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Abstract

In the developing embryo, tissues differentiate, deform, and move in an orchestrated manner to
generate various biological shapes driven by the complex interplay between genetic, epigenetic,
and environmental factors. Mechanics plays a key role in regulating and controlling
morphogenesis, and quantitative models help us understand how various mechanical forces
combine to shape the embryo. Models allow for the quantitative, unbiased testing of physical
mechanisms, and when used appropriately, can motivate new experimental directions. This
knowledge benefits biomedical researchers who aim to prevent and treat congenital
malformations, as well as engineers working to create replacement tissues in the laboratory. In this
review, we first give an overview of fundamental mechanical theories for morphogenesis, and then
focus on models for specific processes, including pattern formation, gastrulation, neurulation,
organogenesis, and wound healing. The role of mechanical feedback in development is also
discussed. Finally, some perspectives are given on the emerging challenges in morphomechanics
and mechanaobiology.
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1 Introduction

The importance of mechanics in developmental biology is well established. Biomechanical
forces are the bridge that connects genetic and molecular-level events to tissue-level
deformations that shape the developing embryo (Koehl, 1990; Taber, 1995). In addition,
feedback from the cellular mechanical environment affects gene expression (Farge, 2003)
and differentiation (Engler et al., 2006). Hence, mechanical forces are not only a proximal
cause of morphogenesis, but they also play a regulatory role (Vogel and Sheetz, 2006;
Wozniak and Chen, 2009; Mammoto and Ingber, 2010).

During the last two decades, there has been increasing appreciation for the value of
computational models in studying the mechanics of morphogenesis (Taber, 1995; Brodland,
2006; Rauzi et al., 2008; Davidson, 2008). This interest is being facilitated by dramatic
increases in computing power and the growing availability of quantitative experimental data,
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which are needed to inform and test models (Grashoff et al., 2010; Martin et al., 2010;
Martin, 2010; Sato et al., 2010; Meng and Sachs, 2011; Rauzi and Lenne, 2011). It is
important to recognize, however, that mathematical models never can include all of the
complexities inherent in biological systems. Rather, they are utilitarian, ad #oc constructions
designed to help understand some aspect of the system.

This review is intended to give readers an overview of various aspects of modeling efforts in
morphogenesis. We first provide a brief summary of some of the mechanical theories for
morphogenesis, the principles of constructing computational models, and the challenges
encountered therein. We then turn our attention to a selection of morphogenetic phenomena
and describe models that have been used to simulate the underlying mechanisms. Finally, we
provide our perspective on the challenges and future directions in modeling morphogenesis.

Admittedly, this topic covers a vast literature, so it is impossible to include everything. For
example, chemical and molecular biological effects are crucial topics, but they are not
considered in detail here. In addition, although all models must be supported by
experiments, only a limited set of experimental work that has stimulated or assisted relevant
modeling efforts is included in this review. Also, several important topics, such as bone
development and cell migration, are not addressed. We do not claim expertise in all areas
discussed and apologize for any inappropriate omissions or misplaced emphasis.

2 Background

While the role of mechanics in morphogenesis has been recognized since the late 19th
century, in the latter half of the 20th century its impact on the field of organismal
development was eclipsed by the prominence and success of genetic and molecular
biological approaches (Davidson and Keller, 2007; Hutson and Ma, 2008; Keller et al.,
2008). Recent advances in experimental and computational technologies, however, have
revived interest in the mechanical aspects of morphogenesis. In this section, we briefly
summarize basic mechanisms of embryonic development and present an overview of the
main theories and types of models used to simulate them.

2.1 Basic Morphogenetic Mechanisms

There are two principal tissue types in the developing embryo, mesenchyme and epithelia,
which are distinguished by the interactions of cells with each other and with the extracellular
matrix (ECM) (Trinkaus, 1984; Bard, 1990; Davies, 2005). Mesenchymal tissue contains
significant ECM within which cells are embedded. Such cells form adhesive contacts within
the ECM via focal adhesions, and exert strong traction forces which pull on and deform the
matrix (Harris et al., 1980). Cellular motility typically involves proteolysis and remodeling
of the matrix with only transient cell-cell contacts (Friedl, 2004). The dispersion, migration,
and condensation of mesenchymal cells is guided by a variety of signals, including chemical
gradients (chemotaxis), adhesion gradients (haptotaxis), and stiffness gradients (durotaxis)
(Davies, 2005).

Epithelia are polarized sheets of cells with an apical side facing away from the body (or
toward an inner lumen) and a basal side contacting the basal lamina and ECM. The cells in
an epithelium are attached to one another apically through belt-like adherens junctions,
where extracellular E-cadherin modulates cell-cell adhesion and the cytoskeleton facilitates
the transmission of forces through and between cells (Lodish et al., 2004). Because of strong
cell-cell contacts, epithelia move collectively as sheets during morphogenesis (Bard, 1990).

In some cases, coordinated contraction of the apical actomyosin bands bends an epithelium
by constricting the apex and giving the cells a wedge-like profile (Martin, 2010). Besides
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passive stretching, planar changes in geometry can be caused by cell intercalation, as cells
exchange neighbors in the plane of the epithelium. This process produces convergent
extension, with the epithelium shortening along one axis and extending in the other (Keller
et al., 2008). In addition, epithelia are said not to tolerate a free edge (Trinkaus, 1984), and,
in the case of embryonic wound healing and certain morphogenetic events, develop
supracellular actomyosin cables at the leading edge. These cables contract to close the
wound with a “purse string” like mechanism, in some cases aided by filopodia. Other
epithelial morphogenetic mechanisms include branching of tubes, fusion of sheets, and
inflation of sealed vesicles via hydrostatic pressure (Davies, 2005). Both mesenchyme and
epithelia can change shape and volume through cellular proliferation, growth, and apoptosis.

2.2 Theories and Models for Morphogenesis

A number of quantitative theories have been proposed to account for morphogenetic
phenomena, where mechanical and biochemical processes interact in complex ways to
sculpt a developing organism (Urdy, 2012). The role of such theories is to help explain
observed behavior based on biologically and physically plausible mechanisms, and to make
experimentally testable predictions (Maini, 2004). In this section, we first briefly discuss
two early theories, largely based on biochemistry, which have had a major impact on the
field. While the remainder of this review focuses primarily on mechanical theories and
models, it is important to keep in mind that developmental processes must simultaneously
obey the laws of mechanics, thermodynamics, and biochemistry.

An early theory for morphogenesis was proposed by Turing (1952), who suggested that
spatial pattern is created by reactions between two morphogens — a slowly diffusing short-
range activator and a rapidly diffusing long-range inhibitor (Kondo and Miura, 2010). Since
the appearance of that paper, a number of investigators have used variations of this reaction-
diffusion model to study pattern formation (Gierer and Meinhardt, 1972; Murray, 2003a;
Kondo and Miura, 2010). Although morphogens are generally understood to play a
prominent role during development (Wolpert, 1969; Howard et al., 2011), from an
experimental perspective the applicability of the Turing mechanism to pattern formation has
been limited (Kondo and Miura, 2010).

The second theory involves cell sorting. The Differential Adhesion Hypothesis (DAH),
proposed by Steinberg (1963), is based on the observation that embryonic cells, when
disaggregated and allowed to recoalesce, behave in ways that strikingly resemble the
behavior of immiscible fluids. Cells of one type aggregate so as to minimize their surface
area, and different cell types, when mixed together, sort themselves into distinct
homogeneous clusters, one of which may engulf the other. Steinberg (1963) postulated that
this behavior is governed by differences in cell-cell adhesion, and that cell mixtures undergo
a phase separation such that the final configuration corresponds to the minimum interfacial
and surface free energies (Forgacs and Newman, 2005; Lecuit and Lenne, 2007). A wide
range of predictions made by the DAH have been experimentally validated (Steinberg,
2007), and a number of computer simulations based on this theory or its modifications have
supported its conclusions (Brodland, 2004 and references therein).

In both of these theories, tissue deformation is generally regarded as a downstream
consequence of chemical patterns generated by other means. In mechanical theories, on the
other hand, deformations themselves are the pattern, and the interplay of stress, material
properties, and deformation becomes the central consideration (Koehl, 1990). For more than
a century, investigators have speculated about and proposed numerous theories regarding
physical mechanisms of morphogenesis. Many early researchers used physical simulacra of
embryonic tissue to test their ideas by analogy (Weiss, 1939; Thompson, 1942). Lewis
(1947), for instance, constructed a physical model of an epithelium using brass bars and
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rubber bands to investigate hypotheses about the mechanical forces driving invagination. In
the modern era, computational models have largely replaced physical models, but the
emphasis on mechanical forces as the proximal cause of morphogenesis remains (Clausi and
Brodland, 1993; Taber, 1995; Hutson and Ma, 2008).

Perhaps the most elementary biomechanical approach is to model tissue as a network of 1-
dimensional (1D) elastic elements (springs), viscous elements (dashpots), and contractile
elements (Koehl, 1990). These models can provide insight into basic mechanical behavior,
but generally do not include other potentially important characteristics, such as resistance to
shear.

More commonly, mechanical behavior of soft tissue is analyzed using the principles of
continuum mechanics, whereby tissue is treated as a continuous material rather than a
collection of discrete particles. The concepts of stress (force per unit area) and strain
(relative change in length or angle) are central ideas in the theory. These quantities must
obey equilibrium, geometric compatibility, mass conservation, and constitutive (stress-
strain) equations (Lai et al., 2009).

Oster et al. (1983) and Murray and Oster (1984) presented a continuum mechanics-based
theory that can be used to simulate both mesenchymal and epithelial morphogenesis. In this
theory, a tissue is treated as a mixture of cells and matrix. The basic continuum equations
are modified to allow for cell migration and proliferation, active stresses exerted by cells on
the matrix, and passive stresses exerted by the matrix on the cells. Most applications of this
theory have assumed that deformations are small, which is not a valid approximation for
many morphogenetic processes.

To handle arbitrarily large deformations, the nonlinear growth theory of Rodriguez et al.
(1994) has been used to effectively simulate a number of morphogenetic processes (Mufioz
et al., 2007; Taber, 2009; Varner et al., 2010; Ambrosi et al., 2011; Filas et al., 2012). For
example, active contraction can be simulated by negative growth with a corresponding
increase in stiffness. Here, the kinematic (strain) equations of continuum mechanics are
modified to include volumetric growth. The basic idea in this theory is that uniform growth
of tissue produces a change in volume without generating stress. However, growth restricted
by external supports or surrounding tissue, e.g., differential growth, will produce stress. One
limitation of this theory is that it does not distinguish between growth caused by cell
division and that caused by hypertrophy (Taber, 1995).

Models based on the Murray-Oster and growth theories described above treat embryonic
tissue as an elastic or viscoelastic solid. Another class of continuum models assumes that the
tissue behaves as a viscous liquid. Indeed, for the relatively long time scales of
morphogenesis, embryonic tissue can undergo permanent deformation analogous to viscous
flow (Phillips et al., 1977; Forgacs et al., 1998), and cells in some early morphogenetic
processes move in eddy-like patterns. Lubkin and Li (2002) treat both epithelia and
mesenchyme as fluids of different viscosities, while Pouille and Farge (2008) and Fleury
(2011) model morphogenetic movements in terms of classical two-dimensional
hydrodynamical flow.

The large and complex changes in geometry that occur during embryogenesis pose a
challenge to investigators aiming to solve problems in morphomechanics, and finite-element
methods are a key tool for obtaining solutions to continuum mechanical problems. In this
method, a complex body is divided into geometrically simple subdomains (finite elements)
over which the strain field can be approximated by simple functions. The governing
equations are solved for the entire assemblage of elements by enforcing compatibility and
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continuity between elements (Reddy, 1993; Bathe, 1996). Such tools and theories have been
applied to a wide range of morphogenetic processes, as we now describe.

3 Gastrulation

Gastrulation is a highly orchestrated event featuring dramatic cell deformations and
migrations to establish the multi-layered body plan of the embryo. This process establishes
the three principal germ layers (endoderm, ectoderm, and mesoderm). The process of
gastrulation varies across species, possibly reflecting differences in environment and early
embryonic morphology (Bard, 1990; Leptin, 2005).

Although much has been learned about the genetic and molecular aspects of gastrulation
(Leptin, 1995; Nikolaidou and Barrett, 2004; Dawes-Hoang et al., 2005), less is known
about the mechanics of this process. To help elucidate this important biomechanical event, a
number of theoretical models have been proposed for gastrulation in organisms such as sea
urchin and Drosophila. The initial stages of sea urchin gastrulation involve axisymmetric
invagination of a fluid-filled spherical shell (Davidson et al., 1995), while gastrulation (or
ventral furrow formation) in Drosophila involves the creation of a groove along the
relatively flat side of an ellipsoidally shaped embryo (Lye and Sanson, 2011). These
differences in geometry influence the mechanics considerably (Conte et al., 2008; Taber,
2008).

In one of the earliest such investigations of morphogenesis, Odell et al. (1981) presented a 2-
dimensional (2D) model for an epithelium that treats each cell as a viscoelastic truss-like
element with a contractile apex. In a circular ring of cells, a specified contraction in one cell
apex (simulated by a shortening of the stress-free length) stretches neighboring cells, which
themselves contract if stretched beyond a critical amount. With appropriately chosen
parameter values, this response produces a wave of contraction that generates a local
invagination, which resembles morphogenetic processes such as ventral furrow formation
and neurulation. While the authors suggest that this model can be used to simulate sea
urchin gastrulation, a cylindrical model is not appropriate for the spherical sea urchin
embryo. Nevertheless, this model was ahead of its time, and the mechanical feedback it
incorporates has since gained increasing attention in studies of morphogenesis (Beloussov,
1998, Beloussov, 2008; Pouille et al., 2009; Kornikova et al., 2010).

Regional variations in mechanical properties can strongly affect morphogenetic shape
change. For example, an epithelium that spreads uniformly on a relatively soft substrate may
buckle if constrained by a stiffer substrate. However, relatively little is known about the
mechanical properties in embryos, potentially making it difficult to distinguish between
multiple mechanisms that produce similar shapes. To illustrate this point, as well as to
provide guidance for future experiments, Davidson et al. (1995) used spherical finite
element models to test five possible mechanisms for sea urchin invagination (Fig. 1):

1. apical constriction/basal expansion within a circular region;

2. cell tractoring, as cells in a ring at the outer edge of the invaginating region emit
protrusions (rods) that contract and pull the ring radially inward, buckling the cells
inside the ring;

3. circumferential contraction of an actomyosin ring surrounding the invaginating
region buckles cells inside the ring;

4. apico-basal contraction causing cells in the invaginating region to spread and
buckle due to constraints from surrounding tissue; and
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5. regional swelling in the apical lamina (located between the cells and an outer
hyaline layer), with constrained expansion causing the invaginating region to bend
inward.

Each hypothesis was carefully evaluated relative to available data, and ranges of material
parameters were determined that would be required for each model to function as proposed.
In a subsequent study, measurements appeared to rule out the apical constriction and
contractile ring mechanisms (Davidson et al., 1999).

Recently, the Miodownik group has used the continuum growth theory of Rodriguez et al.
(1994) to simulate active changes in cell shape in a series of models for ventral furrow
formation (Mufioz et al., 2007; Conte et al., 2008, 2009). In these models, cell dimensions
change by specifying positive or negative growth along particular directions, while cell
wedging occurs via an apico-basal growth gradient. Taken together, these models include
apical constriction and basal elongation in the invaginating mesodermal region, and apico-
basal shortening with transverse extension in the ectoderm outside this region. The models
were used to study the effects of various combinations of these cell shape changes, as well
as 3-dimensional (3D) ellipsoidal geometry and constraints imposed by the surrounding
vitelline membrane and internal fluid.

The 3D ellipsoidal model yielded global shape changes similar to those observed in
experiments, and confirmed the important role of the vitelline membrane and yolk in
gastrulation (Fig. 2). Importantly, invagination in the 3D model was found to be less
sensitive to variations in the ratio between apical constriction and apico-basal elongation
than the 2D model of a transverse section, suggesting that the 3D model is more robust to
perturbations (Conte et al., 2008). Moreover, this 3D model revealed that yolk flow would
be generated from the center of the embryo toward the anterior and posterior ends, leading
to global compression and expansion of the embryo, resembling the motion of an accordion.

Using a variation of the previous 2D model, Conte et al. (2009) investigated multiple
combinations of invagination mechanisms, including ectodermal spreading, and correlated
cell shape changes, with regional data on gene expression. While a redundancy in
mechanisms leads to more robust development, this feature also makes it very difficult, if
not impossible, to identify the principal driving forces in a morphogenetic event. Additional
experiments, perhaps similar to those suggested by Davidson et al. (1995), can be used to
rule out some of the possible mechanisms (Conte et al., 2009). Mutations that affect certain
mechanisms can also help determine how local cellular or molecular level activities affect
global changes in shape (Davidson, 2008; Martin et al., 2010).

Recently, Allena et al. (2010) presented a similar 3D finite-element model for a Drosophila
embryo, using essentially the same growth theory to simulate morphogenesis. The authors
simulated three concurrent morphogenetic movements in early gastrulation: ventral furrow
formation, cephalic furrow formation, and germ band extension. Their results suggest that
the number of active deformation modes could be less than suggested by experiments, e.g.,
apical constriction alone, without apico-basal elongation, could drive invagination.

In the models discussed thus far, any molecular underpinnings for the most part are included
only in a cursory manner. Two recent models take important steps toward a more explicit
accounting of molecular mechanisms. In the first study, Sherrard et al. (2010) used new data
to propose a two-step process for invagination during ascidian gastrulation. Their 2D model
for the embryo consists of coupled layers of endoderm and ectoderm, and an explicit
dependence on Rho, a cellular regulatory signal. First, Rho-dependent apical contraction
makes the endodermal cells wedge-shaped and pulls the ectoderm around them (Fig. 3).
Then, a Rho-independent basolateral contraction shortens and spreads the endodermal cells,
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while their apical sides remain contracted and relatively stiff. This second step drives
invagination.

In the second study, Driquez et al. (2011) investigated how recently identified contractile
oscillations in an epithelium (Martin et al., 2010) can lead to a ratchet-like but sustained
contractile force. These two contractile modes are associated with the molecular signals
Snail and Fog, respectively, with the latter mediated by stretch. Accordingly, the model is
based on an idea similar to the stretch-activation mechanism proposed by Odell et al. (1981),
whereby a cell apex contracts when stretched beyond a specified threshold. These
researchers used relatively simple 1D and 2D spring-dashpot models to represent the apical
side of an epithelium; invagination was not modeled explicitly. In the simulation, a region
containing a specified stochastic distribution of relatively small oscillating contractions
eventually coordinates in phase to stretch a single cell beyond its critical length. This
triggers a sustained contraction of that cell, and these responses eventually transform into a
collective constriction. In the 2D model this mechanism produces a wave of contraction
similar to that observed /n vivo.

4 Cell Rearrangement and Pattern Formation

The last two models of the previous section are examples of multi-scale models for
morphogenesis, as they consider tissue-level effects in response to both cellular and
molecular-scale events. Multiscale models have also been proposed for studies of cell
rearrangement within tissue. Here, we consider specific applications to cell sorting,
convergent extension, and branching morphogenesis. All of these processes generate pattern
in the embryo.

4.1 Cell Sorting

According to the Differential Adhesion Hypothesis (Steinberg, 1963), differences in
adhesion strength between cells drive the sorting and engulfment of one tissue by another. In
a finite-element cell-level model, Chen and Brodland (2000) extended this hypothesis by
including contractile forces along cell boundaries (see also Brodland, 2002). Here,
individual cells are represented as two-dimensional polygons, with the mechanical
contributions of apical actomyosin contraction and intercellular adhesion represented
collectively by one equivalent interfacial tension acting tangent to the cell edge. The
cytoplasm is taken as a viscous fluid. In this model, strengthening adhesion works to
lengthen a boundary, while additional contraction shortens it. The computer algorithm keeps
track of the changing shapes and positions of the cells. In simulations for various boundary
conditions, applied loadings, and mixtures of cell types, the model produces dynamic
rearrangements of cells and changes in cell geometry that are in general agreement with
experimental observations for cell remodeling and sorting behaviors (Fig. 4) (Chen and
Brodland, 2000; Brodland and Chen, 2000).

4.2 Convergent Extension

During convergent extension (CE), epithelia narrow in one direction and extend in another
(Keller et al., 2000; Brodland, 2006; Lye and Sanson, 2011). This occurs, for example,
during gastrulation, neurulation, and epiboly. In many instances, cell rearrangement in the
form of intercalation drives this process, e.g., cells move mediolaterally between
neighboring cells, causing the neighbors to separate and extend the tissue in the axial
direction.

As a precursor to later models developed by Brodland and colleagues, Weliky and Oster
(1990) proposed a 2D network model for cell rearrangement, with cells represented by
interconnected polygons. In this model, intracellular pressure drives swelling and

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Woyczalkowski et al.

Page 8

protrusions, and tension is generated at cell boundaries. The motion of each node depends
on the forces exerted on it, and cell geometry is updated to ensure geometric compatibility.
This model was used to simulate epiboly in fish, with the results showing that stress
relaxation could result from cell rearrangements in the epidermal enveloping layer. Soon
afterwards, Weliky et al. (1991) modified this model to include other features of cell
maotility, including directional persistence, tension-induced inhibition of protrusion, and
contact inhibition. This improved model was then used to study tissue extension, cell
rearrangement, cell-tissue boundary interactions, and parallel cell alignment.

At the cellular level, some experimental data suggest that cells emit lamellipodia which
squeeze between two neighbors to contact a more distant cell (Brodland, 2006; Keller et al.,
2008). The protrusions then contract, pulling the originating and target cells together to drive
intercalation and CE. Using this idea, Brodland and Veldhuis (2006) modified their cell-
level finite-element algorithm to simulate this lamellipodial activity in a model for CE. The
results illustrate possible “mechanical pathways” of CE across different length scales, i.e.,
lamellipodia produce directional, contractile forces at a sub-cellular level that drive cell
intercalation, which in turn results in global convergence and extension of epithelia.

Using experiments and a similar model, Rauzi et al. (2008) investigated the mechanics of
germ band elongation (GBE) in Drosophilaembryos and showed that cell intercalation
could be driven by anisotropic cortical tension. The cell networks in this model are 2D and
the cell contact lines form junctions. The total energy of the network is the sum of line
energy (due to line tension), area elastic energy (caused by fluctuating cell area), and
cortical elastic energy (stretching of cell periphery). During intercalation, two three-way
vertices are brought into contact to minimize energy, generating a temporary four-way
verteX, followed by a topological change in the junction called a T1 transition, which drives
the cell shape changes. In the simulations, T1 transitions occur when the length between
adjacent junctions becomes sufficiently small, and the cell network eventually reaches an
equilibrium configuration where GBE is produced. Here, anisotropy of cortical tension is
shown to control cell shape changes during intercalation. This study suggests that anisotropy
of cortical tension at the subcellular level, regulated by myosin Il activity, can drive the
coordinated cell shape changes and tissue deformations during CE, and that contractile
fluctuations observed /n vivo can play an important role in intercalation.

4.3 Branching

Experiments have suggested that mechanics plays an important role in the initiation and
progression of branching, which occurs during the formation of blood vessels, organs such
as the lung and kidney, and mammary and salivary glands (Davies, 2005; Affolter et al.,
2009). For example, in vitro experiments indicate that branching is triggered in regions of
high mechanical stress (Nelson et al., 2005; Gjorevski and Nelson, 2010). Moreover, cells
cultured on a gelled substrate exert tractions on the matrix and surrounding cells, eventually
forming aggregate clusters between which lines of tension appear (Fig. 5A). Cells then
migrate along these lines of tension, forming cellular cords and leading to the development
of a network structure resembling capillary blood vessels (Vernon et al., 1995; Vailhé et al.,
2001; Murray, 2003b). Such patterns are observed for a wide variety of cells and substrates,
and since the geometric characteristics of the network are sensitive to substrate stiffness,
mechanical effects appear to play a major role in this process (Murray, 2003b).

Manoussaki et al. (1996) presented a mechanical model for vascular network formation
based on the Murray-Oster theory for mesenchymal morphogenesis (Oster et al., 1983). In
this model, cells exert an isotropic traction whose magnitude rises, peaks, and decays with
cell density. The viscoelastic matrix, which is anchored to a stiff substrate (the dish), carries
cells along as it deforms, and the cells actively crawl on the matrix in a direction biased by
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the orientation of matrix strain. Manoussaki et al. (1996) found that patterns form only if the
initial cell density is not too high, and the strength of the traction exerted by each cell
exceeds a critical value. The patterns generated in numerical simulations of this system
resemble those observed /n vitro, both in their temporal evolution and general appearance
(Fig. 5B).

A number of researchers have extended this model (see Ambrosi et al., 2005, for a review).
Namy et al. (2004) included the effects of haptotaxis and the fibrous nature of the substrate.
Combining experiments with finite-element simulations, the authors explored the effect of
cell traction forces and the mechanical resistance of the matrix on network topology, and
were able to reproduce patterns resulting from a thickness gradient in the substrate. Holmes
and Sleeman (2000) investigated the role of cellular traction and matrix viscoelasticity on
the vascularization of tumors. Together with haptotaxis, their model includes a diffusing
tumor-generated chemical signal which induces chemotaxis and mitosis in the endothelial
cells. The model provides excellent agreement with experimental results and captures a
number of relevant features of angiogenesis.

Tosin et al. (2006) distinguished between mesenchymal motion of cells, where matrix
adhesion and traction play a dominant role, and amoeboid-type mation, which is
characterized by its speed, directional persistence, and chemotactic nature (Friedl, 2004;
Ambrosi et al., 2005; Painter, 2009). In some experimental protocols (Serini et al., 2003),
cells undergo amoeboid-type motion for several hours before anchoring to the substrate and
proceeding with network formation as discussed above. To account for the two types of
motion and the transition between them, Tosin et al. (2006) constructed a model consisting
of a cell layer and a substrate layer. The cell layer, modeled as an elastic fluid, is initially
independent of the substrate to simulate amoeboid-type chemotactic motion; a coupling term
then transfers stress from the elastic substrate to the cell layer, thus capturing the transition
to mesenchymal motion. The model yields realistic network topologies and predicts a
characteristic length that depends on diffusion and decay of a chemical signal, a feature that
purely mechanical models cannot capture (Ambrosi et al., 2005).

Computational models have also been proposed for the branching of epithelial tubes in
mesenchymal tissue. While the epithelium is known to play an important role in branching
morphogenesis, Wan et al. (2008) presented a model that explored the possible contribution
of active contraction of the mesenchyme. Both tissue types were modeled as fluids of
different viscosities, with contractile cells embedded in the mesenchyme. Using a 3D model
of a spherical lobe of epithelial tissue, the authors found that a narrow band of contractile
mesenchyme is capable of generating a cleft, a critical step in initiating a branch point, and
that the relative viscosities of the mesenchyme and epithelium have a strong effect on cleft
geometry.

5 Head Fold Formation

The early avian embryo is initially organized as a flat disc of cells which sits atop the yolk at
the animal pole of the egg (Gilbert, 2000). The first structure to break this planar geometry
is the head fold, which arises as a crescent-shaped fold at the anterior end of the elongating
neural plate (NP) (Fig. 6A,B). The head fold constitutes the first bounding body fold (Patten,
1971) and initiates both heart and brain development (Stalsberg, 1969; Schoenwolf and
Smith, 2000). Although researchers have long speculated about the physical forces involved
in head fold morphogenesis (Balfour, 1881; Shore and Pickering, 1889; Stalsberg and
DeHaan, 1968), the problem has only recently been quantitatively investigated (Varner et
al., 2010).
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Varner et al. (2010) employed a continuum mechanical framework in combination with the
Rodriguez et al. (1994) theory for volumetric growth to model the mechanics of head fold
morphogenesis. Their results suggest that, much like the problem of dorsal closure in
Drosophila (Kiehart et al., 2000), multiple forces work in tandem to drive the deformations
observed during head fold formation. These forces are ectodermal in origin, and include
several physical mechanisms typically associated with neurulation: convergent extension in
the NP, cell wedging along the NP border, and transverse shortening outside the NP (Colas
and Schoenwolf, 2001; Lawson et al., 2001; Moury and Schoenwolf, 1995).

These driving forces were simulated in a 3D model consisting of two parallel layers
representing the blastoderm and the vitelline membrane, separated by a narrow space (Fig.
6C). With the material properties estimated by microindentation, the model yields tissue
morphology consistent with observations (Fig. 6D). In addition, stress and strain fields given
by the model are in reasonable agreement with experimental measurements, and the model
is able to predict the abnormal head fold geometries produced by local dissections that
relieve stress (Varner et al., 2010). This study shows that all three driving forces, as well as
contact with the vitelline membrane, are required for proper head fold formation.

6 Neurulation and Brain Development

Following head fold development, the process of neurulation begins, as a longitudinal
invagination in the neural plate creates the neural tube. The anterior end of this tube then
expands to create the primitive brain, while the rest becomes the spinal cord. The brain next
subdivides into a series of vesicles and begins a period of rapid growth driven by increasing
cerebrospinal fluid pressure (Desmond and Jacobson, 1977). Cells lining the ventricles
proliferate, differentiate, and migrate from the inner cavity to form the characteristic layers
of the mature brain. During the later stages of development in most large mammals, the
cerebral cortex folds into a highly convoluted shape to accommodate this rapid expansion.

Changes in brain size and shape are driven by the dynamic interplay between mechanical
forces and cellular processes. For example, during early brain development, rising
cerebrospinal fluid pressure increases cell proliferation rates (Desmond et al., 2005), while
perturbations in wall stress induce abnormal cytoskeletal activity (Filas et al., 2011). Proper
brain development requires the careful regulation of mechanical forces, and computational
models have emerged as useful tools to quantitatively test whether hypothesized
morphogenetic mechanisms are consistent with physical law.

6.1 Neurulation

Neurulation has been one of the most intensively studied problems in the developing
embryo. Due to the prevalence of congenital defects resulting from impaired neural tube
closure (e.g., spina-bifida and anencephaly), as well as the complex physical processes
involved in shaping the tube, this problem has received considerable attention from the
modeling community.

As discussed earlier, Odell et al. (1981) used a 2D model for epithelial invagination to
simulate neurulation, showing that certain parameter values produce a closed tube. Later,
Brodland and colleagues (Clausi and Brodland, 1993; Brodland and Clausi, 1994) developed
2D cell-level models for neurulation using apical constriction as the primary driving force.
These models were used to test the effects of varying epithelial thickness, apical force, and
axial elongation, as well as the effects of external forces on neural tube morphology
(Brodland and Clausi, 1995). While not directly verified with experiments, some elements of
neural tube morphogenesis, including the formation of hinge points, thickening of the neural
plate, and neural tube closure were captured in these simulations (Fig. 7).
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Although neurulation involves the coordinated bending of a cellular sheet, Jacobson and
Gordon (1976) showed that cells exchange neighbors within the epithelium as it deforms. To
account for this phenomenon, Jacobson et al. (1986) proposed a cortical tractor model to
explain the motile behavior of epithelial cells. Expanding on earlier ideas for cell crawling
(Oster, 1984), the authors argued that intracellular fluid flow generates shear stresses that
affect neighboring cell movements. Since the cells remain attached at the apical surface of
the epithelium, dissimilar flow rates can cause cell columnarization and epithelial rolling
movements, similar to those observed during neurulation. However, such a mechanism has
not yet been verified experimentally.

More recent efforts have focused on adapting neurulation models to include multi-scale
effects and more realistic 3D geometries (Chen and Brodland, 2008; Brodland et al., 2010).
In these studies, triangular patches of epithelium are subdivided into active and passive
regions and mapped to 3D embryo reconstructions. Morphogenesis is driven primarily by
the interfacial tension between cells. With realistic mechanical properties and experimental
geometries, these models reproduce normal phenotypes for amphibian neurulation quite
well. If incorrect parameters for interfacial tension (generated by contractile actomyosin
bundles) and mediolateral tension (generated by oriented lamellipodia) are used in the
simulation, abnormal morphologies result.

6.2 Primary Brain Vesicle Morphogenesis

Until recently, no models for early brain morphogenesis had been proposed. Here, we
discuss a model that was used to study differences in the shape of the early brain tube
between species (Filas et al., 2012), differences which may arise from variations in
neurulation mechanisms (Lowery and Sive, 2004; Harrington et al., 2009). For example,
brain tubes of amphibians and fish are initially cylindrical in shape with a relatively closed,
slit-like lumen, while those of chicken, mouse, and humans are rounded and comparatively
open. Despite these differences, the primary vesicles (forebrain, midbrain, and hindbrain)
subsequently form across vertebrates to subdivide the brain tube.

For amphibians and fish, the lumen must differentially open to form the brain vesicles, and
Filas et al. (2012) simulated this process using a tubular model with an initially slit-like
cross section. The theory of Rodriguez et al. (1994) was used to simulate local
circumferential contraction at two mediolateral hinge points, as suggested by contractile
protein expression patterns. The tube opens into a diamond shape, consistent with normal
midbrain development in these species. Interestingly, Filas et al. (2012) also found that
enhancing contractile activity through drug treatment transforms the relatively round brain
cross sections of chick embryos into morphologies reminiscent of frog and fish, which are
regionally characterized by cross-sectional shapes of diamonds, triangles, and slits. The
model showed that local contraction in regions of highest actin density can transform a
circular tube into these various shapes (Fig. 8). Much like the neurulation models (Odell et
al., 1981; Clausi and Brodland, 1993; Chen and Brodland, 2008), these simulations suggest
a significant role for actomyosin-based contraction in regulating early brain morphogenesis.

6.3 Cortical Folding

Relatively little is known about the forces that drive brain folding. Cortical folding is an

extremely important problem, as abnormal folding patterns are associated with a number of
neurological disorders, including autism, schizophrenia, and mental retardation. During the
last few decades, several mathematical models have been proposed for the folding process.

Richman et al. (1975) modeled the cerebral cortex as a growing bi-layered shell. They
assumed that the outer layer grows faster than the inner layer, creating compression in the
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outer layer that causes buckling and the appearance of folds (Fig. 9). This hypothesis is
consistent with experiments showing that isolated brains fold without the constraint
provided by the skull (Barron, 1950). With parameters estimated from available data, their
analysis showed that the predicted wavelength of the buckling pattern is consistent with that
of normal brains. In addition, when geometry and growth rates were adjusted according to
the data, the wavelengths matched reasonably well those found in brains with abnormally
small folds (microgyric) or fewer folds (lissencephalic).

More recently, Toro and Burnod (2005) developed a 2D model involving truss-like elements
forming an elastoplastic cortical layer, with circumferential growth stipulated and
constrained by radial fibers. This growth works in combination with regionally prescribed
variations in mechanical properties to produce folds, and the authors investigated the effects
of various asymmetries. Nie et al. (2010) proposed a similar model, extended to three
dimensions, in which folds are driven by both circumferential cortical growth and radial
growth of underlying tissue, consistent with recent evidence suggesting that cortical folding
involves growth in multiple directions (Reillo et al., 2011). However, while these models
produce realistic folding patterns, to our knowledge there has been no attempt to test these
mechanisms using other data, e.g., stresses and strains. Such tests are important to
distinguish between multiple mechanisms.

Recent imaging studies have shown that folding occurs in a spatially and temporally phased
manner (Neal et al., 2007; Kroenke et al., 2009). To capture these phenomena, Xu et al.
(2010) developed a madified version of the differential growth model proposed by Richman
et al. (1975), with growth included via the theory of Rodriguez et al. (1994). In a layered
circular disk representing a brain slice, circumferential growth is first prescribed in a local
region of the outer cortical layer, causing the formation of a single bulge. Repeating this
sequence in neighboring regions generates a series of folds, similar to normal development,
with stress distributions being in agreement with experimental results (Xu et al., 2010).

7 Heart Development

Cardiac development has been one of the most intensively studied problems in the
developing embryo (Taber, 2006). Nevertheless, the physical mechanisms that create the
heart remain poorly understood. Most work in this area has focused on cardiac looping,
which is the first major morphological sign of left-right asymmetry in the embryo.

The heart begins as a relatively straight tubular structure consisting of a thick layer of
extracellular matrix (cardiac jelly) sandwiched between an inner endocardial layer and an
outer myocardial layer, which is a two-cell-thick epithelium of developing cardiomyocytes.
During the first phase of looping, called c-looping, the heart tube (HT) acquires the shape of
a c-shaped tube with convex curvature normally oriented toward the right side of the embryo
(Manner, 2000). The dorsal mesocardium (DM) is a longitudinal structure that initially
connects the dorsal side of the heart to the foregut before rupturing during c-looping.
Following c-looping, further deformation (s-looping) then creates the basic pattern of the
future heart, with the process of septation eventually dividing this curved tube into two
ventricles and two atria (Romanoff, 1960). Here, we focus primarily on c-looping, which
historically has received the most attention from researchers in cardiac morphogenesis.

It is important to realize that c-looping involves a combination of ventral bending and
rightward torsion (or rotation). Although this has been known for decades (Butler, 1952), a
failure to appreciate these two deformation components has led to considerable confusion in
interpreting experimental results (Méanner, 2000; Taber, 2006). Recent work has suggested
that the bending component of c-looping is intrinsic to the HT, while torsion is driven
mainly by extrinsic forces (Taber, 2006).
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Since the early 1900s, researchers have proposed numerous hypotheses for the mechanisms
of cardiac bending. The first mechanistic hypothesis for looping apparently was proposed by
Patten (1922), who suggested that the HT is forced to bend simply because it outgrows the
space that it occupies. This hypothesis, however, was later contradicted by the finding that
the HT bends when isolated in culture (Butler, 1952; Manning and McLachlan, 1990), even
when drugs are used to inhibit any contractile wounding response induced by dissection
(Rémond et al., 2006). Other hypotheses that have been explored include bending driven by
differential growth (Sissman, 1966; Stalsberg and DeHaan, 1969), remodeling in response to
hemodynamic forces (Hove et al., 2003; Spitzer and Lev, 1951), active changes in
myocardial cell shape (Latacha et al., 2005; Manasek et al., 1972), and cardiac jelly swelling
(Manasek et al., 1984b). However, none of these mechanisms are consistent with all
available data (Taber, 2006), and this problem is still being debated in the literature.

Theoretical models have been used to test some of these and other ideas. Taber et al. (1995)
represented the combined HT and DM as a bilayered beam, with growth simulated using the
theory of Rodriguez et al. (1994). Two bending mechanisms were studied. In the first, the
DM is assumed to be initially under longitudinal tension. Then, as it ruptures it shortens like
a rubber band and pulls the HT into a bent configuration with the DM located along the
inner curvature (as observed experimentally). To simulate this mechanism, tension was
generated in the DM by contraction, and the HT was assumed to grow in response to stresses
induced by the bending.

The second mechanism involves active cell shape change. Here, contraction in the HT was
assumed to occur in the circumferential direction, consistent with observed orientations of

actin filaments in the myocardium (Itasaki et al., 1991), and incompressibility causes these
cells to extend axially. In this model, the DM was taken as a passive structure, which limits
deformation of adjacent cells and causes the HT to bend with the DM again lying along the
inner curvature.

Both models showed that the proposed hypotheses are physically plausible and consistent
with most data available at the time. However, later experiments with myosin inhibitors
apparently have ruled out a contractile mechanism for bending (Rémond et al., 2006),
although it still remains possible that a mechanism other than contraction drives changes in
cell shape.

In this regard, Latacha et al. (2005) speculated that actin polymerization supplies forces that
cause regional changes in myocardial cell shape. This idea stemmed from experiments in
which actin polymerization was disrupted both globally and locally by various drugs. Based
on these experiments, as well as known changes in cell shape during looping (Itasaki et al.,
1989; Manasek et al., 1984a; Shiraishi et al., 1992), tubular finite-element models were
developed for the isolated HT. In these models, cells were assumed to grow longer
circumferentially and shorter axially near the inner curvature, while growing in both
directions near the outer curvature. Predicted bending patterns were consistent with data for
both normal and chemically perturbed looping of isolated hearts (Latacha et al., 2005;
Ramasubramanian et al., 2006).

Recent experiments have suggested that torsional component of c-looping is driven largely
by (1) forces applied by the omphalomesenteric veins (OVs) at the caudal end of the HT,
with the left OV pushing with more force than the right OV; and (2) compressive forces
applied to the ventral surface of the HT by a membrane called the splanchnopleure (SPL).
The QV forces rotate the HT slightly toward the right, and the SPL enhances this rotation
(Voronov et al., 2004). Both sets of forces are required for normal looping.
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To date, models for the torsional aspect of looping have included only the effects of the OV
forces, which experiments suggest are generated by a combination of growth on the cranial
side of the OVs and contraction on the caudal side (Ramasubramanian et al., 2006, 2008). In
these models, the HT and OVs are treated as tubes consisting of an inner layer of cardiac
jelly and an outer layer of myocardium. Results were compared to measured strains and
stresses that develop during normal looping, as well as the effects of various perturbations in
embryos in which the SPL was dissected away before looping. In one notable experiment,
the left OV, right OV, or both OVs were removed before looping began. On subsequent
culture, the heart rotated toward the right, left, and right, respectively. A model used to
simulate these experiments (without modifying parameters) predicts these results and the
observed abnormal morphology relatively accurately (Fig. 10) (Ramasubramanian et al.,
2008).

Although some questions have been answered for the looping problem, many remain open.
For example, few researchers have considered how these forces are regulated in time and
space, and s-looping has received relatively little attention.

8 Gut Looping

In amniotes, the gut tube includes three segments: the foregut, midgut, and hindgut. A
primary loop forms in the midgut on the ventral side driven by elongation of the gut tube,
followed by a sequence of rotation, bending, and twisting to properly position and shape the
future intestine (Davis et al., 2008). Data have indicated that differential growth drives
aspects of this process. Although there are many studies on the genetic aspects of gut
looping and the associated left-right asymmetry (Horne-Badovinac et al., 2003; Davis et al.,
2008; Taniguchi et al., 2011), the mechanics of looping morphogenesis remain incompletely
understood (Savin et al., 2011).

Kurpios et al. (2008) used a 2D spring-dashpot-like model to investigate the asymmetric
tilting of the gut. They simulated the dynamics of the dorsal mesentery and gut using a
model of highly damped lattice cells driven by mechanical forces. Each cell is represented
by seven interconnected nodes in a hexagonal lattice, and the ECM is taken as an elastic
medium with a given local volume. In this model, cell-cell adhesion forces, elasticity of the
ECM, and intracellular forces are included to account for the damped dynamics of the cell
network. The model yields asymmetric changes in cell shape that tilt the gut tube in the
appropriate direction. More significant tilting occurs when both the epithelial cells change
shape and the mesenchymal ECM increases volume on the right side (e.g., through ECM
swelling).

Although a number of studies have been devoted to interpret the initial looping (Horne-
Badovinac et al., 2003; Davis et al., 2008; Taniguchi et al., 2011), the mechanical origin of
subsequent looping has been described only recently (Savin et al., 2011). The embryonic gut
in vertebrates has a highly conserved number and size of loops in a given species, and
similar looping patterns occur across species from avians to mammals. Through a series of
experiments, Savin et al. (2011) first ruled out some possible mechanisms that could drive
gut looping, such as constraints due to the body cavity and differential growth at certain
locations of the gut tube. Further dissection experiments suggested that differential growth
between the gut and the mesentery is indispensable for looping, as the gut straightens into a
long, uncoiled tube when dissected away, while the freed mesentery contracts, suggesting it
is under tension. Motivated by these observations, the authors proposed a theory for gut
looping which minimizes the stretching energy in the mesentery, as well as the bending
energy in the gut tube; this theory then yields a scaling law for the wavelength of the gut
loop.
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Predictions from this theory were tested through experiments on chick embryos, physical
models, and /n sifico simulations (Fig. 11). In the computer simulation, the mesentery is
modeled as a discretized isotropic membrane composed of a hexagonal lattice of linear
elastic springs, and the gut tube is modeled as a membrane strip. The physical parameters
(thickness, stiffness, strain, etc.) were obtained through experimental measurements. Results
from both the computational and physical models match very well with experimental
observations of looped gut tubes (Savin et al., 2011).

9 Dorsal Closure and Wound Healing

Actomyaosin cables are found in a variety of contexts, including embryonic wound healing
and cytokinesis (Kiehart, 1999; Sonnemann and Bement, 2011). Here, we discuss two
problems that involve contractile rings: dorsal closure in Drosophila embryos and wound
healing in embryonic epithelia.

9.1 Dorsal Closure

During dorsal closure, the amnioserosa, an eye-shaped area of epithelial cells, with a canthus
at each corner, is enveloped by a sheet of lateral epidermis which spreads from each side of
the embryo to meet at the dorsal midline (Fig. 12A). The two leading edges (LE) of the
epidermis then fuse where they meet (Kiehart et al., 2000; Gorfinkiel et al., 2011). Forces
that drive this process include contraction of the amnioserosa, tension in an actomyosin
cable at the LE, and filopodial tractions that pull apposing edges of the LE together in a
zipper-like mechanism (Fig. 12). Laser wounding experiments, which ablate the tissue with
subcellular resolution, have shown that these mechanisms work redundantly in dorsal
closure, with no single mechanism absolutely required (Kiehart et al., 2000; Hutson et al.,
2003).

Hutson et al. (2003) used laser dissection and modeling to study the forces involved in
dorsal closure. The model considers the force balance at the midpoint of the LE and includes
stresses in the amnioserosa and lateral epidermis, tension in the curved actin cable, and a
viscous drag force dependent on the rate of closure (Fig. 12B). The zipping of the canthi was
modeled kinematically. By rapidly ablating the amnioserosa (thereby excluding its
contribution from the force balance) and observing the recoil of the leading edge and its
subsequent equilibrium, the authors estimated the relative contributions of the various
forces. With appropriate parameter values obtained through parametric fitting, the resulting
model reproduced the closure of both native embryos and those with the amnioserosa
removed, as well as for a genetic mutant (myospheroid). This model was later refined to
consider anterioposterior and mediolateral asymmetry (Peralta et al., 2007, Peralta et al.,
2008).

A second generation model for dorsal closure by Layton et al. (2009) considers the balance
of forces along the entire LE. Both the amnioserosa and the actin cable generate force by
active contraction, and the lateral epidermis is assumed to exert a constant and uniform
tension. Zipping is specified kinematically as in Hutson et al. (2003). Control, amnioserosa
removal, and mutant experiments were used to determine parameter values, and the model
then predicted relatively well the results from additional laser ablation experiments,
provided that amnioserosa contraction was upregulated.

Solon et al. (2009) observed that amnioserosa cells undergo pulsatile apical constrictions
which displace the LE. To investigate the possible role of this activity in dorsal closure, the
authors constructed a 2D network model of the amnioserosa and leading edge, with the cells
represented as viscoelastic polygons. The active force generated at cell boundaries is
assumed to be triggered when tension reaches a critical value, similar to the stretch-
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activation mechanism of Odell et al. (1981). This model reproduces correlations in pulsing
activity between neighboring cells, as well as pulsatile arrest following the loss of tissue
tension from laser ablation.

9.2 Embryonic Wound Healing

The cytoskeletal machinery that operates during dorsal closure, i.e., the contractile ring and
filopodia, is also employed in the healing of embryonic epithelial wounds (Wood et al.,
2002; Garcia-Fernandez et al., 2009). Embryonic wounds differ from adult wounds in
significant ways. For example, fewer cell types are involved, minimal inflammation occurs,
and they heal quickly and without scarring (Jacinto et al., 2001; Martin and Parkhurst, 2004;
Sonnemann and Bement, 2011).

Martin and Lewis (1992) studied wound healing in the skin of chick embryos. After
dissecting away a patch of epidermis and a thin layer of underlying mesenchyme, they
observed that the epidermis moved actively over the mesenchyme until the lesion closed,
leaving no scar. No filopodia were seen, and fluorescent staining revealed a thick cable of
actin at the leading edge of the epithelium, supporting the hypothesis that contraction of an
actomyosin “purse string” in part drives the closing of the wound. While these observations
form the basis for some models, it should be noted that not all embryonic wounds share
these features. Although an actomyosin ring is observed in Xenopus (frog) embryos, for
example, it appears that contraction of the underlying cells and protrusive activity of the
remaining epithelial cells are primarily responsible for wound healing (Davidson et al.,
2002). Significantly, the wound does not become more round as it heals, in contrast to
observations in the chick (Martin and Lewis, 1992) and mouse (McCluskey and Martin,
1995).

Murray and Sherratt (Sherratt et al., 1992; Murray, 2003a) used the Murray-Oster theory to
model embryonic wound healing. Here, the embryonic skin consists of a cell layer attached
to a basal lamina, which is represented by an elastic foundation (springs). This study focuses
on the aggregation and alignment of actin into an actomyosin cable in the cell layer, and
considers the quasi-equilibrium state when the actin cable halts epithelial expansion
following wounding. At that point, epithelial tension is balanced by elastic restoring forces
originating in the basal lamina. With this model, Sherratt and et al. (1992) were able to
reproduce the experimentally observed retraction of the epithelium, and the actin
concentration at the wound edge bore a close resemblance to the actin cable observed
experimentally.

Sadovsky and Wan (2007) extended the Murray-Sherratt model to investigate the dynamics
of wound closure following the quasi-equilibrium state described above. In this model, the
dynamics of tissue deformation is given by the balance of forces originating in both the
epithelium and the mesenchyme. Contraction in the epithelium is a function of asymmetry in
a wounding signal, which the authors argue is most plausibly mechanical stress, and the
mesenchyme contracts at a rate which depends on the velocity of the epithelium. Utilizing a
specialized version of the Murray-Sherratt model and a radially symmetric wound, the
authors reproduced the initial and intermediate stages of wound closure.

10 Mechanical Feedback in Morphogenesis

It has become increasingly clear that mechanical stress, in addition to driving the tissue
deformations responsible for morphogenesis, also plays a role in the control of cellular
behavior in the embryo, including differentiation, proliferation, and contractility (Vogel and
Sheetz, 2006; Hutson and Ma, 2008; Wozniak and Chen, 2009; Levayer and Lecuit, 2012).
In the Drosophila embryo, for instance, mechanical stress has been shown to affect both
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gene expression (Farge, 2003; Desprat et al., 2008) and downstream signaling pathways
(Pouille et al., 2009) which govern the production of forces driving gastrulation.
Interestingly, Pouille et al. (2009) showed that gastrulation in mutant Drosophila embryos
can be rescued by local mechanical indentation. Results such as these suggest that
mechanical feedback is involved in epigenetic control of morphogenesis (Brouzés et al.,
2004).

As discussed earlier, perhaps the first model for morphogenesis to include mechanical
feedback is the invagination model of Odell et al. (1981), in which cells contract in response
to stretch. More recently, Ramasubramanian and Taber (2008) proposed a different
mechanism, where contraction and growth are controlled by changes in the value of a “target
stress” as specified by genetic activity. In their finite-element models, an increase or
decrease in target stress triggers contraction or growth, respectively. Based on this idea,
models were used to simulate bending of epithelia, including invagination in cylindrical and
spherical shells.

For several decades, the developmental biologist Lev Beloussov has studied the role of
mechanical feedback in morphogenesis. His experimental observations suggest that
morphogenesis is regulated in part by mechanical stress (Beloussov, 1998), leading to his
Hyper-Restoration Hypothesis (HRH). According to HRH, embryonic tissue reacts to
mechanical perturbations in a way that tends to restore, but overshoot, the original stress
(Beloussov, 1998; Beloussov and Grabovsky, 2006). This implies that embryos have the
capability to self-assemble to some extent, presumably governed by morphogenetic laws and
controlled by mechanical feedback loops, assuring a degree of robustness against
perturbations (Taber, 2008). Here, it is worth noting that HRH is based on the view that
tissue shortening elicits a contractile response, while stretch triggers relaxation and active
lengthening. This behavior is opposite to the stretch activation response postulated by Odell
et al. (1981). Realizing this discrepancy, Beloussov (1998) suggested that HRH applies to
large deformations, while stretch-activated contraction occurs when stretch perturbations are
relatively small.

Although some efforts have been geared toward obtaining quantitative support for HRH
(Beloussov and Grabovsky, 2006, Beloussov and Grabovsky, 2007), most available
experimental data are qualitative. For instance, Beloussov et al. (1975) performed dissection
experiments on amphibian embryos to map changes in stress distributions during
development. Both rapid, passive deformations and slower, active deformations were
observed. From the results of these experiments, Belintsev et al. (1987) proposed a
phenomenological model that accounts for active and passive deformations of cells and
mechanical feedback to address the collective polarization and pattern formation in
epithelia. From these studies, Beloussov and colleagues (Beloussov et al., 1994; Beloussov,
1998; Beloussov and Grabovsky, 2006; Beloussov, 2008) suggested conceptual models
based on HRH to explain a variety of morphogenetic events such as gastrulation,
neurulation, and convergent extension. Experiments by Kornikova et al. (2010), where
artificially bent explants (suprablastoporal regions of Xenopus /laevis) continued to bend
after release of loads also seem to support HRH.

Recently, Taber (2008) used finite-element models to explore the theoretical limitations of
HRH, as embodied in a feedback law which includes an overshoot. The problems
investigated include stretching, bending, and invagination of epithelial sheets, as well as
neurulation and sea urchin gastrulation. In each model an initial perturbation, e.g., a small
contraction (presumably dictated by genes), was used to initiate the HRH response. The
results were mixed, with HRH producing realistic morphogenesis in some cases but not in
others. Hence, while mechanical feedback likely is involved in these processes, genes also
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may participate by making “mid-course corrections” (Taber, 2008) or by producing hew
perturbations at appropriate times to guide the creation of proper morphology.

Biological systems clearly must obey the laws of physics as expressed mathematically.
However, it is not at all clear that mathematical laws for biology exist. Recently, Taber
(2009) examined this issue using a generalization of HRH. The key idea was to assume that
the feedback law depends on the rate of change in stress. For example, a slow stretch
induces growth, whereas a rapid stretch elicits a contractile response. Finite-element models
for growth of a pressurized artery, sea urchin gastrulation, wound healing, axon stretching,
and other examples improved on the predictions of HRH, but still yielded somewnhat
inconsistent results when compared to available experimental data. Therefore, the existence
of mathematical laws in biology remains an open question (Taber, 2009; Ambrosi et al.,
2011).

11 Concluding Remarks

Despite numerous computational and experimental studies, it remains incompletely
understood how the genetic information encoded in DNA is translated, through mechanics,
into three-dimensional functional shapes. Moreover, relatively little is known about how
epigenetic factors, in turn, interact with genetics through mechanical feedback to regulate
morphogenesis. Clearly, molecular biology has triggered a revolution in studies of
developmental processes. Many developmental biologists, however, now realize that a
complete understanding of how the embryo is constructed also requires studies of the nuts
and bolts of morphogenesis (i.e., mechanics), which has been largely neglected during the
last few decades. Because development is a complicated process which can defy physical
intuition, computational models for morphogenesis are receiving increasing attention.

While the importance of mechanics in morphogenesis is well established, a detailed
accounting of the stresses and strains that drive the associated tissue deformations is still far
from complete (Davidson et al., 2009). Sophisticated mathematical models notwithstanding,
advances in mechanobiology have been closely connected to technological advances
(Eyckmans et al., 2011), and this will likely hold true for the foreseeable future. Such
advances have been rapid and impressive, however. The revolution in in vivo fluorescence
microscopy is revealing the localization and dynamics of cellular components with
unprecedented spatial and temporal resolution (Martin, 2010; Sato et al., 2010). Laser
ablation techniques (Rauzi and Lenne, 2011, and references therein) allow for precise
mechanical perturbations of cells and subcellular structures, and are a tool of outstanding
utility in probing mechanical forces at those scales. Finally, a new generation of FRET-
based single molecule stress sensors (Grashoff et al., 2010; Meng and Sachs, 2011) open the
possibility of measuring stress with piconewton sensitivity at the subcellular level. Taken
together, our understanding of the mechanics of certain cellular and morphogenetic systems
is progressing at an accelerating pace, and results from such model systems will continue to
serve as a guide to the general principles underlying morphogenesis.

For a number of reasons, creating and testing computational models for morphomechanical
processes is a challenging endeavor. The mechanical properties of embryos can be
surprisingly variable, complicating the comparison between experimental and numerical
results. Critical morphogenetic events often use multiple redundant mechanisms which must
first be identified, and not all such mechanisms need or can be incorporated into a model.
Problems in development, as in much of biology, frequently involve large numbers of
unknown parameters, and the response of the system can be highly nonlinear. In
constructing such models, a delicate balance must be struck between realism with excessive
complexity on the one hand, and transparency but over-simplification on the other.

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Woyczalkowski et al.

Page 19

We perceive two major themes in the modeling of morphogenesis which we feel hold
particular promise. One is the explicit incorporation of mechanical and chemical feedback
into models of morphogenesis. Such feedback, which has been demonstrated in a number of
experimental systems (Fernandez-Gonzalez et al., 2009; Ren et al., 2009) has long been
recognized as a rich source of morphogenetic pattern (Murray and Oster, 1984). Intuition
and reductionist methods typically fail for such systems, and new experimental approaches,
computer modeling, and mathematical analysis will all play a role in the description and
understanding of the behavior of such systems.

The development of multi-scale models of morphomechanics (Blanchard and Adams, 2011)
is perhaps even more significant. Quantitative data at multiple spatial scales are becoming
increasingly available (Blankenship et al., 2006; Martin et al., 2010), and recent models
provide an excellent beginning to capturing multi-scale effects (e.g., Stylianopoulos and
Barocas, 2007; Chen and Brodland, 2008; Sherrard et al., 2010; Driquez et al., 2011). Still,
much remains to be done. Biological phenomena include the interaction between
biochemistry, genes, and mechanics, and it appears likely that tomorrow’s models will need
to incorporate all of these aspects to gain a comprehensive understanding of the physical
mechanisms of morphogenesis.
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Figure 1.

Representations of various proposed mechanisms in finite element models for sea urchin
invagination (Davidson et al., 1995). (A) General features of the models. (B) Apical
constriction. (C) Cell tractor. (D) Multicellular contractile ring surrounding invaginating
region. (E) Apico-basal contraction. (F) Bending caused by gel swelling. (G) Representative
deformation of embryo. From Davidson et al. (1995).

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2013 June 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Wyczalkowski et al. Page 29

Figure?2.

Experiments and 3D model for Drosophila gastrulation. (A) Ventral (from Grumbling and
Strelets, 2006) and cross-sectional (from Mufioz et al., 2007) views of ventral furrow
formation in experiments. (B) Same views from finite element model. From Conte et al.
(2008).
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Figure 3.

Two-step process for invagination in ascidian gastrulation. Step 1: Apical constriction
results in wedge-shaped cells in endoderm surrounded by ectodermal cells. Step 2:
Subsequent apico-basal contraction of endodermal cells results in invagination. From
Sherrard et al. (2010).
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Figure 4.

Cell mixing and sorting in simulations of heterotypic cellular aggregates. (A) Initial
configuration for both simulations. A low interfacial tension between light and dark cell
types leads to total mixing (B) while sorting occurs with high interfacial tension (C). From
Brodland (2002).
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Figure5.

Pattern formation in vasculogenesis. (A) Endothelial cells cultured on a matrix gel aggregate
and form cord-like structures. (B) Computer simulation of this process recapitulates the
observed pattern. From Manoussaki et al. (1996).

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2013 June 01.



1duosnueiN Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuei\ Joyiny Vd-HIN

Woyczalkowski et al.

A
P -
S% HF
I
|
|
—'—NP
|

Henson's
~ node

—— primitive
streak

Figure®6.

anterior

posterior

Page 33
B ventral
HF anterior posterior
a foregut dorsal a'

=

vitelline membrane

epidermal
ectoderm

Head fold formation in chick embryo. (A) Ventral aspect of the embryo illustrating the head
fold (HF) and neural plate (NP) regions. (B) Out-of-plane structure of the head fold shown
in sagittal section. (C) 3D finite element model for HF formation (VM = vitelline
membrane). (D) Correspondence between experiment and model in sagittal section. From

Varner and Taber (2010).
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Figure7.

Simulation of neurulation via apical contraction. (A) The model considers one half of a
symmetric transverse strip of ectoderm. As contraction occurs in a length-dependent fashion,
a neural ridge-like structure develops, followed by narrowing and thickening of the neural
plate as hinge points develop (B-C), and closure of the neural tube (D). From Clausi and
Brodland (1993).
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Figure8.

Brain morphogenesis driven by local apical contraction. (A-D) Cross-sectional views of the
chick brain and F-actin distribution (green) at the midbrain (M), mid-hindbrain boundary
(MH) and posterior neuroepithelium (N). Normal midbrains (A) have a relatively round
shape and uniform F-actin distribution, while enhancing contraction results in cross-sections
with sharp corners and high F-actin density (asterisk in B-D). (A’-D") Computational
models of corresponding cross-sections. From Filas et al. (2012).
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Figure9.

Schematic of model for brain folding (Richman et al., 1975). (A) Bilayer model for the
cerebral cortex. (B) Relatively rapid growth of cortex causes buckling. From Richman et al.
(1975).
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Figure 10.

Effects of atria removal on cardiac looping in chick embryo. Left and right atria removed in
top and bottom panels, respectively. Initial (first column) and final (after 12 hours, second
column) heart configurations in experiment, with corresponding simulation results (third and
fourth columns). Removal of the left and right atria results in leftward and rightward
rotation, respectively, in both experiment and model. From Ramasubramanian et al. (2008).
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Figure11.

Gut looping patterns. (A) Experimental chick gut morphology after 16 days incubation. (B)
A pre-stretched rubber sheet is stitched to the side of a straight rubber tube which, upon
release, deforms into a shape mimicking the looped gut. (C) A computer simulation
reproduces the gut looping morphology. From Savin et al. (2011).
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Figure12.

(A) Schematic of dorsal closure (DC) in Drosophilaembryo. Actin cable (AC), leading edge
(LE) of the lateral epidermis, and amnioserosa (AS) are illustrated (left inset), as are the
forces generated by AC contraction (red), AS contraction (blue), and zipping (green) over
the course of dorsal closure. From Solon et al. (2009). (B) Force balance diagram at one
point of the LE, showing the contributions of the amnioserosa (o 45d5), the lateral epidermis
(o, £05) and the tension of the actin cable (7). From Hutson et al. (2003).
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