 kPa) induced muscle cell generation.
Finally, cells deposited on the stiffest surfaces
(25-40 kPa) turned into osteoblasts'”.

In addition to the formal demonstration
that cells are highly sensitive to the substratum
rigidity, important information was obtained
on possibly involved mechanisms. First, it has
long been found that adherent cells usually
exert a pulling force on underlying substrata'®.
Second, the force exerted by cells is dependent
on the substratum resistance. This phenomenon
was cleverly demonstrated by applying
controlled forces to fibronectin-coated
microspheres deposited on cells and held with
an optical trap". Cells were indeed found to
sense the restraining force exerted by the trap
and locally increase pull. A possibly related
finding is that forces were shown to stimulate
focal contact development’. Third, using cell
spread area determination to evidence rigidity
sensing, Sheetz and collaborators demonstrated
the involvement of some key molecules such
as OyP; integrin and membrane-bound
phosphatases in this process®.



Several points must be clarified for full
interpretation of available data. First, it is not
obvious to understand which precise
substratum property is sensed by cells. Indeed,
while the tension of cells adhering to a surface
seems correlated to the Young modulus, other
substratum properties must influence cell
perception. Indeed, cells probably sense the
kinetics of force increase when they pull on the
substratum. This clearly depends on surface
viscosity as well as elasticity. Also, it should
be interesting to determine whether cells are
equally sensitive to resistance to pushing as
well as pulling forces. Although little
information is available in this respect, it is
interesting to note that a force as low as a few
piconewtons per um was reported to stall
lamellipodia generated by fish epithelial
keratocytes™'.

CELL-SUBTRATUM SENSING: A
COMMON MECHANISM?

While there is no doubt that the behaviour of
adherent cells is deeply influenced by
substratum properties, there is currently no
theoretical framework available to achieve a
general interpretation of experimental data. In
this respect, it is interesting to review several
reports suggesting that cell shape might
provide a link between environment and fate.

Cell shape as an integrator of environmental
signals.

As recently reviewed®, cell spreading plays a
key role in important functions such as
proliferation or differentiation. Thus, human
mesenchymal cells underwent osteogenic
differentiation when they well spread, whereas
round cells became adipocytes®. That cell
shape rather than contact area and number of
bound membrane receptors might be the
important parameter is suggested by the
finding that cell proliferation, that is often
dependent on adhesion, was shown to be
related to projected area, i.e. cell shape, rather
than molecular adhesion area®.

More studies are needed to understand
the link between cell shape and behaviour. As
suggested above'”, local curvature might
influence interaction between membrane
molecules. Another mechanism of potential
importance is based on the formation of
activity gradients of enzymes that might be
activated by plasma membrane receptors and

deactivated by cytosolic components, as
supported by experimental data and theoretical
modeling”?°. As another example, there is
some evidence that the cytoskeleton
organization might link cell shape to behaviour
through a control of the small GTPase Rho’.
More generally, while there is ample evidence
that cell cytoskeletal organization is tightly
related to cell shape, there is also strong
support to the hypothesis that signaling
cascades are nmarkedly influenced by
cytoskeletal organization. This point is
discussed below.

Cell signaling and cytoskeletal organization.
In addition to its capacity to propagate
mechanical effects within cells and convert
stresses into signals”™?’, the cytoskeleton may
strongly influence signaling®. Since signaling
cascades are essentially made of sequential
interactions between numerous enzymes,
targets and adapters, the cytoskeleton might
play a major role by promoting interactions
between particular molecules™. A possible
rationale for such a function was recently
suggested on the basis of recent advances in
proteomics’’.  Forgacs and  colleagues
performed a mathematical analysis of the set of
molecular interactions (i.e. interactome)
disclosed between proteins from
Saccharomyces cerevisiae. Starting from a
database of 4,480 interactions between 2,115
proteins®®>, they were able to show that
cytoskeleton related proteins were endowed
with a particularly high capacity to interact
with molecules involved in signalling.

A FOCUS ON TRANSIENT DYNAMIC
EVENTS

As illustrated by the selected examples
described above, cells adhering to a foreign
surface can perceive a number of features
related to surface chemistry, topography or
rigidity and integrate all information to select
behavioural pathways. Since it is unlikely that
cells view these parameters as we do, a major
challenge is to wunderstand the general
mechanisms of data processing they use. A
general problem is that a given cell
perturbation will affect hundreds of different
parameters, making it difficult to identify
clearcut causal phenomena (provided they
actually exist !). A possible strategy to achieve
this goal might consist of identifying early



phenomena determining long-term events,
such as differentiation or proliferation
monitored after a few days. As briefly sketched
above, cell shape and cytoskeletal organization
are good candidates since much evidence
support the view that they are causally related
to both long-term cell behaviour and
substratum structure. Thus, it seems warranted
to investigate the processes by which adherent
substrata influence cell properties, with a
special interest in shape and cytoskeletal
organization. During the last years, much
information was obtained on cell changes
detected a few minutes or more after encounter
with foreign surfaces. However, relatively little
information is available on the cell response
observed during the first seconds or tens of
seconds following such encounters. We
suggest that this study might prove rewarding,
since causal relationships may be easier to
detect when there is a short time interval
between stimuli and responses.

A first question is to know how long it
takes a cell encountering a surface to initiate a
specific behavioural response. Previous studies
done on cell adhesion suggest that metabolic
events™ and cooperation between adhesion
molecules’?” are less important during the
first tens of seconds after contact. Thus, it
might be feasible to identify immediate
consequences of cell-surface interaction by
focussing on the first minutes following
contact. For the sake of clarity, we shall
discuss separately bulk membrane motion at
interfaces, forces potentially generated by this
motion, and lateral redistribution of membrane
molecules at interfaces as a key determinant of
signaling processes.

Bulk membrane motion at interfaces.

Understanding how cells perceive foreign
surfaces requires to know how the cell
membrane will make contact with its
environment. During the last decades, much
information was obtained with at least three
complementary techniques. Electron
microscopy certainly provided the most
accurate information. Unfortunately, the need
to subject cells to fixation procedures
precludes any  real-time  observation.
Interference reflection microscopy (IRM)*®
also denominated as reflection interference
contrast microscopy (RICM)*” allows real-time
observation of the distance between a cell and
a planar surface with a few nanometer

accuracy, while the lateral resolution is not
better than several tenths of a micrometer. The
interest of this method is that no staining
procedure is required. Total internal reflection
microscopy (TIRF) takes advantage of
evanescent waves to illuminate a region of
100-200 nm thickness adjacent to a planar
glass surface. After proper labelling of the
extracellular medium®® or the cell membrane”,
it is possible to achieve real-time determination
of the motion of membrane along the surface.

Figure 1. Studying the morphology of cell-to-
substratum contact extension with interference
reflection microscopy. Human T lymphocytes
were deposited on glass surfaces coated with non-
activating anti-HLA antibodies (A, C, E) or
activating anti-CD3 antibodies (B, D, F). Cell
morphology was monitored with standard
microscopical observation (A, B) and interference
reflection 15 minutes (C, D) or 30 minutes (E, F)
after deposition. Clearly, contact extension was
mediated by lamellipodia or filopodia depending of
substratum structure. Bar length is 2 pm.

Although different cell populations
may display widely different behaviour, a
general trend is as follows: several minutes to
hours after sedimentation on a surface, a cell
may begin extending membrane protrusions
parallel to the surface. They may be sheet-like
lamellipodia or thin filopodia (Fig. 1). It has
long been reported that well defined mediators
were involved in the choice between different
shapes® : thus, the small GTPase Rac was
reported to induce lamellipodium generation
with a branched organization of actin



microfilaments, while the small GTPase Cdc42
was found to initiate the extension of
cylindrical ~ filopodia  shaped by a
microfilament bundle. The choice between
lamellipodium or filopodium formation may be
influenced by substratum properties such as
density of binding sites'®, topography®' or
rigidity'”. A further point is that the cell margin
was often reported to display fluctuations with
periods of progress and retraction®”. A typical
period was several tens of seconds, and the
reported velocity of the cell margin is of order
of several tens of nanometers per second.
Notably, when the density of adhesive points is
high enough, this fluctuating behaviour may be
replaced with a smooth progression.

Now, a key point is to know how a cell
can select the kind of motion it will display. At
least two different mechanisms may be
suggested: (i) cells might continuously form a
low number of protrusions of varying
morphology. Contact with the substratum
might lead to reinforcement or inhibition
trough a positive or negative feedback. (ii)
Alternatively, the acquisition of a particular
motile behaviour might be induced during an
early phase of cell-substratum interaction as a
consequence of some internal switch*’.

Although it is not yet feasible to chose
between aforementioned hypotheses, it seems
reasonable to investigate the early phenomena
following  cell-to-surface  encounter and
preceding the  morphological  changes
associated to spreading. Thus, it seems
desirable to achieve a quantitative description
of the motion and mechanical properties of the
surface of an isolated cell in order to predict
the consequences of interaction with a surface
of known structure. While it has long been
shown with electron microscopy that cell
membranes are studded with numerous
cylindrical or sheet-like protrusions appearing
as folds of the plasma membrane, less
information is available on the kinetic and
mechanical properties of the membrane. The
typical thickness of these protrusions or
microvilli is about 0.1 pm, and length may
range between a few tenths of micrometers and
several micrometers. Since this value is far
higher than the length of typical adhesion
receptors, it is not surprising that the initial
interaction between cells and surfaces involves
the tip of microvilli*. Now, there remains to
understand the dynamics of the cell surface
immediately before adhesion.
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Figure 2. Three-dimensional reconstruction of
cell surface morphology and dynamics near an
adhesive surface. Human monocytic THP-1 cells
were deposited on fibronectin-coated surfaces and
observed with interference-reflection microscopy.
The shape of the cell membrane is shown as a
coded-colour map (A) or a 3-D drawing (B)
together with the amplitude of spontaneous
membrane fluctuations. Bar length is 2 um. See
ref* for more details.

Recently, microscopic studies based on
IRM/RICM suggested that the membranes of
phagocytes approaching adhesive surfaces
displayed fluctuations of higher than 1 Hz
frequency and several nanometer
amplitude***. A typical map of cell
topography and dynamics near a surface is
shown on Fig. 2. Unfortunately, the lateral
resolution of IRM/RICM may be insufficient
to yield accurate information on the motion of
individual microvilli. Also, the mechanical
properties of these surface protrusions remain
poorly understood. In two sets of experiments
based on micropipette and biomembrane force
probe, it was shown***’ that blood neutrophil
microvilli could withstand a pulling force of
about several tens of pN before separation
between the membrane and underlying
cytoskeleton and formation of a lipid tether.
Clearly, more information is required to help
us determine the kinetics of cell-to-substratum
initial contacts together with the intensity of
generated forces. This knowledge is important
since local molecular organization and signal
generation are expected to be strongly
influenced by these parameters.

Forces between cell and substratum.

A basic question we must address is to know
what force a cell membrane will perceive when
approaching a foreign surface. While
numerous nonspecific interactions such as
electrodynamic or electrostatic forces are
likely to occur, it seems acceptable to focus on
two dominant phenomena: steric repulsion and
specific ligand-receptor interactons".



Steric repulsion.

As previously reviewed®, it is well established
that essentially all living cells are coated with a
polysaccharide-rich layer of widely varying
thickness, ranging between a few tenths of a
micrometer and several micrometers. This is
called the glycocalyx. This highly hydrophilic
layer will impede close approach between the
plasma membrane and a nearby surface.
Therefore, it is usually considered as anti-
adhesive, although in some cases the outermost
carbohydrate group may bind to lectin-like
receptors exposed on adjacent surfaces. The
glycocalyx may involve huge polysaccharides
or proteoglycans with a molecular weight
higher than 1,000,000 dalton. Also,
particularly on white blood cells, it includes
large mucin-like molecules that have been well
identify. The most important examples may be
leukosialin (CD43) and CD45.

Clearly, it would be desirable to know
the distance dependence of repulsion generated
by the glycocalyx. This is difficult in view of
the heterogeneity of glycocalyx components.
However, a major point that emerged nearly a
decade ago®’ is that this repulsion exhibits a
strong time-dependent decay that may be due
(1) to an internal reorganization of repulsive
chains (this has not been well demonstrated to-
date) and (ii) to an egress of repulsive
molecules from contact areas’”. As will be
discussed in the next section, this point is of
paramount importance since it may strongly
influence the outcome of cell-surface
interaction.

Molecular attractive bonds.

As recently reviewed**, the formation and
dissociation of bonds between surface-attached
molecules was subjected to considerable
scrutiny during the last decade. A thorough
description of these phenomena would not fall
into the scope of the present paper and we shall
only summarize essential conclusions.

A few years ago, it seemed reasonable

to consider that the outcome of an interaction
between two surfaces bearing cognate ligand
and receptor molecules could be satisfactorily
described by two parameters:
- The rate of bond dissociation k.u(F) as a
function of force exerted on the bond. In many
circumstances, it appeared that k(F) followed
so-called Bell's law:

koff(F) = k(] exp(F/Fo)
(1

Many experiments performed at the single
molecule level with different tools such as
laminar flow chambers, atomic force
microscopes, biomembrane force probes or
optical traps yielded for parameter F, values
usually ranging between several piconewtons
and several tens of piconewtons. This is the
order of magnitude of the force that can be
exerted by a bond linking two surfaces
subjected by a disruptive force.

- The rate of bond formation k,, when surfaces
are at binding distance. This parameter proved
much more difficult to measure, and even to
define, than the rate of bond dissociation, and
new methods might bring substantial progress
in the near future™. A major problem is that
the probability of bond formation between two
surfaces bearing ligands and receptors is
proportional to the number of receptor-ligand
couples that are close enough to interact. Since
the height of membrane asperities is often
much larger than the length of typical adhesion
receptors, the number of interacting molecules
is strongly dependent on the details of
membrane-to-surface  alignment.  Indeed,
surface roughness was shown to change
binding frequencies by nearly two orders of
magnitude®.

Recently, another difficulty was
recognized. Dissecting individual ligand-
receptor couples made more and more obvious
the concept that bond formation is a
multiphasic  process involving numerous
intermediate binding states’’”**. This means
that bond formation may not be viewed as an
all-or-none phenomenon, and the force that can
be sustained by a newly formed bond is highly
dependent on its history. Thus, it was recently
found that adhesion molecules such as
cadherins could form associations of widely
different strength, with a spontaneous lifetime
ranging between at least a few milliseconds
and several seconds®.

Thus, when a cell membrane is close to
a ligand-bearing surfaces, the frequency of
bond formation and the force exerted by newly
formed bonds on the membranes is dependent
on complex binding properties that could be
understood and measured only very recently.
Clearly, this new information must be
incorporated in a theoretical framework aimed
at explaining how cell membranes perceive the
presence of a potentially adhesive surface.



Signaling in contact zones: importance of
lateral reorganization of membrane
molecules.

Clearly, the basic problem addressed in this
review is to understand which signaling
cascades will be generated by membrane-to-
surface interactions.

In view of the above discussion,
mechanical forces exerted on the cell
membrane may generate signaling cascades
through several mechanisms. Indeed, it has
long been shown that membrane tension may
activate calcium channels through direct
interaction with lipid bilayers®. Also, it
recently became clear that some adhesion
molecules such as integrins are flexible
machines liable to display large deformations
resulting in exposition of new antigenic sites®.
Clearly, this process might result in formation
of docking sites for a variety of signaling
molecules. Thus, it is not surprising that
mechanical forces exerted on cells were often
found to generate multiple biochemical
processes such as calcium rise® or
phosphorylation®.

However, the main mechanism
responsible for signal generation as a
consequence of  membrane-to-substratum
interaction may well be the lateral segregation
of membrane molecules. Indeed, due to the
huge number of potential interactions between
cell molecules®™, generating encounters
between enzymes and potential targets may be
sufficient to initiate a biochemical cascade.
Thus, integrin clustering is likely to play an
important role in signal generation after
integrin engagement®. Also, some evidence
suggests that the mere passage of T
lymphocyte receptors in a small phosphatase-
free zone might increase phosphorylation of
activating sites and recruitment of kinases®.

As a consequence, several different
mechanisms might play a role in the perception
of an adhesive substratum by a cell:

i) Clusters of binding sites for membrane
receptors might result in receptor clustering.

ii) The rearrangement of mobile repulsive
molecules might result in phase separation and
additional segregation  of  membrane
molecules®’.

iii) Modulation of membrane molecule
diffusion by topographic structures'® might
further alter the formation of molecular
complexes.

Thus, available evidence suggests
potential mechanisms for signal generation
during the earliest phase of interaction between
a cell and a foreign surface.

CONCLUSION AND PERSPECTIVE.

As summarized in the first part of this review,
there is now ample evidence that cells adhering
to a surface integrate several properties
including  chemistry,  micrometer- and
nanometer-scale topography, and mechanical
properties to determine future behaviour.
However, relating substratum properties to
alterations of the expression of hundreds of
genes as a consequence of the perturbation of a
complex network of biochemical reactions
seems a formidable task.

As indicated in the second part of this
review, a possible way of simplifying this
challenge may be provided by the frequent
observation that important aspects of cell
behaviour observed days or weeks after
interaction with a surface are tightly related to
modifications of cell shape and cytoskeletal
organization that may be observed several
minutes or days after adhesion. Since much
progress was recently achieved in unraveling
the mechanisms of cell spreading on a surface,
it seems warranted to look for a better
understanding of the relationship between
substratum properties and cell shape. This is
still a most difficult goal since even during the
minutes an hours following cell adhesion a
huge number of signaling cascades may be
triggered.

As briefly sketched in the third part of
this review, a possible way of progressing
further might consist of investigating the
carliest steps of cell-to-substratum interaction.
Indeed, relating substratum structure to the
phenomena occurring during the first seconds
following contact might be conceptually easier
than linking this structure to delayed events.
The main question is to determine which
parameters a cell is really probing. Thus, while
it is well accepted that substratum rigidity
strongly influences cell behaviour, the very
stimulus responsible for cell response is not
well understood. Indeed, if cells are sensitive
to tension, there remains to understand how the
tension generated by a cell is related to
substrate resistance to force (is elasticity, or
viscosity, or a combination of both the
parameter to consider ?). Are the substratum
resistance to pulling or pushing forces of



similar importance? A logical way of
addressing this problem is to try to relate
substratum structure to signal generation, since
the perception of a given environmental cue
may be considered as equivalent to the signal it
will generate. A requirement to approach this
goal is to obtain a detailed figure of cell
spontaneous motion in the vicinity of a
potentially adhesive surface. Much progress
was recently done in this domain.

Therefore, it is hoped that the
suggested research line might be rewarding.
However, a point of caution may be useful:
while most studies were done on cells
deposited on a 2-dimensional surfaces, it must
be kept in mind that in many cases a 3-
dimensional environment should be more
relevant physiologically®*®"°. Despite this
restriction, the exquisitely accurate pieces of
information that can be obtained on cells
interactions with surfaces should strongly
increase our understanding of the way cells
perceive their environment in the near future.
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