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Introduction: Biology and physics

Physics deals with natural phenomena and their explanations. Biolo-
gical systems are part of nature and as such should obey the laws of
physics. However correct this statement may be, it is of limited value
when the question is how physics can help unravel the complexity of
life.

Physicists are intellectual idealists, drawing on a tradition that ex-
tends back more than 2000 years to Plato. They try to model the sys-
tems they study in terms of a minimal number of “relevant” features.
What is relevant depends on the question of interest and is typically
arrived at by intuition. This approach is justified (or abandoned) after
the fact, by comparing the results obtained using the model system
with experiments performed on the “real” system. As an example,
consider the trajectory of the Earth around the Sun. Its precise de-
tails can be derived from Newton’s law of gravity, in which the two
extensive bodies are each reduced to a point particle characterized by
a single quantity, its mass. If one is interested in the pattern of earth-
quakes, however, the point-particle description is totally inadequate
and knowledge of the Earth’s inner structure is needed.

An idealized approach to living systems has several pitfalls — some-
thing recognized by Plato’s student Aristotle, perhaps the first to at-
tempt a scientific analysis of living systems. In the first place, intu-
ition helps little in determining what is relevant. The functions of
an organism’s many components, and the interactions among them
in its overall economy, are complex and highly integrated. Organ-
isms and their cells may act in a goal-directed fashion, but how the
various parts and pathways serve these goals is often obscure. And
because of the enormous degree of evolutionary refinement behind
every modern-day organism, eliminating some features to produce a
simplified model risks throwing the baby out with the bath water.

Analyzing the role of any component of a living system is made
all the more difficult by the fact that whereas many cellular and or-
ganismal features are functional adaptations resulting from natural
selection, some of these may no longer serve the same function in
the modern-day organism. Still others are “side effects” or are charac-
teristic (“generic”) properties of all such material systems. To a major
extent, therefore, living systems have to be treated “as is”, with com-
plexity as a fundamental and irreducible property.

One property of a living organism that sets it apart from other
physical systems is its ability and drive to reproduce. When physics
is used to understand biological systems it must be kept in mind
that many of the physical processes taking place in the body will be
organized to serve this goal, and all others must at least be consistent
with it. The notion of goal-directed behavior is totally irrelevant for
the inanimate world.
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Physics and biology differ not only in their objects of study but
also in their methods. Physics seeks to discover universal laws, valid
everywhere in time and space (e.g., Newton’s laws of motion, the laws
of thermodynamics). Theory expresses these general laws in mathe-
matical form and provides “models” for complex processes in terms
of simpler ones (e.g., the Ising model for phase transitions, diffusion-
limited aggregation models of crystal growth). Biology also seeks gen-
eral principles. However, these are recognized either to be mechan-
isms or modes of organization limited to broadly defined classes of
organisms (eukaryotes vs. prokaryotes; animals vs. plants) or to be
molecular commonalities reflecting a shared evolutionary history (the
use of DNA as hereditary material; the use of phospholipids to define
cell boundaries). Biological “laws,” where they exist (e.g., the promo-
tion of evolution by natural selection, the promotion of development
by differential gene expression) are rarely formulated in mathemati-
cal terms. (See Nanjundiah, 2005, for a discussion of the role of math-
ematics in biology.) There are very few general laws in biology and
the ones that exist are much less exact than in physics.

This is not to say that there are no good models for biological
processes, but only that they have a different function from models
in physics. Biologists can study subcellular systems, such as protein
synthesis or microtubule assembly, in a test tube, and cellular inter-
actions, such as those producing heartbeats and skeletons, in culture
dishes. Both types of experimental set-up - for cell-free systems and
for living tissues outside the body - have been referred to as in vitro.
It is always acknowledged, however, that, unlike in physics, the fun-
damental process is the in vivo version in its full complexity, not the
abstracted version. There is always the hope that the experimentally
accumulated knowledge of biological systems will lead eventually to
the establishment of fundamental organizing principles such as those
expressed in physical laws. It is however possible that the multileveled
and evolutionarily established nature of cells and organisms will con-
tinue to defeat this hope.

Physicists and biologists also look at the same things in different
ways. For a physicist, DNA may simply be a long polymer with interest-
ing elastic properties. For the biologist, DNA is the carrier of genetic
information. The sequence of bases, irrelevant to the physicist’s con-
cerns, becomes of central importance to the biologist studying how
this information is stored in the molecule and how it is processed to
produce specific RNAs and proteins. Because biologists must pay at-
tention to the goal-directed aspects of living systems, the properties
studied are always considered in relation to possible contributions
toward the major goal of reproduction and subsidiary goals such as
locomotion toward nutrients and increase in size and complexity.

Because biological systems are also physical systems, phenomena
first identified in the nonliving world can provide models for bio-
logical processes too. In many instances, in fact, we may assume
that complexity and integration in living organisms have evolved
in the context of forms and functions that originally emerged by
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straightforward physical means. In the following chapters we will in-
troduce physical mechanisms that may underlie and guide a variety
of the processes of early animal development. In certain cases simple
physical properties and driving forces are the determining factors in
a developmental episode. In other cases developmental causality may
be multifactorial, which is to say that evolution has recruited physico-
chemical properties of cells and tissues on many levels. An appreci-
ation of the connection between physics and biology and the utility
of biological physics for the life scientist will ultimately depend on
the recognition of both the “simple” and the multifactorial physical
determination of biological phenomena. When we come to consider
the evolution of developmental mechanisms we will discuss scenar-
ios in which simple physical determination of a biological feature
appears to have been transformed into multifactorial determination
over time.

The role and importance of physics in the study of biological sys-
tems at various levels of complexity (the operation of molecular mo-
tors, the architectural organization of the cell, the biomechanical
properties of tissues, and so forth) is being recognized to an increas-
ing extent by biologists. The objective of the book is to present a
framework within which physics can be used to analyze biological
phenomena on multiple scales. In order to bring coherence to this
attempt we concentrate on one corner of the living world - early
embryonic development. Our choice of this domain is not entirely
arbitrary. During development, cells and tissues undergo changes in
pattern and form in a highly dynamic fashion, using a wider range
of physical processes than at any other time during the organism’s
life cycle.

Physics has often been used to understand properties of fully
formed organisms. The mechanics of locomotion in a vertebrate an-
imal, for example, involves the suspension and change in orienta-
tion of rigid bodies (bones) connected by elastic elements (ligaments,
tendons, muscles). The ability of some of the elastic elements (the
muscles) to generate their own contractile forces distinguishes mus-
culoskeletal systems from most nonliving mechanical systems - hence
“biomechanics.” A developing embryo, in contrast, is much less rigid:
rather than simply changing the orientation of its parts, it continu-
ously undergoes remodeling in shape and form. Embryonic cells can
slip past one another or be embedded in pliable, semi-solid matrices.
Thus, the physical processes acting in an early organism are predomi-
nantly those characterizing the behavior of viscoelastic “soft matter”
(a term coined by the physicist Pierre-Gilles de Gennes; de Gennes,
1992), rather than the more rigid body systems typical of adult or-
ganisms.

Another reason to concentrate on early development is that it is
here that the role of physics in constraining and influencing the out-
comes of biological processes is particularly obvious. Early develop-
mental phenomena such as blastula formation and gastrulation are
examples of morphogenesis, the set of mechanisms that create complex
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biological forms out of simpler structures. While each episode of de-
velopmental change is typically accompanied by changes in the ex-
pression of certain genes, it is clear that gene products - RNA and
protein molecules - must act in a specific physical context in order to
produce three-dimensional forms and patterns. The laws of physics
establish that not every structure is possible and that programs of
gene expression can only produce shapes and forms of organisms and
organs within defined limits.

The development of the embryo is followed from the fertilized
egg to the establishment of body plan and organ forms. We close the
developmental circle by discussing fertilization, the coming together
of two specialized products of development - the egg and sperm -
whose interaction employs certain physical processes (such as elec-
trical phenomena) in a fashion distinct from other developmental
events.

We conclude with a discussion of how developmental systems were
likely to have originated from the physical properties of the first mul-
ticellular forms. The topology and complexity of gene regulatory net-
works may have had independent evolutionary histories from their
associated biological forms. We therefore also review in this section
computational models that test such possibilities.

Major stages of the developmental process and the major parti-
cipating cellular and molecular components are introduced in terms
familiar to students of biology, and sufficient background is provided
to make these descriptions accessible to non-biologists. These develop-
mental episodes are then analyzed from the viewpoint of physics (to
the extent allowed by our present knowledge). No preparation beyond
that of introductory calculus and physics courses will be needed for
an understanding of the physics presented. Physical quantities and
concepts will be introduced mostly as needed for the analysis of each
biological process or phenomenon. Complex notions that are impor-
tant but not essential for comprehending the main ideas are collected
in boxes in the text and a few worked examples are included in the
early chapters. We avoid presenting the basics of cell and molecular
biology (for which many excellent sources already exist), beyond what
is absolutely needed for understanding the developmental phenom-
ena discussed. Each chapter concludes with a “Perspective,” which
briefly summarizes its major points and, where relevant, their rela-
tion to the material of the preceding chapters.

We have drawn on an abundant and growing literature of physi-
cal models of biological processes, including phenomena of early de-
velopment. The choice of models reflects our attempt to introduce
the biology student to the spirit of the physical approach in the
most straightforward fashion and to help the physics student appre-
ciate the range of biological phenomena susceptible to this approach.
We continually emphasize the constraints associated with any realis-
tic application of physical models to biological systems. In line with
this, we focus on the biology-motivated formulation of quantitative
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models, rather than the solution of the resulting mathematical
equations.

We have attempted, as far as possible, to make each chapter self-
contained (with ample cross-referencing). Moreover, because biologi-
cal development employs a wide range of physical processes at mul-
tiple spatial and temporal scales, we have made a point, wherever
relevant, of introducing novel physical concepts and models for each
new biological topic addressed.

Finally, biological physics is a relatively young discipline. With
the constant improvement of experimental and computational tech-
niques, the possibility of studying complex biological processes in
a rigorous and detailed fashion has emerged. To be capable in this
endeavor one has to be versatile. Biologists and medical researchers
today and in the future will increasingly use sophisticated inves-
tigative techniques invented by physicists and engineers (e.g., atomic
force microscopy, magnetic resonance, neutron scattering, confocal
microscopy). Physicists will be called on to characterize systems of
increasing complexity, of which living systems are the ultimate cate-
gory. There is no way in which anyone can be an expert in all aspects
of this enterprise. What will be required of the scientist of tomorrow
is the ability to speak the language of other disciplines. The present
book attempts to help the reader to become at least bilingual.



Chapter |

The cell: fundamental unit
of developmental systems

For the biologist the cell is the basic unit of life. Its functions may
depend on physics and chemistry but it is the functions themselves -
DNA replication, the transcription and processing of RNA molecules,
the synthesis of proteins, lipids, and polysaccharides and their build-
ing blocks, protein modification and secretion, the selective transport
of molecules across bounding membranes, the extraction of energy
from nutrients, cell locomotion and division - that occupy the at-
tention of the life scientist (Fig. 1.1). These functions have no direct
counterparts in the nonliving world.

For the physicist the cell represents a complex material system
made up of numerous subsystems (e.g., organelles, such as mito-
chondria, vesicles, nucleus, endoplasmic reticulum, etc.), interacting
through discrete but interconnected biochemical modules (e.g., gly-
colysis, the Krebs cycle, signaling pathways, etc.) embedded in a partly
organized, partly liquid medium (cytoplasm) surrounded by a lipid-
based membrane. Tissues are even more complex physically - they are
made up of cells bound to one another by direct adhesive interactions
or via still another medium (which may be fluid or solid) known as the
“extracellular matrix.” These components all have their own physical
characteristics (elasticity, viscosity, etc.), which eventually contribute
to those of the cell itself and to the tissues they comprise. To decipher
the working of even an isolated cell by physical methods is clearly a
daunting task.

The eukaryotic cell

The types of cells discussed in this book, those with true nuclei
(“eukaryotic”), came into being at least a billion years ago through
an evolutionary process that brought together previously evolved
“prokaryotic” living units. Among these were “eubacteria” and
“archaebacteria,” organisms of simpler structure in which informa-
tion specifying the sequence of proteins was inherited on DNA present
as naked strands in the cytosol, rather than in the highly organized
DNA-protein complexes known as “chromatin,” found in the nuclei
of eukaryotes.
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Schematic representation of an animal cell. Most of the features shown are

characteristic of all eukaryotic cells, including those of protists (e.g., protozoa and
cellular slime molds), fungi, and plants. Animal cells lack the rigid cell walls found in fungi
and plants, but contain specializations in their plasma membranes that permit them to
bind to other cells or to extracellular matrices, hydrated materials containing proteins
and polysaccharides that surround or adjoin one or more surfaces of certain cell types.

These specializations are depicted in Fig. 4.1.

Modern eukaryotic cells, whether free-living or part of multicel-
lular organisms (“metazoa”), have evolved far beyond the ancient
communities of prokaryotes in which they originated. Cellular sys-
tems with well-integrated subsystems are at a premium in evolution,
as are organisms with flexible responses to environmental changes.
The result of millions of years of natural selection for such properties
is that a change in any one of a cell’s subsystems (by genetic muta-
tion or environmental perturbation) will have repercussions in other
subsystems that tend either to restore the original functional state
or to bring the subsystem in question to another appropriate state.
The physicist’s aim of isolating relevant variables to account for the
system’s behavior would seem to be all but impossible under these
circumstances.

Despite these complications, no one questions that all cellular
processes are subject to physical laws. For a cell to function properly,
the values of its physical parameters must be such that the govern-
ing physical laws serve the survival and reproduction of the cell. If
the osmotic pressure is too high inside the cell, it may lyse. If the
voltage across the membrane is not appropriate, a voltage-gated ion
channel will not function. If the viscosity of the cytoplasm is too
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large, diffusion across it slows down and processes that are normally
coordinated by diffusing signals become incoherent.

One way in which a cell sets the values of its physical parameters
is by regulated expression of the cell’s genes. Genes specify proteins,
which themselves control or influence every aspect of the cell’s life,
including the values of its physical parameters. The embryo begins as
a fertilized egg, or zygote, a single cell that contains the full comple-
ment of genes needed to construct the organism. The construction
of the organism will necessitate changes in various physical param-
eters at particular stages of development and typically this will be
accomplished by new gene expression. These changes will be set off
by signals that may originate from outside the embryo or by interac-
tions between the different parts of the embryo itself. As cells reach
their definitive differentiated states later in development their appro-
priate functioning will require stability of their physical properties. If
these change in an unfavorable direction then other signals are gen-
erated and transmitted to the nucleus to produce further proteins
that reverse or otherwise correct the altered physical state.

In the remainder of this chapter we will consider certain trans-
port and mechanical properties that are essential to an individual
cell’s existence. Because these properties have physical analogues at
the multicellular level they will also figure in later discussions. We
will begin with the “default” physical description, the simplest char-
acterization of what might be taking place in the interior of the cell.
We will then see how this compares with measurements in real bio-
logical systems. Where there is a disparity between the theoretical
and actual behaviors we will examine ways in which the physical
description can be modified to accommodate biological reality.

Diffusion

Free diffusion

The interior of the zygote, like most other cells, represents a crowded
aqueous environment (Ellis and Minton, 2003) with many thousands
of molecules in constant motion in the presence of complex struc-
tures such as organelles. Metabolism, the transformation of small
molecules within the zygote, requires nutrients to be brought in
and waste molecules to be carried out. In the course of intracellu-
lar signaling, information is passed on from one molecule to an-
other and finally delivered to various destinations. How do biologi-
cal molecules move inside the cell? Unless they are bound to a sur-
face these molecules typically bump into each other and collide with
water molecules and thus are constantly changing their direction of
motion. Under such conditions how can they reach their destinations
and carry out their tasks with high fidelity?

Motion requires energy. In general it can be active or passive.
Of the two, only active motion has a preferred direction. Molecu-
lar motors moving along cytoskeletal filaments use the chemical en-
ergy of adenosine triphosphate (ATP) and transform it into kinetic
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energy. They shuttle from the plus to the minus end of microtubules
(“plus-directed motor”) or in the opposite direction (“minus-directed
motor”).

As an example of passive motion we may consider a molecule in-
side the cell, kicked around by other molecules, just as a stationary
billiard ball would be by a moving ball, and triggering a cascade of
collisions. In the case of a billiard ball, motion is generated in the first
place by a cue; cytoplasmic molecules are not set in motion by any
such external device. Rather, they have a constant supply of energy
that causes them to be in constant motion. The energy needed for this
motion is provided by the environment and is referred to as “ther-
mal energy.” In fact, any object will exchange kinetic energy with its
environment, and the energy content of the environment is directly
proportional to its absolute temperature T (measured in kelvins, K).
For everyday objects (e.g., a billiard ball weighing 500 g) at typical
temperatures (e.g., room temperature, 298 K = 25 °C) the effect of
thermal energy transfer on the object’s motion is negligible. A cyto-
plasmic protein weighing on the order of 1071° g, however, is subject
to extensive buffeting by the thermal energy of its environment.

For a particle allowed to move only along the x axis the kinetic
energy E i, imparted by thermal motion is given by E i, = m(vi) /2 =
ksT /2, where m is the mass of the particle, v, is its velocity, and kg
is Boltzmann’s constant. The symbol ( ) denotes an average over an
ensemble of identical particles (Fig. 1.2). Averaging is necessary since
one is dealing with a distribution of velocities rather than a single
well-defined velocity. To understand better the meaning of ( ), ima-
gine following the motion of a particle fueled exclusively by ther-
mal energy, for a specified time t (at which it is found at some
point x;) and measuring its velocity at this moment. If the particle
is part of a liquid or gas it moves in the presence of obstacles (i.e.,
other particles) and thus its motion is irregular. Therefore, repeating
this experiment N times will typically yield N different values for v2.
The average over these N values (i.e., the ensemble average) gives us
the interpretation of (v2) (Fig. 1.2). For a G-actin molecule at 37 °C,
thermal energy would provide a velocity (vﬁ)l/ > = 7.8 m/s. (For a bil-
liard ball at room temperature the velocity would be a billion times
smaller.) In the absence of obstacles, this velocity would allow an
actin monomer to traverse a typical cell of 10 um diameter in about
1 microsecond.

The interior of a cell represents a crowded environment. A mole-
cule starting its journey at the cell membrane would not get very
far before bumping into other molecules. Collisions render the mo-
tion random or diffusive. When discussing diffusion (referred to as
Brownian motion in the case of a single particle), a reasonable ques-
tion to ask is, what distance would a molecule cover on the average
in a given time? For one-dimensional motion the answer is (see, for
example, Berg, 1993 or Rudnick and Gaspari, 2004)

(x?) =2Dt, (1.1)
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DISPLACEMENT
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m The meaning of the ensemble average ( ). The figure can be interpreted as
showing either the diffusive trajectories of four random walkers in one dimension,
allowed to make discrete steps of unit length in either direction with equal probability
along the vertical axis, or four different trajectories of the same walker. The trajectories
are shown up to 10 time steps. The walkers make one step in one (discrete) unit of time.
(Displacement and time are measured in arbitrary units.) The average distance after 10
time steps is (x(t = IO)> = % (442 + 0 —2) = I, the average squared displacement is
(xz(t = IO)) = %(Ié + 4+ 0+ 4) = 6. The mean first passage time of arrival at x = 2 is
(Ti(x =2)) = $(2+2+ 4+ 8) = 4. These values are independent of how the
trajectories are interpreted. Note the difference between (T) and t. The latter is a fixed
quantity (10 in the figure), whereas the former is a statistical quantity.

assuming that at t = 0 the particle was at x = 0. (Diffusion in three di-
mensions can be decomposed into one-dimensional diffusions along
the main coordinate axis, each giving the same contribution to the
three-dimensional analogue of Eq. 1.1. Thus, when x? above is re-
placed by r? = x? 4 y2 4 22, r being the length of the radius vector,
the factor 2 on the right-hand side of Eq. 1.1 changes to 6.) Here D
is the diffusion coefficient, whose value depends on the molecule’s
mass, shape and on properties of the medium in which it diffuses
(temperature and viscosity). The average is calculated as above for the
case of v. The diffusion coefficient of a G-actin molecule in water at
37°C is approximately 10> um?/s, which allows its average displace-
ment to span the 10 um distance across a typical cell in about 1
second. Comparing with the earlier result, obtained assuming unim-
peded translocation with the thermal velocity, we see that collisions
slow down the motion a million-fold.

There are several remarks to be made about Eq. 1.1. The most stri-
king observation is that distance is not proportional to time: there



| THE CELL: FUNDAMENTAL UNIT OF DEVELOPMENTAL SYSTEMS I

is no well-defined velocity in the sense of the distance traversed by
a single particle per unit time. A “diffusion velocity” of sorts could
be defined by vp = (x2)¥/2/t = (2D /t)"/2. This “velocity” is large for
small t and gradually diminishes with time. Because of the statistical
nature of these properties, Eq. 1.1 does not tell us where we will find
the molecule at time t. On average it will be a distance (2Dt)"/? from
the origin (in three dimensions the average particle will be located
at the surface of a sphere of radius (6Dt)!/?). But it is also possible that
the molecule has reached this distance earlier than t (or will reach
it later, see Fig. 1.2). We may be interested to know the time (T;)
at which a given molecule will, on average, arrive at a well-defined
target site (e.g., the cell nucleus) for the first time. This “first passage
time” is in many instances a more appropriate or useful quantity than
(x2) (Redner, 2001). For diffusion in one dimension, the first passage
time for a particle to arrive at a site a distance L from the origin
is (Ty) = L?/(2D) (Shaffir et al., 2000). Even though this expression
resembles the expression t = (L2)/(2D) (Eq. 1.1), owing to the mean-
ing of averaging, (T;) and t are entirely different quantities (see also
Fig.1.2). In particular, t denotes real time measured by a clock,
whereas (T;) cannot be measured, only calculated.

Equation 1.1 relates to the Brownian motion of a single molecule.
For any practical purpose, molecules in a cell are represented by their
concentration and one needs to deal with the simultaneous random
motion of many particles. Brownian motion in this case ensures that
even if the molecules are initially confined to a small region of space,
they will eventually spread out symmetrically (in the absence of any
force) towards regions of lower concentration (see Fig.1.3). In one

The simultaneous Brownian motion of many particles. Particles confined
initially to a small region of space (A) diffuse symmetrically outward in the absence of
forces (B) or, when an external force is present, preferentially in the direction of the
force (C).
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dimension, if all the particles are initially at the origin with con-
centration ¢y then after time t their concentration at x is

2
Coe—x /4Dt

C(X,t) = W

(The mathematically more sophisticated reader will recognize this
expression as being the solution of the one-dimensional diffusion
equation

ac 9%c
Z-p_.
ot 0x2

For the meaning of the symbol 9 see Box 1.1 below.)

Diffusion inside the cell

So far we have assumed that the diffusing particles execute their mo-
tion in a homogeneous liquid environment, free of any forces or ob-
stacles other than those due to random collisions with other particles.
The inside of the cell is far from being homogeneous: it represents
a crowded environment (Ellis and Minton, 2003) with a myriad of
organelles. The cytoskeleton, the interconnected network of cytoplas-
mic protein fibers (actin, microtubules, and intermediate filaments),
is a dynamical structure in fertilized eggs, changing markedly in
organization in different regions and at different stages (Capco and
McGaughey, 1986; see Fig. 1.1). These objects and structures are likely
to hinder the motion of any molecule (Ellis and Minton, 2003). It is
not surprising, therefore, that simple diffusion is increasingly seen
to be not an entirely adequate mechanism for extended intracellular
transport (Ellis, 2001; Hall and Minton, 2003; Medalia et al., 2002); at
best it can act on a submicrometer scale (Goulian and Simon, 2000;
Shav-Tal et al., 2004).

Modern experimental techniques make it possible to follow the
motion of individual molecules inside the cell. Goulian and Simon
(2000), for example, tracked single proteins for close to 250 millisec-
onds in the cytoplasm and nucleoplasm of mammalian cells. They
found that even on this small time scale the observed motion cannot
be modeled by simple diffusion with a unique diffusion constant.
To explain the experimental findings a broad distribution of diffu-
sion coefficients, or “anomalous” diffusion, had to be assumed. The
latter notion refers to fitting data using the more general expression
(x%) = 2D, with « different from 1 (cf. Eq. 1.1). (Anomalous diffusion
typically takes place in heterogeneous materials with complex struc-
ture. In special cases the exponent « can be determined theoretically.
For a review on the subject see Ben-Avraham and Havlin, 2000). Other
authors (reviewed by Agutter and Wheatley, 2000) claim outright that
diffusion is an incorrect description of intracellular molecular trans-
port. Such views are based on the supposition that the intracellular
milieu represents a “dynamical gel” rather than a fluid medium (Pol-
lack, 2001). Even though the major component of the cell interior is
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water, intracellular filaments and organelles render its architecture
highly structured. The transport of molecules is more likely to take
place along structural elements rather than in the intervening cyto-
plasm or nucleoplasm (von Hippel and Berg, 1989; Kabata et al., 1993;
Agutter and Wheatley, 2000; Kalodimos et al., 2004).

Shafrir and coworkers (2000) presented a model of intracellular
transport in which the relevant structural elements are the filaments
of the cytoskeleton. Since diffusion is assumed to take place along
these linear elements it is effectively one-dimensional. Using numer-
ical techniques, the authors demonstrated that for realistic filament
densities and diffusion coefficients this constrained transport mecha-
nism is no slower than free diffusion. In comparison with free diffu-
sion, the proposed mechanism has however distinct advantages. The
filaments provide guiding tracks and thus transport becomes more
focused. Because the cytoskeleton avoids organelles, movement is less
hindered. As many of the cell’s proteins are bound to the cytoskeletal
mesh (Janmey, 1998; Forgacs et al., 2004), the network may provide
sites of concentrated enzyme activity for metabolic transformation
during transport. Diffusive transport along cytoskeletal components
should not be confused with molecular motor-driven motion. In the
former case no extra source of energy is needed (other than ther-
mal energy), whereas in the latter case a constant supply of energy,
provided by ATP hydrolysis, is required.

In summary, contrary to common notions simple diffusion across
the crowded intracellular environment cannot be the principal mech-
anism for distributing molecules within the cell. Classical diffusion as
described earlier may be relevant on small length scales, especially for
small molecules such as Ca?* or cyclic AMP (estimated to be around
20 nm by Agutter and Wheatley, 2000). For larger distances, various
transport mechanisms utilizing cellular structural components or el-
ements (e.g., cytoskeletal filaments, DNA) take over. While extended
free diffusion inside the cell is unlikely, conditions in the extracellu-
lar space are more favorable for it (Lander et al., 2002). As we will see
in Chapter 7, in combination with biochemical processes diffusion is
an important mechanism in setting up molecular gradients that give
rise to specific tissue patterns in the embryo.

Diffusion in the presence of external forces

Although free diffusion is not a realistic large-scale transport process
within the cell, it does occur on a scale that is larger than most
biomolecules (but small relative to the dimensions of the cell). This
will be sufficient to transport molecules through pores in the plasma
membrane or nuclear envelope or short distances in the cytoplasm.
In many cases this diffusion will be subject to external forces, which
can accelerate or reverse the direction of passive flow. The presence of
external forces will modify the diffusive process discussed so far and,
significantly, permit insight into another basic physical parameter of
cellular and embryonic materials - the viscosity.
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Let us consider particles with concentration c(x, t), which in addi-
tion to random collisions experience a constant attractive or repulsive
force F in the positive x direction (say due to electrostatic interac-
tions). When F = 0, there will be a net diffusion current, jp(x,t) =
—Dac(x, t)/0x, along the concentration gradient, although for each
individual particle in the flow (x) = 0. (The minus sign indicates that
the diffusion current is directed from higher concentration to lower
concentration.) The diffusion current is zero for uniform concentra-
tion. For F # 0 there will be an additional current. Force causes ac-
celeration (equal to force/mass), but as a result of the numerous col-
lisions experienced by the diffusing particles they quickly reach a
terminal velocity called the drift velocity, v4. Thus, even for constant
¢ the motion is biased in the direction of v4 (see Fig. 1.3). (The total
particle current is now jp(x,t) = —Ddc(x, t)/dx + vac(x,t).) The drift
velocity vq is defined as F /f, f being the friction coefficient, a charac-
teristic property of the medium in which the motion takes place. If
F acts opposite to the diffusion current, it may reverse the direction
of motion: flow may proceed against the concentration gradient.

A specific case of diffusion in the presence of an external force is
of particular interest to biologists. If a diffusing molecule is electri-
cally charged then its motion will also be influenced by any electrical
potential difference in its environment (e.g., a membrane potential).
The overall mass transport of a collection of such molecules will be
due to the combination of the concentration gradient and the elec-
trical gradient, which is termed the electrochemical gradient. (See
Chapter 9 for a description of the role of electrochemical gradients
during fertilization).

The term “diffusion” turns up in a number of contexts in cell and
developmental biology and it is important to understand how its dif-
ferent uses relate to the concepts described above. A cell biologist will
use “facilitated diffusion” to refer to free diffusion under conditions
in which specific channels permit the selective passage through a
barrier (usually a membrane) of molecules for which this would not
otherwise be possible. Molecules with certain shapes, for example,
can be facilitated in their diffusion by pores with a complementary
structure. Such facilitation, of course, is not capable of causing mass
transport against a concentration gradient. For more details on diffu-
sion in biological systems the reader may consult the excellent book
by Berg (1993).

“Diffusion” of cells and chemotaxis

Locomoting cells, in the absence of any chemical gradient, typically
execute random, amoeboid motion without preferred direction. As
will be seen later, to interpret some aspects of such motion it is
useful to introduce an effective diffusion coefficient. It is impor-
tant, however, to keep in mind that the randomness here is not
due to thermal fluctuations but is the result of inherent cellular mo-
tion powered by metabolic energy. If such “diffusive” motion of cells
such as slime mold amoebae or bacteria occurs in the presence of a
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chemical gradient, the gradient can be considered as the source of an
external force that biases the direction of cell flow. This phenomenon
is called “chemotaxis” and, while it is a unique property of living
systems, the source of the biased motion can be interpreted in phys-
ical terms.

Osmosis

A phenomenon closely related to diffusion, with important biological
implications, is osmosis, the selective movement of molecules across
semi-permeable membranes. An example of such a membrane is the
lipid bilayer surrounding the eukaryotic cell. It is permeable to water
but not to numerous organic and inorganic molecules needed for the
cell’s survival. (These must be transported through special pores com-
posed of proteins embedded in the lipid bilayer, as discussed above.
Here we will ignore this facilitated transport.)

Consider Fig. 1.4, which shows a container with two compartments
(L and R) separated by a semi-permeable membrane, permissive for the
solvent (e.g., water), but restrictive for the solute (e.g., sugar). The mov-
able walls in L and R act as pistons: if they are attached to appropriate
gauges the pressure inside the two compartments can be measured.
At equilibrium one finds that the two pressures are not the same:
pL > pr- The reason for this is as follows. The pressure is due to the
bombardment of the container walls by molecules executing thermal
motion. Since the solvent can freely diffuse across the membrane,
it will do so until the average number of collisions per unit time
of its molecules with the movable container walls (i.e., the partial

m Physical origin of osmotic pressure. The two compartments, L and R, are
separated by a semi-permeable wall, represented by the broken line. The two walls at
the ends of the compartments are movable (and can be thought of as the stretchable
membranes of “cells” L and R) and attached to springs, which measure the pressure in L
and R. The larger, pink particles (the solute) cannot pass through the wall in the middle,
but the smaller blue particles (the solvent) can. At equilibrium the pressure exerted by
the solvent on the movable walls in L and R is the same. If the two compartments
contain the larger particles at different concentrations (in the figure their concentration
in R is zero), the pressures they exert on the movable walls are not equal: their
difference is called the osmotic pressure. In particular, if the two springs are made of the
same material, the one attached to L will be more compressed, corresponding to the
membrane of “cell” L being more stretched.
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pressure due to the solvent) is the same in the two compartments.
The extra pressure in L, pos = pL — pr (acting, in particular, on the
semi-permeable membrane) is the osmotic pressure and is due to the
imbalance in the concentration of the solute in L and R.

The biological significance of osmosis is obvious. Osmotic pres-
sure is clearly an important determinant of cell shape. As long as
the overall concentration of organic and inorganic solutes inside the
cell remains higher than outside, the cell membrane is stretched (be-
cause water enters the cell in an effort to balance the concentration
difference, thus increasing the volume of the cell). The membrane
can tolerate increases in osmotic pressure only within limits, beyond
which it bursts. To avoid this happening, cells have evolved active
transport mechanisms: they are able to pump molecules across the
lipid bilayer through channels.

Viscosity

Viscosity of cytoplasm

There are numerous biological transport mechanisms other than
those discussed so far. For instance, microscopic observation of the
interior of certain cells has revealed the phenomenon of “cytoplasmic
streaming.” Streaming is an example of convection. Unlike diffusion,
which can take place in a stationary medium, convection is always
associated with the bulk movement of matter (e.g., flowing water,
flowing blood). Cytoplasmic streaming is seen in certain regions of
locomoting cells such as amoeba, where it contributes to the cell’s re-
shaping and movement, as well as in axons - the extended processes
of nerve cells - where it is employed to move molecules and vesicles
to the axon’s end or terminus. Molecules or organelles present in the
streaming cytoplasm are transported just as an unpowered boat would
be in a river. Convective flow is maintained by a pressure difference
(as in blood flow), whereas diffusion current is due to the difference
in concentration. Yet another transport mechanism, less important
in biological systems, is conduction, which is not associated with any
net mass transport. A typical example is heat conductance, which
is possible due to the collisions between atoms performing localized
thermal motion around their equilibrium positions.

When there is a relative velocity difference between a liquid and a
body immersed in the liquid (either because the body moves through
the liquid or because the liquid moves past the body), the body ex-
periences a drag force. The type of drag to which organelles and cy-
toskeletal fibers moving through the cell’s cytoplasm are subject is
viscous drag.

An ideal gas (whose molecules collide elastically with each other
but do not otherwise interact) will flow without generating any inter-
nal resistance. For any other fluid, including cytoplasm, interactions
among the molecular constituents, collectively leading to internal
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m lllustration of the phenomena described by Eqs. Bl.la and 1.8. For Eq. Bl.la
consider the figure as showing a plate of area A pulled through a liquid in the x direction
with a shearing force F. As a result of internal friction, as the plate moves the fluid
particles will also be displaced. The horizontal blue arrows show schematically the
magnitude of the fluid’s z component of velocity in the vicinity of the plate. Only the fluid
below the plate is shown. For Eq. 1.8 the object shown in the figure is to be considered
as an originally rectangular solid block with its lower surface immobilized. The shearing
force F, now acts along the top surface of the block. The horizontal blue arrows
denote the magnitude of the block’s displacement in the x direction as a function of z.

friction, will slow down the flow and contribute to the bulk property
known as viscosity. It is intuitively obvious that diffusion and friction
in a liquid cannot be independent of each other: the stronger the fric-
tion the slower the diffusion. In addition, the higher the temperature,
the more thermal energy the molecule has and the more intense its
diffusion. Indeed, under very general conditions we have D = kT/f,
which is known as the Einstein-Smoluchowski relation (Berg, 1993).
Since F = fv, the faster an object moves, the stronger the friction it
experiences.

To illustrate the molecular basis of friction in liquids, imagine
pulling a plate (or any object) of area A through a liquid with a con-
stant force F, in the x direction (see Fig. 1.5). For it to move, the plate
has to displace the liquid molecules it encounters. The state of the
liquid is thus perturbed. This perturbation in the state of the liquid
is called shear and leads to friction, i.e., viscous drag, acting on the
plate (Howard, 2001). A measure of the shear, or rather the rate of
shearing, is the modification of the liquid’s velocity in the vicinity of
the plate. For forces that are not too strong, the shear rate is propor-
tional to F,. The proportionality constant between F, and the shear
rate is the viscosity n, obviously a property of the liquid (for the pre-
cise definition of viscosity see Box 1.1). The customary unit of 5 is the
Pa s (pascal second). The viscosity of water is 0.001 Pa s. The viscosity
of the cytoplasm varies strongly with cell type (for an overview, see
Valberg and Feldman, 1987) and even with location within the cell
(Bausch et al., 1999; Yamada et al., 2000; Tseng et al., 2002).
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Box I.1 | Definition of viscosity

Consider Fig. |.5, where a force of magnitude F , is applied along a layer of a liquid
in the x direction. For simplicity, we first assume that the velocity of the resulting
flow v, depends only on a single variable, z, and increases linearly in the z direction,
and that the liquid is at rest in the plane z = 0 (no-slip boundary condition). This
is illustrated by the blue arrows, which represent the magnitude of the velocity
as a function of z, and trace a straight line. Under these conditions, the defining
equation for the viscocity 7 is

A, (2)

F, =nA
4 Az

(Bl.1a)

Here A is the area of the liquid layer acted upon by F, and Aw, and Az are
small changes in the corresponding quantities. Note that because of the assumed
linearity of v, on z, the ratio Av,/Az is constant and gives the slope of the line
traced by the arrowheads.

More generally, the velocity profile is not linear (e.g, for flow in a pipe it is
parabolic), in which case Awv,/Az itself depends on z and should be evaluated
in the limit when the changes in both v, and z become infinitesimal. This pro-
cedure defines the derivative of v, with respect to z, dv,/dz (or for a function
f(x),df/dx). A derivative thus represents the rate of change of one quantity
with respect to another. In the future, when it will create no confusion, derivatives
will be written as ratios of finite differences as in the above equation.

Even more generally v, might depend on other variables, in which case the
notation for the ordinary derivative, d, is replaced by the notation for a partial
derivative, 8. Thus, in the most general case, Eq. (BI.la) becomes

vy (x,y, z, 1)

F, =nA
4 0z

, (BI.1b)

z=h

where
v, _ d [0x _ d [0x
9z 9z \at) 9t \dz

(the order of multiple differentiation can be interchanged) is the shear rate ex-

pressed in terms of the liquid's velocity profile, the derivative being evaluated at
the location of the plate in Fig. .5 (assumed to be at height h); dx/dz represents
the shear.

The shear rate caused by the moving object is difficult to calculate
(it is usually found from measurement); for this we need the velocity
of the perturbed liquid as a function of position, which requires the
solution of the complicated Navier-Stokes equation (this is discussed
in more detail in Chapter 8). Such calculations can be carried out
for simple cases. Thus, for a sphere of radius + moving in a liquid of
viscosity n, with constant velocity v, the frictional drag is given by
the Stokes formula (see, for example, Hobbie, 1997)

F = 6mxnrv. (1.2)
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As a consequence, for a sphere of radius r the friction coefficient
(defined earlier by F = fv) and the diffusion coefficient (related to
f through the Einstein-Smoluchowski relationship D =kT/f, see
above) are given respectively by fiphere = 6nr and Dgphere = KT/
(6rnr). These expressions imply that f and D are strongly shape-
dependent. For example, for a long cylindrical molecule of length L
and diameter d the friction coefficient depends on whether the mo-
tion is lengthways (parallel to L) or sideways (perpendicular to L). In
the limit of large aspect ratio, L /d > 1, the corresponding friction
coefficients are (Berg, 1993; Howard, 2001)

4mnd 8mnd
fi=

In 2L —1, _ln 2L +1.
d 2 d 2

Viscous transport of cells

Everyone is familiar with two extreme behaviors of moving bodies:
there are “inertial” objects that when set in motion tend to remain
in motion (as described by Newton’s first law) and “frictional” objects
that won’t move unless you continue to push them along. Since in
this book we will often be interested in the motion of individual
cells in the embryo, we will again switch scales from molecular to
the cellular (as we did for diffusion) and see what our analysis of
viscosity can tell us about cell motion. Here we will use one of the fa-
vorite tools of physicists, “dimensional analysis,” to show the relative
contribution of inertial and viscous behaviors to the movement of
cells. Dimensional analysis allows us to compare the magnitudes of
the different factors contributing to a complex process after having
rendered them nondimensional.

According to Newton’s second law, mass times acceleration = the
sum of all forces acting on a body. Let us assume that a cell moving
through a tissue experiences other forces, collectively denoted by F,
along with the frictional forces. According to Newton,

fi= (13)

da2x dx
mey=F—fo (1.4)
Here m is the mass of the cell, x and t denote distance and time
respectively, and in the expression for the frictional force the velocity
is denoted as the derivative of distance. The minus sign in the last
term expresses the fact that the direction of the frictional force is
opposite to the direction of motion.

Let us introduce nondimensional (hence, unitless) quantities
s=x/L,7t=t/T.Here L and T are some typical values of the dis-
tance and time. In terms of these parameters (and with a slight re-
arrangement of the various factors), Eq. 1.4 becomes

deS_TF ds (L5)
fT de2 = fL dr’ '
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Each term in Eq. 1.5 is now dimensionless and we can thus com-
pare their magnitudes (note that d%s/dz? and ds/dt are themselves
dimensionless). We can take L to be the typical linear size of a cell,
so that m = pL3, p being the density. Thus the coefficient of the di-
mensionless acceleration is pvL?2/f, where we have introduced the
typical velocity v =L /T. Since f/L ~ n (see above in connection with
Eq. 1.2), the ratio of the inertial term (proportional to the mass) and
the frictional term contains the expression pvL /n. We can now plug
in known values of these factors. The typical size L of a cell is of order
10 micrometers and the cellular density is of order that of water. A
characteristic time T could be identified with the early-embryo cell
cycle time. For the sea urchin embryo, which we will discuss in Chap-
ters 4 and 5, T is about an hour (*10% s), thus v=L/T ~ 1072 um/s
(1um = 10~°m). Using these values we obtain pV L /n ~ 1077, a very
small number (remember, this result is independent of the units of
measurement). This analysis shows that when dealing with physical
motion in the early embryo, inertial effects can safely be neglected;
see also the example in Box 1.2.

Box 1.2 | Inertial versus frictional motion; coasting
of a bacterium

Let us consider the motion of a bacterium in the viscous intracellular environment.
A bacterium is propelled into motion by a rotary motor in its tail. The typical speed
of such motion is 25 pwm/s. We now ask the question, how long will the bacterium
coast once its rotary motor stops working?

The bacterium will keep moving due to its inertia. To see how far this inertial
motion will take it, we have to solve the appropriate equation of motion, which
states that mass m times acceleration equals the sum of all forces acting on the
bacterium. Once the motor is turned off the only force acting is the viscous force,
fv. Thus

mj—i:—fv (Bl.2a)
The solution of this equation is v(t) = v(O)e_t/T, where T = m/f and v(0) is the
speed of the bacterium at the moment when its motor turned off. Approximating
the bacterium by a spherical particle of radius r = | um and density p that of
water, we obtain m = (4/3)mr3p &~ 4 x 107" kg. Using Stoke’s law (see Eq. 1.2)
we have f = 6mrnr ~ 20 nN s/m. The total distance the bacterium coasts is speed
times time and is approximately v(0)r = v(Q)m/f ~ 5pm =5 x 10~'?m, a mi-
nuscule distance even on the scale of the bacterium. (Since the speed varies with
time, the mathematically accurate way of obtaining the distance is to integrate the
speed with respect to time from zero to infinity, which would lead to a value of the
same order of magnitude.) This example illustrates that inertial effects indeed can
be neglected when the motion of cells is considered. The ratio of inertial forces
to viscous forces is known as the Reynolds number. For a fascinating discussion of
“life at low Reynolds number” see Purcell (1977).
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Elasticity and viscoelasticity

A viscous material will readily change its shape (deform) when a
force is applied to it. The following experiment showed that cells are
not constructed entirely of viscous materials. Ligand-coated magnetic
beads were attached to transmembrane proteins on the surfaces of
cells linked to the cytoskeleton. These beads, and thus the cytoplasm,
were subjected to a twisting force by an applied magnetic field. It
was found that wild-type cells (i.e., genetically normal cells) exhib-
ited higher stiffness and greater stiffening response to applied stress
than cells that were genetically deficient in the cytoskeletal protein
vimentin or wild-type cells in which vimentin filaments were chemi-
cally disrupted (Wang and Stamenovic, 2000). The properties of stiff-
ness and stiffening measured in these experiments were directly re-
lated to the elastic modulus (or Young’s modulus) of the cytoplasm.

Cells and tissues can easily be deformed by external forces and
to some extent without sustaining any damage, because they have
elastic properties (just push with your finger on your stomach). The
prototype elastic device is the spring. The force needed to compress
or extend a spring is

F = kAx, (1.6)

where k is the spring constant or stiffness and Ax is the deviation of
the spring from its equilibrium length. Equation 1.6 is Hooke’s law,
which expresses the fact that for elastic bodies the deformation force
is proportional to the elongation (or in more general terms to the
magnitude of the deformation caused). Hooke’s law often is written
in a slightly different form, namely

F AL

—=p==. (1.7)

A L
Equation 1.7 states that if an elastic linear body (a rod, for exam-
ple) of original length L and cross-sectional area A is extended by
AL, the stress (F/A) needed to achieve this is proportional to the
strain (i.e., the relative deformation, AL /L). The parameter E is the
Young’s modulus of the rod’s material; its unit is the pascal, Pa. Even
though Egs. 1.6 and 1.7 are defined for a linear body, one can define
an elastic modulus for any biological material. Its value would be
determined, for example, by simply stretching a piece of such mate-
rial with known force in some direction and measuring the original
length and the deformation in the same direction. The cross-sectional
area then is measured perpendicular to the direction of the force. (For
nonisotropic materials, the stiffness varies with direction). Any ma-
terial if stretched or compressed with sufficiently moderate force (in
the “Hookean regime”) will obey Eq. 1.6. Davidson et al. (1999) listed
the stiffness of a number of cells and tissues. Comparing Eqs. 1.6 and
1.7 one can define an effective spring constant for any material in
terms of its Young’s modulus using the relation k = EA/L.
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Another type of deformation to which cells and tissues are often
exposed to is shear. It has been discussed in connection with viscosity
(Box 1), but it can also be defined for any elastic material. If the upper
face of an elastic rectangular body is moved with a force F (acting
parallel to that face) relative to its lower face (see Fig. 1.5) then

F C AX

T=64" (1.8)
Equation (1.8) expresses the fact that in the elastic regime the shear
stress F /A is proportional to the shear; the constant of proportion-
ality, G, is the shear modulus in Pa. Note that in the case of viscous
liquids shear stress can be maintained only if it causes the shear to
vary in time (Eq. B1.1a, vy ~ Ax/At). This is often used as the criterion
distinguishing solids from liquids. (For a mathematically more formal
discussion of various deformations arising in biological materials see
Fung, 1993 or Howard, 2001.)

The most conspicuous property of a spring (or any perfectly elastic
material) is that upon the action of a force it adapts instantaneously
via deformation: as soon as F is applied the displacement Ax in
Eq. 1.6 is established. As we have seen, in the viscous regime a shearing
force determines the rate of deformation rather than the deformation
itself. The prototype of such behavior is a piston moving in oil: more
force needs to be applied to move the piston faster.

There exists a large class of materials, including most cells and
tissues, which exhibit both elastic and viscous properties; such mate-
rials are termed viscoelastic. When a viscoelastic material is deformed,
on a short time scale it behaves mostly as an elastic body whereas on
a longer time scale it manifests viscous liquid characteristics. When
a piece of tissue is compressed with a constant force, the resulting
deformation (i.e., strain) shows a characteristic time dependence: the
tissue first quickly shrinks in the direction of the force (just as a
spring would), but the final deformation is reached through a slow
flow. Alternatively, if one imposes a definite deformation on a vis-
coelastic material, the resulting stress varies in time until a final
equilibrium state is reached.

The mathematical description of viscoelasticity is rather compli-
cated. We will deal with it, in a somewhat simplified manner, later,
where it is relevant to understanding certain developmental phenom-
ena. (For a comprehensive discussion of viscoelasticity in biological
materials, see Fung, 1993).

Perspective

Basic, “generic” physical mechanisms can provide insight into many
processes that occur within and between living cells. It is essential to
recognize, however, that neither cytoplasm nor multicellular aggre-
gates are the sort of “ideal” materials that physics excels in describ-
ing. Each cellular and tissue property will be, in general, a result of
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many superimposed physical properties. Thus any standard physical
quantity (e.g., a diffusion coefficient, an elastic modulus) will have
a more restrictive meaning and the temporal and spatial range of
any simple physical law will be limited. As we have seen, however, it
is possible to build a certain amount of complexity into a physical
representation and come closer to capturing biological reality. This
can be achieved by defining “effective” physical parameters, which
incorporate the complexity of the biological system, and using them
in the same equations and relationships that their standard coun-
terparts obey. Typically, the validity of such equations cannot be de-
duced from first principles and must be checked experimentally. The
effectiveness of studying living systems using physics, therefore, will
often lie in establishing analogies rather than equivalences between
complex biological phenomena and well-understood processes in the
inanimate world.



Chapter 2

Cleavage and blastula
formation

In the previous chapter we saw how the simple physical assumption
that the cell is a droplet of liquid comes into conflict with experi-
mental evidence when the transport of molecules in its interior or
the response of an individual cell to mechanical stress are considered.
By adding more physics to the default concept of diffusion (external
forces, viscosity, elasticity) we were able to approach the biological
reality of cell behavior more closely. This analysis also had the pre-
mium of helping us to identify levels of organization (e.g., chemotaxis
in a colony of bacteria or amoebae) at which physical laws that are
too simple to explain individual cell behavior may nonetheless be
relevant.

In this chapter we will describe the transition made by a develop-
ing embryo from the zygotic, or single-cell, stage to the multicellu-
lar aggregate known as the blastula. Here again the simplest physical
model for both the zygote and the early multicellular embryo that
arises from it is a liquid drop. As in the examples in Chapter 1 our
understanding of real developing systems will be informed by an ex-
ploration of how they conform with, and how they deviate from, the
basic physical picture.

The cell biology of early cleavage and
blastula formation

The blastula arises by a process of sequential subdivision of the zygote,
referred to as cleavage. Cleavage, in turn, is a variation on the process
of cell division that gives rise to all cells. In cell division both the
genetic material and the cytoplasm are apportioned between the two
“daughter” cells. To ensure that the resulting cells are genetically
identical to their progenitor, the DNA (essentially all contained in
the cell’s nucleus) must be replicated before division. A duplicate set
of DNA molecules is thus synthesized in the nucleus, well before the
cell exhibits any evidence of dividing into two; it will do this using
the separated strands of the original double helix as templates.
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The cell’s DNA is complexed with numerous proteins, forming a
collection of fibers known as chromatin. Although the chromatin fibers
form a dense tangle when the nucleus is intact, each fiber is actually
a separate structure, a chromosome. In the organisms that we are con-
sidering in this book (“diploid” organisms), all the cells of the embryo
and the mature body, except the egg and sperm and their immediate
precursors, contain two distinct versions of each chromosome, one
contributed by each parent during fertilization (see Chapter 9). Thus
a human cell contains 23 pairs, or 46 chromosomes.

Just before the cell divides the nuclear envelope (the membranes
and underlying proteinaceous layer enclosing the nucleus) disassem-
bles, while the chromosomes separately consolidate and can now be
visualized in the cytoplasm as the individual structures they actually
are. Since DNA synthesis has occurred by this time, there are two
identical copies of each chromosome, referred to as sister chromatids,
still attached to each other by means of a structure called a centromere,
which contains a molecular glue (the protein cohesin). Human diploid
cells at this stage contain 46 pairs of such sister chromatids.

At this point a series of changes takes place that lead to: (i) the
separation of sister chromatids; (ii) the two resulting sets of chromo-
somes being brought to opposite ends of the cell (“mitosis”); and (iii)
the cytoplasm and surrounding plasma membrane of the cell dividing
into two equal portions (“cytokinesis”). Mitosis is guided by a piece
of molecular machinery known as the mitotic apparatus or spindle,
made up of protein filaments called microtubules and microtubule-
organizing centers known as centrosomes, located at opposite sides of
the cell and forming the poles of the spindle (Fig. 2.1). Inmediately be-
fore mitosis takes place a single centrosome, located near the nucleus,
separates into two, which, upon assuming their polar locations, ex-
tend long microtubules. These microtubules (the same number from
each centrosome) either attach to a portion of each of the two chro-
mosomes of the sister chromatids (the kinetochore) or form asters, star-
like arrays of shorter microtubules. The spindle employs molecular
motor proteins, such as microtubule-associated dynein and the BimC
family of kinesin-like proteins located in the centrosomes, to exert
tension on the kinetochores and to separate the sister chromatids
(Nicklas and Koch, 1969; Dewar et al., 2004).

Cytokinesis is regulated by another class of cytoskeletal filaments,
composed of the protein actin as well as additional molecular mo-
tor molecules such as kinesin. Actin-containing microfilaments form
a contractile ring beneath the cell surface and, in association with
the molecular motors, cause the formation of a groove or furrow
between the two incipient daughter cells that eventually pinches
the cells apart. Once cell division is completed the chromosomes re-
arrange themselves into a ball of chromatin around which the nu-
clear envelope reforms.

The processes just described are collectively known as the “cell
cycle,” which is schematized into four discrete phases: M (mitosis,
including cytokinesis), G1 (time gap 1), S (DNA synthesis), and G2
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m The cell division cycle. The cell spends most of its lifetime in the interphase
state, during which period its intact nucleus contains the full set of chromosomes in the
form of the tangled DNA—protein complex called chromatin. If the cell divides then its
DNA is replicated and its centrosome is duplicated during interphase. In the division of
typical somatic cells (as pictured) the cell size also increases during interphase, but for
cleavage divisions (see Fig. 2.2) cell size remains constant. Cell division is accomplished
by mitosis (A—F). At prophase (A), the asters (blue microtubules) assemble at the two
centrosomes (small blue boxes), which have moved away from one another. Inside the
nucleus the replicated chromosomes, each consisting of two attached sister chromatids,
condense into compact structures. For illustrative purposes two chromosomes are
pictured here; diploid cells have two copies of each of several chromosomes. At the
beginning of prometaphase (B), the nuclear envelope breaks down abruptly. The spindle
then forms from the microtubules that extend from the centrosomes and attach to the
kinetochores of the chromosomes. The chromosomes then begin to move toward the
cell equator, defined by the location of the centrosomes, which are now at opposite
poles of the cell. At metaphase (C), the chromosomes are aligned at the equator and
sister chromatids are attached by microtubules to the opposite spindle poles. At
anaphase A (D), the sister chromatids separate to form daughter chromosomes. By a
combination of shortening of the kinetochore microtubules and further separation of
the spindle poles, the daughter chromosomes move toward opposite ends of the cell. At
anaphase B (E), the chromosomes are maximally separated and a microfilament-
containing contractile ring begins to form around the cell equator. At telophase (F), the
chromosomes decondense and a new nuclear envelope forms around each of the two
complete sets. The contractile ring deepens into a furrow, which, as cytokinesis
proceeds, pinches the dividing cell into two daughters.

(time gap 2). The latter three collectively form the interphase (Fig. 2.1).
For most cells M lasts less than an hour and S one to several hours,
depending on the genome size. The two gap phases G1 and G2 are per-
iods in which various synthetic processes take place, including those
in preparation for the events during the M and S phases. Since the
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activities in G1 and G2 are keyed to the requirements of different cell
types, their durations vary widely. Cleavage-stage embryos typically
utilize molecules that have been synthesized and stored during the
process of egg construction or oogenesis, and therefore have G phases
that are brief or nonexistent.

DNA synthesis, mitosis, and cytokinesis are unique events in the
life of any cell, but considered in the continuity of cellular life they
are periodic processes. As such, it would be natural for them to be
controlled by molecular clocks, and indeed several such regulatory
clocks exist in dividing cells. Molecular clocks that regulate entry
into DNA synthesis and mitosis are based on temporal oscillations of
the concentrations of members of the cyclin family of proteins. Such
oscillations are the physical consequences of positive and negative
feedback effects in dynamical systems, such as that represented by
the cell’s biochemistry, and will be discussed in the following chapter.
The control of cytokinesis is less well understood.

In contrast with the cell division that occurs later in embryogen-
esis and in the tissues of growing and mature organisms, which (like
the cell division of free-living cells) is typically associated with a dou-
bling in cell mass, in cleavage a single large cell is subdivided with-
out increase in its mass. This has the consequence that with each
successive subdivision of the zygote the ratio of nuclear to cytoplas-
mic material increases. In the frog embryo, the “midblastula transi-
tion,” a set of molecular and cell behavioral changes leading to the
morphological reorganization of the embryo known as gastrulation
(Chapter 5), is regulated by the titration of one or more cytoplasmic
components resulting from this changing ratio (Newport and
Kirschner, 1982a,b).

The geometry and topology of the blastula, although they differ
for different types of organisms, are relatively simple (Fig. 2.2). Most
typically, the end result is a ball of cells with an interior cavity (the
“blastocoel”). The ball can be of constant thickness, as in the sea
urchin or Drosophila (fruit fly) embryo, where it is a single layer of
cells called the blastoderm (“cell skin”). In amphibians, such as the
frog, the ball is of nonuniform thickness as a result of different rates
of cleavage at opposite poles of the zygote. In mammals, such as the
mouse and human, the outer surface of the ball consists of a layer
of flat cells (the “trophoblast”), which gives rise to the extraembry-
onic membranes that attach to and communicate with the mother’s
uterus. A cluster of about 30 cells termed the “inner cell mass,” which
forms at one pole of the trophoblast’s inner surface, gives rise to the
embryonic body. In certain cases, such as in species of mollusks that
develop from large eggs, the ball of cells develops with no interior
cavity (Boring, 1989). This is called a “steroblastula” (solid blastula).

The routes by which the blastula takes form also vary in differ-
ent groups of organisms. While cleavage can be a symmetrical pro-
cess over multiple division cycles, the sizes of the cells resulting from
cleavage are often unequal. The reason is that the zygote typically has
within its cytoplasm, stored in a spatially nonuniform fashion, ma-
terials provided to the egg by the mother’s tissues during oogenesis.
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Shapes of blastulae and patterns of cleavage in various organisms. The
distribution of yolk, a dense, viscous material, is a major constraint in the pattern of
cleavage. In centrolecithal meroblastic cleavage (characteristic of the embryo of the
fruit-fly Drosophila, see Chapter 10), unlike the other types pictured, the nuclei divide in a
common cytoplasm at the center of the egg during early development. This mode of
cleavage is completed as the nuclei move to the egg-cell periphery, where they become
separated from one another and the rest of the egg contents by the formation of
surrounding membranes. (After Gilbert, 2003.)

These materials can include nutrient yolk (typically composed of pro-
teins and lipids), messenger RNAs, and granules composed of several
kinds of macromolecules. Structural and compositional asymmetries
of the zygote will lead to unequal blastomeres, the cellular products
of cleavage.

Cleavage in which the zygotic mass is completely subdivided
(whether the initial blastomeres are equal or unequal) is called
holoblastic (Fig. 2.2). If only a portion of the zygote is subdivided, cleav-
age is referred to as meroblasticc. Mammals and sea urchins exhibit
holoblastic cleavage, whereas cleavage in Drosophila embryos, where
just the nuclei divide at first, and only become incorporated into sep-
arate cells after they have migrated to the inner surface of the egg, is
meroblastic. Despite being vertebrates and therefore phylogenetically
closely related to mammals, fish, reptiles and birds undergo meroblas-
tic cleavage, with the yolky portion of the egg cell failing to become
subdivided (Fig. 2.2).
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Physical processes in the cleaving blastula

Embryonic development starts with a simple spherical or oblate fer-
tilized egg and produces complex shapes and forms. Shape will there-
fore be a major concern in what follows. Although organisms use the
complex machinery of DNA synthesis, mitosis, membrane biogene-
sis, and cytokinesis to subdivide the material of the fertilized egg
and become a blastula, the simplest physical model for this subdivi-
sion process is the behavior of a liquid drop. Such a description has
often been used to explain the behavior of individual cells exposed
to mechanical deformations (Yoneda, 1973; Evans and Yeung, 1989)
or to interpret the rheology of neutrophils during phagocytosis (van
Oss et al., 1975). Many biological functions such as mitosis and mem-
brane biogenesis are based on molecular interactions that are not
inherently three-dimensional and thus have no preferred geometry.
Since they occur in a context in which physical forces are also active,
it is reasonable to expect that in the final arrangement the physical
determinants will dominate.

The shapes of simple liquid drops are determined by one of their
physical properties, the surface tension (see below). Is this a good phys-
ical picture for the shape of a single cell, such as a fertilized egg?
We will quickly conclude that it is not - the complexities of the cell’s
interior discussed in the previous chapter undermine its simple fluid
behavior. Most importantly its bounding layer, the plasma membrane,
does not have the extensibility that characterizes the surface of a uni-
form liquid. Nonetheless, it will be seen that when the cell’s complex
topography and the properties of the submembrane and extracellular
layers are factored in, the physics of surface tension gives a reasonable
first approximation to the cell shape. In addition, as in our discus-
sion in Chapter 1, “generic” physical descriptions will be found to
reappear at a higher level of organization, that of the multicellular
aggregate.

Cells in suspension, or just prior to division, are spheroids. Eggs of
most multicellular organisms have this shape (Fig. 2.2). If the egg were
simply a drop of liquid, as early thinkers believed, its spheroid shape
would be the straightforward consequence of surface tension. But
the fact that some eggs are not spheres (see the asymmetric oblate
shape of the Drosophila egg in Fig. 2.2) indicates that more than surface
tension is determining the shape of these cells and thus, most likely,
that of spherical cells as well.

This being acknowledged, can the physics of surface tension and
related liquid phenomena tell us anything about how the fertilized
egg divides first into two and subsequently into a cluster of cells? In-
deed, theoretical analysis has been performed of “liquid drop cells”
that expand in size owing to the osmotic pressure exerted by the
synthesis and diffusion of macromolecules. Such objects have a ten-
dency to break up into smaller portions of fluid, each with a higher
surface-to-volume ratio than the original drop (Rashevsky, 1960).
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Possibly this inherent tendency is mobilized during the division or
cleavage of real cells and zygotes. But, as we will see, the basis of
apparent surface tension is not straightforward in a living cell; its
possible mobilization during division will be correspondingly com-
plex.

Further, as the embryo undergoes consecutive cleavages and grad-
ually becomes an aggregate of cells, it is reasonable to ask what
physics can tell us about how the cells become arranged in such aggre-
gates. Here we must consider the physical properties (e.g., elasticity)
of the acellular materials - the hyaline layer, the zona pellucida -
that variously surround the blastulae of different species. Because
the blastula eventually “hatches” from such enclosing structures, we
must also consider cell-cell adhesive forces, without which the di-
vided cells would simply drift apart. (Indeed these adhesive forces are
known to be present already in the prehatching blastula; see Chap-
ter 4.) We will find that under experimentally confirmed assumptions
about these adhesive forces, cells in an aggregate will easily move past
one another in analogy to molecules moving randomly in a liquid.
Thus, as we progress to the higher level of organization represented
by the multicellular embryo, we will find that the liquid drop again
becomes a relevant physical model, and we can make many strong in-
ferences about the shapes and behaviors of cell aggregates from the
physics of surface tension.

Surface tension

A liquid drop, left alone, in the absence of any force (in particu-
lar, gravity) will adopt a perfectly spherical shape. In other words,
it will minimize the interfacial area with its surroundings in order
to achieve a state with minimal surface or interfacial energy. (For a
given volume the sphere is the shape with minimal area.) The sur-
face or interfacial energy per unit area of a liquid is called its surface
or interfacial tension and is denoted by o. (Surface tension, strictly
speaking, is the term reserved for the case when the liquid is in a
vacuum but it is customarily used when the liquid is surrounded by
air. The term “interfacial tension” is used when the liquid adjoins
another liquid or a solid phase.)

To see surface tension in action one can prepare a small wire frame
with one movable edge (of length L), as shown in Fig. 2.3 and wet the
frame with a soap solution. The area of the wire frame (and thus of
the liquid surface) can be increased by pulling on the movable edge
with a force F by Ax in the x direction. According to the definition
of o, we have W = F Ax = 0 AA, where W is the work performed to
increase the area by AA. Since AA =L Ax (Fig. 2.3), F = oL, which
provides another way of defining the surface tension: it is the force
that acts within the surface of the liquid on any line of unit length.
The surface of a liquid is thus under a constant tension which acts
tangentially to the surface in a way as to contract the surface as
much as possible. (A simple demonstration of this is to carefully place
a small light coin on the surface of water in a cup; the coin will
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Schematic representation of surface tension o. The wire frame, whose original

area isA = L x, carries a soap solution film. The surface tension is the energy required to
increase the area of the film by one unit. The work FAx done by the force to increment
the original area by L Ax is also equal to oL Ax. From the equality of these two
expressions, it is evident that o can also be interpreted as a force acting perpendicularly
to the contact line (along the handle) between the liquid and the surrounding medium

and directed into the liquid, thus opposing the effect of the external force F.

not sink. If the coin is placed on its edge, however, it will sink: the
pressure it exerts on the liquid surface in this configuration exceeds
that of the surface tension.)

The unit of o is thus either J/m? or equivalently N/m. The surface
tension of water is approximately 72 mN/m. Since o is exclusively
the property of the liquid, it does not depend on the magnitude of
F applied to increase the area in Fig. 2.3. (Note that for a solid the
surface or interfacial energy both depend on F and the initial area;
see also below.)

The origin of surface and interfacial tension is easy to trace. When
a liquid molecule is forced to leave the bulk and move to the surface,
it is in an energetically less favorable state if its interaction energy
with the dissimilar molecules at the surface is higher than with the
molecules like itself that surround it in the liquid’s interior. In the
interior or bulk, the energy of a molecule in equilibrium with its sur-
roundings is the cohesive energy E ¢; at the surface it is the adhesion
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m lllustration of Young’s

equation. At mechanical
equilibrium the shape of the liquid
drop L near the contact line with
the solid S and the medium M is
characterized by the contact angle
«. Its magnitude is determined
from Newton’s law (see the main
text for details).

energy Ep (Ec and E, refer to one molecule). The change in the
molecule’s energy when it is transferred from the bulk to the surface
is AE = Ep — E¢. According to its definition, the surface tension is
o = NAE, where N is the number of molecules per unit area of the
surface or interface. Thus, if AE = E5 — E¢ < 0 then it is energeti-
cally more favorable for the liquid molecule to be at the surface, and
the liquid is driven to increase its interface with the surroundings
as much as possible. Under these circumstances the liquid is said to
“wet” the interface; in principle, it can eventually thin to a layer of
molecular dimension.

The second definition of surface tension (i.e., that it is a force) al-
lows one to establish a relationship between ¢ and the contact angle.
Consider a liquid drop L placed on a solid substratum S in medium M
(Fig. 2.4). The equilibrium shape of the drop near the line of contact
with the substratum is characterized by the contact angle «, whose
value can be determined from the condition of mechanical equilib-
rium (a special case of Newton’s second law) along the contact line
between L, S, and M. Equating the sum of forces acting on the unit
length of the contact line along the x direction to zero (see Fig. 2.4),
we obtain

Osy = OLs + 01 M COS (2.1)

where og), 015,01 are the respective interfacial tensions between
the three phases. Equation (2.1) is known as Young’s equation (see
for example Israelachvili, 1991). The cases « > 0 and &« = 0 (cosa = 1)
correspond respectively to partial and to complete wetting of the solid
substratum by the liquid.

Liquid molecules are mobile whereas atoms or molecules in a solid
are not. Therefore a liquid can increase its surface area by exporting
molecules from the bulk while retaining the same surface density.
Solids can increase their surface area only by stretching the distance
between surface atoms, which results in a decrease in the surface
density. As a consequence, the surface tension of a liquid drop is
independent of the drop’s area at any time, whereas the analogous
quantity for a solid, the surface or interfacial energy per unit area,
increases with area since it becomes progressively more difficult to
pull atoms apart.
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Laplace’s equation

Living cells in most cases are not perfectly spherical. This does not, by
itself, make surface tension or related concepts irrelevant to under-
standing cell shape, since liquid drops, when exposed to external
forces, are typically also nonspherical. The shape of the liquid drop
shown in Fig. 2.4 could be the result of gravity, for example. Under
such circumstances the full equilibrium shape of an ideal incompress-
ible liquid drop is determined by Laplace’s equation (Israelachvili,
1991)

o(Rll-f-RlZ)—f—pe:)». (2.2)
Here R4, R, are the radii of curvature, o(1/R; +1/R;) = oC is the
Laplace (or curvature) pressure, C being the average curvature, and p.
is the pressure due to external forces. (Equation 2.2 is valid for any
liquid surface, not only drops.) The radius of curvature is the radius
of the circle that matches a curve or a surface at a given point. (A sur-
face can be matched by circles along two orthogonal directions; see
Fig. 2.5.) Equation 2.2 is simply the consequence of Newton’s second
law under the condition of incompressibility. Incompressibility en-
ters the equation through the constant A, a Lagrange multiplier. (La-
grange multipliers are used to incorporate specific constraints into
mathematical equations. In the present case the constraint is due to
the incompressible nature of the liquid drop: its volume is constant
while its shape can change.) Note that for a flat surface (with infinite
radii of curvature) the Laplace pressure is zero, whereas for a convex
closed surface it produces an inward-directed force. (A closed surface
is convex or concave according to whether it respectively bends away
from or towards an enclosed observer. The average curvature at con-
vex Or concave points is respectively positive or negative, whereas at
a saddle point — where one of the radii of curvature is positive and
the other is negative - it can have either sign.)

m lllustration of the radius

of curvature. A point on a
two-dimensional surface (P) can be
matched with two orthogonal
circles, whose radii determine the
radii of curvature of the surface at
that point. The figure also
illustrates by the broken arrows
that the surface or interfacial

tension is the force perpendicular
to any line of unit length within the
liquid surface or interfacial area.
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Box 2.1 | Application of the equations of Laplace
and Young

I. Shape of a spherical drop under compression.

Consider Fig. 2.6, which illustrates the shape change of an originally spherical liquid
drop when compressed between parallel plates with a known constant force F (we
ignore the force due to gravity). When Eq. 2.2 is evaluated along the flat plates,
where the Laplace pressure is zero (R| = R, = infinity) one can determine A
since A = p. = F /(wR3), where Rj3 is the contact radius. Once the constant A
is known, applying Laplace's equation at the equator (point P in Fig. 2.6, where
p. = 0) yields

| | F

J(R_\_FR_Q):T[—R%' (B2.1a)
Here R is the radius of the drop at its equator and R, is its radius of curvature
in a meridianal plane, as shown in Fig. 2.6. By measuring the three radii, Eq. B2.1a
provides the value of o.
2. Immiscible liquid drops in contact
Let us consider the situation shown in Fig. 2.7, which depicts contacting drops of
immiscible liquids A and B embedded in a medium M. We assume that the shape
of each of the three interfaces can be approximated by a part-spherical cap, with
radii as indicated in Fig. 2.7, and we ask, what is the condition of equilibrium for
given values of the interfacial tensions! Applying Young's equation to the vertical
components of the interfacial tensions at point P in Fig. 2.7 vields the relationship
between O, Oen, Oss and O, Oau, Oet

Opy COS Opy + O COS O = Oy COS Oy (B2.1b)

Equation B2.1b provides information on the location (but not the shape) of the
contact line and thus on the extent of the engulfment of drop A by drop B. When
phase B just fully envelops phase A (i.e., it completely wets the interface between
phase A and the medium) we have 6y, = 0z = 0 and 6, = 180°, and Eq. B2.1b
reduces to

@ = @y = T (B2.1¢c)

This result will be used in Chapter 4 (see Fig. 4.5), in connection with the mutual
envelopment of tissues.

To gain information on the radius of curvature of the contact line (i.e,, Rxs) we
combine Laplace’s equation for a spherical drop Ap = 2¢/R, discussed above in
the text, with the identity O = (py — pm) — (Pa — bPs)— (Ps — bm), Where pa, ps,
and py are respectively the pressures in phase A, phase B, and the medium. This

results in
Onp O Osm
_— = — = —. B2.1d
Ras Ry Rg ( )

Equation 2.2 is valid locally, i.e., at each point of the surface.

Whereas for an ideal liquid o is a constant, the other quantities (ex-
cept for 1) may vary along the surface. Thus in the absence of exter-
nal forces, p. = 0, the average curvature is the same at each point
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m The typical shape of an

originally spherical liquid drop
F when compressed uniaxially, as
indicated, between parallel plates.

The three radii are used to
establish a relationship between
the compressive force and the
surface tension in Example | in
Box 2.1.

of the drop’s surface. Consequently 1/R; +1/R; = 2/R and the drop
assumes a spherical shape with radius R, as expected. The (convex)
spherical shape arises because the pressure inside the sphere, pj, is
larger than the external pressure, p.. At equilibrium, therefore, the
pressure difference across the spherical surface must be balanced by
the Laplace pressure, Ap = p; — pe = 20/R.

IJ- AWM |llustration of the

O system of contacting drops A and B
considered in Example 2 in Box
2.1. The red arrow is drawn
through the centers (I, 2) of the

sphere B and the part-sphere A
and meets the surface of A at 3.
For further details see the text in
Box 2.1.

Phase B
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Cortical tension

No cell, including the egg or the zygote, is purely liquid. Even
intracellular water is only partly osmotically active. The water of
hydration (composed of water molecules tightly bound to proteins
and intracellular organelles), in particular, is osmotically inactive.
And, of course, the interior of the cell is structured by fibrous pro-
teins, with elastic as well as viscous properties. The cell is bounded
by a more or less rigid lipid membrane. It has no bulk reservoir of
free-floating lipid molecules that could be mobilized to increase the
area of the membrane by transporting material from the interior of
the cell to its surface. As a consequence, one cannot define a pure
liquid surface tension, as described above, for the cell. Nevertheless,
a physically analogous quantity, the cortical tension, turns out to be
useful for characterizing certain shape changes in living cells.

The membranes of most cells can be represented by a highly con-
voluted two-dimensional surface decorated by spiky protrusions (mi-
crospikes, microvilli, filopodia), sheet-like extensions (lamellipodia),
and invaginations (Fig. 2.8). When exposed to mechanical forces (e.g.,
distension or compression), therefore, a cell may mimic liquid drop
behavior, its apparent surface area undergoing rapid increase or de-
crease by opening and closing the “wrinkles.” (Specifically, the pool
of invaginated membrane can be considered the analogue of the bulk
reservoir of liquid molecules.) How easy it is to accomplish this area
change strongly depends on the density of the cortical network of
actin filaments underlying and attached to the plasma membrane
(Tsai et al., 1994, 1998), which must locally be separated from the
membrane and resealed every time the cell surface is changed. Thus
the energy needed to increase the area of a cell by one unit (its ef-
fective surface tension) has two contributions (Sheetz, 2001): (a) the
membrane-cytoskeleton adhesion energy, which must be overcome
to separate the membrane from the cytoskeleton; and (b) the energy
needed to increase the area of the lipid membrane itself (which can be
considered as a sheet of liquid within which the lipid molecules can
flow freely, as will be discussed in more detail in Chapter 4; see Fig.
4.3). In a typical cell, about 75% of the apparent membrane tension
is due to cytoskeletal adhesion (Sheetz, 2001).

Evans and Yeoung (1989) introduced the notion of “cortical ten-
sion” to make simultaneously an analogy and a distinction between
pure liquid surfaces and the plasma membrane. Cortical tension can
be measured by micropipette aspiration (Needham and Hochmuth,
1992) or pulling tethers (membrane nanotubes) from the plasma
membrane (Sheetz, 2001). In the former case the behavior of a single
cell is followed as it is aspirated into a micropipette narrower than
the cell’s diameter (Fig. 2.8). The shape of the deformed cell in equi-
librium is considered as if it were purely liquid. The cortical tension,
similarly to the purely liquid surface tension, is then determined from
Laplace’s equation applied to this shape. Here, despite the molecular
and structural complexity of the actual biological system, its mor-
phology can be accounted for by a physical law that governs a set of
generic properties. Therefore, in what follows we will retain the term
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Microspikes
\ (microvilli, filopodia)

Pipette

aspiration

_ Lamellipodium

Invagination

-8B B Topographic specializations of the cell surface. The fibers underlying the
membrane and extending into the microspikes and lamellipodia are typically made of
actin filaments or microtubules. The figure also illustrates schematically how a small
portion of the cell membrane (circled in the lower right panel) is aspirated into a
micropipette to measure the cortical tension.

“cellular surface tension”. It will need to be remembered, however,
that its origin lies in the interaction of the cortical actin network
with the cell membrane.

A true liquid is isotropic: its physical properties do not depend on
orientation. In particular, the liquid surface tension is the same along
the two orthogonal directions defined by the two radii of curvature
in Laplace’s equation, Eq. 2.2. For a viscoelastic material such as a
cell, Hiramoto (1963) proposed a generalization of the Laplace pres-
sure to o1/R; + 02/R,. Experiments of Yamamoto and Yoneda (1983)
suggested that whether a cell can be described in terms of isotropic
or anisotropic surface tension depends on its position in the cell
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cycle. This may be a further indication for the role of the cortical
actin network, as will be seen in the discussion of cleavage below.

Those familiar with the properties of cells will recognize that
surface material (in the form of cell membrane) can be added and
subtracted from the cell in other ways than that described above. In
a growing cell, for example, the increase of the cytoplasmic mass is
coordinated with the biosynthesis and insertion of new membrane
in the smooth endoplastic reticulum (Fig. 1.1) and its transport and
insertion into the cell surface. If this did not happen the membrane
would rupture and the cell contents would spill out. Unlike the con-
tinuous, reversible exchange between the bulk and the surface in a lig-
uid, however, such an expansion of the plasma membrane is mainly a
one-way affair: cells do not reverse their growth in the normal course
of events. Thus, in contrast with the cortical tension, which mobilizes
and demobilizes a reserve of cell surface, the properties of the cell
membrane are not a good formal analogue to surface tension.

Another way material can be added to or removed from the cell
surface is by the fusion of vesicles from the interior with the plasma
membrane during the process of exocytosis or their removal by en-
docytosis. This material exchange between the surface and the bulk
could, indeed, potentially serve as an analogue of surface tension,
but in fact it also is not a good one. The reason is that exocytosis
and endocytosis are regulated by the physiological needs and func-
tions of the cell rather than being responsive to mechanical stresses
as are the surface tension of a pure liquid and the cortical tension
described above. Although endocytosis has been observed in the cells
of early-stage mammalian embryos (Fleming and Goodall, 1986), exo-
and endocytosis are probably not extensive enough in most types of
embryos (such as that of the sea urchin - see below) to contribute
substantially to surface forces during cleavage.

Curvature energy

It is clear that the notion of constant cortical tension can give at
best only a crude approximation to the shape of the cell membrane.
The extent to which a convoluted cell membrane can be smoothened
depends not only on the composition of the cortical actin network
but also on the composition of the membrane itself. If the membrane
is fully distended, no increase in the cell surface area can be achieved
without pulling individual lipid molecules apart from one another. As
the liquid drop model breaks down, elastic effects are bound to show
up. Even before this extreme state is attained it is quite possible that
the increase in the membrane area would depend on the total area.
For example, stretching actin fibers could depend on the extent to
which they have already been stretched. (This would, of course, violate
the assumption of liquidity.) Indeed, as discussed by Needham and
Hochmuth (1992) and Derganc et al. (2000) the energy of a neutrophil
membrane W, is well approximated by

K
W, = yA+ — (A — Ap)*. 2.4
h =V +2A0( 0) (2.4)
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Here we write the constant part of the cortical tension as y, to dis-
tinguish it from the true liquid surface tension o; K is the area
expansivity modulus (another elastic parameter), whose units are J/m?
(or equivalently N/m) and Ay is the area of the free spherical neu-
trophil. According to the measurements of Needham and Hochmuth
(1992) the membrane tension and area modulus of neutrophils
are in the range 0.01 mN/m < y < 0.08 mN/m and 0.015 mN/m < K <
1.751 mN/m.

Cells are continuously exposed to mechanical forces whose origin
is in the external environment. Most of these forces are weak and
cause no drastic changes in the integrity of the cell. Often they are
only able to change the local curvature of the cell membrane with-
out changing the overall surface area. For example, experiments per-
formed with artificial vesicles made of amphipathic molecules (which
contain a water-soluble, hydrophilic, part and a water-insoluble, hy-
drophobic, part) show that small changes in temperature (i.e., in ther-
mal energy) may lead to marked changes in shape without any change
in the surface area of the vesicle (see the review by Seifert, 1997).
This would also be the dominant mode of shape change for cells
with no hidden (convoluted) area. Such changes are controlled exclu-
sively by the bending rigidity or bending stiffness (yet another elastic
constant), i.e., the capacity of the membrane to resist changes in its
local curvature.

According to Helfrich (1973) the curvature energy AW, of a small
membrane surface AA is given by
o

AW, = 5 C —Co)* AA. (2.5)

The parameters «, C, and C are the bending rigidity (a material prop-
erty whose unit is the joule), the local average curvature introduced
earlier, and the spontaneous curvature, respectively. The spontaneous
curvature reflects the possible asymmetry of the membrane and char-
acterizes its shape in the state of lowest curvature energy. For an in-
herently flat membrane the spontaneous curvature is zero, whereas
for a vesicle with a preferred spherical shape of radius R it is 1/R.

Physical models of cleavage and blastula formation

So far in this chapter we have entertained the notion that, with re-
gard to their shapes, individual cells and in particular the zygote can
be modeled as liquid drops. When we reached the plausible limits of
this simple model we introduced additional parameters; this seemed
to be necessary for characterizing the physical shape of cells. Follow-
ing on these preliminary steps, we will now develop a quantitative
description of the first cleavages and blastula formation. Although
our discussion, with appropriate modification, can be applied to em-
bryos of various species, we will concentrate mainly on the sea urchin,
since experimental results in this system permit specification of most
of the parameters thus far introduced. Finally, while development can
proceed by relatively abrupt morphological changes, some of which
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will be analyzed later in this book, we will assume that the embryo
is “well behaved” as a physical system before and after such changes.
Thus, we consider the impact of variations in gene expression on the
relevant physical parameters to be gradual. Indeed, if this were not
the case, efforts to interpret morphogenesis in terms of such param-
eters would be largely futile.

As mentioned earlier, the initial divisions of the embryo of a mul-
ticellular organism are unusual in that they take place at constant
embryo mass. At this time, in most cases, including that of the sea
urchin, the embryo utilizes stored RNAs and proteins rather than syn-
thesizing them itself. Thus, divisions are rapid (of order 1.5 hours in
the sea urchin, reflecting the absence of G1 and G2 phases) and lead
to smaller cells with increasing nucleo-cytoplasmic ratio. Taking this
into account, we next present a simple surface-tension-based model
(where “surface tension” in fact represents the cortical tension) of the
early cleavage stages in the sea urchin (for comprehensive reviews, see
Rappaport 1986, 1996). The results of the model will also characterize
the first and later cleavage stages of other classes of organisms.

Cleavage: the White—Borisy model

The sea urchin zygote is initially spherical. Its cytoplasm has the
same composition throughout the cell cortex and it thus possesses an
isotropic surface tension (Yoneda, 1973). The only structure that can
select a direction and thus the actual position of the cleavage plane is
the mitotic spindle. Indeed, the cleavage plane is always perpendicu-
lar to this structure. If the spindle’s position is physically manipulated
(translated or rotated) before the furrow is fully established, the cell
assembles the contractile ring so as to retain its relative orientation
to the spindle. If the formation of the spindle is blocked (by the ad-
dition of chemicals such as colchicine, which disrupts microtubules),
no furrow is formed. If the spindle is disrupted or even completely
removed from the cell after the cleavage plane has fully been estab-
lished (Hiramoto, 1968), however, the separation of the two daughter
cells will progress to completion. The actual progression of the furrow
thus is not dependent on the presence of the mitotic spindle, which
seems to be needed only to set up the initial conditions for furrow
formation. This suggests that once furrowing is under way, it is au-
tonomous. Furthermore, the role of the asters of the mitotic spindle
in the initiation of cytokinesis is well established (Rappaport, 1966):
there is both a minimum and maximum separation distance of asters
from the cell cortex beyond which a furrow will not be induced.

On the basis of these experimental results, White and Borisy (1983)
proposed that cytokinesis is initiated by a signal emitted from the mi-
totic apparatus (the astral signal) and transported to the cell cortex
(see Fig. 2.9). The signal polarizes the initially uniform cortex by re-
laxing the surface tension in a distance-dependent fashion, resulting
in a gradient of the surface tension. This gradient (Ao/Ax) can lead
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Microfilaments

Cortex = P

Pole
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Chromosome Microtubules

m lllustration of the physical process underlying the White—Borisy model. A
putative biochemical cue, the astral signal, emanates from the centrosomes and at the
cortex modifies the zygote’s surface tension in a distance-dependent manner. Thus at
any point P (left panel), the surface tension decreases in proportion to the inverse
second or fourth power of the distances measured from the centrosomes. The resulting
gradient in the surface tension sets up a flow of cortical elements from the pole region
towards the equator (right panel), which eventually results in a contractile ring and a

constricting cleavage furrow.

to shear and produce a flow in the peripheral cytoplasm, according to

Ao Av

Ax nE. (2.6)
Here x and z measure the distance respectively along and perpendicu-
lar to the cell surface and 7 is the viscosity of the cortical cytoplasm.
(Note that Eq. 2.6 is analogous to Eq. Bl.1a in Chapter 1, since the
units of Ao/Ax are force per area (F/A).)

The flow carries microscopic contractile (i.e., “muscular”) elements
from the polar region to the equator (see Fig. 2.9), where during
this rearrangement a spontaneous alignment of actin and myosin
filaments into an organized ring takes place. The ring is capable of
exerting sustained circumferential tension of the order of 1078 N
(Hiramoto, 1978), while progressively constricting in the form of a
groove. This moving cleavage furrow ultimately pinches the cell in
half via a “purse-string” action.

The above “standard model,” which is supported by a number of
experiments (see the overview by He and Dembo, 1997), provides a
good example of the interplay of generic and genetic processes. A
biochemical signal (the astral signal) leads to a change in the cell’s
surface tension. This generates a physical process (cytokinesis), which
eventually leads to renewed gene activity in the daughter cells.

The specific assumptions White and Borisy make about the
astral signal are: (a) the stimulating activity of the asters is isotropic
and depends only on the distance (but not the direction) measured
from the asters; (b) the signals from the two asters combine in an
additive way; (c) the magnitude of the stimulus decreases with dis-
tance r away from the centrosomes according to 1/r? or 1/r*. This

(contractile ring)
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latter assumption ensures that the maximum decrease in the surface
tension occurs at the poles, where the sum of the distances mea-
sured from the two asters is maximal, and progressively decreases
towards the equator. Since motion occurs only in the dense narrow
cortical-fluid region, the rest of the cell’s interior is considered to be
more watery and static.

The originally spherical egg, with radius Ry, is in a state of me-
chanical equilibrium because the uniform inward-directed force due
to the Laplace pressure, 20/Ry, 0 being constant along the cell sur-
face, is compensated by the elevated pressure inside the cell (due,
for example, to osmosis). According to the assumption of this model,
the astral signal breaks the uniformity of the surface tension and
leads to its decrease. If no simultaneous change occurs in the radii of
curvature then as the surface tension decreases so does the Laplace
pressure, which becomes smaller than the original internal pressure.
This leads to a force imbalance. Since the volume of the embryo is
constant, the embryo bulges outward at the poles (where the decrease
of the Laplace pressure is maximal), and flattens in the equatorial re-
gion (Fig. 2.9). White and Borisy demonstrated that mechanical equi-
librium can be reestablished if the embryo displaces its surface so
as to modify its radii of curvature. The length and velocity of the
displacement are respectively proportional to the magnitude of the
force imbalance and the viscosity of the cytoplasm. Under these cir-
cumstances, the distance between the asters is increased (in agree-
ment with the experimental results of Hiramoto, 1958). The radii of
curvature of the modified surface are then recalculated, and so is the
internal pressure. The pressure, considered to be uniform since the
embryo is modeled as a liquid drop, is obtained as the integrated
mean of the Laplace pressures at each point of the surface. The above
procedure is iterated, with the end result shown in Fig. 2.10 for an
axially symmetric cleavage configuration.

In the simplest formulation of the model the astral signal leaves
the surface tension forces isotropic, that is, not dependent on di-
rection along the surface of the cell. As a consequence the furrow
does not progress to completion. The reason is that, as the furrow
forms, the cell surface develops “saddle points” along the equator,
at which one of the radii of curvature gradually becomes negative.
This provides another reason, in addition to the astral signal, for the
Laplace pressure to decrease continuously. Thus, along the equator
the Laplace pressure and the intracellular pressure eventually bal-
ance each other locally: an equilibrium is reached and the furrow
stops elongating. This limitation of the model is removed if o is al-
lowed to vary with orientation, as discussed above in connection with
the cortical tension. The anisotropy of o in the present case is caused
by the movement and reorientation of the contractile elements as
they flow to the equator to assemble the contractile ring (White and
Borisy, 1983).

Despite its success in providing a coherent description of cyto-
kinesis in a number of cleavage patterns, the standard model has a
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Time evolution (A-D) of the shape of the zygote in the course of the first
cleavage, as described by the White—Borisy model. The sequence of events is driven by
the astral signal-induced changes in the surface tension and the subsequent changes in
shape to reestablish mechanical equilibrium, as explained in the main text. The length of
an arrow is proportional to the magnitude of the decrease in surface tension at a given
stage of the process and a given point on the cell surface. The horizontal line indicates
the distance between the centrosomes. (After White and Borisy, 1983.)

number of shortcomings (He and Dembo, 1997). The most obvious
is that it does not provide a molecular basis for the astral signal. It
artificially divides the cytoplasm into two spatially distinct regions,
the gel-like or more viscous cortex and the watery interior fluid, but
nevertheless considers the cell as a liquid drop with uniform internal
pressure. Furthermore, the model does not regard chemical changes
in the composition of the cytoskeleton (the polymerization and de-
polymerization of cytoskeletal filaments) as being an essential part of
cytokinesis. In particular, it postulates that the assembly of the con-
tractile ring and its constriction result exclusively from circumferen-
tial tension, which is contrary to experimental findings (Schroeder,
1975). Moreover, it does not provide an explanation for the origin
of this tension or the mechanism of movement during furrowing.
These, and several other deficiencies of the standard model, were ad-
dressed by He and Dembo (1997). Starting from the analysis of White
and Borisy, these authors constructed a comprehensive, alternative,
mathematical model of the first cleavage division in the sea urchin
embryo. (The He-Dembo model is too complex to be discussed here,
but more advanced students are encouraged to work through their

paper.)

Blastula formation: the Drasdo—Forgacs model
As cleavage continues, the total number of cells in the embryo grows
exponentially (Gilbert, 2003). In addition to the complex processes
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Schematic sequence of cell divisions in holoblastic cleavage. The upper panel
shows an idealized situation where the daughter cells occupy the original volume of the
zygote. The individual daughter cell from the eight-cell stage shown in the lower panel

has extremely sharp bends and thus high bending energy. As a consequence, it
experiences forces (denoted here by F| and F») that tend to smoothen the sharp edges.
Depending on the bending rigidity of the cell membrane, the rounding of each cell results
in a cell configuration similar to the last diagram in the lower panel (for large bending
rigidity) or the last but one (for small bending rigidity). The requirement that a change in
cell shape leaves the total cell mass, or the cell volume, unchanged leads to a net

displacement of the cell mass away from the center.

taking place during individual cell divisions, discussed above, co-
operative effects involving groups of cells become increasingly more
important. It is this cooperativity that finally gives rise to the first
nontrivial morphogenetic structure, the blastula. In what follows we
describe a model of blastula formation (Drasdo and Forgacs, 2000)
for the case of perfect, radial, holoblastic cleavage, such as occurs in
the sea urchin. The model combines a physical mechanism for cleav-
age at the single-cell level, with physical interactions between cells
(occurring on a multicellular scale). Thus, for the first time, we will
be dealing with a phenomenon involving several length scales, as is
typical of most biological processes. The salient features of the model
are the following.

1. Cells begin spheroidal and remain so during cleavage. Strong
bends or kinks in the material of their membrane are therefore
energetically disfavored. Thus, it is assumed that large changes
in the local geometry (i.e., the curvature) of the membrane gen-
erate a restoring force, which tends to flatten the variation in
geometry. As Fig. 2.11 illustrates, such an assumption requires
that during cleavage the cell mass shifts outward, away from
the center of the embryo.

2. Cells of the sea urchin embryo bind to an extracellular (“hya-
line”) layer. Hence the mechanical properties of the extracel-
lular layer influence those of the blastula (Davidson et al.,
1999).



2 CLEAVAGE AND BLASTULA FORMATION

45

3. Cells in the early embryo are polar (i.e., spatially nonuniform)
and, as a consequence of the inhomogeneous distribution of
their adhesion molecules (see Chapter 4), form cell-cell contacts
in special regions of their membrane, resulting in preferred cell
configurations (Newman, 1998a; Lubarsky and Krasnow, 2003).
These configurations are assumed to correspond to local min-
ima in the (free) energy. Deviations from preferred cell shapes
and configurations increase the energy and thus are unfavor-
able. The energy of a cell configuration contains the following
contributions.

(i) An interaction energy Vi; of neighboring cells with both at-
tractive and repulsive contributions. Attraction is due to
the adhesive bonds between cells (see Chapter 4). If the cells
in isolation are spheroidal, contact between them leads
to the stretching of their membranes. Furthermore, cells
are composed mostly of water and therefore have small
compressibility. Membrane deformations and limited com-
pressibility give rise to repulsion. The manifestation of lo-
cal physical interactions (i.e., between individual cells) at a
larger scale (i.e., the blastula) is quite insensitive to the de-
tailed shape of the corresponding interaction energy (Odell

Vij

m The interaction energy V;; in the contact region between two neighboring
cells i and j as a function of the distance di; between the cell centers in the
Drasdo-Forgacs model. The shape of V;; reflects the limited compressibility of the cells
and incorporates the entropic contributions of their membranes. Limited compressibility
implies that d;j cannot be smaller than a minimal distance do, at which a cell would lyse.
To prevent this, V;j is set to infinity at do. Furthermore V;; contains contributions from
direct cell—cell adhesion and from elastic changes resulting from any alterations in cell
shape. The parameter § is the range of interaction between neighboring cells. It
determines the distance over which a cell can be stretched or compressed, as well as the
interaction range of cell-adhesion molecules. The parameter ¢ characterizes the intensity
of the elastic and direct cell-cell interactions. To ensure that cells remain in contact

during blastula formation and gastrulation, the value of V;; at do + ¢ is set to infinity.
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et al., 1981; Drasdo et al., 1995). Therefore the combina-
tion of the attractive and repulsive energy contributions is
modeled by the interaction energy V;; shown in Fig. 2.12.
The physical interactions responsible for the competing
energy contributions have a characteristic range § and
magnitude ¢. These parameters are determined by the
deformability of the cell and its immediate molecular mi-
croenvironment (the “glycocalyx,” see Chapter 4), the prop-
erties of the hyaline layer and the nature of the adhesion
molecules that bind the cells to each other and to the hya-
line layer.

(i) A curvature energy. Polarized cells often form two-
dimensional single-cell layers or sheets. The preferred
geometries of the layer and the shape of the cells within
the layer depend on the location of the cell-adhesion
molecules, as shown schematically in Fig. 2.13. In analogy
with polymer membranes, the preferred shape of the sheet
at the position of the ith cell has a local spontaneous cur-
vature (see Eq. 2.5). In the minimum-energy state the local
average curvature equals the spontaneous curvature of the
sheet. Any bending distorts the membrane, resulting in a
deviation of the curvature from the spontaneous curvature
and, consequently, in the increase of the membrane’s bend-
ing energy, which according to Eq. 2.5 depends on «, the
membrane’s bending rigidity. Whereas the preferred shape
of the individual cell (characterized by the angle f, in Fig.
2.13A) exclusively determines the spontaneous curvature,
once the cell is part of a tissue layer the actual local cur-
vature of the layer depends also on the positions of the
cells’ neighbors (see Fig. 2.13B, C). In the idealized situ-
ation, when all cells in a given arrangement are identical
(of the same type, at the same phase of the cell cycle, etc.),
their spontaneous curvature is the same.

4. Active cell movement characterizes early morphogenesis. This
movement, which leads to the appearance of new forms, on the
one hand must satisfy the constraints imposed by the activity of
the maternal and zygotic genes and on the other hand should
proceed according to the governing physical mechanisms,
which exert forces on the cells. These forces depend on the ex-
plicit form of the interaction energy and curvature energy dis-
cussed above, as well as on many other factors, and should even-
tually lead to configurations with minimal mechanical stresses
(at least temporarily). In order to incorporate additional factors,
it is assumed that, during cleavage, extracellular components
provide a friction-like resistance to the displacements and ori-
entational changes of the cells within the developing tissue
sheet. The model incorporates friction and other biological and
chemical processes, such as metabolism, intra- and extracellu-
lar transport, movements of the cytoplasm, and reorganization
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lllustration of the curvature energy of a cellular layer. (A) The preferred
individual cell shapes, denoted by the broken contours, which depend upon the location
of adhesion molecules (filled areas). In this two-dimensional representation, the angle S
uniquely determines the preferred shape of the cell and thus the local spontaneous
curvature of a cellular layer. The circles within the broken-line contours demarcate the
simplified shape used to represent cells in the computer simulations of the
Drasdo—Forgacs model. The optimal configuration of a cellular layer, containing only cells
with preferred shapes in the left-hand panel (8p < 180°) or right-hand panel (8p > 180°)
is a closed surface with the basal side, as defined here, oriented respectively towards the
interior (see panel C) or the exterior. (B) The preferred cell shape when Sy = 0 results
in an optimal configuration with an open, planar, cell sheet and an equal distance
between the centers of the cells. (C) A deviation from the optimal configuration shown
in panel B. For a cell type with By = 0 any bend (characterized by the existence of a
finite local radius of curvature r and deviation angle ) increases the bending energy.
Here the radius of curvature and the deviation angle are shown only for cell 2. Note
that, for a cell type with Bp < 180° (shown in A), the configuration illustrated in panel C
is optimal if 8; = Bo, where j denotes any cell in the sheet.

of the cytoskeleton, by imposing an additional stochastic force
on the cells.

5. A cell’s mobility, its geometric environment, and its interac-
tion with its neighbors affect the observed cell-cycle time. The
cell-cycle time also depends on the cell’s intrinsic properties,
which are incorporated by introducing the intrinsic cell-cycle
time r, a quantity that is influenced by the chemical environ-
ment (e.g., by growth and inhibitory factors). For an isolated cell
not affected by physical interactions with neighboring cells, ©
is the average cell-cycle time. If interactions are present, the
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Cell division as simulated in the Drasdo—Forgacs model. The cell is

deformed by decreasing its instantaneous radius in randomly chosen small steps from the
original radius, ~/2R. The parameter { < +/2 denotes the cumulative effect of these
steps in an intermediate stage of cell division. As the radius decreases, the axis a(t)
increases to keep the total area of the cell constant during one division cycle, which is
guaranteed by the dumb-bell shape. Area conservation also requires the two daughter
cells to have radius R.

observed cell-cycle time is typically larger than the intrinsic
cell-cycle time.

6. The described friction-limited stochastic dynamics is simulated
using the Monte Carlo method (Metropolis et al., 1953). The sim-
ulation chooses a cell randomly and modifies its state by (i) a
shape deformation in accordance with the adopted mechanism
of cell division (see Fig. 2.14), and (ii) a small random displace-
ment. After each division a chosen cell deforms in small steps
by decreases in its instantaneous radius and simultaneous in-
creases in the distance between the centrosomes. After each
modification in the state of an individual cell the total energy
of the cell configuration is recalculated. If the modification in-
creases the energy, the cell returns to its original shape with
probability P =1 — e 2V/f1, otherwise it stays in its new po-
sition. Here AV =V’ —V, Vand V'’ being the total energy of
the cell assembly respectively before and after the change in
state of the randomly chosen single cell. The quantity Fr is
a reference energy analogous to the thermal energy discussed
in Chapter 1. (The characteristic energy scale for the motion
of fluid particles is the thermal energy, whereas the character-
istic energy scale for cellular motion must have its origin in
the cytoskeletally driven cell-membrane fluctuations fueled by
metabolic energy.) The value of Fr during blastula formation in
the sea urchin is not known but Ft was estimated for chicken
embryonic cells by Beysens et al. (2000). The above exponential
form of the probability is the most typical one used in Monte
Carlo simulations.

Monte Carlo simulations were performed in two dimensions, for
a representative cross section of the approximately rotationally sym-
metric sea urchin embryo, using experimentally measured or derived
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Typical evolution of the cellular pattern in a computer simulation of the
Drasdo—Forgacs model with specific, experimentally determined values of the model
parameters. A dynamical instability in the shape of the blastula sets in at around the
64-cell stage, which in a spherical embryo would correspond to about 2000 cells. With
further increase in cell number the folding of the blastula becomes more pronounced.
Individual cells are indicated as circles up to the 64-cell stage.

values for the basic model parameters (Davidson et al., 1995, 1999). The
results of typical simulations are shown in Fig. 2.15. The number of
cells grows exponentially and after a series of cell divisions a hollow
spherical blastula forms. With further divisions the spherical symme-
try disappears: the blastula becomes unstable and folds. Within the
model this instability is generic and shows up over a wide range of
parameter values. We will return to the question of this instability in
Chapter 5 in our discussion of models of gastrulation.
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Perspective

Simple models, based on realistic physical properties of cells and their
interactions, can accurately reproduce many aspects of early cleavage
and blastula formation. For instance, while a true liquid surface ten-
sion per se is inapplicable to living cells, its analogue, cortical ten-
sion, has explanatory power in this realm and, within limits set by
the cell itself, obeys the same physical laws. Purely generic mecha-
nisms, however, have their limitations. A physical process that leads
to a spherical blastula, if allowed to proceed beyond a certain point
leads to morphological instability and ultimately to the derailment
of normal development. It is the multileveled determination of cells
and embryos which ensures that each driving force is constrained
by other driving forces and that the whole complex of forces is sub-
ordinated to the survival and propagation of the organism. Central
to the integration of the various physical determinants are the com-
plex biochemical signaling processes taking place in each individual
cell, and across the blastula and later-forming cell aggregates, which
control the values of cellular physical parameters and with them the
consequences of the physical interactions.



Chapter 3

Cell states: stability, oscillation,
differentiation

In the previous chapter we considered the forces leading to subdi-
vision of the fertilized egg and the large-scale morphological conse-
quences of successive cleavages. We followed the processes leading
to the generation of the blastula, an important developmental step.
In our treatment, however, the blastula was represented as a mass
of identical cells. In reality, at the blastula stage not all cells of the
embryo are identical: the “totipotent” zygote (with the potential to
give rise to any cell type) first generates cells that are “pluripotent”™
capable of giving rise to only a limited range of cell types. These cells,
in turn, diversify into cells with progressively limited potency, ulti-
mately generating all the (generally unipotent) specialized cells of the
body. At the same time, in the life of each dividing cell, regardless of
its level of developmental potency, there are transitions from state to
state as the cell performs various functions of the cell cycle.

It is the purpose of this chapter to provide a framework for un-
derstanding how genetically identical cells can change their physical
states in reliable and stable ways in time and space. We will also ex-
plore how these states, in turn, can provide a physical basis for a cell’s
performance of different tasks at different phases of its life cycle and
for its descendants’ performance of different specialized functions in
different parts of the developing and adult organism.

The transition from wider to narrower developmental potency is
referred to as determination. This stage of cell specialization generally
occurs with no overt change in the appearance of cells. Instead, subtle
modifications, only discernable at the molecular level, set the altered
cells on new and restricted developmental pathways. A later stage of
cell specialization, referred to as differentiation, results in cells with
vastly different appearances and functional modifications - electri-
cally excitable neurons with extended processes up to a meter long,
bone and cartilage cells surrounded by solid matrices, red blood cells
capable of soaking up and disbursing oxygen, and so forth. Cells
have generally become determined by the end of blastula formation;
successive determination increasingly narrows the fates of their
progeny as development progresses. When the developing organism
requires specific functions to be performed, cells will typically un-
dergo differentiation.
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Gene expression and biochemical state

Since each cell of the organism (except for the egg and sperm and
their immediate precursors) contains an identical set of genes, a fun-
damental question of development is how the same genetic instruc-
tions can produce different types of cell. This question pertains to
both determination and differentiation. Since these two kinds of cell
specialization are formally similar and probably employ overlapping
sets of molecular mechanisms, we will refer to both as “differentia-
tion” in the following discussion, unless confusion would arise. Mul-
ticellular organisms solve the problem of specialization by activating
only a cell-type-specific subset of genes in each cell type.

The biochemical state of a cell can be defined as the list of all the
different types of molecules contained within it, along with their
concentrations. During the cell cycle the biochemical state changes
periodically with time. If two cells have the same complement of
molecules at corresponding stages of the cell cycle then they can
be considered to be of the same differentiated state. (The cell’s bio-
chemical state also has a spatial aspect - the concentration of a given
molecule might not be uniform throughout the cell - but we will ig-
nore this complication for the time being). Certain properties of the
biochemical state are highly relevant in understanding developmen-
tal mechanisms. The state of differentiation of the cell (its type) can
be identified with the collection of proteins that it is capable of mak-
ing. This, in turn, comes down to which genes are potentially active
(transcribable or “template competent”). Another important aspect of
determination and differentiation that is less well understood, and
will not specifically enter into our discussion, concerns the gener-
ation of different proteins from a given active gene by “alternative
splicing” of the gene’s RNA transcript (see Maniatis and Tasic, 2002).

The cell type is determined by the structural properties of the
DNA-protein complex in the cell nucleus known as chromatin. Genes in
the transcribable subset must be in particular physical states, and this
is accomplished by variations in the packaging of different stretches
of DNA by proteins. If a gene is template competent, the stretch of
DNA that contains it is in a conformation referred to as “open.” In
cell types in which the same gene is inactive it is in a “closed” con-
formation (Gregory et al., 2001; Cunliffe, 2003).

Although having different sets of template-competent genes de-
fines cells as differentiated from one another, it is important to dis-
tinguish between two classes of these transcribable genes. Of the es-
timated 20000-25000 human genes (International Human Genome
Sequencing Consortium, 2004), a large proportion is constituted by
the “housekeeping genes,” involved in functions common to all or
most cell types (Lercher et al., 2002). In contrast, the template compe-
tency of a relatively small number of genes - more than a hundred,
but possibly fewer than a thousand - specifies the type of determined
or differentiated cell; these genes are developmentally regulated (i.e.,



3 CELL STATES: STABILITY, OSCILLATION, DIFFERENTIATION

53

turned on and off in a stage- and position-dependent fashion) during
embryogenesis. The generation of the approximately 250 different
cell types of the adult human body is accomplished by packaging
this special group of developmentally regulated genes into appropri-
ate chromatin states in distinct cell populations. Some more familiar
genes that are developmentally regulated are beta-globin in the retic-
ulocyte (the red blood cell precursor), keratins in skin, and insulin in
the pancreatic beta cell.

It is also important to recognize that template-competent genes
in a differentiated cell type are not constantly being transcribed. The
open chromatin state of template-competent genes is structural or
conformational and is essentially irreversible when the cell remains
in its natural context. The products of a special class of template-
competent genes are involved in maintaining established gene ex-
pression patterns across cell generations (Brock and Fisher, 2005).

The foregoing discussion implies that the biochemical state of a
cell has at least two hierarchically organized aspects - the differentiated
state, defined by the stable set of template-competent, developmentally
regulated genes it contains, and the functional state, defined by the
(potentially varying) levels of housekeeping and developmentally reg-
ulated proteins that it produces. Differentiated cell types are among
the end-products of development. Moreover, the range of functional
states that a given cell can assume is limited by its state of differen-
tiation. Significantly, though, development itself is implemented by
variations in the functional states of emerging cell types at the early
and intermediate developmental stages.

How physics describes the behavior
of a complex system

The biochemical state of a living cell does not remain fixed. Amino
acids and nucleotides are constantly being consumed to make pro-
teins and nucleic acids. These and other small molecules are con-
tinually being synthesized from precursors or being brought into the
cell from the outside. Usually, the cell is also involved in transporting
functionally useful products and waste materials across its boundary.
Given all this, it would be surprising if there were not wide swings
in the concentrations of many of the cell’s internal components. As
mentioned above, however, the cell’s state of differentiation provides
limits to these swings.

When physicists have to deal with a complex system containing
many interacting components - a “dynamical system” - they typically
represent its state as a point in a multidimensional space. Let us imag-
ine that such a system contains only two interacting components. The
system then resides in a two-dimensional “state space,” also called the
“phase plane,” defined by pairs (A, B), where A is the concentration of
the first component, measured along the x axis and B is the concen-
tration of the second component, measured along the y axis.
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The first question we can ask about such a representation is: at
a given instant of time, where will we find the system on the phase
plane? It is important to emphasize that all the dynamical systems
we will be considering are open systems, that is, they can exchange
chemicals and energy with their environment. Indeed, these are the
only kinds of system that can exhibit interesting behaviors, including
the characteristics of being alive. All closed chemical systems (ones
that have no interaction with their environment) eventually settle
into a dead state, determined by the initial concentrations, referred
to as “chemical equilibrium.” Open systems that consume energy and
operate far from thermodynamic equilibrium are known as dissipative
systems. As we will see, such systems can exhibit interesting types of
spatiotemporal organization of their constituents.

Since our system of interest is open, we are at liberty to prepare
it in any initial condition we choose. If, like a cell, it is bounded by a
membrane, then we can simply inject enough of the two components
to bring the system to any desired point. But will it stay there? In
fact, dynamical systems are governed by physical relationships among
their components. In a simple example, if the components are two
types of molecule and the system’s chemistry dictates that the first is
reversibly transformed into the second then there is a constraint be-
tween their concentrations A and B: when one goes up the other goes
down. The laws of chemical transformation also dictate the direction
of change: if we add more of the first component to the system, for
instance, some of it will be transformed into the second. Thus the
system will not remain in any arbitrary initial state.

The dynamical interactions in such systems are usually repre-
sented by sets of coupled differential equations. We saw in Chapter 1
that a derivative represents the rate of change of one variable as a
function of another variable. (In dynamical systems the derivatives of
the state variables with respect to time are of particular concern). In a
differential equation the derivative of one variable (say the concentra-
tion A of the first component in the system discussed above) is equated
to an expression containing other variables and possibly including
that variable itself. A system of coupled differential equations repre-
sents the time dependence of each state variable expressed in this
fashion.

To gain some insight into how dynamical systems are analyzed
mathematically, consider, as an example of a two-component dynam-
ical system, a chemical system governed by the following set of cou-
pled differential equations (Leslie, 1948; Maynard Smith, 1978):

dA )
dB B2 (3.1)
— =B-—.
dt A

(Remember the meaning of d/dt explained in Box 1.1). Wherever the
system may start out on the phase plane, Egs. 3.1 assign an arrow to
that point indicating where the system will move to next. As time
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progresses, the arrows thus outline a trajectory along which the sys-
tem moves in time in the phase plane. The map of all possible sets
of arrows (i.e., trajectories) on the phase plane is called a “vector
field.” At certain points in this state space the time derivatives of
both variables vanish simultaneously. Any such solution is called a
“fixed point” or “stationary state” or “steady state.” Setting both time
derivatives in Egs. 3.1 to zero we find fixed points at (0, 0) and (2, 2).

Not all fixed points are equivalent, however. In some cases the
fixed point will be stable against perturbations, i.e., if the system
is displaced to a nearby point then changes in reaction rates will
be induced that will return it to the original steady state (think of a
marble sitting at the bottom of a round-bottomed cup). In other cases
a tiny change in state will be sufficient to drive the system away from
the fixed point (think of a marble at the top of an inverted round-
bottomed cup). In the case of the two stationary states of Egs. 3.1, (2, 2)
is stable and (0, 0) is unstable (see Fig. 3.1). (The general mathematical
technique to study the nature of a fixed point, whether it is stable or
unstable, is called linear stability analysis. In the Appendix to Chapter
5 we demonstrate how this method works.)

Of course, our dynamical system may have other forms. Consider,
for example,

dA

— =(1-A*—-B?*A - B,

dt (3.2)
dB A

dar —

Here there is an unstable fixed point at (0, 0). Interestingly, the circle
of unit radius, A2 + B2 =1, surrounding the unstable solution is a
stable closed orbit. Note that the time derivatives do not vanish on
the circle.

Whereas any small displacement of the system state away from
an unstable fixed-point solution will take it still farther away, if the
system finds itself on a stable closed orbit, a circle in the case of
the above equations, any small displacement will bring it back to the
same circle (but not necessarily to the same point). Indeed, if the
system begins in any initial state inside or outside the circle it will
eventually wind its way onto it and then remain on it forever (Fig. 3.1).
Such orbit is called a “limit cycle™ along it the system periodically
revisits each point. To prove that the unit circle is a stable limit cycle
of the dynamical system defined by Egs. 3.2 requires the application
of linear stability analysis. However, it is easy to see that it is indeed
a solution of Egs. 3.2, in the sense that the equations map the circle
onto itself. The trigonometric identity 1 = cos?t 4 sin®t implies that
if A and B satisfy the equation for the unit circle, their time depen-
dence, for the particular case in which A(0) =1 and B(0) =0, can
be written as A(t) = cost and B(t) = sint. Inserting these expressions
into Egs. 3.2 (noting that the derivative of sint is cost, whereas the
derivative of cost is —sint), we arrive at the desired result.
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Trajectory Stable fixed point

Saddle
point —|
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Unstable
fixed point —
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m Possible trajectories (flow lines) of the point representing the state of a
dynamical system (the “system state”). The different scenarios are shown in a vector
field superimposed on a two-dimensional phase plane. In addition to the overall
geometry of the vector field (gray flow lines, open arrowheads), the figure shows
representative trajectories (red, green, and blue) leading to special points: a stable fixed
point or attractor, to which all local trajectories converge; an unstable fixed point or
repeller, from which all local trajectories diverge; a saddle point, attracting some local
trajectories and repelling others; and a stable limit cycle (a closed orbit surrounding an
unstable point) upon which all local trajectories converge. (In an unstable limit cycle, not
pictured, the closed orbit, from which all local trajectories diverge, surrounds a stable
fixed point.) All these behaviors have analogues in dynamical state spaces of higher
dimensionality. Regions of state space in which the local dynamical behaviors differ are
known as “basins of attraction” (see the upper panel) and are divided from each other
by separatrices, lines in the phase plane or, in an n-dimensional state space, surfaces of
fewer than n dimensions.

The examples in Egs. 3.1 and 3.2, which were chosen for their
heuristic value rather than for their plausibility as models for bio-
chemical interactions, show three possible dynamical behaviors for a
two-component system (i.e., a single stable or unstable fixed point and
a limit cycle). More generally, a system can have more than one stable
node or orbit. Systems of more than two variables can even wander
around in a not strictly recurrent fashion in a limited region of the
state space (a “strange attractor”). In cases in which there is more than
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one stable behavior, each will have its own “basin of attraction,” that
set of system states for which the trajectories passing through them
will wind up at that particular node or orbit (Fig. 3.1). A boundary
curve between adjacent basins of attraction is called a separatrix. A
consequence of this situation is that there will be some distinct, but
close, system states that will be in the basins of attraction of different
nodes, causing the dynamical system to behave like a “switch.” A sim-
ilar fundamental property of a nonlinear system, known as chaotic
behavior, means that even when the system starts its evolution from
nearly identical states it may terminate at unpredictable endpoints.

We have considered only systems with two interacting compo-
nents. Living cells produce tens of thousands of different proteins
and contain a myriad of sugars, amino acids, nucleotides, and other
small molecules. The state space of a real cell has thousands of di-
mensions, and the vector field describing the system’s behavior is
spectacularly more complicated than the two-dimensional case. For-
tunately, in many cases only a small number of interacting compo-
nents are needed to determine the cell’s fate at critical stages of de-
velopment - other components are either uncoupled from the “main
event” or change on such different time scales that they can be treated
as constant, or considered only with regard to their steady-state val-
ues. In what follows we will describe cases in which the oscillatory
or switching behaviors of cellular dynamics can drive developmental
decisions.

Oscillatory processes in early development

In our description of the mechanics of cleavage in Chapter 2 we as-
sumed that at a particular point in the lifetime of the zygote, cy-
tokinesis is initiated by a signal that arises from the mitotic appara-
tus (the astral signal). We did not discuss what the initiating signal
might be, however. It is clear that this signal must be periodic in na-
ture, since once the initial cleavage division is complete each of the
daughter cells undergoes the same process, and so on for the result-
ing daughters, until the egg cytoplasm is subdivided into the hun-
dreds or thousands of cells of the blastula, depending on the species.
Experiments with extracts of fertilized eggs have indicated that the
basis of this cyclical control process is a biochemical oscillator, since
it is capable of occurring spontaneously in a soluble mixture of egg
cytoplasmic components, with no organized cytoskeleton or nuclei
present (Murray and Hunt, 1993).

Before we can consider the mechanism by which the cell cycle is
controlled during blastula formation and later development, we must
deal with one peculiarity of cell division prior to fertilization. Re-
call from the previous chapter that each cell in a diploid organism
contains two versions (maternal and paternal) of each chromosome.
Moreover, once DNA synthesis has occurred in preparation for cell
division the cell contains two copies of each of these two versions.



58

BIOLOGICAL PHYSICS OF THE DEVELOPING EMBRYO

Because fertilization must lead to a zygote that is itself a diploid cell,
the generation of the egg and sperm (“oogenesis” and “spermatoge-
nesis”) must involve a cell division step that reduces the number of
chromosomes to one version of each in each daughter cell. This is
called the first meiotic division, or meiosis I (see Fig. 9.1). After this,
one daughter cell (the other, called the “polar body,” receives very lit-
tle of the cytoplasm and has no further developmental role) contains
two physically attached copies (sister chromatids) of a single version
of each chromosome. This cell then undergoes a division in which the
sister chromatids of the replicated chromosomes (Fig. 2.1) are parti-
tioned into another polar body and a daughter cell which therefore
now contains only one copy of one version of each chromosome. This
division step, called meiosis II, is mechanically identical to mitosis, in
which sister chromatids generated during the S phase are similarly
separated. Fertilization, which brings together the chromosomes of
the egg and the sperm, yields a cell, the zygote, which thus contains
two versions of each chromosome.

The frog, Xenopus laevis, has provided an experimentally useful
system for studying the control of the cell cycle in early development.
During oogenesis (Chapter 9) in the frog, once the immature egg,
or oocyte, reaches about 1 mm in diameter, the DNA undergoes one
round of replication and then arrests before the first meiotic division.
After that the oocytes are stimulated by the hormone progesterone,
produced in the mother’s body, to undergo the two meiotic divisions,
arresting once again, this time at the metaphase of meiosis II (meiosis
in mammals, such as the human, is under similar hormonal control).
After fertilization, the egg nucleus completes meiosis II and fuses with
the sperm nucleus. The zygote then undergoes 12 rapid, synchronous,
mitotic cycles to form a hollow blastula of 4096 cells. At this stage,
called the midblastula transition, cell division in the embryo slows
down and gastrulation movements begin.

The 14 (two meiotic and 12 mitotic) cell divisions that produce the
frog blastula are triggered by an M-phase-promoting factor (MPF), a
protein kinase (an enzyme that phosphorylates other proteins) con-
sisting of two subunits, Cdc2 (the catalytic subunit) and cyclin B (the
regulatory subunit). MPF phosphorylates an array of proteins involved
in nuclear-envelope breakdown, chromosome condensation, spindle
formation, and other events of meiosis and mitosis. Whereas Cdc2 is
present at a constant level throughout the cell cycle, the concentra-
tion of cyclin B and thus the MPF activity varies in a periodic fashion,
rising to a peak value just before M-phase (see Chapter 2) and drop-
ping to a basal value as a cell exits M-phase (Fig. 3.2).

Although MPF controls nuclear properties, the oscillation in its
levels can occur in the absence of nuclei. Indeed, in frog embryos
no transcription of any genes (including those specifying the compo-
nents of MPF) in zygotic or blastomere nuclei occurs until the mid-
blastula transition. In nucleus-free cytoplasmic extracts of immature
frog eggs there are spontaneous oscillations of MPF with a period of
about 60 min. If sperm nuclei are added to the extract these nuclei
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Variation in MPF activity in the meiotic and mitotic cycles of frog eggs.
Between the oocyte stage and meiosis |, a reduction division leaves the egg in a haploid
state with one member of each homologous pair of chromosomes and most of the
cytoplasm (one homologous pair is shown). The other members of each pair are
allocated to the first polar body (pictured as a small empty circle). During meiosis Il
(which is completed after fertilization) the egg divides once more, this time separating
identical replicated copies of each remaining chromosome into the zygote and the
second polar body. Fertilization restores the diploid state, thus now two versions (i.e., a
homologous pair) of each chromosome are present (see also Fig. 9.1). For illustrative
purposes, the chromosomes are represented in a condensed state even though the cells
are mainly in interphase during these events. Once the egg is fertilized and starts cleaving
(the figure shows the first two cleavages) periodic MPF fluctuations continue through the
12 mitotic divisions that produce the frog blastula. (After Borisuk and Tyson, 1998.) See
the main text for a discussion of the relationship of progesterone and fertilization to
interphase and metaphase arrest.

undergo periodic mitoses whenever the MPF concentration is high.
Biochemical analysis (Murray and Kirschner, 1989) showed that the
cyclin protein is periodically degraded in the extract and resynthe-
sized in a manner that depends upon the presence of its mRNA.

Mitotic control in frog eggs: the Tyson—Novak model

It is reasonably straightforward to devise a simple set of coupled
nonlinear differential equations along the lines of Egs. 3.1 and 3.2
for the breakdown and synthesis of cyclin in a cell-free extract and
to propose the resulting limit-cycle oscillation as a model for cell-
cycle control in the cleaving frog egg (Norel and Agur, 1991; Tyson,
1991; Goldbeter, 1996). But the cell-free system differs in several im-
portant features from the intact egg, and it is the properties of
the latter that any realistic model must explain. In the first place, the
freeTunning MPF cycle in the extract is about twice as long as the
MPEF-cell-cycle period in intact eggs (Murray and Kirschner, 1989), sug-
gesting that additional important processes are at work in the living
system.
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One important control variable that acts differently in the cell-free
extract and in the intact egg is the phosphorylation and dephosphory-
lation of Cdc2. In the extract, Cdc2 goes through cycles of phosphory-
lation and dephosphorylation on one of its tyrosine residues, whereas
after the first cleavage in the intact egg Cdc2 is no longer found in a
tyrosine-phosphorylated form (Ferrell et al., 1991). It is likely that the
dynamics of mitotic control in the early embryo, which includes mul-
tiple steady states in addition to sustained oscillations, is dependent
on the feedback regulation of Cdc2 phosphorylation.

Taking into account what is known experimentally from both the
cell-free and intact systems, Tyson, Novak, and their coworkers have
presented a more complex model than a simple limit cycle for the gen-
eration of active MPF in the early frog embryo. This model comprises
nine coupled nonlinear differential equations (for the concentration
of nine regulatory proteins), governing, among other factors, the regu-
lation of cyclin B levels and the state of Cdc2 phosphorylation (No-
vak and Tyson, 1993; Borisuk and Tyson, 1998) (see Fig. 3.3). Using
computational methods they found solutions to these equations cor-
responding to several physiological or experimental states.

(i) A steady state with low MPF activity (as in the immature
oocyte prior to progesterone activation).

(ii) A steady state with high MPF activity (as in the mature egg
prior to fertilization).

(iii) A limit-cycle oscillation of MPF concentration accompanied
by cyclic changes in the phosphorylation state of Cdc2 hav-
ing maxima between peaks of MPF. (This feature of the cell-
free extract must characterize the system dynamics under
some parameter choices. However, prediction by the model of
realistic Cdc2 dynamics in the egg requires parameter choices
that suppress this behavior once cleavage begins).

(iv) A limit-cycle oscillation of MPF concentration with little ty-
rosine phosphorylation of Cdc2 (as in the cleaving egg).

The numerous concentrations, rate constants, and other parameters
that enter into such a complex system are often poorly characterized
and continually undergoing experimental evaluation and reevalua-
tion. Therefore it is important to know whether behaviors seen with
different parameter values are tied to those particular values or are
“robust” (that is, capable of maintaining their integrity) in the face of
changes. By exploring the structure of the system’s vector field using
numerical methods, it is possible to test features of the model despite
empirical uncertainties.

Borisuk and Tyson (1998) performed a “bifurcation analysis” of
the Tyson-Novak model using the AUTO computer program, which
was specifically designed to handle such problems (Doedel and Wang,
1995). Bifurcation refers to an abrupt change in the type or number
of attractors due to variation in one or more parameters, which leads
to qualitative alterations in the system’s behavior. Figure 3.4 gives an
example of one of the bifurcation diagrams obtained. In this case,
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Relationships among regulatory proteins in the cell-cycle model of Borisuk
and Tyson (1998). Active MPF consists of a molecule of Cdc2 (blue rectangle) that is
phosphorylated on threonine-161 (T), but not on tyrosine-15 (Y), and dimerized, i.e.,
associated, with a molecule of cyclin (green oval). The yellow circles represent phosphate
groups that are attached by the kinases Wee | (acting on tyrosine) and CAK (acting on
threonine) and are removed by protein phosphatases operating on tyrosine (Cdc25) and
threonine (PP, most likely the protein phosphatase 2C; Cheng et al., 1999; De Smedt
et al,, 2002). Active MPF promotes the phosphorylation of Wee | and Cdc25, which
respectively inactivates (—) and activates (+) these enzymes and indirectly promotes the
degradation of cyclin (broken-line arrow). (After Borisuk and Tyson, 1998.)

MPF activity is plotted against the rate constant k; for cyclin synthe-
sis, which is one of the “adjustable” parameters of the system. There
is a range of values for this rate constant that dictate distinct sta-
ble steady states (depending on k;) for MPF activity and a range of
values that dictate limit-cycle behavior. These limit cycles also vary
in their properties, both period and amplitude (maximum MPF activ-
ity minus minimum MPF activity) being functions of k;. Thus while
details such as the absolute value of MPF concentration cannot be pre-
dicted with certainty, the qualitative behavior of the system is robust
to fairly wide changes in the parameters. Borisuk and Tyson (1998)
also carried out bifurcation analysis with two simultaneously varying
parameters and came to similar conclusions with respect to robust-
ness.

The system of equations in the Tyson-Novak model also exhibits
unstable steady states and limit cycles: at particular points in the bi-
furcation diagram there is a qualitative change in the character of the
solution with, for example, a small change in k; causing the system
to jump from a stable steady state to a limit cycle (Fig. 3.4). This is
known as a Hopf bifurcation (Strogatz, 1994). Because changes in a pa-
rameter can be triggered from outside (e.g., by exogenous chemicals),
such bifurcations provide a model for alterations in the behavior of
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One-parameter bifurcation diagram for the Tyson—-Novak model. The
character of the biological state changes as a function of the rate constant k| for cyclin
synthesis. Solid red line, stable steady state; broken red line, unstable steady state; mauve
dots, stable limit cycle; blue dots, unstable limit cycle; black square, Hopf bifurcation.

At the Hopf bifurcations the system abruptly moves from a stable steady state to an
unstable steady state or limit cycle. Consider the value of k| at the black vertical line.
For this particular value of k|, the MPF concentration varies periodically between the
two points at the ends of the line, the upper and lower being its maximum and minimum
values, respectively. The encircled number indicates the period of oscillation. All the
pairs of dots above and below the red line should be interpreted analogously. Panel B is a
horizontal enlargement of part of panel A. (After Borisuk and Tyson, 1998.)

the egg when the immature oocyte is activated by progesterone or
the mature egg is fertilized.

Does a physical model of the frog-egg mitotic oscillator need to
be so complicated that it consists of nine differential equations and
26 adjustable parameters? Borisuk and Tyson pointed out that while
simpler models can exhibit robust oscillations, the full range of dy-
namical behaviors seen in the frog egg, which also includes multiple
steady states, seem to depend on many of the positive and negative
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feedback loops known to exist in the MPF regulatory system. And the
story becomes even more complex when we consider the cell cycle
in cells of the later embryo (e.g., the post-midblastula-transition frog
embryo) or of more mature tissues.

The cell divisions of the cleaving egg occur with essentially no
time gaps between mitosis and the round of DNA synthesis that fol-
lows it, or between the ensuing DNA synthesis and mitosis. In con-
trast, the division of mature cells occurs with several checkpoints
at which the cell cycle is halted. These checkpoints are overcome by
the irreversible signals “Start,” in which cyclin synthesis is induced
and its degradation inhibited, and “Finish,” in which the anaphase-
promoting complex (APC) is activated (Novak et al., 1999). APC de-
grades the proteins that tether the sister chromatids together and
targets cyclins for degradation (Zachariae and Nasmyth, 1999). Other
complexities involve the existence of more than one family of cyclins
and numerous enzymes of the cyclin-dependent kinase (Cdk) class,
of which Cdc2 is only one (Kohn, 1999). As shown by Tyson, Novak,
and their coworkers (Sveiczer et al., 2000; Tyson and Novak, 2001),
the overall effect of the interactions among these components is to
change the cell cycle from a free-running process, based on a chem-
ical oscillation such as that seen in the egg, to a recurrent process
based on a sequence of stationary states in which the cell is conveyed
from one point to another by a series of stage-specific triggers. These
two ways of generating a cell cycle, each of which occurs at appropri-
ate stages of development, have been referred to as the “clock” and
the “domino” mechanisms (Murray and Kirschner, 1989).

Multistability in cell-type diversification

The hypothesis that the cell cycle is controlled by the sort of dynam-
ical system studied by physicists implies that when a cell divides it
inherits not just a set of genes and a particular mixture of molecular
components but also a dynamical system in a particular dynamical
state. A limit-cycle oscillator like the one thought to underlie the cell
cycle has a continuum of dynamical states that define a stable orbit
surrounding an unstable node. A particular dynamical state on such
an orbit corresponds to a particular phase of the limit cycle, for in-
stance the phase at which MPF activity is at its minimum. If a given
dynamical state of the cell-cycle regulatory network can be inherited,
this should also be possible in other biochemical networks. Elowitz
and Leibler (2000) used genetic engineering techniques to provide
the bacterium Escherichia coli with a set of feedback circuits involving
transcriptional repressor proteins in such a way that a biochemical
oscillator not previously found in this organism was produced. In-
dividual cells displayed a chemical oscillation with a period longer
than the cell cycle. This implied that the dynamical state of the ar-
tificial oscillator was inherited across cell generations (if it had not,
no periodicity would have been observed). Because (unlike in the MPF
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example described above) the biochemical oscillation was not tied
to the cell cycle, newly divided cells in successive generations found
themselves at different phases of the oscillation.

The ability of cells to pass on dynamical states (and not just “infor-
mational” macromolecules such as DNA) to their progeny has impor-
tant implications for developmental regulation, since the continuity
and stability of a cell’s biochemical identity is a key factor in the per-
formance of its role in a fully developed organism. Inheritance that
does not depend directly on genes is called “epigenetic inheritance”
and the biological or biochemical states inherited in this fashion are
called “epigenetic states.” The ability of cells to undergo transitions
among a limited number of discrete, stable, epigenetic states and to
propagate such “decisions” from one cell generation to the next is
essential to the capacity of the embryo to generate diverse cell types.

Let us consider a dynamical system that, instead of exhibiting
limit-cycle behavior, displays alternative stable steady states. Like the
examples above, a dividing cell might transmit its particular system
state to each of its daughter cells, but it is also possible that some
internal or external event accompanying cell division could push one
or both daughter cells out of the basin of attraction in which the
precursor cell resided and into an alternative state. Thus, just as a
limit cycle triggers particular biological activities (mitosis, entering
interphase) by its distinct dynamical states (i.e., the phases of the oscil-
lation), multistable dynamical systems can similarly provide the phys-
ical basis for developmental changes in cell state - what were referred
to as “determination” and “differentiation” earlier in this chapter.

Not every molecular species needs to be considered simulta-
neously in modeling a cell’s transitions between alternative biochem-
ical states. Changes in the concentrations of the small molecules
involved in the cell’s “housekeeping” functions, such as energy
metabolism and amino acid, nucleotide, and lipid synthesis, occur
much more rapidly than changes in the pools of macromolecules
such as RNAs and proteins. The latter represent the cell’s “gene ex-
pression” profile, the changes in which can therefore be considered
against an average “metabolic background.” Moreover, a cell’s active
genes can be partitioned into different categories, and this leads to
a simplification of the gene regulatory dynamics. Many of the cell’s
housekeeping genes (see above) are kept in the “on” state during the
cell’s lifetime. The pools of these “constitutively active” (i.e., always
“on”) gene products can be considered constant, so that their con-
centrations enter into the dynamic description of the developing em-
bryo as fixed parameters rather than variables. In a similar fashion,
those housekeeping genes whose expression varies in a cyclical fash-
ion keyed to the cell cycle are typically not dynamically connected
to the genetic circuitry that determines cell type. It is primarily the
developmentally regulated genes that are important to consider in
analyzing determination and differentiation. And of these genes, the
most important are those whose products control the activity of other
genes.
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Epigenetic multistability: the Keller autoregulatory
transcription-factor-network model

Transcription factors are proteins responsible for turning genes on
and off. They do this by binding to specific sequences of DNA called
“enhancers.” Enhancers are usually (but not always) located next to
the “promoter,” itself a regulatory DNA sequence directly adjacent
to a gene’s transcription start site. Frequently the term “promoter”
is used as short-hand for the true promoter plus the enhancer se-
quences. We will follow this practice in the present text. Important
developmental transitions are controlled by the relative levels of dif-
ferent transcription factors (Wilkins, 1992; Davidson, 2001). Because
the control of most developmentally regulated genes is a consequence
of the synthesis of the factors that regulate their transcription, transi-
tions between cell types during development can be driven by changes
in the relative levels of a fairly small number of transcription factors
(Bateman, 1998). We can thus gain insight into the dynamical basis
of cell-type switching (i.e., differentiation) by focusing on molecular
circuits, or networks, consisting solely of transcription factors and
the genes that specify them. Such circuits, in which the components
mutually regulate one another’s expression, are termed autoregula-
tory. Cells make use of a variety of autoregulatory transcription-factor
circuits during development. It is obvious that such circuits, or net-
works, will have different properties depending on their particular
“wiring diagrams,” that is, the patterns of interaction among their
components.

It is also important to recognize that transcription factors that
control cell differentiation not only initiate RNA synthesis on pro-
moters of template-competent genes (see above) but also are capable
of remodeling chromatin so as to transform their target genes from
the template-incompetent into the template-competent configuration
(Jimenez et al., 1992; Rupp et al., 2002).

Transcription factors can be classified as either activators, which
bind to a site on a gene’s promoter and enhance the rate of that
gene’s transcription over its basal rate, or repressors, which decrease
the rate of a gene’s transcription when bound to a site on its pro-
moter. The basal rate of transcription depends on constitutively active
transcription factors, which are distinct from those in the cell-type-
determining autoregulatory circuits that we will consider below. Re-
pression can be competitive or noncompetitive. In the first case, the
repressor will interfere with activator binding and can only depress
the gene’s transcription rate to the basal level. In the second case,
the repressor acts independently of any activator and can therefore
potentially depress the transcription rate below basal levels.

Keller (1995) used computational methods to investigate the be-
havior of several autoregulatory transcription-factor networks with a
range of wiring diagrams (Fig. 3.5). Each network was represented by
a set of n coupled differential equations - one for the concentration
of each factor in the network - and the steady-state behaviors of the
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Six model genetic “circuits” encoding autoregulatory transcription factors.
(The diagrams represent circuits in the sense that there is feedback between their
components.) The green and blue horizontal bars represent the genes specifying the
transcription factors X (green symbols) and Y (blue symbols), respectively. The arrow
denotes the transcription start site. The portion of the gene to the left of the arrow is
the promoter. (A) Autoactivation by monomer X. (B) Autoactivation by dimer X;. (C)
Mutual activation by monomer Y and dimer X,. (D) Autoactivation by heterodimer XY.
(E) Mutual repression by monomers X and Y. (F) Mutual repression by dimer X; and
heterodimer XY (with no binding site for the heterodimer on either promoter; see the
main text for details). Activating and repressing transcription factors are denoted by

circular and square symbols respectively.

systems were explored. The questions asked were the following. How
many stationary states exist? Are they stable or unstable?

To illustrate Keller’s approach, we discuss in more detail one such
network, designated as the “mutual repression by dimer and het-
erodimer” (MRDH) network, shown in Fig. 3.5F. It comprises the gene
encoding the transcriptional repressor X and the gene encoding the
protein Y, and thus represents a two-component network. Below we
summarize the salient points of the MRDH model.

1. The rate of synthesis of a transcription factor (i.e., d[X]/dt and
d[Y]/dt, [X] and [Y] being the respective concentrations of X and
Y) is proportional to the rate of transcription of the gene en-
coding that factor.

2. The transcription of a gene depends, in turn, on the spe-
cific molecules that are bound to sites in the gene’s pro-
moter. Molecules can bind either as monomers (single protein
molecules, denoted by X, Y, etc.) or dimers (complexes of two
protein molecules). Both homodimeric complexes (X, Y;) and
heterodimeric complexes (XY) may be active. Thus a promoter
can be in various configurations, with respective relative fre-
quencies, depending on its “occupancy,” that is, on how the
various potential factors bind to it. Specifically, in the case of
the MRDH network, as characterized by Keller (Fig. 3.5F), the
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promoter of gene X has no binding site for any molecule, either
activator or repressor: its only configuration is the empty state,
whose relative frequency therefore can be taken as 1. (Note that
the relative frequency of a promoter configuration is the prob-
ability of this configuration, thus the sum of all possible rela-
tive frequencies must be 1.) The (activator-independent or basal)
rate of synthesis of gene X is denoted by Sx,. The promoter of
gene Y contains a single binding site for the dimeric form, X,, of
the non-competitive repressor X. The monomeric forms of pro-
teins X and Y cannot bind DNA. Furthermore, proteins X and
Y can form a heterodimer XY that is also incapable of binding
DNA. Thus, while protein Y does not act directly as a transcrip-
tion factor, it affects transcription since it antagonizes the re-
pressor function of X by interfering with the formation of X,
(by forming XY). The promoter of gene Y can therefore be in two
configurations: its binding site for X is either occupied or not
with respective relative frequencies KxKx,[X]?/(1 + KxKx,[X]?)
and 1/(1 + KxKx,[X]?). (Note that the sum of these two relative
frequencies is 1.) Here Kx and Ky, are the binding affinity of
X, to the promoter of gene Y and the dimerization rate con-
stant for the formation of X,, respectively, and we have used
the relationship Kx[X;] = KxKx,[X]?. The synthesis of Y in both
configurations is activator-independent and is denoted by Sy,.
To incorporate the fact that X, reduces the rate of transcription
of Y in a noncompetitive manner, in the occupied Y-promoter
configuration Sy, is replaced by pSy,, with p < 1.

. The overall transcription rate of a gene is calculated as the sum
of products. Each term in the sum corresponds to a particular
promoter-occupancy configuration and is represented as a prod-
uct of two factors, namely, the frequency of that configuration
and the rate of synthesis resulting from that configuration. In
the MRDH network this rate for gene X is thus 1 x Sx, (with Sx,
as introduced above), because it has only a single promoter con-
figuration. The promoter of gene Y can be in two configurations
(with rates of synthesis Sy, and pSy,, see above); therefore its
overall transcription rate is (1 + pKxKx,[X]*)Sy, /(1 + KxKx,[X]?).
. The rate of decay of a transcription factor is a sum of terms,
each proportional to the concentration of a particular complex
in which the transcription factor participates. This is equiva-
lent to assuming exponential decay. For the transcriptional re-
pressor X in the MRDH network these complexes include the
monomer X, the homodimer X,, and the heterodimer XY. If
the corresponding decay constants are denoted respectively by
dx, dx,, and dxy then the overall decay rate of X is given by
dx[X] + 2dx, Kx,[X]*> + dxyKxy[X][Y], Kxy being the rate constant
for the formation of the heterodimer XY (i.e., [XY] = Kxy[X][Y]).
The analogous quantity for protein Y is dy[Y] + dxyKxy[X][Y].

. By definition, the steady-state concentration of each transcrip-
tion factor is determined by the solution of the equation that
results from setting its rate of synthesis equal to its rate of
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The solutions of the steady-state Eqs. 3.3 and 3.4, given in terms of the
steady-state solutions [Xo] and [Y]. Here [Xo] is defined as the steady-state cellular
level of monomer X produced in the presence of a steady-state cellular level [Y(] of
monomer Y, assuming a rate of transcription Sx,. Thus, by definition (see Eq. 3.3),

Sxo = dx[Xo] + 2dx, Kx, [Xo]2 + dxy Kxy[Xo][Yg]. Since along the red and blue lines,
respectively, d[X]/dt = [X] = 0 and d[Y]/dt = [Y] = 0, it is the intersections of these
curves that correspond to the steady-state solutions of the system of equations 3.3 and

3.4. Steady states | and 3 are stable, whereas steady state 2 is unstable.

decay. With the above ingredients, for the MRDH network one

arrives at
dx] 2 _
e Sxp — {dx[X] + 2dx, Kx, [X]* + dxyKxy[X][Y]} = 0, (3.3)

2

. %& — a0 + daK iy} = o. (3.4
Keller found that if in the absence of the repressor X the rate

of synthesis of protein Y is high then in its presence the system de-
scribed by Eqgs. 3.3 and 3.4 exhibits three steady states, as shown in
Fig. 3.6. Steady states 1 and 3 are stable and thus could be considered
as defining two distinct cell types, while steady state 2 is unstable.
In an example using realistic kinetic constants, the steady-state val-
ues of [X] and [Y] at the two stable steady states differ substantially
from one another, showing that the dynamical properties of these
autoregulatory networks of transcription factors can provide the basis
for generating stable alternative cell fates during early development.
The validity of Keller’s approach depends on the assumption that
the steady-state levels of transcription factors determine cell-fate
choice. In most cases this appears to be a reasonable assumption (Bate-
man, 1998; Becker et al., 2002). Sometimes, however (e.g., at certain
stages of early sea urchin development), transitions between cell types
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appear to depend on the initial rates of synthesis of transcription
factors and not on their steady-state values (Bolouri and Davidson,
2003). Under conditions in which Keller’s assumption holds, however,
one can ask whether switching between these alternative states is
predicted to occur under realistic biological conditions. This can be
answered affirmatively: the external microenvironment of a cell that
contains an autoregulatory network of transcription factors could
readily induce changes in the rate of synthesis of one or more of
the factors via signal-transduction pathways that originate outside
the cell (“outside-in signaling,” Giancotti and Ruoslahti, 1999). The
microenvironment can also affect the activity of transcription factors
in an autoregulatory network by indirectly interfering with their nu-
clear localization (Morisco et al., 2001). In addition, cell division may
perturb the cellular levels of autoregulatory transcription factors, par-
ticularly if they or their mRNAs are unequally partitioned between
the daughter cells. Any jump in concentration of one or more fac-
tors in the autoregulatory system can bring it into a new basin of
attraction and thereby lead to a new stable cell state.

In several well-studied cases, transcription factors regulating dif-
ferentiation in a mutually antagonistic fashion are initially co-
expressed in progenitors before one is upregulated and others
downregulated. Using a framework similar to Keller’s, Cinquin and
Demongeot (2005) have explored how known interactions among such
factors may give rise to multistable systems for cell-type determina-
tion.

Dependence of differentiation on cell—cell interaction: the
Kaneko—Yomo “isologous diversification” model

We have seen that the existence of multiple steady states in a cleaving
egg makes it possible, in principle, for more than one cell type to arise
among the descendents of such cells. However, this capability does
not, by itself, provide the conditions under which such a potentially
divergent cell population would actually be produced and persist as
long as it is needed. In later chapters we will see how the early embryo
and various organ primordia use chemical gradients and other short-
and long-range signaling processes to ensure that the appropriate cell
types arise at the correct positions to make a functional structure. In
certain cases (possibly including the early mammalian embryo) the
first step in the developmental process may be to generate a mixture
of different cell types in a relatively haphazard fashion, just to get
things going. As we will see in the next chapter, sometimes it does not
matter what the initial arrangement of cells is - differential affinity
can cause cells to “sort out” into distinct layers and lead to organized
structures from a randomly mixed population.

Consider the following observations: (i) during muscle differenti-
ation in the early Xenopus embryo, the muscle precursor cells must
be in contact with one another throughout gastrulation (the set
of rearrangements that establish the body’s main tissue layers, see
Chapter 5) in order to develop into terminally differentiated mus-
cle (Gurdon, 1988; Standley et al., 2001); (ii) if the cells in the
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neuron-containing layer of the retina (the neural retina or NR cells)
of the developing chicken eye are placed in culture they “dediffer-
entiate” away from the neuronal type and can “transdifferentiate”
into a different cell type, that of the pigmented layer of the retina
(the pigment retina or PR cells). PR cells do not arise individually
but as small random groups within sheets of NR cells. If the PR cells
that form in this fashion are isolated and exposed to the appropriate
molecular signals they will transdifferentiate back into NR cells (Opas
et al., 2001).

The need for cells to act in groups in order to acquire new iden-
tities during development has been termed the “community effect”
(Gurdon, 1988). This phenomenon is a developmental manifestation
of the general property of cells and other dynamical systems of as-
suming one or another of their possible internal states in a fashion
that is dependent on inputs from their external environment. But in
the two cases noted above the external environment consists of other
cells of the same type, and in discussions of the community effect
there is the strong implication that dynamical interactions among
similar cells, and not just exposure to secreted factors, is responsible
for the emergence of new cell types (Carnac and Gurdon, 1997).

Kaneko, Yomo, and coworkers (1994; 1997; 2003, and references
therein) described a previously unknown physical process, termed
“isologous diversification,” by which replicate copies of the same dy-
namical system (e.g., cells of the same type) can undergo stable dif-
ferentiation simply by virtue of exchanging chemical substances with
one another. This differs from the Keller model that we have just con-
sidered in that the final state achieved in the Kaneko-Yomo model
exists only in the state space of the collective “multicellular” system.
Whereas the distinct local states of each cell within the collectivity
are mutually reinforcing, these local states are not necessarily attrac-
tors of the dynamical system representing the individual cell, as they
are in Keller’s model. The Kaneko-Yomo system thus provides a model
for the community effect.

The general scheme of the model, as described in Kaneko and
Yomo (1999), is shown in Fig. 3.7A. Here we present the model in its
simplest form (Kaneko and Yomo, 1994) to illustrate how dynamical
system analysis at the multicellular level can describe differentiation.
Improvements and generalizations of the simple model do not change
its qualitative features.

Kaneko and Yomo considered a system of originally identical
model cells (called “cells” in what follows) with intracell and in-
tercell dynamics that incorporate cell growth, cell division, and cell
death. The dynamical variables (spanning the state space of the sys-
tem) are the concentrations of molecular species (“chemicals”) inside
and outside the cells. The criterion by which differentiated cells are
distinguished is the average of the intracellular concentrations of
these chemicals (over the cell cycle). As a vast simplification, only
three chemicals, P, Q, R with respective time-dependent intracellu-
lar concentrations in the ith cell (x/(t), xt), x* (t) and intercellular
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A BN A (A) General scheme of the model of Kaneko and Yomo. The biochemical state
of a cell is characterized by chemicals P, Q, R, etc., with corresponding intracellular
concentrations x,.P, x,.Q, x,.R, etc., which vary from cell to cell (cell i is shown in the
upper center). Chemicals may exit cells (chemical P in the example), their extracellular
concentrations being X,.P, X,.Q, X,.R, etc., and enter other cells either via passive diffusion
or active transport; this establishes interactions between cells (as shown at the bottom
for two daughter cells). The concentration of any chemical inside a given cell depends on
chemical reactions in which other chemicals are precursors or products (solid arrows)
or cofactors (e.g., enzymes; broken-line arrow). A cell divides when the synthesis of
DNA (one of the “chemicals”) exceeds a threshold. (B) Schematic representation of the
intracellular dynamics of a simple version of the Kaneko—Yomo model. Red arrows
symbolize catalysis. The variables x,.A (t), x,.B (t), x,.S (t) and E‘.A, EiB, ES denote
respectively the concentrations of chemicals A, B, and S and of their enzymes in the ith
cell, as described in the text. Note that the letters P, Q, R are used for the general
scheme of the Kaneko—Yomo model whereas the letters A, B, S are used for the

specific mathematical representation given in the text.
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concentrations (XP(t), X¥t), X®(t)) are considered. One of those (P)
serves as the source for the others (see Fig. 3.7A). The model has the
following features.

1. Intracellular dynamics. The source chemical, denoted by S in the
simplified scheme of Fig. 3.7B, is catalyzed by a constitutive (always
active) enzyme (concentration ES) to produce chemical A, which in
turn is catalyzed by a regulated (“inductive”) enzyme (concentration
E f‘) to produce chemical B. Chemical B on one hand is catalyzed by
its own inductive enzyme (concentration E f) to produce A and on the
other hand controls the synthesis of DNA. This sequence of events is
shown schematically in Fig. 3.7B. The concentration of the constitu-
tive enzyme is assumed to have the same constant value ES in each
cell, whereas those of the inductive enzymes in the ith cell, E ‘,A and
E f‘ are both taken to be proportional to the concentration x? of the
chemical B in that cell (and therefore to be dependent on time), so
that E4 = eyxf and E® = egx! (e4 and ep are constants). Thus, in terms
of chemicals A and B the intracellular dynamics is described by

A
L (enn!) o0 — (eard) ! + B,
ddtB (3.5)
= (ean?) 5 — (enxf) xF — k.

Here the factor k accounts for the decrease in B due to its role in
DNA synthesis (see Fig. 3.7B). Note the nonlinear character of these
equations. (Parentheses are used to indicate the inductive enzymes.)

2. Intercellular dynamics. Cells are assumed to interact with each
other through the changes in the intercellular concentrations of the
chemicals A and B. Chemicals are transported in and out of the cells.
The rate of transport of a chemical into the cell is proportional to its
concentration outside. However, it also depends on the internal state
of the cell, which we have characterized in terms of the intracellular
concentrations of the chemicals A and B. This dependence is typically
complicated. Kaneko and Yomo assumed that the rate of import of
chemical M (i.e., A, B, or §) into the ith cell, denoted by TranspM, has
the form

Transp}'(t) = p(x; + xiB)3 XM (3.6)

Here p is a constant. As long as the dependence of Transp on the in-
tracellular concentrations is nonlinear, any choice of exponent (taken
to be 3 above) leads to the same qualitative result.

Besides the mechanism of active transport described by Eq. 3.6,
chemicals also enter the cells by diffusion through the membrane.
The corresponding rate is taken as

Diff'(t) = D[XM(t) — x(t)], (3.7)

where D is a (diffusion) constant.
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Combining intracellular (Eq. 3.5) and intercellular (Egs. 3.6 and 3.7)
dynamics, the rate equations for the intracellular chemicals become

dx} s s oS

@ —Ex; + Transp; + Diff;,

dxA

di; = (epx?) x? — (eax?) x* + Ex¥ + Transp! + Diff {,

dx?

dtl = (eax]) x* — (epx”) x7 — kx + Transp} + Diff . (3.8)

It is further assumed that only the source chemical is supplied by
a flow from an external tank to the chamber containing the cells.
Since it must be transported across the cell membrane to produce
chemical A (see Egs. 3.5), the intercellular dynamics of the source
chemical is described by

dXs _S S N S sorS
& =X = Xf - > (Transp; + Diff}). (3.9)

i=1

Here X5 is the concentration of the source chemical in the external
tank, fis its flow rate into the chamber, and N is the total number of
cells in the system.

3. Cell division. Kaneko and Yomo considered cell division to be the
result of the accumulation of a threshold quantity of DNA. DNA is
synthesized from chemical B and therefore the ith cell, born at t?,
will divide at t? + T (T defines the cell-cycle time), when the amount
of B in its interior (proportional to x%) reaches a threshold value.
(Mathematically this condition is expressed as f ¢ xP(t)dt > R in the
model, R being the threshold value.)

4. Cell death. To avoid infinite growth in cell number, a condition
for cell death also has to be imposed. It is assumed that a cell will
die if the amount of chemicals A and B in its interior is below the
“starvation” threshold S, which is expressed as [x(t) + xP(t)] < S.

Simulations based on the above model and its generalizations
using a larger number of chemicals (Kaneko and Yomo, 1997, 1999;
Furusawa and Kaneko, 2001), lead to the following general features,
which are likely to pertain also to real, interacting, cells:

(i) The state of a cell, defined as a point in its chemical state
space (see Fig. 3.1), tends to recur over time in a periodic or
quasi-periodic fashion, analogous to the cell cycle.

(ii) As cells replicate (by division) and interact with one another,
eventually multiple biochemical states corresponding to dis-
tinct cell types appear.

(iii) The different types are related to each other by a hierarchical
structure in which one cell stands at the apex, cells derived
from it stand at subnodes, and so on (Fig. 3.8). Such pathways
of generation of cell types, which are seen in real embryonic
systems, are referred to as developmental lineages.
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- MR N Cell-lineage diagram generated from a simulation of cell dynamics in the
model of Kaneko and Yomo. The system simulated contains more chemical components

200

than the one described in the text, but otherwise has similar features. Each cell in the
final population is assigned a subscript number (its index i; see Fig. 3.7). The
differentiation of cells is plotted with time along the vertical axis. In this diagram, each
branch point corresponds to a cell division, while the color indicates the cell type.
(Reprinted from Furusawa and Kaneko, 1998, with permission from Elsevier
publishers.)
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(iv) The hierarchical structure appears gradually. Up to a certain

number of cells (which depends on the model parameters),
all cells have the same biochemical state (i.e., x(t), x*(t), and
xis(t) are independent of i) (Fig. 3.9A). When the total num-
ber of cells rises above a certain threshold value, the state
with identical cells is no longer stable. For example, the syn-
chrony of biochemical oscillations in different cells of the
cluster may break down (by the phases of x(t), xP(t), x5(t) be-
coming dependent on i). Ultimately, the population splits
into a few groups (“dynamical clusters”), the phase of the
oscillator in each group being offset from that in other
groups, like groups of identical clocks in different time zones
(Fig 3.9B).

(v) When the ratio of the number of cells in the distinct clusters

falls within some range (depending on model parameters),
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m Schematic representation of the differentiation scenario in the isologous
diversification model of Kaneko and Yomo. When there are N cells and C chemicals, the
state space of the multicellular system is NC-dimensional. The three axes in the figure
represent the state of an individual cell in the multicellular system for C= 3. A point in
this three-dimensional space corresponds to a set of instantaneous values of the three
chemicals. As long as the biochemical states of the replicating cells are identical, a point
along the orbit could characterize the synchronous states of each cell. This is illustrated
in panel A, where the four circles, representing cells with the same phase and magnitude
of their chemicals, overlap. With further replication, cells with differing biochemical
states appear. First, chemicals in different cells differ only in their phases; thus the circles
in panel B still fall on the same orbit, albeit well separated in space. With further
increase in cell number, differentiation takes place: not only the phases but also the
magnitudes (i.e., the averages over the cell cycle) of the chemicals in different cells will
differ. The two orbits in panel C represent two distinct cell types, each different from the
original cell type shown in panels A and B. Panel D illustrates the “breeding true” of the
differentiated cells. After the formation of distinct cell types, the chemical compositions
of each group are inherited by their daughter cells. That is, the chemical compositions of
cells are recursive over subsequent divisions, as the result of stabilizing interactions. Cell
division is represented here by an arrow from a progenitor cell to its progeny. (Adapted,
with changes, from Kaneko, 2003.)

the differences in intracellular biochemical dynamics are mu-
tually stabilized by cell-cell interactions.

(vi) With further increase in cell number, the average concentra-
tions of the chemicals over the cell cycle become different.
That is to say, groups of cells come to differ not only in the
phases of the same biochemical oscillations but also in their
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average chemical composition integrated over the entire life-
times of the cells (Fig. 3.9C). After the formation of cell types,
the chemical compositions of each group are inherited by
their daughter cells (Fig. 3.9D).

The addition of fluctuating terms (representing the random fluctua-
tions inherent in biological systems) to the rate equations, Eqgs. 3.8
and 3.9, does not change the above developmental scenario, which is
therefore robust.

In contrast to the Keller model described earlier, in which differ-
ent cell types represent a choice among basins of attraction for a
multi-attractor system, external influences having the potential to
bias such preset alternatives, in the Kaneko-Yomo model interactions
between cells can give rise to stable intracellular states that would
not exist without such interactions. Isologous diversification thus
provides a plausible model for the community effect (Gurdon, 1988),
described above. It is reasonable to expect that both the intrinsic mul-
tistability of a dynamical system of the sort analyzed by Keller as well
as the interaction-dependent multistability of other such systems, as
described by Kaneko, Yomo, and coworkers, are utilized in initiating
developmental decisions in various contexts in different organisms.

Perspective

Living cells are immensely complex, multicomponent, entities, which
are subject, in principle, to random fluctuations and chaotic behav-
ior. Despite such complications, important cellular subsystems act as
well-behaved dynamical systems. The physical laws governing such
systems ensure that the concentrations of key regulatory molecules
that trigger important events in the early embryonic cell cycle un-
dergo regular, self-organizing temporal variations. It is plausible that
alternative, stable, biochemical states, intrinsic to the individual cell
or dependent on interactions between cells, are utilized in adding
layers of control (in terms of regulated checkpoints) to the mature
cell cycle and initiating pathways of cell diversification - determi-
nation and differentiation - during subsequent development. Many
processes of embryogenesis discussed in this book from this point
onward are based on the existence and action of cellular mecha-
nisms of oscillatory and multistable behaviors. Although such mech-
anisms are inevitably complex, and interconnect with other subcel-
lular mechanisms, their underlying physical bases (and evolutionary
origins) are likely to be the kind of generic dynamical systems dis-
cussed in this chapter.



Chapter 4

Cell adhesion,
compartmentalization,
and lumen formation

In Chapter 2 we followed development up to the first nontrivial mani-
festation of multicellularity, the appearance of the blastula. To de-
scribe the mechanism of blastula formation we needed a model for
cleavage, as well as for the collective behavior of a large number of
cells in contact with one another. We based our model on physical pa-
rameters such as surface tension, cellular elasticity, viscosity, etc. and
when possible related these quantities to experimentally known infor-
mation such as the expression of particular genes. However, we have
so far not dealt with the fundamental question concerning multicel-
lularity: what holds the cells of a multicellular organism together?

As cells differentiate (see Chapter 3) they become biochemically
and structurally specialized and capable of forming multicellular
structures, with characteristic shapes, such as spheroidal blastu-
lae, multilayered gastrulae, planar epithelia, hollow ducts or crypts.
The appearance and function of these specialized structures reflect,
among other things, differences in the ability of cells to adhere to
each other and the distinct mechanisms by which they do so. Dur-
ing development certain cell populations need to bind, to varying
extents, to some of their neighbors but not to others. In mature tis-
sues the nature of the cell-cell adhesion contributes to their func-
tionality: the manner in which two cells bind tightly to one another
in the epithelial sheet lining the gut, for example, must be differ-
ent from the looser attachment between the endothelial cells lining
blood vessels. Differentiated and differentiating cells must therefore
possess distinct adhesion molecules and apparatuses that reflect bio-
logical specificity. But cell adhesion also has common features across
cell types and classes of adhesion molecules, and these can often be
studied by physical methods and theories.

The major classes of cell adhesion molecules include the cal-
cium dependent cadherins (Takeichi, 1991, 1995; Gumbiner, 1996;
Wheelock and Johnson, 2003), the immunoglobulin superfamily (which
also includes antibodies) an example of which is N-CAM (Williams and
Barclay, 1988; Hunkapiller and Hood, 1989), the selectins (Bevilacqua
et al., 1991), and the integrins (Hynes, 1987; Hynes and Lander, 1992).
The molecules in the first three classes are primarily responsible for
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direct cell-cell adhesion and are called cell adhesion molecules or
CAMs. Cadherins, for example, enter into homophilic interactions in
which a molecule on one cell binds to an identical molecule on a
second cell. Integrins mainly mediate cell-extracellular-matrix (ECM)
interactions and are called substratum adhesion molecules or SAMs.
All CAMs and SAMs have distinct structures and specialized morpho-
genetic roles (Edelman, 1992).

The formation of complex multicellular structures is determined
not only by the chemical nature of the cells’ adhesion molecules but
also by the distribution of these molecules on the cell surface. Epi-
thelial cells forming strictly two-dimensional sheets must have pre-
dominantly CAMs along their lateral surfaces, whereas SAMs must
populate their basal surfaces, along which interaction with the sup-
porting specialized extracellular matrix, the basal lamina, occurs
(Fig. 4.1). Such a distribution of CAMs and SAMs renders epithelial
cells polarized.

Adhesion and differential adhesion in development

Adhesion enters into the phenomena of embryonic development in
several distinct ways. The first, and most straightforward, way is in
simply holding tissues together. This, of course, is the default role
of cell-cell adhesion in all tissues, embryonic or adult. Mature tis-
sues contain the definitive, relatively long-lived forms of the CAM-
containing junctions represented in Fig. 4.1. These comprise desmo-
somes and adherens junctions, hemidesmosomes and focal adhesion
complexes, as well as tight junctions, which provide a transepithelial
seal impermeable to ions and polar molecules, and gap junctions,
which allow ions and other small molecules to pass directly from
one cell to another (Alberts et al., 2002). During early development
the CAM-containing junctions are present in apparently immature
forms (DeMarais and Moon, 1992; Kofron et al., 1997, 2002; Eshkind
et al., 2002) consistent with the provisional arrangement of cells and
their capacity to rearrange during this period.

The other roles for adhesion during development are based on its
modulation - the phenomenon of differential adhesion. As we will see in
this and following chapters, the regulated spatiotemporal modulation
of adhesion is an important driving force for major morphogenetic
transitions during embryogenesis. The simplest form of this is the de-
tachment of cell populations from existing tissues. This is usually a
prologue to their relocation, as in gastrulation and the formation of
the neural crest (see Chapters 5 and 6). But the modulation of adhe-
sive strength without complete detachment also has morphogenetic
consequences, whether it occurs locally, on the scale of the individual
cell surface, or more globally, on the scale of groups of cells within
a common tissue.

The polar expression of CAMs can lead directly to morphogenetic
change, as illustrated in Fig. 4.2. In the process of differentiation some
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Schematic representation of various cell-cell and cell-substratum adhesion
complexes. On the left, a tight junction seals neighboring cells together in an epithelial
sheet to prevent the leakage of molecules between them. An adhesion belt, also known as
an adherens junction, joins an actin bundle (green strands) in one cell to a similar bundle in
a neighboring cell via integral membrane proteins called cadherins and accessory
proteins on the cytoplasmic faces. A desmosome anchors intermediate filaments (blue
strands) in one cell to those in its neighbor via cadherins and accessory proteins. A gap
junction provides tubular channels made up of connexin proteins, which allow the passage
between cells of small water-soluble ions and molecules. A hemidesmosome anchors
intermediate filaments at the basal surface of the cell to the basal lamina, via integral
membrane proteins called integrins and cytoplasmic accessory proteins. A focal adhesion
complex or focal contact anchors actin bundles to the extracellular matrix via integrins
and cytoplasmic accessory proteins.

On the right, epithelioid cells in early embryos, which typically do not contain mature
junctional complexes, and certain cells in the adult organism such as lymphocytes and
platelets, utilize cadherins, immunoglobulin(lgG)-like CAMs (e.g., PECAM), or selectins,
adhesive interactions that are homophilic (pairs of the same molecule) or heterophilic
(pairs of different molecules). These are termed non-junctional adhesions. Integrins and
integral membrane proteoglycans mediate attachment to the ECM. (After Alberts et al.,
2002.)

of the originally nonpolarized cells may lose their CAMs along part of
their surfaces, thus preventing them from adhering to one another
at those sites (Tsarfaty et al., 1992, 1994). If the cells move around ran-
domly, maximizing their contacts with one another in accordance
with this constraint (see below), a hollow region or lumen will natu-
rally arise. Cells polarized in their expression of CAMs arise during
the formation of the blastula; they are necessary to this process, as
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Schematic illustration of lumen formation when polarized cells express cell
adhesion molecules only on restricted parts of their surface. The shading in eight cells in
the middle panel represents the lack of adhesion molecules on corresponding regions of
the cells. As a consequence, if the minimization of configurational energy is the driving
force in cell rearrangement, then a lumen, shown on the right, is bound to appear. (Based
on Newman, 1998a.)

we saw in Chapter 2. This is true even if the blastula is not hollow,
since it must maintain a free outer surface.

Differential adhesion also plays a role in a developmental phe-
nomenon known as “compartment formation.” Compartments are
regions of embryonic tissue, which, though similar in other respects,
do not mix (exchange cells) across a common boundary (Crick and
Lawrence, 1975; Garcia-Bellido et al., 1976). In certain cases (particu-
larly as tissues mature) such interfaces of immiscibility are not depen-
dent on adhesive differentials alone but are reinforced by specialized
structures (Heyman et al., 1995). Nonetheless, the initial establishment
of such boundaries during embryogenesis typically depends on dif-
ferential adhesion (Guthrie and Lumsden, 1991; Heyman et al., 1995;
Godt and Tepass, 1998; Gonzalez-Reyes and St Johnston, 1998; Hayashi
and Carthew, 2004).

In order to understand the physical basis of the role of differen-
tial adhesion in developmental morphogenesis it is necessary to have
some knowledge of the structure and composition of the cell surface,
which we present in the following section.

The cell surface

The majority of CAMs and SAMs are transmembrane proteins, which
attach to the actin cytoskeleton at their intracellular ends. Cadherins,
for example, accomplish this through a protein complex involving
alpha and beta catenin (Gumbiner, 1996). Moreover, if the cytoskele-
tal attachment is damaged or missing, cadherins’ ability to establish
an adhesive junction (called the adherens junction) is severely compro-
mised (Nagafuchi and Takeichi, 1988). Similarly, if integrins are un-
able to attach to the cytoskeleton, the mechanical integrity of the
focal adhesion complex (by which epithelial cells attach to the basal
lamina, or moving cells assemble on the substrate along which they
translocate) is strongly reduced (Wang et al., 1993).
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The extracellular portion of most membrane proteins (and of
lipids in the outer layer of the plasma membrane) is “decorated” by
either short chains of sugars (oligosaccharides) or longer polysaccha-
rides containing amino sugars (glycosaminoglycans). Proteins linked
to oligosaccharides are referred to as glycoproteins, whereas those with
glycosaminoglycan attachments are called proteoglycans. These sugar-
containing molecules collectively form the glycocalyx (Fig. 4.1), a coat-
ing that extends several nanometers from the plasma membrane on
its noncytoplasmic face. The characteristic glycocalyx of each special-
ized cell represents the basis by which it is recognized by cells like it
and by other cell types. For the basal portions of epithelial cells, and
of mesenchymal and connective tissues (which will be discussed in
Chapter 6), the microenvironment is even more elaborate (see Fig. 4.1),
constituting an ECM that extends beyond the glycocalyx and contains
additional proteins, glycoproteins, proteoglycans, and in some cases
minerals. In this chapter we will confine our discussion to epithelial
and epithelioid tissues, in which cells contact one another more or
less directly via their glycocalyces.

As a result of the complex nature of the glycocalyx, cell recog-
nition and subsequent adhesion involve a variety of chemical bonds
and forces: covalent bonds, e.g., those between protein ligands and
oligosaccharide side chains; ionic bonds or electrostatic interactions,
between charged regions of membranes; van der Waals forces between
induced and permanent dipole moments due to polar molecules; and
hydrogen bonds between membrane proteins. Each of these bonds
and the associated forces have a characteristic distance and strength.
In addition, undulations in the membrane cause steric hindrance to
adhesion, an effect that may reduce the magnitude of the overall
adhesive force.

From these considerations it is clear that membrane interactions
and cell adhesion have many facets. While we will not attempt to
present an exhaustive discussion of either the biology or the physics
of membrane interactions, an enormous field of research that extends
well beyond developmental biology, we will provide enough details in
both areas to demonstrate how adhesion and its modulation control
the changes in tissue form that occur during key developmental pro-
cesses. For more on the physical basis of membrane interactions, see
Israelachvili (1991) and Boal (2002).

Cell adhesion: specific and nonspecific aspects

The preceding discussion indicates that cell-cell and cell-substratum
adhesion have both nonspecific and specific aspects. As with many
of the other phenomena considered in this book, the nonspecific,
or generic, interactions represent the physical basis that is likely to
have been built upon and embellished over the course of evolution
to generate biological specificity (see Chapter 10).

Before we attempt to construct a physical model of cell adhesion
we will briefly review the composition of a typical membrane and its
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Top: Schematic representation of the lipid-bilayer cell membrane, with some

of its characteristic components. Bottom: The more detailed structure of the
ampbhipathic (partly hydrophobic, partly hydrophilic) phospholipid molecules, the main
building blocks of the cell membrane. The lower figure also shows the relationship
between the phospholipid membrane scaffold and the lipid cholesterol, an important
determinant of the viscosity of animal cell membranes.

microenvironment, shown schematically in Fig. 4.3. The membranes
surrounding and within cells consist of a double layer of a class
of molecules with charged and nonpolar regions known as phos-
pholipids. Since these elongated molecules have both water-repellent
(hydrophobic) and water-attracting (hydrophilic) domains they are



4 CELL ADHESION, COMPARTMENTALIZATION, AND LUMEN FORMATION

83

referred to as “amphipathic.” Phospholipids consist of two long in-
equivalent hydrocarbon chains, each linked to a carbon in the three-
carbon glycerol backbone. The third carbon in the glycerol backbone
is linked to a polar hydrophilic head group, which consists of a
negatively charged phosphate group (PO4) and a nitrogen-containing
“base,” i.e., a molecule that is positively charged at neutral pH. In-
terspersed among the phospholipids in the bilayer are other lipid
molecules such as glycolipids, in which the head group contains a
sugar, and cholesterol, which disrupts the van der Waals interactions
among the phospholipids and increases the viscosity of the bilayer.
In addition, integral membrane proteins are inserted into the phospho-
lipid bilayer. These can act as channels, receptors, or mechanical links
between the inside and outside of the cell (see below).

The plasma membrane, which encloses the entire cell, forms a semi-
permeable seal selectively allowing or preventing the passage of
molecules. Water molecules, by virtue of their size, can pass freely
through the membrane. Molecules that cannot diffuse through the
membrane (because they either are too large or are charged or po-
lar and thus associate with the aqueous media on either side of the
membrane in preference to the lipid bilayer) can be specifically trans-
ported from one side to the other via channels composed of integral
membrane proteins or protein complexes (e.g., the Nat-channel and
the K*-channel).

The lipid bilayer forms a two-dimensional fluid: its component
molecules can diffuse relatively easily in the plane of the membrane,
but because of the surrounding water cannot escape from it. This
molecular arrangement plays an important role in many cell func-
tions and, in particular, in cell adhesion. The membrane is decorated
by a myriad of receptors. These molecular antennas, most of which are
transmembrane proteins, provide communication channels between
the cell and its environment. When a receptor is activated by its lig-
and (the specific molecule to which it binds), a cascade of signaling
events is typically evoked. CAMs and SAMs are important classes of
receptors. They not only establish physical links between cells or the
ECM but also are important components of signaling pathways. Their
critical location at the cell surface makes them mediators of “inside-
out” and “outside-in” signal transduction (Giancotti and Ruoslahti,
1999).

How an adhesive bond is formed when two cells approach each
other is still not fully understood. Most models suggest that bond
formation is not instantaneous: molecules diffuse within the mem-
brane and accumulate at special points (e.g., cadherins at adherens
junctions, integrins at focal adhesion plaques). Particularly detailed
studies have been performed in the case of cadherins (Shapiro et al.,
1995; Nagar et al., 1996; Angres et al., 1996; Adams et al., 1998; Bog-
gon et al., 2002). Studies on single molecules using atomic force mi-
croscopy (Baumgartner et al., 2000), or a surface force apparatus using
optical interferometry (Sivasankar et al., 1999, 2001), have clarified
some aspects of the physical nature of cadherin-cadherin interactions
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but were not designed to take into account important aspects such
as the cytoskeletal attachment of the proteins, which is essential to
the generation of stable cell-cell bonds (Adams et al., 1996, 1998;
Gumbiner 1996). Other studies that utilize the ability of cells with
differing adhesive properties to sort themselves out within a cell mix-
ture (Beysens et al., 2000) estimate the strength of binding indirectly,
but in a more physiologically authentic context.

In what follows, we first describe the classical Bell model of cell
adhesion (Bell, 1978), which serves as a basis for more sophisticated
models. We then apply the relevant aspects of this model, along with
the physical notions introduced earlier, to cell sorting and to certain
related morphogenetic processes underlying organ formation.

The kinetics of cell adhesion

There are many situations in development in which a cell establishes
new contacts with its surroundings. At one extreme this can happen
by default: after cytokinesis two daughter cells may remain in contact
(at least for some time) and the cells do not need to move in order to
find new attachments. This typically happens in the tightly adhering
cells of epithelial tissues. At the other extreme cells may detach from
their progenitors (this happens with the neural crest, see Chapter 6),
translocate to new sites, and form connections with other cells in
an environment that is itself changing with time. For generality we
will develop a model in which cells are rather mobile. The starting
point is a mixture of cells (as in a sorting assay) in which the cells
move around until a configuration corresponding to a minimum (free)
energy is established. In the course of this process, cells must break
and reform adhesive bonds with one another. We thus consider two
cells as they approach each other and eventually attach.

To describe this process in a relatively simple physical way, we will
make use of the fluid mosaic model of the cell membrane (Singer and
Nicholson, 1972; Jacobson et al., 1995; see Fig. 4.3). This model assumes
that the membrane’s structural components such as phospholipids
and proteins (in particular CAMs) can undergo two-dimensional dif-
fusion in the plane of the lipid bilayer. Such diffusion has been stud-
ied extensively and diffusion coefficients have been measured (Saxton
and Jacobson, 1997; Jacobson et al., 1997; Fujiwara et al., 2002). Their
magnitudes depend on the permeability of the lipid bilayer, on the
mass of the diffusing molecules, and, in the case of proteins, on pos-
sible cytoskeletal attachments. Typical values (for receptors on the
surface of T lymphocytes, for example) are from 107 to 10~'2 cm?fs.
(Compare this with the much larger diffusion coefficient of a G actin
molecule in an aqueous medium (see Chapter 1), which is around
107° cm?[s).

If there are no CAMs on the surfaces of the two cells, nonspecific
binding may take place. Given the types of force involved this can only
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be transient. More typically, the two cells would not adhere at all since
the surfaces of most cells are negatively charged and this would lead
to repulsion. In the presence of CAMs, however, more long-lived bonds
can be formed and these will be energetically more favorable than the
nonspecific bonds. There are several reasons for this. First, owing to
mobile ions in the vicinity of the membrane the net negative charge
is strongly screened. As a result, beyond about a nanometer from the
cell surface the electrostatic repulsion is ineffective. Second, once
the two cells are sufficiently close that specific bonds between them
can form, diffusion-dependent clustering of the CAMs is induced
and highly cooperative multimolecular binding interactions can take
place.

Formation of an adhesive bond

In order to describe the process of bond formation in a rigorous
fashion a mathematical formalism is required that simultaneously
describes chemical reactions and diffusion. We postpone a full pre-
sentation of reaction-diffusion systems until Chapter 7 and here, fol-
lowing Bell, consider a simplified two-step model for bond formation,
schematically shown by the following relation

dy T4
A+B—<d_’AB;c. (4.1)

Here A and B are the two CAMs, AB is an “encounter complex” (in
which, by definition, the two molecules are close enough to allow the
chemical reaction between them to take place), and C is the bound
state of A and B. The encounter complex arises purely by diffusion.
Thus the rate constants d; and d_ are related to D(A) and D(B), the
diffusion coefficients of A and B within the cell membrane (Dembo
et al., 1979), by

d, =2n[D(A)+ D(B)| (4.2a)
d_ =2[D(A)+ D(B)|R 7. (4.2b)

It is assumed here that the reactants form an encounter complex
whenever they are separated by R,p, the encounter distance. Note
that the units of d; and d_ correspond to the concentrations of A,
B, and C measured in numbers of molecules per unit area. Thus the
equilibrium constant K for the encounter step is Ke = d, /d_ = 7R3,
which is the area of a disc of radius R 3.

Equation 4.1 represents two simple processes, the second of which
corresponds to the purely reactive part of bond formation:

dN

d:B = d+NANB — d_NAB —1’+NAB +r_N¢, (4~3a)
dN
A T (4.3b)

Na, Np, Nap, and N¢ being the concentrations of A, B, AB, and C,
respectively. Following Bell’s simplified picture, we assume that the
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reaction complex is in equilibrium with the reactants and the product
(i.e., dN4p/dt = 0). Then the rate constants in the overall reaction
kt
A+BZC (4.4)
k—

can be expressed as

dyry

= 4.
+ =0 . (4.53)
d_r_
_ = . 4.5b
itr. (4.5b)

The above expressions show that if the encounter complex is much
more likely to react than to dissociate (i.e. 4 > d_ ) then k; ~d,,
that is, the forward reaction is diffusion limited (i.e., its progres-
sion in time is controlled by the rate of diffusion). In this case
k-~ d_r_/ry; from Eq. 4.2 we can see that it also depends on the
diffusion coefficients. Thus if the diffusion coefficients are small, as
for receptors in the viscous membrane, both forward and reverse rate
constants are small. (Note, however, that the equilibrium constant
Ke = k4 /k_ = R2,r,/r_, which is independent of the diffusion coef
ficients.)

We now apply the above model to describe the formation of ho-
mophilic bonds between identical CAMs (such as cadherins) on jux-
taposed cells. Let the total number of cadherins per unit area of the
membrane be N; and N, and the corresponding numbers for unbound
(free) molecules be Nyf and Ny¢. The number of bound molecules Ny,
is then determined by

N; = Nis+ Ny (i=1,2). (4.6)

The kinetic equation that describes the bond formation reaction (4.4)
where A — Ny¢, B — Ny, C — Ny has the form

dN;

Tb = k4 N1¢Noe — k_ Ny, (4.7)

t

k+ and k_ being given by Eqgs. 4.5a, b. Using Eq. 4.6 this can be rewrit-
ten as

dN

dTb =k (N; — Np)(Ny — Np) — kN, (4.8)
and solved for the time evolution of Ny(t). Equation 4.8 is a nonlin-
ear first-order differential equation whose explicit solution is compli-
cated (Bell, 1978) and is not essential for understanding the relevant
features of bond formation. It is clear from Eq. 4.8 that the rate of
bond formation is maximal when the cells are first brought together
(t = 0), so that Ny(t =0) =0 and

dN
<d—tb)max =k+N1N2. (49)
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At long times equilibrium will be approached and the right-hand side
of Eq. 4.8 will approach zero, resulting in

1 1 1 1\? e
Neq=— N1+N2+— - = N1+N2+— —4N1N2 ) (4.10)
b2 K 2 K

K being the equilibrium constant.

While the mathematical manipulations leading to Eq. 4.10 may
seem involved, the following simple application demonstrates its use-
fulness and shows the value of such analysis. If K is known, Eq. 4.10
can be used to determine the number of homophilic bonds per unit
area of the cell surface connecting it to adjacent cells. For a rough
estimate we consider cells of the same type and therefore take N; =
N, = N. Since the cases 1/K > N or 1/K <« N lead to the unrealis-
tic results of either no adhesive bonds (N,fq ~ 0) or all CAMs being
in bound pairs (N;! = N), we assume that 1/K ~ N. Using Eq. 4.10,
we then obtain N;? ~ 0.38N, indicating that at any given time about
40% of the CAMs form adhesive bonds.

Strength of adhesive bonds

The stability of adhesive bonds is determined by the free-energy
changes associated with the electrostatic, van der Waals, or hydrogen-
bond interactions between CAMs. Such bonds are reversible and each
will be broken and reformed given sufficient time. However, since,
as we have seen above, up to 40% of CAMs might be bound at any
given instant of time, the probability of all the receptors being simul-
taneously unbound is very small. Thus the separation of two cells
from one another requires a force that is capable of fairly rapidly (see
below) rupturing every bond.

The formation of an adhesive bond is accompanied by the lowering
of the system’s free energy. Moreover, at equilibrium a bond has a well-
defined length. Thus in order to disrupt a bond, work must be done to
increase the separation between the molecules. The situation is repre-
sented schematically in Fig. 4.4. The minimum in the free energy at 1},
corresponds to the equilibrium bound state of two neighboring cells.
Performing work on the system by “pulling” on the bond allows the
free-energy barrier to be overcome, after which the two cells separate
and eventually settle into new energy minima. Clearly a force applied
over a range 1o from the minimum will rapidly rupture the bond. This
force can thus be written as fo = Eo/1o (remember, the energy change
equals the work done and is given by force times distance). Taking the
binding energy between cadherins lacking cytoskeletal attachments
(which such CAMs have in vivo) as about 1 kcal/mole (as measured by
Sivasankar et al., 1999) and r, as about 1 nm (the typical linear di-
mension of the binding cleft on an antibody, Pecht and Lancet, 1976),
as a rough estimate we obtain f, ~ 50 pN, which is comparable with
the results of studies on single molecules by Baumgartner et al. (2000)
using atomic force microscopy. The latter authors found that about
40 pN was required to separate a single adhesion dimer of vascular



88

BIOLOGICAL PHYSICS OF THE DEVELOPING EMBRYO

FREE
A ENERGY

r
b ro

I.‘._-------_----

-

Separation

Typical variation of the adhesive free energy of two neighboring cells with the
separation between opposing cell surfaces. For simplicity we assume the connection is
established via a single homophilic pair of CAMs. For small distances the cells repel each
other owing to electrostatic or mechanical forces. Repulsion corresponds to large
positive values of the free energy. The minimum at r, can be considered as the
equilibrium binding energy between the two CAMs. Bond rupture between the two
CAMs and thus the separation between the cells takes place when the adhesive free
energy changes sign, turning from negative to positive. (Compare with the curve shown
in Fig. 2.12).

endothelial (VE) cadherins. Since the cadherins in this experimental
system also lacked cytoskeletal attachments, the measured force of
separation is probably an underestimate of the biological value.

In the absence of external forces two CAMs will dissociate in a
time t > 79, where 7 is the average lifetime of the adhesive bond.
To describe the situation in which a constant force f stresses the
bond, Bell, applying results from the theory of solids, suggested the
following equation for the modified lifetime 7, the Bell equation:

T = t9exp(—yf/ksT). (4.11)

Here y is a parameter (with units of length) whose value has to be
determined empirically; in the case of a solid y accounts for its struc-
ture and imperfections.

We now are in a position to make the phrase “fairly rapid ruptur-
ing” of the bond more quantitative. Consider an adhesive cadherin
dimer between two cells, one of which is attached to a substratum
and the other to a spring. By stretching the spring to a given length
quickly (in the ideal case, instantaneously), one can measure the time
it takes for the cadherin-cadherin bond to dissociate under a constant
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force. Since bond lifetime is a statistical quantity, performing such a
measurement a number of times yields a probability distribution for
7(f). Fitting the average of this distribution to Eq. 4.11 provides values
for 1o and y (Marshall et al., 2003).

Another application of Eq. 4.11 is based on pulling the spring with
varying velocity. Baumgartner et al. (2000) created cadherin adhesion
dimers in the following way. Cadherins derived from the vascular en-
dothelial cells lining the inner surface of blood vessels (VE cadherins)
were adsorbed onto mica and also covalently attached to the tip of
an atomic force cantilever, which acted as the spring. The cantilever
was brought close to the mica and adhesion between the cadherins
was established. Subsequently the cantilever was retracted with velo-
city v, and the rupture force f.(v) was measured. It was found that f.
depended logarithmically on v. This is consistent with the Bell equa-
tion if it is assumed that z(v) = z/v (z is the distance over which the
spring has to be pulled before the bond ruptures), since in this case
Eq. 4.11 yields f. =kT/y In(vry/z). From the fit to the experimental
data the authors deduced 7o = 0.55 s and y = 0.59 nm. This result
implies that for VE cadherins (lacking cytoskeletal attachments) the
reverse rate constant in Eq. 4.8 is k_ = 1/tp = 1.8 s7 L.

The preceding discussion pertains to the force needed to rupture a
single adhesive bond on the cell surface. An extension of this analysis
to estimate the force required to separate two cells attached to each
other by N, complementary CAMs is presented in Box 4.1.

The Bell model has a number of limitations. For example, it ig-
nores the possible interaction between receptors on the same cell
surface (cis interactions) or the role of the cytoskeleton in adhesion,
factors that have been shown important for cadherin function (Whee-
lock and Johnson, 2003). It treats bond formation as a simple chemical
reaction (between the members of the encounter complex), whereas
in reality it is an intricate multistep process (Adams et al., 1996, 1998;
Gumbiner, 2000). Despite these deficiencies the Bell model remains
the basis of our physical understanding of cell-cell adhesion.

Box 4.1 | Separating two adhering cells

We consider two cells adhering to each other through Ny, complementary CAMs.
If the force needed to separate the two cells is F then, assuming that each bond is
equally stretched, the force per bond is F /Np. Applying Bell's equation, Eq. 4.1 1,
to this situation, the reverse rate constant in Eq. 4.8 (with N = N, = N) should
be replaced by k_ exp(y F /kgTNp) to yield

dNp 2

e ki(N — Np)* — k_Npexp(y F /kgT Np). (B4.1a)
Since both terms in Eq. B4.1a are positive, as long as the second term is smaller than
the first, Np, will increase in time. If the force is large and the second term exceeds
the first, Np, will rapidly go to zero; there will be no finite solution to dNy, /dt = 0,
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which now yields an equation similar to Eqg. 4.10 in which K has been multiplied by
exp(—y F /kaT Np). Thus, at a critical value of the force F . the equilibrium number
of adhering CAMs, qu, will vanish. This happens when the curves (as functions of
Np) determined by the first term and the second term (without the minus sign)
in Eq. B4.1a become tangential.

Mathematically, this condition is expressed by equating the derivatives of the
two terms with respect to Ny, yielding

vFec vFc
2K(N = Np)=1{ | — . B4.1b
(N = Ne) ( kBTNb>eXp<kBT Nb) (B41b)

The solution of this equation for Ny is then inserted into the right-hand side
of Eq. B4.1a, which when equated to zero determines the critical detachment
force Fc. Owing to the complicated form of these equations this program can be
carried out only numerically. Using for example y = 0.59 nm (Baumgartner et al,,
2000), for a large range of K N values one obtains for the critical force per bond
fe = Fc/N = 40 pN.

For forces larger than F, bonds break rapidly and Bell's model provides the
time at which N, becomes zero. This time is obtained from Eq. B4.1a, in which the
first term can now be neglected. Within a good approximation (for F > F()

exp (—y F /kgT N)
k(I +yF/ksTN)

The above analysis can be used to estimate the critical forces and times of detach-

tdetach(F) A (84- | C)

ment of cells for any experimental situation.

Differential adhesion of embryonic tissues

One of the most dramatic morphogenetic processes exhibited by em-
bryonic cells is sorting, the ability of cells of distinct types to seg-
regate into distinct tissues that do not intermix at their common
boundary. Cells of the prospective central nervous system, for exam-
ple, must differentiate, segregate from prospective skin cells, and, in a
concerted fashion, fold inward along the dorsal surface (i.e., the back)
of the embryo. If this process fails to occur properly the spinal cord
remains open to the body surface, resulting in a condition known as
“spina bifida.” A half-century ago Holtfreter and colleagues provided
insight on how this is accomplished (Townes and Holtfreter, 1955).
They dissociated tissues such as nervous system and skin primordia
into single cells and then mixed them together randomly. Although
all the cells were able to adhere to one another, they did so to differ-
ent degrees. After random wandering within the cell mixture, skin
and neural progenitor cells found their respective counterparts and
formed first islands and then two distinct, uniform, regions, in which
the skin cells surrounded a central sphere of neural cells. In a similar
fashion, an initially random mixture of endodermal and ectodermal
cells, derived from the two tissue layers of the invertebrate Hydra,
sorted themselves out in such a way that the endodermal cells wound
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up at the center of the aggregate and the ectodermal cells came to
surround them, precisely their relationship in the intact organism
(Technau and Holstein, 1992; Rieu et al., 2000).

Steinberg (1963) postulated that cells of different origin adhere
to each other with different strengths. Furthermore, in analogy with
immiscible liquids such as oil and water, mixtures of such cells un-
dergo a process of phase separation in which the final configuration
corresponds to the minimum of interfacial and surface free energies.
(Here the cells play a role analogous to the molecules of a liquid).
This “differential adhesion hypothesis” (DAH) was expressed in quan-
titative terms, by Phillips and coworkers (Phillips, 1969; Heintzelman
et al., 1978), based on a geometric analysis of the surface and interfa-
cial tension of immiscible droplets of liquid (Israelachvili, 1991; see
Chapter 2 for a more complete version of this analysis). According
to the DAH, the final “phase-separated” state of two adjacent tissues
is an equilibrium configuration not dependent on the pathway by
which it was reached. That is, it will be the same whether arrived at
by the fusion of two intact fragments of tissue or by the sorting out
of their respective cells from a binary mixture (Fig. 4.5A). Another im-
plication of the DAH is that tissue engulfment relationships should
form a hierarchy (Fig. 4.6): if tissue A engulfs tissue B and B engulfs C
in separate experiments, it follows that A will engulf C if that experi-
ment is performed. Finally, the DAH predicts that the values of tissue
surface tensions (see below) should fall into a quantitative order that
corresponds to the engulfment hierarchy. Each of these predictions of
the DAH has been amply confirmed experimentally (Steinberg, 1963;
1978; 1998; Armstrong, 1989; Mombach et al., 1995; Foty et al., 1994,
1996; Duguay et al., 2003).

According to the DAH, any pair of tissues, not only those that
contact each other in normal development, will undergo phase sepa-
ration and sorting, provided that their cells are capable of rearrang-
ing and that one of the tissues is more cohesive than the other (see
Figs. 4.6 and 4.7). This was confirmed in a decisive fashion in an exper-
iment in which mouse L cells, which do not normally express CAMs,
were genetically engineered to express P-cadherin (i.e., placental cad-
herin; Steinberg and Takeichi, 1994). Two populations of cells were
prepared - high expressers and low expressers — and when intermixed
they sorted themselves out, the high expressers ending up in the in-
terior of the aggregate as predicted on thermodynamic grounds. (The
result of a similar experiment is shown in Fig. 4.7.)

Embryonic tissues as liquids

In Chapter 2 we noted that while the shape of an individual cell
could be described in terms of a surface-tension-like quantity termed
the “cortical tension,” it is inaccurate to consider individual cells as
exhibiting a true surface tension. The reason for this is that the cell
surface - its plasma membrane - does not consist of the same ma-
terial as the interior of the cell and will not therefore automatically
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m (A) Different paths by which two immiscible liquids or cell aggregates
(composed of cells with differing adhesive properties) may arrive at the same equilibrium

state. The path on the left shows sorting, or nucleation, which proceeds through the
gradual coalescence of groups of cells. The path on the right corresponds to engulfment,
which occurs through spreading. (After Steinberg, 1978.) (B) The time evolution of
sorting in a mixture of chicken embryonic pigmented epithelial (dark) and neural retinal
(light) cells. The images show the equatorial section of a three-dimensional spheroidal
aggregate. The left-hand, middle, and right-hand panels correspond respectively to 17,
42, and 73 hours after the initiation of sorting. The diameter of the sorted configuration
is around 200 microns. (After Beysens et al., 2000.)

increase or decrease its area as the cell experiences external forces.
With tissues the story is different: in many cases a true surface ten-
sion can be defined. An aggregate of cells coheres by virtue of adhesive
forces between its cells rather than by a distinct bounding layer. New
surface can potentially be created from the interior by the movement
of cells to the surface and surface can be lost by cells moving inward.

A tissue will have the ability to increase or decrease its surface
in this fashion if its cells are individually mobile and can easily slip
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SURFACE EQUILIBRIUM
TISSUE TENSION CONFIGURATION

(dyne/cm)
Limb bud

Pigmented
epithelium

Retina

[JF-SEX W The correspondence between equilibrium cellular patterns and values of
surface tension for five embryonic chicken tissues. On the right are shown the
configurations generated by cell sorting or aggregate fusion that occur when adjacent
tissues in the surface tension hierarchy are combined and allowed to rearrange in vitro
(see Fig. 4.5). Cells from the two tissue sources were stained with contrasting
fluorescent markers. In each case, the more cohesive cell population, as quantified by its
surface tension, was engulfed by the less cohesive cell population (Foty et al., 1996).

Sorting of two genetically transformed Chinese hamster ovary cell
populations with ~50% difference in N-cadherin expression. On the left, the
configuration four hours after mixing. On the right, the fully sorted configuration after
24 hours (Forgacs and Foty, 2004).
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past one another. In most tissues of the mature body this will not
be the case. Mature epithelial tissues consist of cells that have elabo-
rate, specialized, connections to one another. Mature connective tis-
sues are embedded in complex extracellular matrices that similarly
impede their mobility. Embryonic tissues (along with healing and re-
generating tissues, and many types of tumors) are exceptional in that
their cells can rearrange in response to external stresses on the tissue
mass, although it may take of the order of hours for them to do so
and for the tissue to assume its new equilibrium shape. With such a
capability, tissues can be modeled by physical laws that pertain to lig-
uids since, like any nonliving liquid, they are cohesive materials with
independently mobile subunits (Steinberg and Poole, 1982). The cells
within “liquid” tissues execute their random movements under the
power of cell metabolism and an intrinsic motile machinery rather
than by the thermal agitation undergone by the smaller-scale molec-
ular subunits of nonliving liquids (see Chapter 1). These distinctions
in scale and source of random motion, however, turn out to make no
difference when sorting phenomena are being interpreted (Mombach
et al., 1995; Foty et al., 1996; Rieu et al., 1998; Beysens et al., 2000;
Duguay et al., 2003).

Differential adhesion clearly dictates the sorting behavior and the
engulfment hierarchy in experimentally manipulated tissue fusions
and cell mixtures. This does not necessarily mean that it acts during
development to guide tissue assembly. That it does in some cases has
been demonstrated in a series of in vivo experiments (Godt and Tepass,
1998; Gonzalez-Reyes and St Johnston, 1998). The anterior-posterior
axis of the Drosophila embryo originates from two symmetry-breaking
steps during early oogenesis. Each oocyte arises within a cyst of 16 in-
terconnected cells that are formed by four incomplete cell divisions.
The one cell of these 16 that becomes the oocyte then comes to lie
posterior to the other 15 cells of the cyst in an enclosure called the fol-
licle, thereby defining the polarity of the axis. Godt and Tepass (1998)
and Gonzalez-Reyes and St Johnston (1998) showed independently that
during this cell rearrangement the oocyte adheres to the cells of the
follicle that express the highest amounts of DE-cadherin. The position-
ing of the oocyte, moreover, requires cadherin-dependent adhesion be-
tween these two cell types, since the oocyte is frequently misplaced
when DE-cadherin is removed from either the “germ-line” cells that
give rise to the oocyte or the posterior follicle cells. Analogous studies
of the development of the Drosophila retina similarly demonstrate the
role of differential adhesion in cell patterning (Hayashi and Carthew,
2004).

As these and other experiments have shown, differential adhesion
results from the varying expression of cell adhesion molecules in dif-
ferent cell types (Friedlander et al., 1989). There are numerous cases in
development in which boundaries are established in response to pat-
terning signals and in which the cells on one side of such a boundary
do not mix with cells on the other side (Blair, 2003). Examples include
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the development of compartmental subdivisions within the wings
and other surface structures of Drosophila (Garcia-Bellido, 1975; Crick
and Lawrence, 1975), the formation of segmental boundaries during
development of the vertebrate body axis (Meier, 1984; Palmeirim et al.,
1997) and hindbrain (Guthrie and Lumsden, 1991; see Chapter 7), and
the formation of mesenchymal condensations during vertebrate limb
development (Newman, 1977; Newman and Tomasek, 1996; Hall and
Miyake, 2000) (see Chapter 6). In each case, local sorting appears to be
involved in keeping the boundaries distinct when they are first estab-
lished. The challenge for a model of sorting is to relate the physical
quantities, such as surface tension, to biological properties character-
izing the adhesion complex in terms of specific CAMs.

The physics of cell sorting

The change over time of the configuration of an originally random
mixture of embryonic chicken neural retinal and pigmented epithe-
lial cells is shown in Fig. 4.5B. The evolution of the cellular pat-
tern and the final equilibrium state qualitatively resemble the phase
separation of immiscible fluids and have been shown to follow that
process quantitatively as well (Beysens et al., 2000). Similar experi-
ments have been performed with numerous pairs of different em-
bryonic tissues (Armstrong, 1989; Foty et al., 1996). In each case the
sorted pattern corresponded to a configuration in which the more
cohesive tissue was surrounded by the less cohesive one. The cohe-
sivity of many of these tissues has been quantified by measuring
their surface tension (i.e., the interfacial tension with the surround-
ing tissue-culture medium) with a specifically designed parallel plate
tensiometer (Foty et al., 1996). (See Chapter 2 for the relation between
surface tension and cohesivity.)

The sorted patterns exhibit a hierarchical relationship consistent
with the values of the tissue surface tensions (Fig. 4.6) as predicted by
the DAH. The sorting of two cell populations that are identical except
for having been genetically manipulated to express differing num-
bers of N-cadherin molecules on their surfaces (as their only CAMs)
(Fig. 4.7) illustrates how a 50% difference in the quantitative expres-
sion of cell-surface adhesive molecules leads to a dramatic difference
in tissue behavior - i.e., the establishment of immiscible tissue lay-
ers. Cell sorting as a liquid-like phenomenon is thus readily studied
in vitro. Can we use this physical phenomenon to extract useful quan-
titative insights into cell behaviors that are relevant to early develop-
mental processes such as the Drosophila oocyte-follicle-cell interaction
described above?

In the state of lowest energy in a sorting experiment, cells with
the higher number of CAMs must be surrounded by adhesively similar
cells, because such a configuration allows for the maximum number
of CAM bonds to be formed (Fig. 4.8). To reach this state, cells in
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T B XN Schematic illustration of adhesion in a mixture of two cell populations with
differential expression of homophilic CAMs. The small bars ending in small circles
symbolize CAMs. To minimize the configurational energy, high expressers tend to group
together to benefit from all available bonds. The arrangement on the left has lower
energy than that on the right. Compare with Fig. 4.7.

the initial random mixture of the two cell types must move around
until they find their respective partners. This motion is driven by
cytoskeletal rearrangement powered by metabolic energy, in contrast
with the motion of liquid particles (which is driven by thermal fluc-
tuations, see Chapter 2). The surprising outcome is that this biologi-
cal mechanism, despite the complexity of the underlying machinery,
drives the cellular system to its lowest energy state, as characterized
by purely physical parameters such as surface and interfacial ten-
sions. For cells to move, they have to break adhesive bonds with their
immediate neighbors and reform bonds as they find new partners.
This amounts to a frictional force experienced by the cells. The cor-
responding friction coefficient, u, is a characteristic property of the
cellular environment, which relates the velocity v of the cell’s motion
to the force F under which the motion takes place (see Chapter 1),
w = F/v. In the sorting process this force is generated by the energy
difference between the sorted and unsorted configurations. Using di-
mensional analysis (as introduced in Chapter 1), and the Bell model,
we can now relate u, a physical parameter whose value can be experi-
mentally determined, to important variables that characterize the
biological state of cells in an aggregate and which are all but impos-
sible to measure directly (Forgacs et al., 1998).

From its definition, the unit of u is N s/m. The more CAMs a cell
has on its surface the stronger is its tendency to adhere to its neigh-
bors and the more difficult it will be for it to arrive at a lower energy
state by changing its neighbors. Thus u o« N, N being the number
of CAMs per unit area of the membrane. The stronger the adhesive
bonds the cell forms the more difficult it will be to break them, so
we have also o« E, E being the energy of a single bond. The longer
these bonds last the more they hinder the motion of a cell; hence
furthermore u o r, where 7 is the lifetime of a bond (see the Bell
equation, Eq. 4.11). Combining the above observations, we arrive at
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u o« NEt. The units of the three quantities on the right-hand side of
this relation are, respectively, m~2, ] = N m, and seconds; thus di-
mensional analysis suggests that in the combination NEr we have
taken into account all the relevant parameters that may influence
the friction coefficient, and so u = aNEr where a is a dimensionless
constant.

The Bell model, through Eq. 4.10, allows us to fix the value of a,
since a must be related to the fraction of receptors that are bound, the
only ones we need to consider in the above analysis (see also Howard,
2001). A similar dimensional analysis for tissue surface tension leads
to o = bNE, where b is a constant related to the difference in the frac-
tion of bound CAMs between cells at the surface and in the bulk of
the tissue (Forgacs et al., 1998). In relation to the Drosophila oocyte-
follicle-cell interaction described earlier in this chapter, we now have
predictive criteria, in terms of measurable parameters such as the
relative number of DE-cadherin molecules on the two cell types, that
could rigorously establish whether the observed terminal cell arrange-
ment is fully accounted for by differential adhesion.

In the case of sorting involving the two genetically engineered cell
populations shown in Fig. 4.7, the surface concentrations of receptors
are not equal, Ny # N,, and therefore p is not uniform across the
aggregate. The time evolution of the sorting pattern in this case will
be governed by pu = amax(Ny, N) E 7, that is, by the more cohesive
cells.

Surface tensions and friction coefficients have been determined
experimentally for a number of natural tissue types (Foty et al., 1994;
1996) and tumors (Foty and Steinberg, 1997; Steinberg and Foty, 1997;
Forgacs et al., 1998), as well as for aggregates of genetically trans-
formed cells with varying levels of cadherin or integrin expression
(Ryan et al., 2001; Robinson et al., 2003; Foty and Steinberg, 2005).
Sorting experiments (Figs. 4.5-4.7) have been performed to verify the
consistency of the obtained surface tension values (Foty et al., 1996;
Beysens et al., 2000). Using the results of dimensional analysis in con-
junction with physical models, the measured tensions and friction
constants provide quantitative information on such molecular param-
eters as the lifetime of the bonds between CAMs and the energy of
these bonds. Since this type of measurement involves large numbers
of cells the results obtained reflect conditions comparable to those
in tissues. Therefore when compared with single molecular studies,
in which typically CAMs are considered under non-physiological con-
ditions, the significance of factors such as the cytoskeleton or the
interaction between CAMs on the same cell can be assessed.

Perspective

Cell adhesion is the defining characteristic of multicellular organisms
and the nature and strength of cell bonding is a major determinant
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of tissue properties. Cells in embryos have the unique feature of be-
ing bound to each other by forces that are neither so strong as to
resist relative movement (as in mature organisms) or so weak as to
disperse, and they therefore constitute tissues that behave like vis-
coelastic materials. Physical models can account for many aspects of
the reversible cell-cell interactions seen in developing systems, as well
as for certain self-organizing consequences of differential adhesion
such as boundary formation via sorting, engulfment behavior, and
the internal spaces (i.e., lumens) within tissues containing polarized
cells.



Chapter 5

Epithelial morphogenesis:
gastrulation and neurulation

In the previous chapters we have followed the process of rapid cell
divisions in the early embryo until the formation of the blastula, ini-
tially a solid mass of cells poised to develop into the structurally and
functionally differentiated organism. Adhesive differentials along the
surfaces of individual cells of the early blastula, the blastomeres, drive
the formation of spaces or lumens (see Fig. 4.2) within the embryos of
most species. As a result, the typical blastula acquires a geometrically
simple closed spheroidal structure that consists of a single cell layer
enclosing the hollow blastocoel.

By the time the blastula has developed, the embryo already con-
tains, or begins to generate, a number of differentiated cell types (see
Chapter 3). Insofar as these cell types have or acquire distinct physi-
cal (adhesive, contractile) properties, compartmentalization or other
forms of regional segregation start taking place. This regionalization,
accompanied by the collective movement of the resulting cell masses,
gives rise in most cases to embryos consisting of two major cell layers,
referred to as “germ layers,” along with some subsidiary populations
of cells.

The various modes of cell rearrangement by which a solid or
single-layered blastula becomes multilayered are known collectively
as gastrulation. In “diploblastic” animals, such as sponges and coelen-
terates (hydra, jellyfish), gastrulation is complete when the two germ
layers, the outer ectoderm, and inner endoderm, are established. Fur-
ther cell specialization occurs within these two main layers and any
subsidiary cell populations. For other, “triploblastic,” animals such
as insects, echinoderms (e.g., sea urchins, starfish), and vertebrates
(e.g., frogs, humans), the initial binary segregation results in a “pre-
gastrula,” which sets the stage for the next phase of the developmen-
tal process, establishment of a third germ layer, the mesoderm, and,
in those triploblasts that contain one, the primordium of the axial
skeleton (the vertebral column). This later set of processes is often
referred to, narrowly, as gastrulation, but we will use the term to en-
compass all the cell and tissue movements leading to both two and
three layers. Gastrulation is followed, in species with an axial ner-
vous system (e.g., vertebrates, the subphylum to which humans and
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other mammals belong), by neurulation, the formation of the tubular
rudiment of the nerve cord.

Both gastrulation and neurulation involve the folding and reshap-
ing of epithelial sheets. During gastrulation the blastula is deformed
and reorganized in a sequence of steps, often involving the narrow-
ing and elongation of internal and external embryonic tissues. (This
latter set of tissue-reshaping movements is termed “convergence and
extension.”) The resulting forms have a central “primary” axis. In neu-
rulation, the central zone of the gastrula’s surface ectoderm forms an
elongated “neural tube” that parallels the primary axis. Although the
tissue movements and rearrangements underlying gastrulation and
neurulation lead to dramatically different outcomes, from a physical
standpoint both sets of processes employ similar mechanisms and are
subject to similar constraints.

Physical properties of epithelia

In Chapter 4 we described the physical bases of adhesion and the
consequences of differential adhesion in epithelioid tissues, that is,
tissues made up of cells in direct contact with one another via
their membrane-adhesion proteins or associated surface coats (gly-
cocalyces). This chapter is concerned with a subset of these tissues,
referred to as “epithelia.” In these tissues cells still make direct con-
tact with one another, but only along their lateral surfaces. The cells
are therefore “polarized.” The apical and basal surfaces of such cells
do not adhere to adjacent cells of the same type but rather to extra-
cellular matrices known as basal laminae (see Fig. 4.1) or to other cell
types, tissue fluids, or acellular matrices. For example, the outer sur-
faces of many blastulae are in contact with specialized matrices called
egg envelopes or “jelly coats” (Dumont and Brummett, 1985), and
their inner surfaces are in contact with blastocoelic fluid. By express-
ing adhesive proteins in a polar fashion (that is, on some portions
of the cells but not others), epithelioid tissues can generate internal
spaces (lumens) or, under appropriate conditions, form themselves
into “two-dimensional” epithelial cell sheets. The apical and basal
surfaces of epithelia are sometimes referred to as “free surfaces.” (In
physics this term is usually reserved for surfaces in contact with the
vacuum, something never encountered in biology).

As we discussed earlier, the fact that attachments between embry-
onic epithelioid cells are weak and short-lived causes the tissues they
comprise to behave like liquids. This is the case for many tissues in
the embryo, including planar epithelia. The basal laminae underlying
many epithelia, however, are stiff and have decided elastic properties.
The epithelia of early embryos and developing organs are therefore
unique in that they behave like liquids in the plane but like elastic
sheets when deformed out of the plane. This unusual combination
of properties largely accounts for the ability of these tissue sheets to
undergo a wide range of morphological changes, including bending,
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eversion, invagination, and placode, cyst, and tubule formation
(Gierer, 1977; Mittenthal and Mazo, 1983; Newman 1998a; see below).

Epithelial folding is perhaps the most typical morphogenetic phe-
nomenon in early development, giving rise to the complex shapes
and forms of the early embryo and eventually the organs (Gierer,
1977). The parameter that quantifies the extent of folding of a sheet
is its local average curvature C, introduced in Chapter 2 (see the text
following Eq. 2.2). Bending a sheet from its equilibrium configura-
tion (determined by its spontaneous curvature Cy) requires energy,
the bending or curvature energy (see Eq. 2.5). Thus the initiation of
gastrulation and neurulation, which involve epithelial folding at pre-
cise locations along the blastula and gastrula, imply alterations in
specific physical properties of cells at those locations relative to their
neighbors.

It is clear that the physical characteristics of individual cells (e.g.,
spontaneous elongation or flattening) are determined by the molec-
ular content and organization of their cytoplasm and microenviron-
ment. The molecular composition of cells is the consequence of dif-
ferential gene expression, which itself is influenced by many factors
(e.g., intercellular communication and cell adhesion). But molecules
by themselves do not determine cell and tissue shape; physical pro-
cesses do. Morphogenetic processes such as gastrulation and neuru-
lation can only arise from the coordinated interplay of physical and
genetic mechanisms. For such processes to occur, the biochemically
excitable cells that constitute the epithelia involved must develop spa-
tial variations in their physical properties, i.e., “self-organize.” They
do this by interacting with one another directly and/or with diffusible
or otherwise propagating signals, thereby establishing patterned ar-
rangements of differentiated cell types (see Chapter 7).

Our objective in this chapter is to characterize the physical prin-
ciples that come into play in the behavior of embryonic epithelia. By
considering the viscoelastic and adhesive properties of cells and tis-
sues, described in previous chapters in the geometric context of the
early embryo, we will show (within the limits of necessarily simpli-
fied models) how certain morphological changes emerge during the
early stages of development. We will rely heavily on the well-justified
assumption that an epithelial structure, the blastula for example,
corresponds to the state, of a collection of cells, with particular phys-
ical characteristics and subject to specified physical constraints, that
has the lowest energy, at least temporarily. As cells differentiate in
a regional fashion and change their physical properties the original
structure will no longer correspond to the lowest energy state of the
embryo or primordium. Time-dependent physical processes will be
triggered (i.e., shape changes) that will steer the system into a new
equilibrium (or steady) state, which corresponds to a new shape, again
temporary. The altered shape of the embryo, or portion thereof, may
in turn influence the course of subsequent development.

We have already carried out such a program in Chapter 2 when
discussing cleavage and blastula formation. We used Monte Carlo
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simulations to demonstrate how a model system representing the
early embryo changed from one equilibrium state to another. In the
case of a single cleavage event it was the astral signal (causing an
imbalance in pressure) that triggered the departure from the initial
spherical equilibrium state of the embryo and led eventually to the
final equilibrium state with two daughter cells. In the case of blas-
tula formation it was the sequence of cleavages that resulted in new
equilibrium states and finally in a hollow sphere.

As powerful as the methods of energy minimization are, Monte
Carlo simulation being one such, they have a severe drawback: the
final equilibrium state of the system, which corresponds to the lowest
(free) energy under specified conditions is arrived at through postu-
lated displacements of its components (or in simple cases by explicit
minimization of the mathematical expression for the energy). In the
case of the Drasdo-Forgacs model, for example, the energy is calcu-
lated after computer-selected shape deformations of randomly chosen
cells. Such an approach provides no information about the true dy-
namics of the system, however, and makes no attempt to explain how
it reaches one equilibrium state from another.

The explicit time evolution of a process (e.g., epithelial folding)
characterized by a set of parameters X1, ..., X, is described by the set
of equations

dx;

E:fi(xh...,xn) (i=1,...,n). (5.1)

In most physicochemical applications the parameters x; represent
amounts or concentrations of substances. To apply this formalism
to shape changes, the parameters should also include those char-
acterizing the geometric properties of the embryo (e.g., the linear
dimensions, radii of curvature, etc.). With appropriate choice of the
functions f; the process may drive the system to one or several steady
states, which are stable against perturbations and capable of being
reached from any initial state nearby (see the discussion on dynami-
cal systems in Chapter 3). The stable states correspond to local minima
in the energy landscape of the system.

In what follows we use both energy minimization and the dy-
namical approach to capture different aspects of epithelial folding
and rearrangement. Most of what we will present relates to gastru-
lation and neurulation, in keeping with our focus on tracking the
processes of early development in approximate temporal order. We
will begin, however, by discussing a model for epithelial folding and
shape change that, while motivated by the problem of leg morpho-
genesis in insects, is also applicable to the phenomena that concern
us here. To do this we first have to introduce the notion of the “work
of adhesion.”

Work of adhesion

Consider a unit interfacial area between two materials A and B im-
mersed in a medium, denoted by M (which in particular could be the
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Medium Medium Medium

B A A
A B Ij> If>
- ﬂ ﬂ &
m Schematic illustration of the creation of an interface between two materials A
and B immersed in a common medium. In the two-step process shown, the first free

interfaces of materials A and B are produced (middle panel), which requires the
separation of their corresponding subunits (molecules, cells) from one another and thus
involves the works of cohesion waa and wgg. In the second step the free interfaces are
combined to form AB interfaces (by rearranging the A and B blocks). The separation of A
and B requires the work of adhesion wyg . If the cross-sectional area of columns A and B
is of unit magnitude then the operation shown results in two units of interfacial area
between A and B.

vacuum or, in the case of tissues, the extracellular matrix or tissue
culture medium). We define the work of adhesion wup as the energy
input required to separate A and B across a unit area in medium M.
We can imagine such a unit area to be formed in the following way.
First, we separate a rectangular column of A and B to produce two
free unit surfaces of each substance (Fig. 5.1). This requires amounts of
work was and wpp, respectively. These quantities are called the works
of cohesion. (Note that the magnitudes of the works of adhesion and
cohesion depend on the medium. To avoid the use of clumsy nota-
tion, the explicit dependence on M is not indicated here.) We then
combine these pieces to end up with two unit interfacial areas be-
tween A and B, as shown in Fig. 5.1. Thus the total work, A,p, needed
to produce a unit interfacial area between A and B is given by

AaB = %(Waa + WpB) — WaB. (5.2)

The quantity Axp is called the interfacial energy and Eq. 5.2 is known
as the Dupré equation (Israelachvili, 1991). If the interface is formed
by two immiscible liquids then Eq. 5.2 can readily be expressed in
terms of liquid surface and interfacial tensions. By definition the sur-
face tension is the energy required to increase the surface of the
liquid by one unit of area (see Chapter 2). Since an amount of work
Waa + wpp creates two units of area, we obtain

OAB = OAM + OBM — WAB, (5.3)

where oy, oy, and oap are respectively the surface tensions of liquids
A and B and their mutual interfacial tension (Israelachvili, 1991).
(Whereas for solids Asp depends on the amount of interfacial area
between A and B, for liquids, oap does not; see Chapter 2.) Note that
the immiscibility of A and B implies that o4p > 0. If, on the contrary,
oap < 0 then it is energetically more beneficial for the molecules of
liquid A to be surrounded by molecules of liquid B, and vice versa;
that is, A and B are miscible.
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Geometric configurations of immiscible liquids A and B, and the
corresponding relations between the works of cohesion and the work of adhesion. It is
assumed that A is more cohesive than B, so that waa > wgg and oam > ogm (M denotes
the surrounding medium).

If we now invoke the liquid-like behavior of tissues, we can apply
Egs. 5.2 or 5.3 to obtain the conditions for sorting in terms of the ws
or the os. We imagine the cells of tissues A and B to be initially ran-
domly intermixed and surrounded by tissue culture medium and we
then allow them to sort, as discussed in Chapter 4. Let us assume that
tissue A is the more cohesive. This implies that wuy is the largest of
the three quantities on the right-hand side of Eq. 5.2. In the energet-
ically most favorable configuration at the end of the sorting process,
cells of tissue A form a sphere, the configuration in which they have
minimal contact with their environment and maximal contact with
each other. Then, depending on the relative magnitudes of the ws, the
sphere of tissue B may completely or partially envelope the sphere of
tissue A, or the two spheres may separate (Fig. 5.2) (Steinberg, 1963,
1978; Torza and Mason, 1969).

When liquid B just fully envelopes liquid A, oag = oam — oM (see
Chapter 2, Eq. B2.1c). Combining this result with Eq. 5.3 and the rela-
tionships oam = waa/2, opy = wpp/2 yields wap = wpp. Thus, complete
envelopment takes place when B adheres more strongly to its partner
than to itself (Fig. 5.2, panel on the left). Partial envelopment oc-
curs when the less cohesive liquid, B, adheres more strongly to itself
than to its partner, and therefore tries to minimize its contact with A
(Fig. 5.2, middle panel). To sum up, partial or complete envelopment
corresponds respectively to wgg > wyp and wgg < wag. When wyg = 0,
there is no energy gain from the contact of the two liquids and they
separate (Fig. 5.2, panel on the right).

Applying Eqgs. 5.2 and 5.3 to actual tissues results in quantitative
expressions for the extent of differential adhesion and its effect on
cell sorting.

The Mittenthal-Mazo model of epithelial shape change

A particularly simple and elegant quantitative model of epithelial
morphogenesis was constructed by Mittenthal and Mazo (1983). The
model accounts for the generic shape changes that occur when an
anchored epithelial sac (an “imaginal disc” on the surface of a fruit
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fly larva) is transformed into a series of tubular structures, such as leg
segments in the adult insect. Since these authors base their analysis
on tissue liquidity and elasticity, notions with which we are already
familiar, we will start our discussion of the physics of epithelial sheets
with this model. The Mittenthal-Mazo analysis can be summarized
by the following points.

1. In the course of transformation of the two-dimensional leg imag-
inal disc into a series of elongated three-dimensional leg segments
(which takes place with negligible cell division), the leg segments tele-
scope out from the disc, leading to a progressive narrowing and elon-
gation of the structure. (Note that the disc’s thickness is the height
of an epithelial cell.) As Mittenthal and Mazo noted, there are two
limiting mechanisms that could contribute to the reshaping of an
epithelial sheet such as the imaginal disc. In one mechanism, cells
would deform without rearrangement as an elongated segment forms
through the bulging out (i.e., evagination or eversion) of the sheet. In
the second mechanism, the reshaping of the tissue takes place by the
rearrangement of its cells; specifically, the cells exchange neighbors
without changing their own shape. In the first case the epithelial
sheet behaves as an elastic medium (Fig. 5.3, panel on the left), in
the second case as a liquid (Fig. 5.3, panel on the right). The first
basic assumption of the Mittenthal-Mazo model is that the epithe-
lium of the imaginal disc, the hypodermis, is entirely liquid in the
tissue plane, exactly as we have assumed in the Steinberg differential
adhesion model in Chapter 4.

2. If the two-dimensional imaginal disc were an ideal liquid it
would resemble a soap film. Certain experimental findings, however
(Fristrom and Chihara, 1978), led Mittenthal and Mazo to make a sec-
ond basic assumption: unlike ordinary two-dimensional liquids such
as soap films, in which the two faces are mechanically equivalent, em-
bryonic epithelia have a globally distributed elastic component that
resists bending outside the plane of the tissue. As noted earlier in this
chapter, the cells of epithelia are polarized and their basal surfaces
adhere to basal laminae consisting largely of dense sheets of collagen-
ous protein (Yurchenco and O’Rear, 1994). These planar structures pro-
vide a resistance to the bending of the tissue sheet. Mittenthal and
Mazo thus treated the epithelium as a fluid elastic shell, fluid-like in its
capacity for in-plane rearrangement of cells but resembling an elastic
sheet when bending.

3. It was further assumed that the imaginal disc contains sev-
eral epithelial cell types, cells of each type having different adhesive
properties. When Steinberg’s differential adhesion hypothesis for cell
sorting in a binary mixture is applied to multiple cell types on a two-
dimensional sheet, the predicted pattern is reminiscent of a planar
bulls-eye target consisting of several concentric bands, as shown in
Fig. 54A. In a two-dimensional system, this pattern is a straightfor-
ward consequence of the conditions discussed in connection with the
complete envelopment of tissue A by tissue B (Fig. 5.2, left-hand panel).
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B

Deformation of an epithelial sheet in the Mittenthal-Mazo model. (A) If a
square patch of more cohesive tissue (e.g., imaginal disc tissue, shown as green) is
grafted onto a less cohesive host substratum (e.g., the surface of a fruit fly larva, shown
as pink), it will tend to minimize its contact region (i.e., perimeter) with the host. This
can be accomplished by a rounding, or, if the patch is more elastic than liquid, by a
bulging out from the host. In the course of bulging the individual cells in the patch must
change their shape. (B) If two patches, which are more liquid than elastic, from different
donor sites and thus of differing cohesive properties are grafted adjacent to each other
at a third host site, they assume one of the configurations expected from the differential
adhesion hypothesis for sorting: (top to bottom) complete envelopment, partial
envelopment, or separation (compare with Fig. 5.2). In these configurations the
individual cells may retain their original shape. (After Mittenthal and Mazo, 1983.)

Thus if the bands are numbered sequentially with numbers (j =1,
2,...) increasing toward the center, the bulls-eye pattern is stable if

Aj,j+1 > 0, (553)
Wj+1‘j > W]]jv (55b)
Wik > Witk for k < j. (5.5¢)

Conditions 5.5a-c ensure, respectively, the stable segregation of cell
types, the complete envelopment of each band by its outer neighbor,
and the maintenance of a particular sequence of bands. (In Eq. 5.5a we
have used the more general quantity A; j,; instead of the interfacial
tension o; j4q in order to emphasize the mixed elastic-liquid nature
of the epithelium.)
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A B C m Deformation of a planar

bull’s-eye target into a hollow
cone. (A) Each annulus, proceeding
toward the center, contains
successively more cohesive tissue.
(B, C) Successive stages of
I:> |:> deformation. (After Mittenthal and

Mazo, 1983.)

=

H\"“-\\_

4. The bulls-eye target of bands can reduce its energy by deforming
into a hollow tube, as shown in Fig. 5.4B, C. This shape change would
occur because it reduces the area of contact between adjacent bands.
But, because of its elasticity, the epithelium resists out-of-plane bend-
ing. Its final equilibrium shape, therefore, corresponds to the mini-
mum of the total energy, which incorporates both the adhesive and
elastic contributions.

5. The result of the interplay of forces described above is a “leg”
consisting of a tubular epithelium arranged in a sequence of bands.
The shape of this tube represents a compromise between an elongate
shape that minimizes contact between bands (that is, maximizes the
total work of adhesion) and a squat shape that minimizes the strain in
the hypodermis (Fig. 5.5). The adhesion energy is expressed in terms
of the interfacial energy A defined in Eq. 5.2. Since no a priori infor-
mation exists on the number of adhesion bands in the imaginal disc,
the authors assumed A to be a function varying continuously along
the developing leg segment. The elastic energy can be obtained by
adding the contributions for each band using the curvature energy
given in Eq. 2.5. Again, instead of a finite number of bands, a con-
tinuous approximation was used. Minimization of the total energy
predicted that each arthropod leg segment has a cylindrical shape of
length L and radius R, and led to an experimentally testable relation-
ship between these quantities,

1 R
— =a—+Db. 5.6
R =% (5.6)
Lower adhesion energy, Balance of Lower strain energy,
greater strain energy adhesion and strain greater adhesion energy

Shaping of a leg segment
in the Mittenthal-Mazo model.

The middle panel represents a
compromise between maximizing
the work of adhesion and

minimizing the strain. (After
Mittenthal and Mazo, 1983.)
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Here a and b are constants. This “scaling relationship” between L and
R provides a relatively good fit to the measurements on the different
leg segments in Drosophila.

As instructive as it is, the Mittenthal-Mazo model clearly neglects
a number of considerations required for a satisfactory understand-
ing of epithelial morphogenesis. In the model the imaginal disc is
assumed to consist of bands of cells with differential adhesive prop-
erties, but the origin of this differential adhesion is not addressed.
The model is based solely on the idea that the balance between strain
and adhesion can determine the shape of the epithelium, which is
treated as a continuous medium. Thus it ignores the possibility of
active and passive shape changes of individual cells.

The following detailed description of certain features of gastrulat-
ion will indicate why more elaborate models of epithelial morphogen-
esis, which explicitly address some of the above issues, are required.

Gastrulation

The formation and rearrangement of distinct tissue layers during the
establishment of the body plan in the early development of animals
involves about half a dozen distinct kinds of cell behavior, only a sub-
set of which occur in the embryo of any given species. Each set of
movements that constitute gastrulation depends on a prior “pattern
formation” event that designates a subpopulation of the blastula’s
cells as having a distinctive character relative to the others (see Chap-
ter 7). Often, but not always, the distinctive character is an adhesive
differential whereby the subpopulation is either more or less cohe-
sive than the originating blastula cells. The pattern-formation process
that brings differentially adhesive cells into a specific spatial arrange-
ment in a pregastrula does not, in principle, require anything beyond
straightforward physics. Even if these cells arise in a purely random
fashion, cell sorting alone can cause them to localize in a single re-
gion of the embryo. This, indeed, is how the arrangement of cells that
precedes morphogenesis is generated in the model of Mittenthal and
Mazo (1983) discussed above. Gravity, another purely physical force,
can also lead indirectly to a nonuniform pregastrulation arrangement
of different cell subpopulations (Allaerts, 1991). In the Xenopus egg,
for example, the sedimentation of dense yolk platelets creates a gra-
dient that causes the cells that contain these platelets after cleavage
(the “vegetal pole” cells) to have physical and biochemical properties
that differ from the (“animal pole”) cells that do not contain them
(Gerhart et al., 1981; Neff et al., 1983, 1984) (see Chapter 7).

In most embryos, however, other pattern-forming mechanisms,
some depending on the spatially asymmetric introduction of mole-
cules into the forming egg by maternal tissues and others on the self-
organizing properties of cell aggregates (based on their biochemical
activities and ability to transmit signals; see Chapter 7), will guaran-
tee that the cells of the late blastula are heterogeneous.
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Delamination

Ingression

Epiboly Involution

The basic categories of gastrulation-related cell rearrangements
all follow from these initial regional differences in cell phenotype
(Fig. 5.6). In invagination, a hollow single-layered embryo develops one
or two additional layers by the folding inward of a portion of its
surface under the guidance of a differentiated subpopulation of cells
with distinct adhesive and/or motile properties. In delamination, a solid
embryo that has thus far developed into a form with two distinct but
attached cell layers acquires an internal space (shown in brown) by
physical separation of the layers. In ingression, cells in a subpopulation
having changed adhesive and/or motile properties move individually
or in groups into the interior of a hollow embryo. In epiboly, one of
the two embryo cell layers comes to partially envelop the other by
actively spreading around it. In involution, cells move under the edge
of an existing tissue layer, thereby forming a new layer.

Once gastrulation is under way, the layers of the now multilay-
ered embryo are assigned specific names: the “ectoderm” refers to the
outermost layer and the “endoderm” to the innermost. In diploblastic
forms such as hydra and jelly fish, these two layers give rise to all sub-
sequent differentiated tissues of the body. In vertebrates, for example,
the ectoderm gives rise to the skin and nervous tissue and the endo-
derm gives rise to the lining of the intestine and its derivatives, such
as the liver and pancreas. For triploblastic forms such as sea urchins
and humans the movements of gastrulation result in a third layer,
interpolated between the other two. This is called the “mesoderm,”
and in vertebrates is ultimately the source of the “middle” tissues of
the body - the skeleton, blood and muscles.

Convergence and extension amount to a cell rearrangement, utilized
in the gastrulation of some species, that encompasses several distinct
cell activities. It involves the simultaneous narrowing and elonga-
tion of a tissue primordium, such as that initiated by the process

Cell movements and
tissue rearrangements involved in
different forms of gastrulation.
Most organisms employ a
combination of one or more of
these basic processes.
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of invagination in sea urchin or amphibian embryos. Later in this
chapter we will present a physical interpretation of this widespread
but somewhat puzzling (from both a cell-biological and a physical
standpoint) tissue rearrangement.

Gastrulation in the sea urchin

Gastrulation has been extensively studied in the sea urchin, an inver-
tebrate from the wider group known as echinoderms (Hardin, 1996;
Ettensohn, 1999). The advantages of using this organism stem from
the easy availability of experimental material (thousands of eggs are
released from single females on stimulation and can be fertilized on
demand) and the transparency of the embryo through many succes-
sive stages, which allows for easy visual access. In the early sea urchin
blastula, at about the 60-cell stage, various pattern-forming events, in-
volving multiple direct (rather than long-range) cell-cell interactions
cued by preexisting molecular nonuniformities in the uncleaved zy-
gote, lead to the generation (not irreversible at this point) of radially
symmetric tiers of cells with distinct cell fates (Fig. 5.7). By the 128-cell
stage the embryo has formed a single-layered blastula with an in-
ternal cavity, the blastocoel (see Chapter 2). Several cell cycles later
(by the ninth or tenth cycle, depending on the species) the blastula
hatches out of its confining fertilization envelope and, as a hollow
ball consisting of about 1000 cells, is ready to begin gastrulation.
The multiple cell types arising from these local interactions repre-
sent alternative states of gene regulation produced by autoregulatory
networks of transcription factors like those discussed in Chapter 3
(Davidson, E. H., 2001; Davidson, E. H.,, et al., 2002; Oliveri et al., 2002).

Once hatched from its fertilization envelope, the spherical blas-
tula undergoes a series of morphological changes comprising gastru-
lation. First the cells of its base, or “vegetal,” end begin to thicken
and flatten. Next, as a result of reduced adhesion to neighboring cells
and increased affinity for the basal lamina lining the blastocoel (Wes-
sel and McClay, 1987), a small population of cells at the center of
this vegetal plate, the primary mesenchyme cells, begin to ingress
into the blastocoel and extend long filopodia, which attach to the
inner surface of the blastula. The branched structures formed by the
primary mesenchyme cells, their filopodia, and their secreted extra-
cellular matrix eventually become the skeleton of the sea urchin larva
(Fig. 5.7).

The remaining cells of the vegetal plate then rearrange to fill in
the gaps left by the ingressing primary mesenchyme (Fig. 5.7). A series
of biosynthetic changes in this region cause both the inner and outer
layers of the extracellular matrix to change their physical properties
and, in consequence, the plate invaginates about one-fourth to one-
half the way into the blastocoel, by a process that has been likened
to the thermal bending of a bimetallic strip (Lane et al., 1993).

In the following sections we describe simplified quantitative mod-
els for aspects of sea urchin gastrulation. Our objective is to illus-
trate how elementary physical considerations can lead to the observed
complex cellular pattern. The combination of the various models in
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Gastrulation in the sea urchin embryo, leading to the formation of the

swimming larva, termed a “pluteus.” The cell and tissue rearrangements that occur at
the various stages are described in the text. Cells indicated by particular colors at early
stages map into structures indicated by the same colors, at later stages. The lower box
depicts a “fate map” in which the origin of tissues in the larva are traced back to specific
cell populations at the 64-cell stage. (After Wolpert, 2002.)

conjunction with additional experimental details should eventually
provide a biologically realistic description.

Modeling sea urchin gastrulation: an approach based

on energy minimization

In Chapter 2 we presented a model of blastula formation in the sea
urchin embryo (Drasdo and Forgacs, 2000) based on energy consid-
erations. The model incorporated several key energy contributions
characteristic of the developing embryo, and the resulting cellular
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pattern corresponded to the minimum of the total energy. In the de-
scription of development from the zygote to the hollow spheroidal
blastula, the latter eventually became unstable and its folding un-
predictable. The folding inwards corresponds to the appropriate bio-
logical outcome - invagination of the vegetal plate. The folding
outward, in contrast, corresponds to “exogastrulation,” which exper-
iments have shown to be also in the physical repertoire of the living
embryo (Hoshi, 1979; Kamei et al., 2000). The origin of this instability
is easy to understand. The growth and division of cells require that
either individual cells or entire cell layers (epithelial sheets) be capa-
ble of migrating. Since in the simulation the irregular active motion
of each cell within the layer was mimicked by random displacement,
small stochastic differences in cell translocation must exist. These
lead to undulations in the shape of the sheet. Such undulations are
unfavorable because they increase the bending energy of the sheet
and, as long as they remain small, are eliminated (since the Monte
Carlo protocol is designed to drive the system toward lower energies).
When cell proliferation is introduced, both the number and the ex-
tent of the undulations increase. Eventually these become too large to
be controlled by the bending energy: the spheroidal cell arrangement
ceases to correspond to the lowest energy configuration and folding
takes place.

In the energy-minimization model, the direction of folding of the
blastula, i.e., whether normal gastrulation or exogastrulation takes
place, is subject to the influence of alterations in the local physical
parameters of the embryo. Recent experiments have suggested that
the suppression of the tendency to exogastrulate is under genetic
control (Kamei et al., 2000). One way in which this might be imple-
mented in the Drasdo-Forgacs model is through the assumption that
the increase in bending energy leads to local changes in gene activity
along the blastula surface, which in turn result in the modification
of the cells’ physical properties. The authors thus postulated that a
preexisting nonuniformity in the distribution of one or more gene
products causes the sheet of cells near the vegetal pole to acquire
nonzero spontaneous curvature (see the discussion following Eq. 2.5).
This was sufficient to account for the observation, described above,
that near the vegetal pole a distinct group of primary mesenchy-
mal cells ingresses into the blastocoel shortly after the formation of
the blastula. “Snapshots” of the developing system governed by the
model, as implemented through Monte Carlo simulations, are shown
in Fig. 5.8.

The Drasdo-Forgacs model describes morphogenesis in the sea
urchin embryo from the first cleavage until the completion of gas-
trulation. It provides an explicit example of how an important set
of morphological changes in early development can potentially be
accounted for by an interplay between genetic and generic physical
mechanisms. The most serious limitation of the model is that no in-
formation exists at this point on how to relate changes in the value
of spontaneous curvature to the specific gene activity accompanying
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S MR W A representation of early development in the Drasdo—Forgacs model. Events
in the upper row illustrate the first cleavages leading to blastula formation and were
discussed in Chapter 2. The lower row shows the simulation of gastrulation. The nine
cells pictured in green develop a spontaneous curvature different from that of the
remaining cells. It is this change that drives invagination in the model. Note that these
simulations are performed with constant cell number, corresponding to the fact that cell
division halts during gastrulation in the sea urchin. (After Drasdo and Forgacs, 2000.)

the onset of gastrulation (even though most of the other parame-
ters have been measured, Davidson, L. A., et al., 1999; see Chapter 2).
The Drasdo-Forgacs model, similarly to the Mittenthal-Mazo model,
describes morphogenetic transformations as processes that generate
global equilibrium shapes corresponding to the minimum of some en-
ergy expression containing competing contributions. It is implicitly
assumed that the system can arrive at these energy minima (instead
of being locked into long-lived metastable states), a hypothesis that
requires experimental verification. Other characteristic cell and tis-
sue properties underlying gastrulation, such as excitability or shape
transformations, have also been neglected so far and will be incorpo-
rated in the model presented below.

Modeling sea urchin gastrulation: an approach based

on force balance

Cells of the developing embryo exert forces on each other. In doing
so they undergo changes in both position and shape. Models of epi-
thelial morphogenesis that are based on energy minimization, such
as those of Mittenthal and Mazo (1983) and of Drasdo and Forgacs
(2000), typically track pattern development by postulating changes
in cell arrangement and comparing the energies of the original and
modified patterns. The system reaches equilibrium when it arrives at
the global energy minimum. Such models therefore do not consider
the origin of cell-shape modifications explicitly.

According to Newton’s second law, at equilibrium all the forces
and all the torques acting in a system must balance at each point.
This law also specifies how each volume element of the system must
move to reach equilibrium. Thus combining such an approach with
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modern techniques that allow the following of individual cells during
development (Czirok et al., 2002; Kulesa and Fraser, 2000, 2002) may
provide further insight into the mechanisms of early morphogenesis.
In a series of papers, Oster and coworkers (Odell et al., 1981; Davidson,
L. A, et al., 1995, 1999) used this approach to distinguish between sev-
eral potential mechanisms of primary invagination in the sea urchin
embryo. Here we focus on their model, based on apical constriction
(Odell et al., 1981), the major assumptions and properties of which
are the following.

1. The cells making up the epithelial sheet of the sea urchin
blastula undergo a shortening of their apical circumference by the
contractile activity of actin filaments just beneath their plasma
membranes (Fig. 5.9A). This constriction proceeds in a “purse-string”
manner along the blastula similarly to the progression of the cleavage
furrow in cytokinesis (see Fig. 2.9) and must overcome the intracel-
lular viscous forces and the tractions exerted by neighboring cells.
To model these viscoelastic forces, we represent each face and inter-
nal diagonal of a cell by a viscoelastic element (Fig. 5.9B). The linear
characteristics, denoted by L, such as the circumference of a face or
the length of a diagonal vary according to Newton’s second law as
follows:

azr dL

Initial
Apical contractile
actin network

~_, Imposed

~2\ stretch

Apical surface

equilibrium shape

Basal surface

m Assumptions concerning the mechanism of cell-shape change in the apical
constriction model of gastrulation. (A) Schematic representation of the contractile apical
actin network. (B) The mechanical analogue of a trapezoidal cell in the blastula. External
faces and internal diagonals are represented by viscoelastic elements, which are indicated
by connected small rectangles. The apical element is excitable and thus differs from the
others. (C) lllustration of the excitability of the apical surface: depending on the
magnitude of its deformation it is capable of changing its equilibrium geometry. (After
Odell et al., 1981.)
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Here the term on the left-hand side is the inertial force (mass times
acceleration), whereas the first and second term on the right-hand
side represent, respectively, the elastic and viscous restoring forces
acting on a face or along the internal diagonal of a cell. L, is the
equilibrium circumference of a face or the equilibrium length of an
internal diagonal and k and f are material parameters characterizing
the elastic and viscous properties (see Chapter 1, Egs. 1.5 and 1.7). The
third term on the right-hand side is the force exerted by the neigh-
boring cells, and m is the net mass moved due to the change in L.
The diagonal elements model the cells’ internal viscoelastic properties
and thus, in the corresponding equations, Fjpaq = 0.

2. Equation 5.7 is valid for each face and internal diagonal. The
apical face, however, is special in that the underlying contractile fil-
aments constitute an active, excitable, system. If an apical fiber is
stretched by a small amount (which happens when the vegetal plate
starts flattening) it behaves as an elastic material: upon release of the
stretch it returns to its original length (Ly). If, however, the stretch
exceeds a critical value, it elicits an active response: the contractile
system “fires” and does not return to its original length (Beloussov,
1998): it freezes in a new contracted state, with a changed equilib-
rium length resulting in an apical surface area smaller than before
(Fig. 5.9C). Thus the apical viscoelastic element differs from the others
(Fig. 5.9B) and the corresponding version of Eq. 5.7 has to be supple-
mented by another equation describing the variation of the equilib-
rium length (see below).

3. Inertial forces are insignificant. As discussed in Chapter 1, di-
mensional analysis indicates that for typical embryonic processes in-
volving the motion and shape changes of cells such forces can be
neglected. Thus Eq. 5.7 simplifies, and the evolution of the apical
surface of an isolated cell can be described by the following equa-
tions:

dL k

5 = —?(L —Ly), (5.8a)
dly a1 LLo\[(4L/a—3) (4Ly/a—3)?

R ) e e R

Here a and t are positive constants (with units of length and time
respectively) and the specific expression on the right-hand side of
Eq. 5.8b has been chosen for illustrative purposes. As discussed by
Odell et al. (1981), the system’s behavior can be derived from certain
of its qualitative features. Thus, if Ly is a constant (i.e., dLo/dt = 0)
then a stretched apical face eventually returns to its original size.
(The solution of Eq. 5.8ais L = Lo + (L; — Lo)e **/#, where L; is the
initial circumference (at t = 0) of the stretched surface.) However,
if L, varies with time then Egs. 5.8a,b represent a simple dynami-
cal system like those discussed in Chapter 3. It has two stable fixed
points, L =Ly =a and L = Ly = a/4, at which the left-hand sides of
Egs. 5.8a,b vanish; small deviations from these stationary points re-
turn the system to the same points. We can identify the untriggered



)

BIOLOGICAL PHYSICS OF THE DEVELOPING EMBRYO

m Representation of

gastrulation in the model of Odell
and coworkers. Here invagination
is triggered by changes in cell
shape resulting from the excitable
nature of the apical contractile
actin network (compare with the

(After Odell et al., 1981.)

Drasdo—Forgacs model in Fig. 5.8).

equilibrium length with Lo = a and the rest length after firing with
Lo =a/4. A separatrix that divides the space in the LLy-plane into
the basins of attraction of the stable fixed points (Chapter 3) passes
through the point L = Lo = a/2, which is an unstable fixed point of
the system defined in Eqgs. 5.8a, b. This example illustrates how an ex-
citable biological material can be modeled by a dynamical system. In
the Appendix at the end of this chapter we use Egs. 5.8a,b to demon-
strate how the mathematical method of linear stability analysis can
be employed to study the fixed-point structure of dynamical systems
defined by differential equations.

4. Taking advantage of the near-spherical symmetry of the sea
urchin blastula, Odell and coworkers (1981) performed their calcu-
lations in two dimensions. Thus, L in Egs. 5.7 and 5.8a,b denotes
the linear sizes (e.g., height or diagonals) of trapezoidal cells that
are initially arranged along the perimeter of a circle, similarly to
the Drasdo-Forgacs model (Fig. 5.8). Force and torque equilibrium
is assumed along each face and corner of the initially tension-free
cells.

Invagination is initiated in the model by the firing of a single
cell at the middle of the vegetal pole. The apical contraction of this
cell dilates the apical surface of its neighbors, an effect which, if
sufficiently large, evokes their firing and subsequent apical contrac-
tion. This sequence of events leads to a spreading wave of contrac-
tion, which eventually generates an invagination in the cell layer,
as illustrated in Fig. 5.10. The buckling of the vegetal plate, in this
model, crucially depends on the unique excitable nature of these
cells.

In contrast with the Drasdo-Forgacs model, on the one hand the
model of Odell et al. postulates no biological basis for the unique be-
havior of vegetal plate cells. Its starting configuration is the spherical
blastula, which it treats in isolation. It does not consider the preced-
ing developmental processes. In particular, it does not address the
issue of the folding instability disclosed by the energy-minimization-
based Monte Carlo analysis. On the other hand, the dynamical nature
of the model of Odell et al. permits it to capture certain characteristic
shape changes of cells and tissue sheets associated with invagination.
As can be seen, the various approaches to modeling sea urchin gas-
trulation by their very nature have restricted applicability. They can
be viewed, however, as complementary and their eventual combina-
tion may provide a more comprehensive account of morphogenetic
processes.
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Convergence and extension

During the subsequent course of sea urchin development the prim-
itive gut or “archenteron” formed by the invaginating blastula wall
elongates and narrows. This is an example of the phenomenon of
convergence and extension mentioned at the beginning of this chap-
ter. This effect occurs across a wide range of animal phyla. In insects,
for example, the surface ectodermal cells of the gastrula, along with
the underlying mesoderm, elongate posteriorly in a process termed
“germ-band extension.” In chordates, the wider group of organisms
that includes vertebrates, the forming mesoderm separates into two
distinct subtissues, the broad somitic mesoderm that gives rise to the
backbone and musculature and the notochord, a stiff central rod of
mesoderm that first defines the axial skeleton and then induces the
formation of the vertebral column and spinal cord. Both of these pri-
mordia also undergo convergence and extension (Keller et al., 2000;
Keller, 2002; see Fig. 5.11A).

On the basis of our earlier discussion of tissue behavior, these
characteristic movements of late gastrulation might seem physically
counterintuitive. In Chapter 4, for example, we saw how the liquid-like
properties of tissues led to their “rounding up” to attain minimum
surface-to-volume ratios. Because tissues undergoing convergence and
extension violate this expectation, it was at one time thought that
their movements might be dependent on external forces from adhe-
sive substrata provided by adjoining tissues in the embryo. This was
proved incorrect by experiments in which the dorsal sectors of two
frog gastrula (that is, the back regions, containing the forming meso-
derm) were cut out and their inner, deep-cell, surfaces sandwiched
together. The composite tissue converged and extended purely on the
basis of internally generated forces, with no mechanical or adhesive
assistance from the rest of the embryo (Keller et al., 1985; Keller and
Danilchik, 1988).

What then, is the origin of these shaping forces? Some hints can
be gained from the models described earlier in this chapter. In the
Mittenthal-Mazo model, for example, epithelial tissues, using the pas-
sive mechanisms of differential adhesion and elastic response, bulged
out and elongated into cones and tubes, reminiscent of convergent
extension rather than rounding up. This effect arose because the
cell sheet had a nonuniform distribution of cell adhesivity, a prop-
erty presumed to depend on the active, nonequilibrium, processes
of cell differentiation discussed in Chapter 3. However, because the
frog mesoderm studied by Keller and coworkers consists of an essen-
tially uniform population of cells this “adhesive prepattern” mecha-
nism cannot by itself account for the classic cases of convergence and
extension.

The model of Odell and coworkers (1981) accounted for non-passive
tissue behaviors by invoking the dynamical properties of individual
cells, such as apical constriction and mechanical excitability. That
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Blastocoel
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m Convergence and extension movements during gastrulation in Xenopus. (A)
A view of the dorsal aspect of the gastrulating embryo. Both the mesodermal cells (red)
and the ectodermal cells (blue) of the anteroposterior body axis first undergo radial
intercalation (B, on the left, not shown in A), the rearrangement of several layers of deep
cells along the radius of the embryo (normal to the surface) to form tissue masses having
fewer cell layers; next, these same tissues undergo mediolateral intercalation. AP, animal
pole; VP, vegetal pole. (B) On the right, the rearrangement of multiple rows of cells
along the mediolateral axis (indicated by the small horizontal arrows in A) to form
narrower tissue masses that are elongated along the anteroposterior axis (indicated by

the long arrows in A and B). (A, after Gilbert, 2003; B, after Keller et al., 2000.)
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such dynamical properties might enter into the physics of conver-
gence and extension is suggested by the fact that cells within the
epithelial sheets undergoing these shape changes (Fig. 5.11A) mani-
fest intercalation (Keller, 2002) in which they interdigitate among one
another, first along the radius of the embryo, normal to its surface
(Fig. 5.11B), and then along its mediolateral axis (e.g., from the center
to the edges) (Fig. 5.11B) to produce a narrower, longer, and thicker
array (Keller et al. 1989; Shih & Keller, 1992).

Recent evidence indicates that these intercalation movements de-
pend on a dynamical property of cells termed “planar polarity”
(Mlodzik, 2002). This phenomenon differs from the longer-known
apical-basolateral polarity described earlier in this chapter. Planar
polarization is a dynamical response of cells to extracellular effectors
and homophilic adhesive interactions. In particular, it leads, via an
intracellular signaling cascade, to cytoskeletal rearrangements and
consequent elongation and flattening (Mlodzik, 2002), activities not
specifically associated with apical-basal polarity. Once the planar po-
larization response “fires,” the nonuniform localization of the intra-
cellular components of several signaling pathways means that the
cells acquire differing adhesive properties on their different surfaces.
Zajac and coworkers (Zajac et al., 2000, 2003) have developed a physi-
cal model for convergence and extension that makes use of precisely
such triggered anisotropies in cell properties.

The Zajac—Jones—Glazier model of convergent extension

As described above, convergent extension is a morphogenetic process
that transforms an epithelial sheet composed of cuboidal cells into
a tissue that contains a more or less ordered array of elongated cells
and has a characteristic shape, with the length along one direction
considerably greater than that along the others (Fig. 5.12). Zajac and
coworkers (2000, 2003) constructed a model for a cell population un-
dergoing convergent extension based on differential adhesion. In this
model, the cellular pattern arrived at through convergent extension
corresponds to the energetically most favorable configuration of the
system. The model is based on the following assumptions.

(1) During convergent extension, cell division is negligible and
the volume of individual cells is unchanged.

(ii) Cells form a closely packed array with no internal empty
spaces (Fig. 5.12).

(iii) The original cuboidal cells (Fig. 5.12A) are “triggered” into
elongated shapes by the acquisition of planar polarity men-
tioned earlier, with the result that differential adhesion oc-
curs along the various faces (Fig. 5.12B).

We first show that under these assumptions the elongated cells
prefer to arrange themselves in an ordered state in which they
preferentially adhere along their similarly deformed surfaces (i.e.,
elongated-elongated and narrowed-narrowed, Fig. 5.12C). Since con-
vergent extension can be manifested in the behavior of a cell sheet,
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Representation of convergent extension in the model of Zajac and
coworkers. (A) Epithelial sheet, made of cuboidal cells, before the onset of convergent
extension. (B) Top: Schematic representation of the epithelial sheet after the cells have
elongated, become aligned, and begun to intercalate. Bottom: Representation of
intercalation in the two-dimensional plane spanned by axes along the long sides | and the
short sides s of rectangular model cells. (C) Top: Schematic representation of the cellular
arrangement after the completion of convergent extension. Tissue elongation has
occurred in the direction perpendicular to the long axes of the cells. Bottom and right:
Two possible ordered cellular arrays predicted by the model. Under rather general
conditions (see the main text) it is the taller pattern, on the right (resembling the cellular
arrangement that results from convergent extension), that corresponds to the lowest

energy configuration. (After Zajac et al., 2000.)

we will construct the model in two dimensions. According to assump-
tion 3, each elongated cell is represented by a rectangle with its longer
and shorter sides denoted by | and s, respectively (Fig. 5.12B; the depth
of the cells, perpendicular to the figure is added for illustrative pur-
poses). Adjoining cells may in principle contact each other along their
lengths (Il contact), along their width (ss contact), or form a mixed in-
terface (Is contact). We denote the total contact length of each type as
Ly, Lss and L. The total contact length between the I and s sides and
the surrounding medium at the boundaries is represented, respec-
tively, by S; and S;. For N cells in the array the total contour length
along the | and s sides (each cell having two I sides and two s sides)
is 2NI and 2Ns, respectively, which can be expressed in terms of the
above quantities as

2Nl =2Ly+ L+ Sy, (5.9a)
2Ns = 2L + Lis + Ss. (5.9b)

If we denote the works of adhesion along the I, ss, and Is contacts
respectively by wy;, wg, and wys (here they are energies per unit length,
not per unit area as in Eq. 5.2), the total work necessary to disassemble
an array with a given configuration (specified by the values of Ly, L,
and L) is W = Lywy + L wg + Ligwjs. The most stable configuration
clearly corresponds to that set of Ly, L, and L;; which maximizes
W. Using Eqgs. 5.9a,b we eliminate Ly and Ly from W and arrive at

W = —LisAs + N(Iwy 4 swgs) — L (Siwy + Sswes) - (5.10)
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where A = %(wu + wg) — wys is the work needed to create a contact
of unit length between the long and short sides of two cells, a quan-
tity analogous to the interfacial energy introduced in Eq. 5.2. For
close-packed cellular arrays (such as those shown schematically in
Fig. 5.12A, B, C) the boundary lengths are proportional to +/N; thus
for large N the third term in the above equation is negligible. Equa-
tion 5.10 then reduces to W = —L;;As + C, where C is a constant
(it denotes the second term on the right-hand side of Eq. 5.10, which
contains only fixed model parameters). Finally, assuming that Ay, > 0,
W is maximal if Li;; = 0, which corresponds to the case of ordered
configurations of rectangular cells such as those shown in Fig. 5.12C.

The various works of adhesion clearly are related to the densi-
ties of binding sites ¢; and ¢, for the I and s sides respectively, and
(since an adhesive bond contains two adhesion molecules) can be
expressed as wy = ¢;¢;, Wss = CsCs, and wg = ¢;¢s. (To make these equa-
tions dimensionally correct, a factor with units of energy times length
should be incorporated into each one.) Using these forms we obtain
Ajs = %(cl — ¢5)? > 0. Thus ordered arrays correspond to energetically
favorable cellular patterns under rather general conditions. (Note that
the above conclusions are valid for any non-equal values of ¢; and c;.)

In Fig. 5.12C two different ordered rectangular arrays, each con-
taining the same number of cells, are shown. To analyze the differ-
ence between their stability we have to return to Eq. 5.10 and con-
sider the last term on the right-hand side. Since the arrays contain
a finite number of cells (12), N cannot be assumed to be arbitrarily
large, therefore this term cannot now be ignored. For the two ordered
rectangular arrays shown in Fig. 5.12C, we have (N;/2) x (Ns/2) = N,
where N; and N; are the numbers of cells on the array boundaries
along the directions of elongation and narrowing respectively. Since
Li;s = 0 for both configurations, we now have to find the maximum
value of W = —1 (Sywy + Sswss) + C, or equivalently the minimum of
Siwy + Sswgs = Z with S = Nyl and S = Nss, for ordered rectangu-
lar arrays. (N; = 8 and 4, Ny = 6 and 12, respectively for the 3 x 4 and
6 x 2 ordered arrays in Fig. 5.14C.) The minimization of Z as a
function of the boundary lengths then leads to the relationship
Ss/S1 = wy/w. (The mathematically astute reader will notice that
minimization is carried out by first expressing Z in terms of N; (or
N;) only by using the above relationship between N;, N;, and N, and
then equating the derivative of Z with respect to N; (or N;) to zero.)
If we now employ the fact thatl > s (we have not used this anywhere
up to now) then we may safely assume that w; > wg. The above min-
imization procedure then leads to S; > S;, which corresponds to the
6 x 2 array. This resembles the array that results from convergent
extension.

This model of convergent extension suggests that differential ad-
hesion may underlie morphogenetic processes whose outcomes ap-
pear different from what would normally be expected from the clas-
sic differential adhesion hypothesis. It should be noted however, that
(in contrast with the explanations given for tissue rounding-up or
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fragment sorting) to account for convergent extension the model of
Zajac and coworkers had to combine differential adhesion with an
active, “nongeneric,” property of living cells: their ability to undergo
planar polarization.

Neurulation

In animals with backbones, convergent extension occurs in several tis-
sue primordia along the primary embryonic axis. As noted above, this
axis is first defined by the coordinated convergence and extension of
the broad somitic mesoderm and central notochord (Fig. 5.11A). Once
this has occurred, the ectoderm overlying the notochord, induced
by signaling molecules arising from the latter, flattens and thickens.
This neural plate then undergoes a further set of morphogenetic move-
ments, including convergence and extension of its own and also the
elevation of two ridges to either side of the underlying notochord.
The portion of the plate between the ridges sinks downward and
the ridges fuse at their outermost regions. This sealing of the dorsal
(back) surface of the embryo causes the neural plate to assume the
form of a hollow cylinder - the neural tube - between the surface
ectoderm and the notochord (Fig. 5.13). As noted at the beginning of
this chapter, the neural tube is the primordium of the spinal cord of
the mature animal, and this entire sequence of events is referred to
as neurulation (see Colas and Schoenwolf, 2001, for a comprehensive
review).

Neurulation is a process of differentiation (see Chapter 3) and
pattern formation (see Chapter 7). The spinal cord arises as a distinct
morphological structure that also consists of a distinct population of
cells - neurons, in a particular arrangement. The generation of this
new cell type is intimately tied to the change in shape and form of the
neural plate. During neurulation the interplay of activators (termed
“proneural” gene products) and inhibitors of neurogenesis determine
precisely which cells of the dorsal ectoderm (the majority of which
are capable of adopting a neuronal fate) differentiate into neurons
and which adopt different fates (Brunet and Ghysen, 1999; Bertrand
et al., 2002).

Several of the morphogenetic phenomena in epithelial sheets de-
scribed earlier are utilized during neurulation. Other neurulation-
related changes are novel, though potentially explicable on the basis
of familiar physical principles. The cells of the neural plate, for in-
stance, undergo an elongation of their apical-basal axes, which can be
understood by differential adhesion. The cells adhere on their basal
surfaces to an underlying basal lamina. Their initially cuboidal shape
indicates that the adhesion forces between the cells and the basal
lamina are comparable with the homotypic forces between the cells
on their lateral aspects.

Induction of the neural plate by the underlying tissues can lead
to a thickening of the epithelium by one of several alternative mech-
anisms. The induced epithelial cells could increase the effective
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Neural plate
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of neuroepithelium
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m Schematic representation, viewed as a cross-section perpendicular to the
anteroposterior axis, of the successive morphogenetic changes involved in neurulation in
some vertebrate species. (A) Cuboidal cells of the dorsal ectoderm along the midline of
the embryo (which is elongating in the anteroposterior direction, see Fig. 5.1 | A) become
columnar, forming the neural plate. Cells lateral to the neuroepithelium composing this
plate remain cuboidal. (B) While basal portions of the central deep cells of the neural
plate remain attached to the notochord (which is derived from the axial mesoderm, see
Fig. 5.1l A), the lateral regions of the neural plate become elevated in two parallel ridges,
the neural folds. (C) The neural folds begin to converge, meeting each other at a line
parallel to the notochord. As this occurs, the underlying epithelium invaginates to form a
cylinder, the neural tube, which begins to pinch off from the overlying neuroepithelium.
(The neural tube will subsequently develop into the spinal cord.) (D) With complete
fusion of the surface ectoderm, the neural tube becomes a separate structure. Cells
originally at the crests of the neural folds (the “neural crest”) end up between the surface
ectoderm and the neural tube. These cells detach from both structures and disperse
through specific pathways as a mesenchymal population (see Chapter 6). The formation
of the neural tube occurs in the fashion described along much of the central body axis of
birds and mammals. In some regions of the axis of these organisms, and in other forms
such as fish, the mechanics of neural tube formation is somewhat different (Colas and
Schoenwolf, 2001; Lowery and Sive, 2004). (After Wallingford and Harland, 2002.)
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number of cell adhesion molecules (CAMs) on their lateral surfaces
and thus increase their lateral surface area at the expense of their
common interface with the basal lamina. Alternatively, they may de-
crease the effective number of substratum adhesion molecules (SAMs)
on their basal surfaces. Either mechanism (or both) would lead to
elongation along the apical-basal axis and epithelial thickening, a
phenomenon utilized during later organogenesis as well (see Chap-
ter 8) and known generally as “placode formation.” CAMs and SAMs,
such as cadherins and integrins, are differentially regulated as neu-
rulation begins (Levi et al., 1991; Espeseth et al., 1995; Joos et al., 1995;
Lallier et al., 1996) but it is not yet clear whether a simple differential
adhesion mechanism, or some more complicated process (e.g., one in-
volving polarized microtubule assembly, Colas and Schoenwolf, 2001),
drives neural plate formation.

The morphogenetic events that follow neural plate formation are:
(i) convergent extension, which is mechanically independent of the
convergent extension of the underlying mesodermal tissues (Keller et
al., 1992a, b) but utilizes similar cellular mechanisms; (ii) bending or
buckling of the neural plate, which involves elevation of the neural
ridges and formation of the trough-like neural groove; and (iii) closure
of the neural groove (Colas and Schoenwolf, 2001). We will focus on
just one of these events here, the inward bending (invagination) of
the neural plate to form a groove and eventually a detached cylinder.

The invagination of the neural plate was modeled by Odell et al.
(1981) along the same lines as those used to model the vegetal plate in
the course of sea urchin gastrulation. Since their analysis has similar
strengths and limitations in each case, we will present here instead
the approach followed by Kerszberg and Changeux (1998), who used
“cellular automata” (CA), an increasingly widely employed method
for modeling morphogenetic processes (Alber et al., 2003). Cellular au-
tomata are computer programs made up of interacting “cells,” each
of which acts like a computer programmed with a set of rules (an “au-
tomaton”). Such automata defined by simple rules sometimes give rise
to surprisingly complex structures (see, for example, Wolfram, 2002).
In such cases it is difficult to ascertain whether a pattern has formed
for the same reasons as in a biological system. At the other extreme,
the rules can be made sufficiently complex that a given CA program
is indistinguishable from the standard models of physics employing
dynamical laws and field concepts, like those we have considered up
to now. A convenient middle strategy is to employ CA rules which
are simple enough to take advantage of the method’s computational
speed and the ease with which parameters can be revised, but which
contain sufficient biological specificity that the patterns generated
can be attributed to realistic properties (Kiskowski et al., 2004). The
Kerszberg-Changeux model for neurulation represents an example of
this middle strategy. Since it deals with epithelial folding, like the
models discussed earlier in this chapter, it can serve to highlight the
differences between the CA framework and those that employ me-
chanical and field-based concepts.
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The Kerszberg—Changeux model of neurulation

The folding neural plate resembles an elongated analog of the invagi-
nating vegetal plate that we encountered in sea urchin gastrulation.
It is therefore not surprising that some of the preceding discussion is
applicable to this morphogenetic process as well (Odell et al., 1981; Ja-
cobson et al., 1986). Like several other models discussed in this book,
the computational model of Kerszberg and Changeux (1998) explic-
itly uses the interplay of genetic and generic mechanisms to describe
a complex developmental process, drawing in this case on the large
body of data available on neurulation (reviewed in Colas and Schoen-
wolf, 2001). Below we summarize the general features of the model.

1. The model simulations are carried out on a two-dimensional lat-
tice of pixels, which represents a thin slice transverse to the embryo.
Each cell occupies a certain number of pixels, some being reserved
for the nucleus; this number varies as cells grow and migrate. There
are numerous genes that are activated during neurulation. Kerszberg
and Changeux considered some explicitly, the effect of others be-
ing incorporated through model parameters. Two extracellular signal-
ing molecules (BMP, i.e., the Bone Morphogenetic Proteins BMP-2 and
BMP-4, and Sonic hedgehog, Shh) referred to as “morphogens,” with
predetermined concentration gradients, i.e., “morphogenetic fields”,
resulting from a prior pattern-forming mechanism (see Chapter 7), act
on the initially homogeneous peripheral epithelial cells. These cells
are held together at all times by intercellular adherens junctions; in
the simulation each cell has two.

2. Depending on the local concentrations of the morphogens,
which are determined by the morphogenetic fields, two sets of au-
toregulatory transcription factors (constituting transcription factor
networks like those discussed in Chapter 3), act as genetic switches
that regulate the expression level of the genes Notch and Delta. The
products of these genes are widely employed positional mediators of
early-cell-type determination (see Chapter 7). Notch, a neuroectoder-
mal or neural plate gene, is activated first and later Delta, a proneural
gene, is induced. Since the products of Notch and Delta are a receptor
and its ligand, respectively, through their presence on adjoining cells
they eventually help to define a precise topographic assignment of
individual cells to a neuronal fate.

3. A major assumption of the Kerszberg-Changeux model is that
differential adhesion and cell motility during neural tube formation
are coupled and are under strict genetic control: neuroepithelial and
presumptive neuronal cells express a particular homophilic adhesion
molecule whose membrane concentration is proportional to the ac-
tivities of the regulatory genes Notch and Delta (themselves set by the
morphogenetic fields). Cells change shape by movement and growth.
In the simulation a cell grows by the addition of pixels to its surface
at randomly chosen locations. If this results in a contact with another
cell that displays a sufficient concentration of the adhesion molecule,
the probability of effectively adding the pixel to the first cell at this
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particular site will be increased relative to that of adding the pixel
at a location that does not result in a contact. The net outcome is
an “effective adhesion force” that brings and keeps cells together.
Cellular automata are well suited to modeling this kinetic aspect of
cell adhesivity, which is not considered explicitly in purely equilib-
rium analyses such as the differential adhesion hypothesis (DAH; see
Chapter 4).

4. As the differentiation pattern sharpens, morphogen distribu-
tions decay and cells remain committed to their acquired fate. As
they continue to move and grow and eventually divide they deform
under the mechanical forces to which they are subject (by contact
interactions with neighboring cells). The direction of movement is
biased by the adhesive forces between cells and by their cohesive in-
teractions with the basal lamina and extracellular matrix. Division
occurs with a probability that is a function of cell size and type, and
these in turn depend on the expression of Notch and Delta. The pixels
previously occupied by the mother cell are split into two sets belong-
ing to each of two daughter cells, which have nuclear transcriptional
states identical to that of the mother cell.

The formation of the neural tube in the simulations is depicted in
Fig. 5.14. The Kerszberg-Changeux CA model differs in a number of
ways from the approaches to morphogenesis discussed earlier. It is a
non-equilibrium model: the cellular pattern does not evolve towards
an energy minimum (as in the Mittenthal-Mazo or Drasdo-Forgacs
models) or to a state with balanced forces (as in the model of Odell
and coworkers). It is a discrete model: the time evolution of the con-
centration profiles of morphogens and gene products is not governed
by differential equations, as are the dynamical systems discussed in
Chapter 3. Instead, the movement of individual cells is dictated by
local rules set by the authors, which are chosen on the basis of ex-
perimental results and are intended to reflect biological reality. These
rules define effective forces, the variations in the expression levels of
regulatory genes (i.e., Notch, Delta) and the local concentrations of
molecules that mediate cell-cell interactions (i.e., adhesion proteins).

The appealing feature of such CA is that they explicitly demon-
strate how simple local rules may lead to complex global patterns.
Thus, they may reveal information on the hierarchical organization
of molecular circuits governing cellular processes, in particular mor-
phogenesis. Clearly their success depends on the ability to choose
the “right” local rules. Because of the flexibility (and arbitrariness)
of such models they can be modified and tweaked until they work,
although this is not always a satisfying way of gaining a fundamental
understanding of a system’s behavior and can represent a drawback to
such models. For example, an energy minimization principle such as
that employed by the DAH may indeed be fundamental to epithelial
folding, and the kinetic approach of Kerszberg and Changeux may be
incomplete in this respect. The local rules of their model can, in prin-
ciple, be designed to incorporate global effects, though not without
sacrificing some of the elegance and facility of the CA approach.
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m Neural tube formation in the Kerszberg—Changeux model in a
cross-sectional view similar to that of Fig. 5.13. (A) The initial epithelial sheet of cells

breaks up into a central portion, the prospective neural plate, and lateral non-neural
ectoderm (see Fig. 5.13), in response to the first morphogen signal. Five green blobs,
nuclei expressing Notch; blue envelopes, cell membranes; small red lines, adherens
junctions between adjacent cells. (B) Delineation of the neural plate in response to the
second, neuralizing, morphogen signal. Three yellow blobs, nuclei expressing both Notch
and its ligand Delta; central light blue envelopes, membranes displaying the Delta ligand.
Two patches form, corresponding to the two ridges in the neural plate. The neural
ectodermal cells begin to thicken, forming the neural plate. (C) Invagination of the neural
plate due to constriction of the apical surfaces of its cells. (D) Surface epithelial cells
grow over the neural cells, forming the neural folds. (E) Neural tube folding continues
under the joint effects of neural cells pulling downward and epithelial cells dividing and
pushing the neural folds inward. (F) Cells at the folds deform due to mechanical forces.
(G) Folding is almost complete. (H) Closure of the neural tube. (From Kerszberg and
Changeux, 1998, with slight modifications. Used by permission.)
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Perspective

Physical models of a complex phenomenon such as epithelial folding
are bound to rely on simplifying assumptions. With improved experi-
mental input and increasing computational power, increasingly real-
istic models can be constructed. Since simplifications will still have
to be made, it is important to consider such physical models in an ap-
propriate perspective. Any model must lead to testable experimental
predictions if it is to provide a useful explanation for a system’s beha-
vior. Most models discussed in this chapter indeed lead to specific
predictions: the scaling relation in the Mittenthal-Mazo model, the
eventual instability of the blastula in the Drasdo-Forgacs model, and
the triggering of invagination by the excitable apical actin network in
the model of Odell and coworkers. Different physical properties and
phenomena (differential adhesion, energy minimization, balance of
forces) are focused on in the various models. Certain models, such
as that of Kerszberg and Changeux, are explicitly nonequilibrium.
But even models such as those of Mittenthal and Mazo, Drasdo and
Forgacs, and Odell et al., which invoke equilibrium considerations
(i.e., energy minimization and mechanical force balance) assume an
underlying excitability of tissues - different cell types must be gener-
ated, the cytoskeleton must be mechanically excitable, and so forth.
In the model for convergent extension of Zajac and coworkers, planar
polarization, an active property of cells with no obvious counterpart
in the nonliving world, is invoked, along with the passive physical
mechanism of differential adhesion. Any comprehensive account of
epithelial morphogenesis must therefore take into consideration the
multiple properties of cell sheets, prominent among which are a wide
variety of generic physical mechanisms.

Appendix: Linear stability analysis

To illustrate the method of linear stability analysis we consider the
following dynamical system:

dx

=—a(x —y), (A5.1)
dr
dy 1 (4x — 3>  (4y —3)?
i b (E - xy) [ 3 + 3 - 1:| . (A5.2)

These equations can be considered as the nondimensional analogues
of Eqgs. 5.8a,b, which arose in our discussion of the force-balance
model of gastrulation earlier in this chapter. In the above equations
x and y are dynamical variables (dependent on the dimensionless
“time” variable 7), while a and b are positive constants. Equations A5.1
and AS5.2 have three steady-state solutions, x; = y; = 1, x, = y, = 1/4,
and x3 = y3 = 1/2, which make the right-hand sides vanish. We show
below that the first two solutions are stable whereas the third is
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unstable. To accomplish this we will perform linear stability analysis
around the solutions. The first step in this method is to represent
the functions x(r) and y(r) as x(t) = x; + &i(r) and y(r) = yi + ni(7),
i =1, 2,3, where x;,y; denote any of the above solutions and the
functions ¢;(r) and n;(r) stand for small deviations from the solutions.
Inserting these forms into Eqs. A5.1 and A5.2 and retaining terms only
up to first order in ¢;(t) and n;(7) (i.e., linearizing the equations) we
obtain

dé‘i

I = —a(e; — ni)s (A5.3)
dn;
/L —bi(ei +m), (A54)
dr

with by = b, by = b, and b; = —2b. The second step is to look for

the solutions of these equations in the form

e(r) = Ae ™" + Be ", (A5.5)
n(t) = Ce ™" + De 77, (A5.6)

(Each quantity here should carry the index i, but for clarity we have
omitted it.) For the time being the quantities A, B, C, D, Aq, and A, are
unknown. (The mathematically sophisticated reader will recognize
that A; and A, are the eigenvalues of the 2 x 2 matrix constructed
from the coefficients of ¢ and n on the right-hand side of Egs. A5.3
and A5.4.) To determine the stability of a given solution of the original
Egs. A5.1 and A5.2, it is sufficient to calculate A, and A,. If Ay and A,
are both positive then the corresponding solution is stable, since as
the system evolves in time both ¢ and n eventually vanish. To calculate
A1 and XA, we insert the trial solutions given in Eqgs. A5.5 and A5.6 into
Egs. A5.3 and A5.4. Performing the differentiation (remembering that
de=*7/dt = —ie™*" ) and rearranging the equations (still omitting the
index i), we arrive at

[AM1A —a(A —C)le ™ +[A,B —a(B — D)]e " =0, (A5.7)
[A1C —b(A+C)le ™" +[A,D —b(B + D)]e *** = 0. (A5.8)

These equations can be satisfied only if the coefficients of the two
exponential factors in each equation separately vanish. (We assume
that A; # A, which needs to be verified once these quantities have
been determined.) It is easy to see that the two equations containing
A1 have nontrivial solutions for A and C (i.e., different from zero) if
and only if A, satisfies

2% — xi(a +Db)+2ab = 0. (A5.9)

(The above equation is equivalent to setting equal to zero the 2 x 2
determinant constructed from the coefficients of A and C in Eqgs. A5.7
and A5.8.)

A similar analysis for the equations containing A, reveals that for
B and D to be nonzero, A, must satisfy the same equation as X
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above. Solving the quadratic equation Eq. A5.9 leads to (reinserting
the index i)

; b; b\’
A‘l‘?zzaz Ly (aJ; 1) — 2ab,. (A5.10)

Here the subscripts 1 and 2 correspond respectively to the plus and
minus in front of the square root. If both a and b; are positive, as is
the case for i =1, 2 (see after Eq. A5.4), then it is obvious that both
A1 and A, must be positive since the second term on the right-hand
side of Eq. A5.10 is smaller than the first (@ and b in Egs. A5.1 and
A5.2 can be chosen so that the expression under the square root is
positive for each case, i = 1, 2, 3). For i = 3, since b3 < 0 we have that
Ay 1s negative. Thus the steady-state solutions x; = y; =1 and x; =
y, = 1/4 are stable, whereas the solution x3 = y3 = 1/2 is unstable.



Chapter 6

Mesenchymal morphogenesis

During both gastrulation and neurulation certain tissue regions that
start out as epithelial - portions of the blastula wall and the neural
plate - undergo changes in physical state whereby their cells detach
from one another and become more loosely associated. Tissues con-
sisting of loosely packed cells are referred to as “mesenchymal” tis-
sues, or mesenchymes. Such tissues are susceptible to a range of physical
processes not seen in the epithelioid and epithelial tissues discussed
in Chapters 4 and 5. In this chapter we will focus on the physics of
these mesenchymal tissues.

We encountered this kind of tissue when we considered the first
phase of gastrulation in the sea urchin, the formation of the primary
mesenchyme, in which a population of cells separate from the vege-
tal plate, and from one another (except for residual attachments by
processes called filopodia), and ingress into the blastocoel (Fig. 5.7).
The secondary mesenchyme forms later, at the tip of the archenteron,
and these newly differentiated cells help the tube-like archenteron to
elongate by sending their own filopodia to sites on the inner surface
of the blastocoel wall. In other forms of gastrulation, such as that
occurring in birds and mammals, there is no distinction between pri-
mary and secondary mesenchyme: cells originating in the epiblast,
the upper layer of the pregastrula, ingress through a pit (the “blasto-
pore”) and the “primitive streak” that forms behind it as the mound
of tissue (“Hensen’s node”) surrounding the blastopore moves anteri-
orly along the embryo’s surface (Fig. 6.1). The cells stream into the
extracellular-matrix (ECM)filled space between the epiblast and the
underlying hypoblast, whereupon some of them are transformed into
the embryo’s mesenchymal middle layer, the mesoblast. Other cells of
the epiblast, after displacing the hypoblast cells, form the embryo’s
epithelial endodermal layer.

In contrast with the epithelioid and epithelial tissues, in which
cells are directly adherent to one another over a substantial portion
of their surfaces, mesenchymes and their mature counterparts in the
adult body, the connective tissues, consist of cells suspended in an
ECM. Often these tissues contain more ECM than cellular material
by volume. Thus there exists a set of morphogenetic processes that
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Blastopore

Hensen's node

Primitive streak

Epiblast

Blastocoel Migrating Endodermal cells Hypoblast
mesodermal cells

Schematic view of a gastrulating chicken embryo. The cross-section through
the anteroposterior axis is shown; the direction away from the viewer is anterior. The
stage of development illustrated precedes that in the top panel of Fig. 5.13 and is roughly
equivalent to the stage of frog development shown in Fig. 5.1 | A. The arrows show
pathways of ingression and dispersion of cells entering the blastopore and primitive
streak to form the mesoblast. See the main text for an additional description.
Gastrulation in mammals is organized in a similar fashion.

occur in mesenchymal, but not epithelioid tissues, which depend on
the physical properties of the ECM, changes in the distance between
cells, the effects of cells on the organization of the ECM, and the
effects of the ECM on the shape and cytoskeletal organization of cells
(reviewed in Newman and Tomasek, 1996).

We will see later, in such phenomena as the separation and emer-
gence of the limb bud from the flank or body wall of a developing
vertebrate embryo (Chapter 8), that, just as in epithelioid tissues, do-
mains of immiscibility (i.e., tissue compartments) can occur in mes-
enchymal tissues. This may seem surprising, since differential adhe-
sion per se is not relevant to cell populations in which cells do not
contact one another directly.

We will describe in this chapter “model” mesenchymes consisting
of isolated ECM components mixed with cell-sized particles. Such sys-
tems have been used to demonstrate that a characteristic feature of
mesenchymal-tissue ECMs - namely, the presence of large numbers
of extended fibers that can arrange themselves in “paracrystalline”
arrays or form random networks (Meek and Fullwood, 2001; Ushiki,
2002) - can provide the basis for mesenchymal tissue domains that
behave as distinct phases. In some mature connective tissues, such as
the cornea of the eye (Linsenmayer et al., 1998), tendons, and bones
(Cormack, 1987), highly regular arrangements do occur. These resem-
ble “liquid crystals” (Bouligand, 1972; Gaill et al., 1991; Giraud-Guille,
1996) and could potentially be analyzed in terms of the physics of
these materials, which are capable of undergoing well-defined phase
transitions (de Gennes and Prost, 1993). The mesenchymal tissues
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typically found in early embryos, however, contain ECMs with ran-
domly arranged fibers and, as we shall see, the physical state of such
a tissue can be drastically affected by the number density and aspect
(length-to-diameter) ratio of such fibers, which despite their random
arrangement can also form networks that undergo phase transitions.

The viscoelastic properties of ECMs are of clear importance in de-
termining the capacity of embryonic tissues to undergo rearrange-
ment and shape change. Equally important is the role of the ECM in
providing a communication medium between cells. The cells of the
epithelial and epithelioid tissues, discussed in earlier chapters, be-
ing in direct contact can signal each other by exchanging molecules
through gap junctions (see Chapter 4) or by surface-bound receptor-
ligand pairs (“juxtacrine” signaling; see Chapter 7). In mesenchymal
and connective tissues, if cells communicate with one another then
they must do so over relatively long distances, through ECMs. They
can link up with each other using long, tenuous, filopodial exten-
sions known as cytonemes (Ramirez-Weber and Kornberg, 1999; Bryant,
1999), which can form gap junctions at their sites of contact or thin
nanometer-diameter membrane tethers (Rustom et al., 2004). Mes-
enchymal cells can also communicate across the ECM using diffusible
molecules (“paracrine” signaling), a topic discussed at length in Chap-
ter 7. Most interestingly from the physical viewpoint is the possibility
that mesenchymal cells communicate over long distances mechani-
cally. That is to say, cells could exert a force on their local environ-
ment and, if there is a sufficient density of interconnections within
this environment, other cells could experience this force. We will take
up this subject and, in particular, the rigorous physical meaning of
“sufficient density of interconnections,” in this chapter.

In earlier chapters the physical and mathematical models we dis-
cussed were applied directly to developmental processes taking place
in living systems: embryos or their tissues. In our overview of the
viscoelastic and network (i.e., interconnection) properties of ECMs we
will find it useful to present results from some simplified nonliv-
ing experimental models. One of these is purified type I collagen, the
most abundant protein of the ECM and, for that matter, of the animal
kingdom, undergoing assembly (Newman et al., 1997; Forgacs et al.,
2003). We also describe an in vitro phenomenon known as “matrix-
driven translocation” (MDT), which is a morphogenetic rearrangement
seen in suspensions of cells or certain types of latex particles dis-
persed in purified ECM components (Newman et al., 1985; Forgacs
et al., 1989). The usefulness of such an approach lies in the possi-
bility of accounting for complex behaviors of living tissues on the
basis of the interactions of a reduced number of their components.
Thus the spirit of this approach is similar to that of the idealized
mathematical-physical models discussed earlier.

The phenomenon of mesenchymal condensation is important in many
events of early embryogenesis and organ formation (Hall and Miyake,
1995, 2000; Newman and Tomasek, 1996). This is usually a transient ef
fect in development in which mesenchymal cells, initially dispersed
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in a matrix, move closer to one another. Condensations generally
progress to other structures, such as feather germs (Chuong, 1993),
cartilage or bone (Hall and Miyake, 1995; 2000), and kidney tubules
(Ekblom, 1992). It is clear why condensation is characteristic of mes-
enchymal, but not epithelioid, tissues; the cells in the latter are al-
ready as close together as they can be. It is helpful to recognize that
since “epithelial” and “mesenchymal” refer to the physical states of
tissues, the conversions mentioned can go in either direction dur-
ing development: epithelial to mesenchymal during gastrulation, or
mesenchymal back to epithelioid tissue, transiently, as in precartilage
condensations, or permanently, as in kidney tubules.

In the following we will first describe the morphogenesis of mes-
enchyme in the vertebrate neural crest. This will be followed by a
discussion of the MDT experiment and its possible relevance to this
and other mesenchymal rearrangements in the embryo. Because the
MDT phenomenon suggests that mesenchymes act as coherent fluids,
as a result of the network properties of their ECMs, we next present
an analysis (based mainly on the concept of percolation) of network
formation during collagen assembly. Subsequently we will describe
mesenchymal condensation in several embryonic systems, with em-
phasis on the precartilage condensations of the developing vertebrate
limb. Finally, we will bring together a number of the physical concepts
from this and preceding chapters and introduce a physical model for
the formation of such condensations.

Development of the neural crest

The neural crest consists of populations of cells that detach and mi-
grate away from the dorsal ridges (referring to the embryo’s back sur-
face) of the neural tube just before, or shortly after it closes (Langille
and Hall, 1993). The detachment of neural crest cells from the neural
tube must involve the loss or modification of cell-cell adhesion, but
which molecules and mechanisms may be involved is not yet clear.
At least two Ca?*-dependent cell-cell adhesion molecules, N-cadherin
and E-cadherin, are lost from the neural crest cells prior to, or shortly
after, detachment from the neural tube (Akitaya and Bronner-Fraser,
1992; Bronner-Fraser et al., 1992).

Other suggested mechanisms for the detachment of neural crest
cells from the neural tube are the degradation of adhesion molecules
by secreted enzymes called proteases and the generation of tractional
forces that would mechanically rip cells away from their neighbors
(Erickson and Perris, 1993). Although neural crest cells are known to
produce proteases that are associated with their increased motility in
culture (Valinsky and Le Douarin, 1985; Erickson and Isseroff, 1989),
evidence suggests that some form of epithelial-to-mesenchymal trans-
formation, based on the acquisition of new cell-surface properties
(see, e.g., Ozdamar et al., 2005), is the likeliest mode of detachment
of these cells (Newgreen and Minichiello, 1995; Duband et al., 1995).
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The detachment of cells per se (which we have encountered already
in connection with the formation of primary mesenchyme in the
sea urchin embryo, see Chapter 5) is not a mechanism that calls for
novel physical explanations. But neural crest cells also translocate
enormous distances (on the cell’s scale), and the mechanisms of such
movement, like any rearrangement of matter, do suggest that some
interesting physics is at work. The cells of the neural crest give rise
to a variety of widely dispersed cell types (neural crest derivatives)
of the adult body. These include the nerve cells of the peripheral
nervous system (i.e., other than those of the brain and spinal cord),
the endocrine cells of the adrenal medulla and those of the thyroid
gland that produce the hormone calcitonin, the pigment cells of the
skin, cartilage and bone of the face, and the connective tissues of
the teeth, several different glands, and a number of arteries. A major
question for the physical understanding of development is how the
cells of the neural crest convey themselves, or are conveyed, to the
distant sites at which they will differentiate into these derivatives.

The unique nature of mesenchymal cells as a population free from
broad cell-cell attachment permits them to rearrange and translocate
by mechanisms distinct from those we have discussed for cells in epi-
thelioid masses and epithelial sheets. For example, cells could migrate
individually, moving toward sources of chemoattractants. This is re-
ferred to as chemotaxis (see Chapter 1). Another mode of translocation
of individual cells, known as haptotaxis, is related to the differential
adhesion mechanism we discussed for epithelia. Haptotaxis requires
an external gradient (i.e., a nonuniform distribution) of a substratum
adhesive material, typically a complex of ECM molecules. A randomly
locomoting cell that binds in a reversible fashion to such a molecu-
lar substratum will eventually wind up at the site that minimizes its
energy of adhesion, either locally or, if the cell’s inherent motility is
sufficiently strong to “kick” it past a local minimum, globally. A spe-
cific physical model of haptotaxis that characterizes the conditions
under which cells may redistribute in relation to adhesive gradients
was constructed by Dickinson and Tranquillo (1993).

Although chemotaxis and haptotaxis are plausible mechanisms
for the translocation of mesenchymal cells during embryonic devel-
opment, and haptotaxis indeed appears to be employed during the
formation of mesenchymal condensations (see below), there does not
appear to be a significant role for these mechanisms in the migration
of the neural crest. One main pathway of neural crest dispersal in the
“trunk” (main-body) region of the embryo takes them from their ori-
gin at the dorsal neural tube into lateral extracellular spaces between
the ectoderm and the somites (Fig. 6.2, Path 1). The somites are blocks
of mesodermal tissue that form parallel to, and to either side of, the
notochord (see Chapter 7). When labeled test cells were grafted onto
sites lateral to the neural tube, they migrated medially (i.e. toward the
neural tube) between the ectoderm and somites and ventrally (i.e.
toward the belly of the embryo - the opposite of dorsally) along
blood vessels between the somites. These exogenous (i.e., transplanted)
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Pathways of dispersal of trunk neural crest cells in a vertebrate embryo. The

stage of development shown corresponds to the bottom panel of Fig. 5.13. In Path |,
cells move through the ECM located between the ectoderm and the somites, whereas in
Path 2 they move through the anterior region of the sclerotome (the cartilage-forming
region of a somite) and enter the ECM between the sclerotome and dermamyotome
(the connective tissue and muscle-forming region of the somite). Path-I neural crest cells
differentiate into pigment cells of the skin, while path-2 cells differentiate into neurons,
the medullary (interior) cells of the adrenal gland, and Schwann cells, the insulating cells
of the nervous system. The aorta is the main artery leading away from the heart (see
Chapter 8).

neural crest cells thus moved in a direction opposite to that of the
endogenous (i.e., normally present) trunk neural crest cells. The other
trunk neural crest pathway extends ventrally along the space that sep-
arates the portion of each somite that will form bone from the portion
that will form connective tissue and muscle (the “intrasomitic space”)
(Fig. 6.2, Path 2). When neural crest cells were grafted onto this path-
way they migrated rapidly, within 2 hr, in two directions: dorsally,
eventually contacting the ventrally moving stream of host neural crest
cells, as well as laterally. These experiments indicate that neither a
preestablished chemotactic nor an adhesive (haptotactic) gradient ex-
ists in the embryo, since the grafted neural crest cells will move in
the reverse direction from normal along these pathways, toward the
dorsal neural tube (Erickson, 1985; see also Erickson, 1988).

Such puzzling results have focused attention on the ECM through
which the neural crest cells move, which, along with the cells, con-
stitutes a material that could potentially exhibit fluid properties. For
example, the connective tissues of the vertebrate head are largely
the product of the cephalic (also termed cranial) neural crest. These
cells arise from the dorsal-most regions of the future brain and mi-
grate laterally along several pathways (Noden, 1984). Cephalic neural
crest migration in the embryo of the axolotl (an amphibian) follows
a “microfinger” morphology consisting of several parallel streams
(Horstadius and Sellman, 1946) (Fig. 6.3A). Previously Noden had
suggested that the invading sheet of neural crest cells might be
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m (A\) Patterns of dispersion of normal and heterotopically grafted (i.e., to an
abnormal site) neural crest cells in the axolotl embryo. On the left, the right neural ridge
of the head has been stained with neutral red. The left ridge has been excised, stained
with Nile blue, and implanted lower down on the same side. On the right, streams of
neural crest cells from the right neural ridge (red) move downwards (the normal
migration pathway for this cell population) to where they meet streams of cells (blue)
migrating from the graft in the dorsal direction. The whole early embryo and the portion
shown of the later embryo are each about 2 mm in width. (B) The time evolution of
structured flows in a polymer solution containing dextran and polyvinyl pyrrolidone
(PVP). PVP in the lower layer was coupled to a dark blue dye that appears black in the
figure. On the left, the initial layered-fluid preparation. On the right, the fluid
configuration after 40 min. Microfingers of width on the order of 500 um have formed
by the oppositely directed vertical flow of the polymer solution. Note the striking
similarity between the microfingering patterns in A and B. (A, based on Hérstadius and
Sellman, 1946; B, courtesy of Dr Wayne D. Comper; see Comper et al., 1987. The entire

figure is based on Newman and Comper, 1990.)

divided into streams by anatomical obstructions encountered in their
path (Noden, 1988). However, neural crest cells transplanted into ven-
tral regions of axolotl embryos break into microfingers of similar
dimension as they migrate dorsally through a region of the embryo,
distant from the endogenous streams (Horstadius and Sellman, 1946),
that is unlikely to contain an equivalent set of obstacles. This led Com-
per et al. (1987) to suggest that such microfingering flows through
the ECM might be based on a physical transport mechanism that had
been observed in nonuniform solutions of polymers (Preston et al.,
1980). Such convective flows, which take the form of interdigitating
microfingers (Fig. 6.3B), were produced in solutions of ECM proteo-
glycans (see Chapter 4) (Harper et al., 1984) or collagen (Ghosh and

Comper, 1988).
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In this example, a physical system, consisting of polymers de-
rived from tissues, exhibited a morphological outcome reminiscent
of streams of neural crest cells. More direct evidence that physical,
as opposed to cell-motility-driven, flow processes are involved in neu-
ral crest dispersion comes from experiments performed by Bronner-
Fraser and coworkers (Bronner-Fraser, 1982, 1984, 1985; Coulombe
and Bronner-Fraser, 1984). In these studies, cell-sized polystyrene latex
beads were microinjected into the ventral neural crest pathway of the
trunk region of avian embryos. It was found that the beads were able
to translocate along this pathway, accumulating in the vicinity of en-
dogenous neural crest derivatives (Bronner-Fraser, 1982). This occurred
even if the host neural crest cells were ablated by a laser, indicating
that the beads were not being passively conveyed by migrating cells
(Coulombe and Bronner-Fraser, 1984).

Although nonmigratory, nonneural crest cells also translocated
along the ventral trunk pathway when microinjected (Bronner-Fraser,
1982), latex beads coated with the ECM proteins fibronectin or
laminin (both negatively charged) were restricted from entering the
pathway. Charge, however, was not the determining factor: uncoated
beads, and beads coated with type I collagen, are also negatively
charged and they both translocated ventrally after injection (Bronner-
Fraser, 1984). And while beads coated with polylysine, which renders
them positively charged, were not capable of being translocated along
the ventral neural crest pathway, polytyrosine-coated beads, with no
surface charge at all, were translocated (Bronner-Fraser, 1984).

These intriguing experiments strongly suggest that the movement
of actual cells along neural crest pathways does not depend on their
intrinsic motility or on any obvious specific feature of their surfaces,
just as it does not depend on chemotactic or haptotactic gradients
(as we have seen above). Such evidence inevitably raises the possibility
that some convective mechanism that is physically based (in the sense
of not involving particular “living” properties) and may be termed
“ECM streaming,” is involved in neural crest translocation.

The extracellular matrix; networks and
phase transformations

As discussed above, connective tissues of multicellular organisms
(of which mesenchymes are examples) are composed of cells sur-
rounded by complex extracellular matrices. ECMs consist of proteins,
nitrogen-containing polysaccharides known as glycosaminoglycans,
hybrid molecules known as proteoglycans, and, in certain mature
connective tissues (bone and tooth), minerals, all in a highly hydrated
state (see Comper, 1996, for reviews). The most abundant protein of
ECMs, type I collagen, is a rod-like triple helical protein that under-
goes assembly into macromolecular fibrils, which in turn associate
to form fibers and fiber bundles (Veis and George, 1994) (Fig. 6.4).
The neural crest pathways contain various ECMs, including type I
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Assembly of a type | collagen lattice, or fibrous mesh. From the top, collagen
molecules (heterotrimeric triple-helical protein rods, ~300 nm in length and 1.5 nm in
diameter) assemble in an end-to-end and side-by-side fashion into collagen fibrils, which
in turn assemble, again in an end-to-end and side-by-side fashion, into collagen fibers.
The fibers, which are of the order of a few um in width and of indeterminate length,
entangle during their assembly to form a mesh. The collagen molecule contains two
identical (brown) and one distinct (beige) polypeptide chains. The collagen fibrils and
fibers appear banded when viewed through an electron microscope because of the
paracrystalline arrangement of the molecules and fibrils, respectively.
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collagen (McCarthy and Hay, 1991) and several other fiber-forming
macromolecules (Perris and Perissonotto, 2000). Fibrillogenesis - the
assembly of collagen fibers - is both thermodynamically sponta-
neous and endothermic (Parkinson et al., 1995; Kadler et al., 1996;
see Box 6.1).

Box 6.1 | Thermodynamics of collagen assembly

Thermodynamic spontaneity means that the process in question proceeds, like the
consumption of a log by a fire, by releasing, rather than absorbing, chemical free
energy. Unlike a burning log, however, assembling collagen does not release this
energy in the form of heat. Heat, in fact, is absorbed during collagen fibrillogenesis
(hence, it is “endothermic™). So in what form is sufficient free energy released to
make up for the absorbed heat and render the entire process spontaneous?

The first and second laws of thermodynamics, applied to systems at constant
temperature and pressure (i.e., most chemical and biological systems) specify that
the change in the chemical (Gibbs) free energy for typical processes is

AG = AH — TAS. (B6.12)

By convention, a negative value of G denotes a loss of free energy by the system
and thus corresponds to thermodynamic spontaneity. H is the enthalpy, or the
total heat content, of the system. Thus a loss of enthalpy, as with the burning
log, will lower the system’s free energy. Besides heat, the other major form of
chemical free energy change is —T AS, where T s the absolute temperature and
AS is the total change in entropy of the system. The entropy is related to the
organizational properties of a system; roughly speaking, the more organized or
ordered the system is, the lower its entropy. (The entropy associated with a group
of individuals lined up in single file is lower than when these individuals occupy
random locations.) In effect, despite the fact that heat is absorbed during collagen
fibrillogenesis, and that the collagen fibers themselves assume a more organized state
than the (random) collection of protein monomers that give rise to them, the total
entropy nonetheless undergoes a sharp increase because of the disorder induced
among water molecules that were initially bound to the thousands of monomers
that become assembled into each individual fiber: The consequent change in the
free energy term —T AS is responsible for a negative value of AG and thus the
thermodynamic spontaneity of the collagen assembly process.

Matrix-driven translocation

An experimental system that demonstrates the potential of compos-
ite materials made up of cells and their surrounding matrices to re-
arrange by physical means, thus leading to translocation of the cells,
is shown schematically in Fig. 6.5 (Newman et al., 1985). Here a
droplet of soluble type I collagen is deposited on the right adjacent
to a second such droplet, which is also populated with a small, but
critical, number of living cells, or cell-sized polystyrene beads (the
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m Schematic illustration of matrix-driven translocation. (A) Two droplets of
soluble type | collagen, one (on the left) containing and the other (on the right) lacking
cells or cell-sized polystyrene latex beads, are deposited contiguously on the surface of a
Petri dish. (B) Representation of a higher-magnification view of the two droplets, seen
from the side, shortly after their fusion. (C) The translocation effect — a reconfiguration
of the interface between the two droplets during the collagen assembly process. (D) A
high-magnification view of the growing collagen fibrils shown in C. The fibers on the left
are interacting with beads. For illustrative purposes the ratio of beads to fibers depicted
in D is greater than that in the experiment. (Based on Newman, 1998b.)

same type as used in Bronner-Fraser’s experiments, described above).
Surprisingly, when the number density of the beads and the con-
centration of collagen have particular values (see below) an interface
forms between the two droplets, indicating the presence of finite in-
terfacial tension despite the fact that the compositions of the two
droplets are the same, except for the presence of particles in one of
them. It should be noted that these particles (cells or beads) consti-
tute only a fraction of a percent by volume of the composite material
in these experiments.

Over the next few minutes the droplet containing the parti-
cles spreads over and partially engulfs the droplet lacking parti-
cles (Newman et al., 1985; Forgacs et al., 1989). At higher collagen
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concentrations the relative movement of the two phases, referred to
as “matrix-driven translocation” (MDT) only occurs when the ECM
protein fibronectin, or its amino-terminal domain (comprising about
13 percent of the entire protein), is present in the droplet lacking
particles (Newman et al., 1985; 1987).

Matrix-driven translocation has been interpreted as follows (New-
man et al., 1997, 2004; Newman, 1998b): when the assembling collagen
fibrils in the collagen solution reach a critical length, they can form
a network that pervades the entire volume in which they are present
- the droplets in this case. But when the system is perturbed by the
presence of cells or polystyrene beads the network forms with dif-
ferent organizational properties, hence the two droplets constitute
separate “phases,” the bead-lacking drop being more cohesive than
the bead-containing drop, as we shall discuss further below (Forgacs
et al., 1991; Forgacs and Newman, 1994). These “model mesenchymes”
can thus behave like immiscible liquids, just as epithelioid tissues do
under the differential adhesion hypothesis, despite the fact that the
cells or beads in these model tissues do not make direct contact with
one another.

If this picture is correct, the final relative configurations of the
droplets when brought in contact with one another in the MDT ex-
periment will be dictated by the principles of thermodynamic equi-
librium: the less cohesive phase should envelop the more cohesive
one. Surface tension measurements indicate that the collagen droplet
lacking beads is indeed more cohesive than the one containing beads
(Forgacs et al., 1994). Note that the translocation caused by the phase
rearrangement in MDT does not depend on individual cell motil-
ity - most persuasively, MDT occurs equally well with cells or beads
- but rather is a collective property of these model mesenchymes
(Fig. 6.5).

The coherent transport of mesenchymal cells occurs in neural
crest dispersal, in some types of gastrulation (Wakely and England,
1977; Harrisson, 1989; Sanders, 1991), and later during organogen-
esis, as in the invasion of the acellular primary stroma of the cornea
by mesenchymal cells from the periphery (Fitch et al., 1998). The
MDT experiment highlights an important physical property of mes-
enchymes and other connective tissues: the potential of distinct
phases to be formed as the result of ECM network formation and
cell-ECM interactions. In the next section we will explore the physi-
cal basis of such network formation.

Percolation, scaling and networks

Structure in physical materials is usually thought of in terms of orga-
nization. The solid form of water is more organized than the liquid
form, a fact that is evident in the geometric, i.e., crystalline, arrange-
ment of the water molecules in ice. Water vapor is an obviously dis-
organized arrangement of water molecules, more so even than the
liquid state. Some materials can exhibit several organized states as
well as disorganized ones: elemental carbon, for example, can take
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the form of graphite, diamond, buckminsterfullerene (“buckyballs”),
and nanotubes. The common form of carbon, found in soot or char-
coal, is amorphous.

Connective-tissue matrices may exhibit a variety of organizational
states. Although they are much more complex materials than wa-
ter or carbon, their physical properties are usually dominated by
their fibrous components: collagens and the long glycosaminoglycan
molecule known as hyaluronan. The type I collagen fibrils and larger-
scale fibers in the tendons and ligaments of mature vertebrate organ-
isms, for example, are densely packed and all oriented in a single
direction, maximizing the tensile strength of these tissues. The same
protein, type I collagen, is also the most abundant fibrous component
of bone; but here it is typically organized into sheets of tissue in which
the fibrils are oriented in a single direction within each sheet and the
direction changes abruptly between adjacent sheets. This is the same
property that gives plywood, which is made up of multiple thin layers
of wood (laminated so that the wood grain changes direction from
layer to layer), its enormous resistance to bending. The cornea of the
vertebrate eye is also composed of type I collagen, but in this case
the fibrils are orthogonal to one another in sheets, an arrangement
which leads to a tissue that is both tough and transparent (Cormack,
1987).

Most adult connective tissues, nonetheless, are “irregular;” their
matrices do not exhibit the paracrystalline structures found in ten-
don, bone, or cornea. In these tissues, and in the embryonic mes-
enchymes that give rise to them, ECM fibrils and fibers have no pre-
ferred orientation and are organized as random networks. Intuition
might suggest that random structures by definition have no orga-
nization. In the case of networks, however, this intuition is faulty.
Different states of randomness may be found within a given physical
system, and there can even be physically well-defined transitions be-
tween these states. Because transformations in the state of randomly
organized networks of fibrous molecules can potentially account for
the coherent motion of developing mesenchymal tissues (it has been
invoked to provide an explanation for MDT, for example; see above),
as well as signal transduction across the cytoskeleton (Forgacs, 1995),
it is useful to understand certain aspects of the physics of network
formation.

The concept of percolation has been widely applied to the under-
standing of network properties in disciplines as diverse as physical,
chemical, biological, engineering, and social sciences, including eco-
nomics (Sahimi, 1994). It refers to a transition whereby on increas-
ing the concentration of certain structural elements randomly dis-
tributed in a given system an interconnected network of these ele-
ments, a so-called “spanning cluster,” is formed, which extends from
one end of the system to the other. As an illustration of the perco-
lation transition, consider the land-line telephone network connect-
ing Los Angeles (LA) and New York (NY), as shown schematically in
Fig. 6.6. This network consists of a multitude of cables or optical fibers
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NY
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\

- N W Schematic representation of the percolation transition. Top panel: Depiction
of the intact land-line telephone network between Los Angeles (LA) and New York

(NY). The straight segments may denote cables or optical fibers. The heavy brown lines
indicate an interconnected percolation network that extends from one end (i.e. LA) of
the system to the other (i.e., NY). Middle panels: If the connections are gradually
destroyed, contact between LA and NY will be maintained as long as a single connected
path exists between the two cities, that is, the number of connections is above the
percolation threshold. Bottom panel: Below the percolation threshold no connecting
path exists and no communication between the two cities is possible, although local calls

(depending only on small clusters) may still go through.

(“elements”) of varying finite lengths, is interconnected, and has the
appearance of being random. It also has redundancy: the signal from
LA can arrive in NY in a number of ways. If this network is subject to
a series of disasters, more and more of the links being randomly de-
stroyed, connection between the two cities would still be maintained
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up to a critical number of finite elements (although the time for the
signal to arrive will typically increase). The telephone service is def-
initely disrupted below a threshold where an interconnected cluster
of connections extending from LA to NY no longer exists, although
many finite clusters of cables may still be present.

As the above example illustrates, the percolation transition is ac-
companied by important changes in the connectivity of the system,
a well-defined topological characteristic. This defines the percolation
transition as a phase transition, in the course of which the system
transforms from the non-interconnected phase onto the intercon-
nected one. The transition takes place at a critical point or “perco-
lation threshold.” In other systems that exhibit percolation transi-
tions, changes in topology may lead to drastic alterations in physical
properties. For example, above a critical concentration, elementary
conducting metallic islands, randomly distributed in an insulating
matrix, interconnect and the macroscopic conductance of the system
becomes finite: it is capable of transmitting electric signals (Clerk
et al., 1990). In another example, the elastic subunits in an otherwise
inelastic amorphous medium interconnect above the threshold con-
centration. As a consequence, the system develops macroscopic elas-
tic properties and responds to mechanical signals (Nakayama et al.,
1994).

During fibrillogenesis, type I collagen, in connective tissues and
in the MDT experiment, also undergoes such a transition, referred to
as the “gelation transition,” which is the basis of the phase behavior
discussed above. We will now describe the physics of such transitions
in terms of the percolation model (de Gennes, 1976a, b).

This model stipulates that gelation (the process in which an origi-
nally liquid system - a sol — with finite viscosity and no elastic modu-
lus transforms into a different type of material - a gel - with infinite
viscosity and finite elasticity) in a filamentous macromolecular sys-
tem such as a collagen matrix is due to the gradual interconnection
of growing fibers. The state of the network can thus be characterized
by p, the number of connections formed between fibers, normalized
in such a way that when all the fibers are connected p = 1. For suffi-
ciently small p only isolated small clusters of connected fibers exist.
However, at a threshold value p = p., which defines the sol-gel tran-
sition, the interconnections between isolated clusters lead to a con-
tinuous (“spanning”) network. Percolation theory predicts power-law
behavior for macroscopic physical properties such as the elastic mod-
ulus or viscosity in the vicinity of the gelation point. Such behavior
is characteristic of scale-free systems (see Box 2).

In particular, the power law for the static elastic modulus or
Young’s modulus, E, (defined in Eq. 1.7) is

E o (p—pe), (6.1)

which is valid for p > p.. The corresponding power law for the zero-
shear viscosity, n (defined in Eq. 1.2), is

n o (pe—p)", (6.2)
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Box 6.2 ‘ Power-law behavior and scale-free networks

The power-law behavior of a physical quantity signals that the system it charac-
terizes is scale-free. Scale-free networks, of which percolation networks represent
one example, are ubiquitous across many disciplines (Barabasi, 2002). The charac-
teristic power-law behaviors discovered and observed in these networks reflect
the fundamental self-organizing property of the underlying systems.

Why do power laws imply scale-free character? To explore this, let & represent
the size of a system in terms of length, and let a physical quantity f characterizing
the system be a power law function of & with characteristic exponent s:

F=ce. (B6.22)

Here C is a constant (i.e,, it is length- or scale-independent). Length, and thus &,
can be measured in various units: microns, feet, meters, etc. Let us change the unit
of length. For example we can initially use a measuring tape in inches and then
replace it with a tape in centimeters. If € = A} = A,l,, where || and |, are the
two different units of length and A and A, express the magnitude of & in terms
of these units (§ = 2.54 cm = | inch) then the change of units leads to

f=CAIS =C\l5 =CAYS = Cyls. (B6.2b)

Herethe C; = CA? (i= 1, 2) are still constants and thus { has the same power-law
dependence on length no matter what tape is used to make the length measure-
ments or, in other words, at what scale the system is studied. Note that if, for
example, f depends exponentially on & then changing measuring tapes leads to
f =C(e")A =C(e2)* and the functional dependence on length is modified
(i.e., the power of the exponential would change). This example demonstrates an
important implication of power-law behavior: the system “looks" similar under any
magnification, i.e,, it is scale-free. This is literally the case for fractals (see Chapter 8);
these are systems (the convoluted shoreline of Norway is a celebrated example)
whose local geometry is identical no matter what strength of magnifying glass is
used to look at them (Mandelbrot, 1983).

which holds for p < p.. The values of f and k (which are positive
quantities and are called “critical exponents”) are either measured or
determined theoretically; in the latter case they will depend on the
specific model used to describe gelation (Brinker and Scherer, 1990;
Sahimi, 1994).

In the course of gelation the system exhibits complex viscoelastic
behavior (see Chapter 1). Its viscosity and elasticity are both evident
when it is probed at various time scales. This is typically accomplished
using a viscometer with a cone or plate immersed in the system and
oscillating with frequency w. The frequency-dependent response of
the evolving gel is measured in terms of viscoelastic moduli, the stor-
age modulus G'(w), and the loss modulus G’(w) (Fung, 1993). These
quantities are related to the Young’s modulus and the viscosity in the
limit of vanishing frequencies via E = limG’(w) and n = lim[G"(w)/w].
Thus E and 5 can be determined 15037 measuring G/(&U)Toand G'(w)
at progressively smaller frequencies and extrapolating to w — 0.
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Gelation in collagen solutions, as discussed here, is a time-dependent
phenomenon driven by the gradual interconnection and entangle-
ment of growing fibers. (Sol-gel transitions can also be driven solely by
changes in temperature, using existing macromolecules, as in the de-
natured counterpart of collagen, gelatin (Djabourov et al., 1988, 1993).
The analysis of gelation in terms of percolation theory as described
above is based implicitly on the assumption that the extent of bond
formation between fibers, characterized by the parameter p, is linear
in time, i.e., p ~ t; thus p. ~ s, t; being the gelation time. This as-
sumption does not appear to be well justified in the case of rapidly
gelling collagen. Instead of relying on Eqs. 6.1 and 6.2, we will follow
the more general method of Durand et al. (1987), which analyzes gela-
tion by considering directly the time evolution of G'(t; w) and G”(t; w).

According to Durand et al. (1987), who were following de Gennes’
(1976a,b) original proposal based on the concept of percolation, at
the gelation transition the frequency-dependent viscoelastic moduli
exhibit power-law behavior:

G'(w) = Aw™ cos(mr A /2), (6.3a)
G"(w) = Aw® sin(r A /2). (6.3b)

Equations 6.3 thus predict identical scaling laws for G'(w) and G”(w) at
the gel point: G'(w) « G”(w) o »® (A and A in Egs. 6.3a, b are constants).
Furthermore, it also follows that at the gel point the critical loss angle
3¢ (8 is defined as tan§ = G”/G’) is related to the exponent A by

s
b= A (6.4)

The theory of de Gennes relates A to the critical exponents f and k
introduced in Egs. 6.1 and 6.2 via A = f/(f + k). Thus the value of 5.
does not depend on the frequency, a result that can also be obtained
independently of the percolation model (Chambon and Winter, 1987;
Martin et al., 1989; Rubinstein et al., 1989).

Equations 6.3 and 6.4 provide two independent methods of loca-
ting the sol-gel transition in time. In the first method the frequency
dependence of the viscoelastic moduli at various times is measured.
According to Egs. 6.3, at the gel point, t =1, the plots of G'(tg; @)
and G”(ty; w) versus logw should yield straight lines with identical
slopes for the two functions. In the second method the experimental
results obtained for the viscoelastic moduli are used to calculate the
loss angle. According to Eq. 6.4, at t; the plot of this quantity as
a function of frequency should yield a straight line parallel to the
horizontal axis. Moreover, a consistency check on the two methods
relates the slope obtained in the first method to the value of the
critical loss angle obtained in the second method.

Detailed measurements performed on the solutions of assembling
collagen used in the MDT experiments have confirmed that at a well-
defined point in time the storage and the loss modulus indeed exhibit
power law behavior with the same exponent, and the loss angle is in-
dependent of frequency (Forgacs et al., 2003; Newman et al., 2004).
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From this behavior and from Egs. 6.3, it can be inferred that collage-
nous ECMs are capable of undergoing a percolation phase transition.
This transition still occurs, moreover, in the presence of cell-sized par-
ticles in sufficient number to cause the viscoelastic properties of the
assembling matrices to differ sharply from the particle-free matrices
(Newman et al., 2004).

Network concepts have important implications for mesenchymal
morphogenesis. As we have seen above, translocating mesenchymal
cells typically move during both gastrulation and neural crest dis-
persal as if they were mechanically coherent media (Nakatsuji et al.,
1986; Newgreen, 1989). This kind of behavior will be facilitated if the
cells are not simply borne along in a flowing liquid but are phys-
ically linked to one another (however transiently) across the extra-
cellular medium, allowing them to move like a flock of birds or a
swarm of bees. The formation of a percolating cluster of ECM fibers
is a way of ensuring that the mechanical activities of individual cells
are conveyed to their nearest neighbors and also to those farther
away.

Like epithelioid tissues, discussed in Chapter 5, mesenchymal tis-
sues can undergo what appears to be phase separation. This may occur
under physiological conditions, as in the formation of the limb bud
primordia along the flank of vertebrate embryos (Heintzelman et al.,
1978; Tanaka and Tickle, 2004), during limb regeneration (Crawford
and Stocum, 1988), or in artificial situations in which, for example,
cell masses derived from developing fore and hind limbs are placed
in contact with one another (Downie and Newman, 1994) (Fig. 6.7;
see also Chapter 8). The network concept helps us to understand how
mesenchymal tissues, the cells of which have no direct contact with
one another, may behave as distinct phases.

Finally, networks, even if randomly constructed, can serve as com-
munication media (Barabdsi, 2002). In tissues, these communication
networks can operate within (Forgacs, 1995; Shafrir et al., 2000; Shafrir
and Forgacs, 2002) and between cells. Because cells can attach to
(Gullberg and Lundgren-Akerlund, 2002; Miranti and Brugge, 2002)
and exert force on (Roy et al., 1999; Zahalak et al., 2000; Freyman
et al., 2001) their microenvironments, if the microenvironment is me-
chanically linked, like collagen above the percolation transition, the
forces can be transmitted over macroscopic distances. Similar con-
siderations apply to the non-mechanical signaling among mesenchy-
mal cells mediated by the cytonemes (Ramirez-Weber and Kornberg,
1999; Bryant, 1999) and tethered nanotubes (Rustom et al., 2004), de-
scribed at the beginning of this chapter. The networks formed by
these connections from cell to cell across the ECM, like the fiber-based
mechanical ones described above, can be spanning or non-spanning.
As such, the nature of information transfer (i.e., whether it is global
or local) in cytoneme- or nanotube-based mesenchymal networks
may be analyzed by percolation models analogous to those described
above.
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Phase separation in mesenchymal tissues. High-density cultures of precartilage
mesenchymal cells from embryonic chicken wing and leg bud were grown contiguously
on a Petri dish. The upper panel shows the culture pair (wing on left, leg on right) after
six days of growth, fixed and stained for cartilage with Alcian blue (the darker areas).
The cartilage is uniformly dispersed throughout the wing culture but forms isolated
nodules separated by noncartilage mesenchyme (the less stained areas) in the leg
culture. The interface is convex from the leg side, indicating that leg tissue is more
cohesive than wing tissue, a result also obtained by different assays (Heintzelman et al.,
1978). The lower panel shows a higher-magnification phase-contrast-microscope image
of a similar pair of cultures, again after six days’ growth. In this case both cultures are
living and unstained. There is a clear interface between the wing culture (on the left) and
the leg culture (on the right). No mixing appears to have occurred across the interface.
The total horizontal distance in the top panel is ~10 mm. The bar in the lower panel is
0.5 mm long. (Reprinted from Downie and Newman, 1994, with permission.)

Mesenchymal condensation

As mentioned earlier, condensation occurs in a mesenchymal tissue
when cells suspended in an ECM move closer together at particular
sites. The distances traversed during this process are small - usu-
ally less than a cell diameter. Cell condensation usually occurs in
two phases (Fig. 6.8). First, cells accumulate in regions of prospective
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condensation, which are rich in one or more adhesive ECM glyco-
proteins, such as fibronectin, giving rise to mesenchymal aggregates;
second, cells undergo epithelialization, producing cell-surface adhe-
sive molecules such as N-CAM and the various cadherins, molecules
(with certain exceptions; see Sinionneau et al., 1995) not normally
expressed by mesenchymal cells (Hall and Miyake, 1995; 2000). Once
they are in proximity, it is physically straightforward for cells to form
direct adhesive associations. Explaining the aggregational phase of
condensation in physical terms represents more of a challenge.

A variety of cellular mechanisms has been suggested for the ini-
tial stage of condensation formation. The best evidence supports a
scenario based on an extended version of the differential adhesion hy-
pothesis (DAH: Steinberg, 1978; 1998; see Chapter 4). In this interpre-
tation, random cell movements occurring in a tissue mass in which
there are local patches of increased adhesivity drive cells into higher
density aggregates (Frenz et al., 1989a, b; Newman and Tomasek, 1996).
When test particles coated with the glycosaminoglycan heparin were
mixed with limb mesenchyme cells in culture, they accumulated at
sites of cell condensation in a fashion that depended on interactions
of the particle surface with fibronectin. This indicated that passive
movement, as the beads are buffeted by the surrounding cells, in
conjunction with adhesive gradients (i.e., haptotaxis) is sufficient to
translocate such particles (Frenz et al., 1989a). Limb mesenchymal cells
express heparin-like surface molecules (Gould et al., 1992) and are thus
subject to the same haptotactic forces (Frenz et al., 1989b).

Cell condensation is an example of cellular pattern formation, i.e.,
regulated changes in cell arrangement. This is a subject we will study
in more detail in Chapter 7. Interest in pattern formation has given
rise to a large number of models for these processes. These models

Schematic representation of mesenchymal condensation. In the left-hand
panel a population of mesenchymal cells is depicted as being scattered throughout an
extracellular matrix (beige) that contains a region rich in condensation-promoting ECM
molecules such as fibronectin (brown). In the middle panel cells accumulate preferentially
and thus attain an elevated density in the fibronectin-rich region. In the right-hand panel,
cells in high-density foci establish broad cell-cell contacts, mediated by newly expressed
cell adhesion molecules (CAMs), and thus epithelialize. (After Newman and Miiller,
2000.)
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can be classified as continuous or discrete. In the former category,
space and time are considered continuous and pattern evolution is
described in terms of differential equations governing quantities (typ-
ically densities) that themselves vary continuously in space and time
(Murray, 2002). We used the continuous approach in Chapter 3 to
model cell differentiation and in Chapter 4 to describe gastrulation.
In discrete models, such as the cellular automaton model of neu-
rulation discussed in Chapter 5, variations in space and time occur
in finite steps and thus patterns are formulated along grids or lat-
tices. Continuous and discrete models differ from each other mostly
in their initial formulations; while one or the other may be advan-
tageous for certain applications, some models draw on features from
both frameworks.

To describe cell condensation we introduce the discrete cellular
Potts model (CPM), which has been applied successfully to a num-
ber of biological phenomena including differential adhesion (Graner
and Glazier, 1992; Glazier and Graner, 1993; Mombach et al., 1995;
Jiang, Y., et al., 1998). Glazier and coworkers applied this model to the
initial phases of mesenchymal condensation (Zeng et al., 2003). The
reference data for simulations using this model were obtained from
in vitro experiments performed in planar culture dishes. The model
was therefore formulated in two dimensions.

The cellular Potts model and its application to

mesenchymal condensation

The two-dimensional CPM is a representation of a collection of N cells
distributed on the sites of a square lattice. With each lattice site, iden-
tified by a pair of indices (i, j), one associates a cell variable o(i, j).
Here the index t takes the value 1 or 0 depending on whether the
lattice site is occupied by a biological cell or by its acellular envi-
ronment (i.e., the culture medium). We set oy(i, j) = 0 for all lattice
sites; o1(i, j) can take on N discrete values (1, 2, ..., N) (see Fig. 6.9). A
biological cell is defined by a group of neighboring lattice sites with
the same value of o;. In the figure, all the sites in a gi