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Abstract
Researchers in developmental biology are increasingly recognizing the value of theoretical models
in studies of morphogenesis. However, creating and testing realistic quantitative models for
morphogenetic processes can be an extremely challenging task. The focus of this paper is on
models for the mechanics of morphogenesis. Models for these problems often must include large
changes in geometry, leading to highly nonlinear problems with the possibility of multiple
solutions that must be sorted out using experimental data. Here, we illustrate our approach to these
problems using the specific example of head fold formation in the early chick embryo. The
interplay between experimental and theoretical results is emphasized throughout, as the model is
gradually refined. Some of the limitations inherent in theoretical/computational modeling of
biological systems are also discussed.
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1. Introduction
In a well-known quote, the statistician George E.P. Box stated, “essentially, all models are
wrong, but some are useful” (Box and Draper, 1987). These words ring especially true for
problems in the mechanics of morphogenesis, which often involve complex three-
dimensional changes in form driven by multiple cellular and extracellular mechanisms. For
such highly nonlinear systems, physical intuition can be misleading, and theoretical models
have proven to be useful for interpreting experimental results (Clausi and Brodland, 1993;
Conte et al., 2008; Davidson et al., 1995; Manoussaki et al., 1996; Ramasubramanian et al.,
2008; Savin et al., 2011; Taber, 2008). Consequently, computational modeling of
morphogenesis has become increasing popular during the past few decades.

Investigators readily acknowledge that theoretical models contain inherent limitations and
must be tested to the extent possible using experimental data. However, it is important to
recognize that fully validating a model is not possible (Oreskes et al., 1994). Regardless of
the number of tests a given model may pass, it always is possible that results from a future
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experiment will contradict a numerical prediction. Hence, predictions provided by models,
particularly those for biological systems, always must be considered cautiously.

For several reasons, developing and testing theoretical models for morphogenesis is a
particularly challenging endeavor. First, experimental results can be highly variable between
species, between individual organisms of a given species, at different stages of development
for a single organism, and sometimes even for consecutive measurements on the same
subject. The dynamic nature of morphogenesis amplifies these difficulties, as time-
dependent data are needed. Thus, attaining precise quantitative agreement between theory
and experiment is generally not feasible. Second, experimental perturbations used to test
model predictions may trigger an adaptive response through a mechanism not included in
the model. While the ability to adapt to changing conditions is vital for robust embryonic
development, it makes the challenge facing both modelers and experimentalists all the more
daunting. Third, biological systems typically contain enormous numbers of unknown
parameters, many of which cannot be measured directly. Hence, even the most sophisticated
model is at best only a rough approximation of the actual system.

The trick in developing theoretical models is to determine which parameters and
mechanisms are most relevant and which can safely be neglected. This makes modeling of
biological systems something of an art. In our opinion, it is best to begin with relatively
simple models and add complexities in a sequential manner. This strategy is used here.
However, motivated in part by ever more powerful computers, the trend today seems to be
moving toward including more complexity at the outset. Although more complex models
may be more realistic, the more complicated the model, the more difficult it is to gain
insight into fundamental behavior.

The purpose of this paper is to show how experiments and computational modeling can be
integrated to determine the physical mechanisms underlying a relatively complex
morphogenetic process. For illustration, we consider the problem of head fold (HF)
formation in the chick embryo. The HF is the first major 3-D structure to form during
development, and we treat this problem as a case study to explore the aforementioned issues.
Recently, we used modeling and experiments to propose a physical mechanism for HF
morphogenesis (Varner et al., 2010). During the course of this study, however, our model
continuously evolved as it was tested against new data. While intermediate (i.e., negative)
model results can be instructive, they are rarely, if ever, published (Oreskes et al., 1994).
Here, therefore, we trace this iterative theoretical-experimental process over the course of an
individual study, include some of the salient intermediate results, and discuss broader
implications for modeling the mechanics of morphogenesis.

2. Background
During the first day of a 21-day incubation period in the chick embryo, the blastoderm is a
relatively flat disk composed of three germ layers (endoderm, mesoderm, and ectoderm)
(Patten, 1971). After about 24 hours of incubation, the HF arises as a crescent-shaped fold at
the anterior end of the thickened neural plate (NP) (Fig. 1). The HF is a crucial
morphogenetic process, as it simultaneously initiates heart, brain, and foregut development
(Bellairs, 1953b; Bellairs and Osmond, 2005; Lillie, 1952; Moore et al., 2000; Oostra et al.,
2007; Schoenwolf and Smith, 2000)

Since the HF is one of the first observable landmarks to form during development, it
naturally caught the attention of embryologists. Balfour (1881) described the avian HF as a
“tucking in” of the blastoderm, a description which may suggest active folding of the tissue.
A few years later, Shore and Pickering (1889) proposed instead that differential growth
drives HF morphogenesis. Specifically, they postulated that the NP grows faster than the
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surrounding tissue, forcing the blastoderm to buckle into a crescent-shaped fold. These
authors also speculated that mechanical contact with the vitelline membrane (VM) plays a
role in shaping the HF.

Many decades later, Stalsberg and DeHaan (1968), building on work by Bellairs (1953a, b),
suggested a different buckling mechanism. They proposed that regression of Henson’s node
(see Fig. 1A) pulls the embryonic region downward, causing the blastoderm to buckle and
roll over the fixed anterior border of the NP to produce the HF. Although all of these
hypotheses may seem plausible, none had been tested directly in developing embryos.

As mentioned above, we recently used a combination of computational modeling and
experiments to explore the HF problem (Varner et al., 2010). As new data were acquired, the
model continually evolved. The following paragraphs describe the sequence of events
during this study.

3. Model 1: Buckling Driven by Notochord Elongation
Our first model for HF formation is based on a relatively simple idea. The notochord is a
relatively stiff rod embedded in the embryo just ventral to the neural tube, extending
between Hensen’s node and the primitive HF region (Fig. 1A). As the HF forms, the
notochord elongates and Hensen’s node migrates posteriorly. Investigators long have
speculated that this structure plays a mechanical role in morphogenesis (Adams et al., 1990),
and we postulated that it pushes against the HF region, causing it to buckle into a crescent-
shaped fold.

To test whether this mechanism can generate the correct physical shape, we created a finite-
element model consisting of a semicircular plate (blastoderm) with an embedded rod
(notochord) (Fig. 2A). The edges of the plate are fixed, with symmetry assumed relative to
the embryo midline. When longitudinal growth is specified in the notochord, a crescent-
shaped fold resembling the HF develops at the anterior end of the rod (Fig. 2B). While this
result had seemed promising, the shape of the HF midline cross section is not correct. In
addition, we tested the basic idea experimentally by cutting the neural plate laterally
between the notochord and the prospective HF region. During subsequent incubation a HF
developed, suggesting that the notochord does not play a major role in this process (Varner
et al., 2010). Thus, although this proposed mechanism may have seemed reasonable initially,
further study apparently has ruled it out.

4. Model 2: Convergent Extension, Cell Wedging, and Epidermal Shaping
Next, we developed a model to test a new hypothesis based on previous ideas, as well as
results provided by more recent studies. Here, NP elongation essentially replaces notochord
elongation, consistent with speculation by the Shore and Pickering (1889). Moreover, as
shown below, proper HF shape also requires forces caused by cell wedging, active in-plane
shape changes anterior to the HF, and contact with the VM. Rather presciently, the potential
importance of the VM also was mentioned by Shore and Pickering (1889).

4.1. Model 2a: First approximation
During our initial study of this hypothesis, we developed a model that includes two sets of
driving forces. The first is generated by the morphogenetic process known as convergent
extension, which causes the NP to elongate axially and shorten laterally in the chick embryo
(Colas and Schoenwolf, 2001b; Ezin et al., 2009; Smith and Schoenwolf, 1997). Studies
have shown that convergent extension occurs through a combination of cell intercalation
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(Ezin et al., 2009; Schoenwolf and Alvarez, 1989) and coordinated cell division (Sausedo et
al., 1997).

The second driving force is cell wedging in and near the region of contact with the VM
(Lawson et al., 2001) (Fig. 4D), whereby epithelial cells actively transform from cuboidal to
wedge shaped. The biophysical mechanisms that cause these changes in cell shape are
unknown, but they likely are intrinsic to the HF cells themselves (Moury and Schoenwolf,
1995) and may include interkinetic nuclear migration (Schenk et al., 2009; Smith and
Schoenwolf, 1988) or laminin-dependent basal constriction (Gutzman et al., 2008).

Based on these considerations, the model consists of two parallel membranes (plates)
separated by a narrow gap (Fig. 3). The upper plate represents the blastoderm, with the
neural plate being a relatively thick rectangular region with a rounded anterior end. The
lower plate represents the vitelline membrane. The analysis includes frictionless contact
between these layers. Pseudoelastic material properties were estimated from
microindentation tests and assumed to be isotropic, with the NP modulus being ten times
higher than that of the surrounding ectoderm and the VM modulus ten times higher than the
NP modulus.

Driving forces are simulated using the continuum growth theory of Rodriguez et al. (1994),
which has been used in other morphomechanical simulations (Munoz et al., 2007; Taber,
2001, 2009). A detailed discussion of this theory is beyond the scope of this paper, but
briefly the theory is based on the idea that the total deformation can be decomposed locally
into a active component due to growth (or contraction) and a passive component due to
stress. In the model, convergent extension in the NP is simulated by positive axial growth
and negative lateral growth with the surface area held constant. For local cell wedging,
positive and negative growth, respectively, are specified on the lower and upper surfaces of
the blastoderm. Further details are provided in Varner et al. (2010).

During the simulation, the blastoderm layer is first stretched equibiaxially (consistent with
experimental data (Varner et al., 2010)), and then both driving forces are turned on. The
model produces a crescent shaped fold that resembles the actual HF, both in three
dimensions and in midline section (Fig. 4).

Remark 1—Like many problems in morphogenesis, it is possible (even likely) that other
combinations of driving forces could produce similar HF geometry, i.e., the solution is not
unique. Consequently, matching morphology may not be a sufficient test for a given model.
Other types of data may be needed.

4.2. Model 2b: Refine material properties for realistic shear strains
To further test model 2a, we measured morphogenetic strain distributions, which were
computed from the spatial coordinates of ectodermal labels tracked during HF formation
(Fig. 5A,B). All strain components are relatively symmetric about the midline (Varner et al.,
2010), and the model captures many of the main characteristics of the normal (extensional)
strains in both the axial and lateral directions (not shown). However, whereas the
experimental shear strain is continuous across the boundary between the NP and adjacent
ectoderm, the model yields a discontinuity in shear (Fig. 5C). This discontinuity stems from
the assumption of stiffer material properties in the NP. As a consequence of this assumption,
the NP is more resistant to shearing by the interfacial shear force than the adjacent tissue.

One way for the shear strain to be continuous across the border would be if the material
modulus within the NP is lower than in the adjacent ectoderm. To examine this possibility,
we used microindentation tests to determine the material properties at various locations
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during HF formation (Fig. 6A). When differences in membrane thickness are taken into
account, these data indicate that the modulus in the NP is approximately half that in the
surrounding tissue (Varner et al., 2010).

With this adjustment in properties, model 2b yields a roughly continuous shear stress
distribution (not shown), in agreement our experimental data. However, the predicted shape
of the HF is no longer realistic, as the structurally weaker NP now bends upward as it pushes
against the HF (Fig. 6B). This result led us back to the literature.

4.3. Model 2c: Include epidermal shaping for realistic HF shape
A third driving force is suggested by the study of Moury and Schoenwolf (1995), who
excised a piece of ectoderm from the region anterior to the HF region. When cultured, this
tissue shortened in the lateral direction. We reasoned that in-plane stresses generated by
such shortening within an arch-shaped region above the HF would push the HF posteriorly
as it generates tension and tends to straighten. Indeed, when this behavior is included (model
2c), the HF again acquires the correct shape (Fig. 7A). Moreover, the predicted shear (Exy)
and lateral normal strain (Exx) distributions are now reasonable (not shown), but we noticed
an inconsistency with the axial strain (Eyy). While the Exy data contain a single peak near
the center of the NP, model 2c gives a peak at each end of the NP (Fig. 7B).

4.4. Model 2d: Refine NP geometry for realistic normal strains and stresses
We next considered several ways to improve the strain distributions given by the model. For
example, it may be possible to obtain better agreement by including regional variations in
material properties within the NP, but this is not supported by our stiffness measurements.
One thing we had not yet considered was to make the NP geometry more realistic, as its
shape actually resembles a bell more than a rectangle (Fig. 8A).

With this adjustment, the model yields reasonably good qualitative agreement in HF
morphology (Fig. 8B,C), as well as all strain components (Varner et al., 2010). In particular,
the model now gives a single peak for Eyy within the NP. However, the location of the
predicted peak is shifted posteriorly, strain magnitudes are relatively small compared to the
experimental measurements, and the model does not capture the lateral gradient in Exx
outside the NP (Varner et al., 2010). Hence, there is room for further improvement.

Remark 2—Even when a theoretical model yields accurate strain patterns, stress
distributions still may be highly inaccurate. Consider, for example, a bar held at a fixed
length. If the bar is passive and unstretched, both stress and strain will be zero. However, if
the bar actively contracts in the axial direction, the observed and computed total strain
would remain at zero, but tensile stress would be generated in the bar.

With this in mind, stress distributions were estimated using a micopipette to punch circular
holes in the embryo. The size and shape of the hole relative to the pipette cross section
characterizes the state of stress at a particular location. An acute increase in wound size
indicates tension, while a decrease in size indicates compression. Moreover, if the material
is isotropic, an elliptical wound indicates anisotropic stress, with the greatest tensile stress
being in the direction of the major axis (Varner and Taber, 2010). In our experiments, all
holes were nearly circular and of roughly equal size before HF formation began (Varner et
al., 2010), suggesting that the blasoderm is initially in a state of approximately uniform
equibiaxial tension. During HF formation, the stresses became markedly inhomogeneous,
with tension developing outside the NP and compression inside this region. Stress
distributions given by the model are consistent with this pattern (Varner et al., 2010),
lending further support to this model.
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5. Using Perturbations to Test Model Predictions
Thus far, we have shown how experimental data from normal embryos can be used to
develop and refine a theoretical model for morphogenesis. But the real test is whether the
model can predict the effects of various morphogenetic perturbations. In other words, can
the model predict abnormal as well as normal development?

The predictive capacity of a model can be tested using genetics, drugs, or tissue dissection to
alter morphogenetic forces (Martin et al., 2010; Ramasubramanian et al., 2008; Sherrard et
al., 2010). For the HF problem, we cultured embryos subjected to two types of mechanical
perturbation (Varner et al., 2010). First, we removed the VM at stage HH5, before the onset
of HF formation. By stage 6, an abnormal v-shaped fold formed (Fig. 9B, middle row).
Second, we cut through the blastoderm on either side of the already-formed HF to relieve
the stresses in these regions, and the HF gradually unfurled and became v-shaped within a
few hours (Fig. 9B, bottom row). These experiments were simulated in the model while
keeping all parameters unchanged. In both cases, although there were some slight
discrepancies with the VM removal experiment, the model predicted approximately the
correct shapes of the abnormal fold and the NP (Fig. 9).

Taken together, all of these results provide relatively strong evidence supporting the
combination of HF mechanisms embodied in model 2d.

6. Discussion
In this paper, we have used the head fold formation problem to illustrate how experimental
and theoretical models can be integrated to gain a better understanding of
morphomechanical processes. Our suggested strategy consists of the following steps:

1. Beginning with a relatively simple model, determine parameter values for normal
morphogenesis.

2. Test the model using as many different types of experimental data as possible.
Matching global morphology is generally not enough; comparing regional stress
and strain distributions is crucial.

3. Refine the model until it captures at least qualitatively the fundamental trends in the
data.

4. Test the ability of the model to predict the outcome of experimental perturbations.
If necessary, refine the model further.

If the model passes all of these tests, then it likely captures at least some essential elements
of the actual system, and parameter sensitivity studies can be used to help gauge model
robustness by determining how variations in parameter values affect its overall behavior
(Anderson et al., 2007; Valentin and Humphrey, 2009). The model then can be considered
useful, although it still is wrong (Box and Draper, 1987; Oreskes et al., 1994).

Both professional engineering societies and theorists alike have stressed the importance of
the verification and validation procedure in computational modeling (Anderson et al., 2007;
Valentin and Humphrey, 2009). Verification typically refers to the process by which one
determines that the mathematical equations in a model are solved accurately, while
validation, which is emphasized in the present paper, deals with how well the mathematical
model approximates reality (Anderson et al., 2007). This nomenclature, however, is not used
consistently in the literature (e.g., Oreskes et al. (1994) use the term verification to refer to
the process described above as validation), so readers should use care when they encounter
these terms in their reading. Again, modelers should remain mindful that no computational
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model, no matter how thoroughly tested, can ever be fully validated. Instead, verification
and validation help build confidence that the model captures some aspects of the real
system.

While our final model captures the main features of HF formation, there is room for further
improvement. It is possible that better agreement can be obtained, for example, by including
more precise regional variations in material properties and active forces, but this would
require additional experiments. In refining a computer model, one must consider what more
can be gained in view of the relatively large variability that occurs naturally between even
normal embryos (von Dassow and Davidson, 2007). It seems that predicting morphogenesis
is inherently probabilistic, similar to quantum mechanics and theories of material failure
(Taber, 2009).

It also is important to recognize the limitations in using a continuum theory to model
morphodynamics. Continuum mechanics is based on the assumption that deformations of
interest occur at length scales sufficiently greater than that of the discrete microscopic
structure. In a tissue-level continuum simulation, therefore, individual cells are not modeled
explicitly. To include cell-level behavior, some multiscale models have been proposed for
certain problems in morphogenesis (Brodland, 2002; Chen and Brodland, 2008; Davidson et
al., 2010; Odell et al., 1981; Taber, 1995). In general, these models include the deformation
of individual cells, but cytoskeletal details are lumped into equivalent cellular forces.
Developing multiscale models from the molecular to tissue levels is an enormously daunting
task, especially for biological systems (Engler et al., 2009), although important recent
progress has been made (Nova et al., 2010; Sander et al., 2009).

For these and other reasons, we feel that models for morphogenetic processes are a long way
from being reliable predictors of developmental defects, although they may be somewhat
useful for assessing probabilities. Ultimately, these models will need to include genetic,
chemical, and mechanical factors, as well as feedback and interactions between these
factors. Future models also will need to integrate molecular mechanisms with tissue-level
behavior. Researchers now are beginning to study these aspects, both experimentally and
theoretically (Beloussov, 1998; Farge, 2003; Fernandez-Gonzalez et al., 2009; Gjorevski
and Nelson, 2010; Kornikova et al., 2010; Martin et al., 2010; Nerurkar et al., 2006; Pouille
et al., 2009; Taber, 2008, 2009). Clearly, much remains to be done in this extremely
challenging field.
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Figure 1. Morphology of early chick embryo
(A) Ventral schematic view of HH stage-7 embryo. Crescent-shaped head fold (HF) forms at
the anterior end of the neural plate (NP). (B) 3D OCT reconstruction of HH stage-6 embryo.
(VM: vitelline membrane) (C) Midline sections during HF formation (HH stages 5–6). From
Varner et al. (2010).
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Figure 2. Model 1 gives incorrect HF shape
(A) Model geometry in initial configuration. The notochord is a relatively stiff bar
embedded in the blastoderm. (B) Longitudinal growth of notochord causes crescent shaped
head fold (HF) to form, but cross-sectional shape is not realistic (see Fig. 1C).
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Figure 3. Schematic of models 2a–c
Model consists of blastoderm and vitelline membrane separated by a narrow space.
Geometry is symmetric relative to embryonic midline, and frictionless mechanical contact
between layers is assumed. Driving forces consist of cell wedging along the anterior border
of the neural plate (NP), convergent extension in the NP, and active epidermal shaping
(shortening) anterior to NP. These morphogenetic forces are simulated by regionally
specifying the growth G as shown (G > 1 and G < 1 give active extension and contraction,
repectively). In models 2a–c, the NP is rectangular in shape with a rounded anterior end.
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Figure 4. Model 2a includes convergent extension and cell wedging only: yields correct head fold
shape
(A) Viewed in 3D, the deformed model geometry has a characteristically crescent-shaped
HF. (B) Midline section shows reasonable agreement in HF shape between model and
experiment (compare to Fig. 1C, stage 6).
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Figure 5. Model 2a yields incorrect shear strain distributions
(A) Tracking tissue labels gives displacement field at HH stage 6+ relative to stage 5+. (B)
Shear strain field computed from displacement field. (C) Boxed region in panel B.
Experimental shear strains are continuous across neural plate border (dashed line), contrary
to model results. Panels A and B are from Varner et al. (2010).
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Figure 6. Model 2b includes regional differences in material properties: correct shear strains but
wrong HF shape
(A) Indentation stiffness in various regions of blastoderm. Head fold (black) is stiffest
region, followed by neural plate (red) and neighboring ectoderm (green). Stiffnesses
generally increase during HF development. Analysis accounting for regional differences in
membrane thickness suggests that the modulus of the neural plate (NP) is about half that of
the surrounding ectoderm. (B) Although shear strains agree better with experimental data
(not shown), softer NP in model 2b produces less realistic HF shape than model 2a.
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Figure 7. Model 2c includes anterior ectodermal shaping: correct HF shape and shear strains,
but incorrect longitudinal strains
(A) HF shape agrees reasonably well with experiment (see Fig. 1C, stage 6). (B)
Longitudinal strain distributions. (C) Boxed region in panel B. Model strains have two peaks
in NP, contrary to experimental data. Panel B is from Varner et al. (2010).
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Figure 8. Model 2d includes realistic NP geometry: correct HF shape
(A) NP has characteristic bell shape (from Colas and Schoenwolf (2001a)). (B) Undeformed
model geometry with realistic NP shape. (C) Deformed model HF shape agrees well with
experimental shape. Panels B and C are from Varner et al. (2010).
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Figure 9. Model 2d predicts perturbed behavior
Simulating perturbations (vitelline membrane removal and local dissections lateral to the
head fold) yields abnormally shaped head folds similar to experimental morphologies. From
Varner et al. (2010).
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