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Abstract

Developmental processes are driven by a combination of cytoplasmic, cortical, and surface-

associated forces. However, teasing apart the contributions of these forces and how a viscoelastic
cell responds has long been a key question in developmental biology. Recent advances in applying
biophysical approaches to these questions is leading to a fundamentally new understanding of
morphogenesis. In this review, we discuss how computational analysis of experimental findings
and /n silico modeling of Drosophila gastrulation processes has led to a deeper comprehension of
the physical principles at work in the early embryo. We also summarize many of the emerging
methodologies that permit biophysical analysis as well as those that provide direct and indirect
measurements of force directions and magnitudes. Finally, we examine the multiple frameworks
that have been used to model tissue and cellular behaviors.
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Introduction

The last decade has seen a biophysical revolution in biological research, with new

microscopy, computational and cell biological-based approaches being harnessed to advance

the physical understanding of cellular processes. These approaches have revealed the

combined viscous (or frictional resistance to deformation) and elastic (the ability to return to

an original state after deformation) properties of biological tissues and cells, and the

potentially different timeframes that these viscoelastic properties may operate within. Along

with these experimental approaches, in silico modeling has provided a means to test which

systematic properties define and are able to predict behaviors /n vivo. Here, we will touch on

some of the key advances and literature that have helped to define this new approach to

studying the development of the early fly embryo. Although we discuss many of the central
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studies that have introduced important new biophysical advances, we apologize in advance
to authors of relevant literature that we did not have space to discuss.

Epithelial morphogenesis during Drosophila gastrulation

During gastrulation in the Drosophila embryo, the central morphological changes can largely
be categorized as processes that, 1) cause a remodeling of tissue dimensions through
anterior-posterior axis elongation, or 2) create folds or furrows in the monolayered
epithelium (Fig. 1a). The processes that drive axis elongation are mainly reliant on changes
in topological relationships that direct neighbor exchange along the anterior-posterior (AP)
axis, although there are contributions from other processes as well. The folding processes
that occur during gastrulation lead to the movement of cells into the interior of the embryo.
In some cases, these furrows will be transient in nature, and eventually cells will return to
the surface epithelium (e.g., the cephalic furrow and dorsal folds), but in other cases this is a
mechanism for permanently relocating cells into basal layers (ventral furrow and midgut
invaginations). Of these furrowing processes, the invagination of the mesoderm through the
formation of the ventral furrow has been a classic system for understanding how cells can
coordinate the adoption of a common, conical topology to drive furrow formation. Work on
the mechanisms of axis elongation, or germband extension (GBE), and ventral furrow
formation have helped to redefine how development is studied through the incorporation of
biophysical principles and approaches. However, in this review we will mainly concentrate
on axis elongation as an example of how these approaches are changing the way that
developmental processes are studied.

Cell intercalation and tissue elongation

During axis elongation in the early fly embryo, the germband epithelium - comprising
approximately the posterior and ventrolateral two thirds of the Drosophila embryo - will
undergo a doubling in length over the course of two hours of development. This elongation
of the main AP axis occurs with a compensatory narrowing of the germband along the
dorsoventral (DV) perpendicular axis. The majority of extension occurs in only 30 minutes,
demonstrating the speed of the process. Formally, there are four morphological processes
that commonly direct changes in tissue dimensions when they occur in an oriented fashion:
1) cell intercalation, 2) cell migration, 3) cell division, and 4) elongation of individual cell
dimensions. The main driver during this first, fast phase of germband extension is cell
intercalation, with minor contributions from anisotropic changes in cell areas as well as
oriented cell divisions [1], [2], [3], [4]. It is also possible that cell migration may occur
during axis elongation in the fly embryo [5]. It is interesting to note that, although
intercalation is the primary driver, each of these processes is potentially harnessed during
axis elongation. This may again reflect the necessity for rapid development in the early
Drosophila embryo.

Cell intercalation in the germband occurs through the contraction of interfaces between
neighboring cells along the AP axis (sometimes referred to as “T1 interfaces™) (Fig. 1b).
This contraction of vertically-oriented interfaces produces neighbor exchange among four-
cell groups of cells (T1 transitions) or among larger numbers of cells (rosettes) (Fig. 1b) [6],
[7]. Interface contraction brings cells together in a common point (T2 junctions, or the
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vertex stage of rosette formation), after which new interface growth resolves this structure
into an array of cells that is elongated along the AP axis (T3 junctions, rosette resolution)
and thus driving overall extension of the tissue.

Cytoskeletal and adhesion proteins involved in force transmission and generation

The reshaping of tissue architecture requires the function of apical and junctional proteins
[6], [7], [8]. These proteins, in addition to their essential roles in the establishment of cell
adhesion and apical-basal polarity, are utilized in a system of polarity that is oriented within
the plane of the epithelial sheet. This planar polarity operates to drive cell intercalation and
generates asymmetric distributions of cytoskeletal and adherens junction proteins. The
Bazooka/PAR-3 PDZ-domain protein and the adherens junction proteins E-Cadherin and
Armadillo/R-catenin are concentrated at interfaces between dorsal and ventral neighbors
(DV interfaces) [7], [8]. Conversely, filamentous actin (F-actin) and the actin-based Myosin
Il motor protein are enriched in the reciprocal AP interfaces [6], [7], [8]. Contractile Myosin
Il proteins are also found in several additional populations in the early embryonic epithelium
— one population is present in the apical/medial cap of intercalating cells where it mediates
oscillations in cell area [9], [10], [11], while a third population is present as strong
enrichments along with E-cadherin at cell vertices [12]. These planar polarities are
extraordinarily dynamic, with initial planar polarization occurring in 15 minutes of
development, and can be measured with automated, quantitative tools [13].

2. Observing cell behaviors during gastrulation

Epithelial morphogenesis as a pulsatile process

One of the major advances in studying developmental biology has been the adoption of live
imaging techniques that permit the rapid imaging of cell and tissue morphologies. With
faster acquisition times, it became possible to resolve morphological processes with high
spatiotemporal resolution. Notably, spinning disc confocal microscopy became a staple in
imaging Drosophila gastrulation events. With these new imaging capabilities came major
changes in understanding how these processes occurred. A central feature of this was the
demonstration that these developmental processes are not continuous, but instead occur in
pulses [9], [10], [11], [14]. Indeed, events such as interface shrinkage, apical constriction,
and Myosin 1l recruitment were each shown to have periodic behaviors, in which cells
cycled between active phases and inactive or reversing phases. In general, these pulses were
observed to occur on a minutes timescale, with individual active periods of approximately
45-90 seconds in length [9], [10], [11], [12], [14].

Computational approaches to measuring cell dimensions and protein intensities

With increased temporal resolution, time-lapse imaging began to produce data sets that can
comprise several thousand individual images. This imaging complexity meant that it became
increasingly difficult to apply manual approaches of quantitation. This led to the
development of automated methods to identify cells and extract relevant features, such as
cell-cell junctions. Another important property of automated analysis is that it removes the
potential for user bias that may occur in manual measurements. To this end, it has become
standard practice to employ Matlab encoded algorithms to segment (or recognize) individual
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epithelial cells in images from gastrulating embryos, although users are increasingly shifting
to other computer languages such as Python.

A general work flow for computational analysis usually involves the application of a filter to
raw data to reduce noise (Fig. 2). Typical filters that are employed are Gaussian, high pass,
or denoising filters, followed by masking of regions that are not of interest. A seeded
watershed algorithm is then used to grow cell areas from regions of local intensity minima
which then results in the recognition of cell boundaries [10], [15], [16]. Alternative
approaches have used image processing and thresholding to achieve boundary recognition
[17], [18]. This process of segmentation is then applied iteratively on each image file, and
tracking across time is implemented based on the degree of overlap between individual cells.
The resulting “skeletonized” and tracked representation of the tissue yields a wealth of
information, from cell areas and perimeters to interface contours, lengths and orientation
angles which can be further analyzed. Additionally, protein intensities at cell interfaces can
be calculated from a second imaged channel, or regions of interest can be defined based on
distances from discrete objects such as cell vertices, interfaces or centroids. Several software
packages have been made freely available that accomplish the process of segmentation and
tracking from raw data (SIESTA, TissueMiner, SEGGA, and others) [10], [18], [19].

The direct results of seeded watershed algorithms are fairly robust, but often require manual
correction to obtain the desired level of accuracy. This is often because the initial seeding
process either under- or over-seeds individual cells. Various approaches have addressed this
problem by linking tracking with seeding and by propagating seeds from timeframe to
timeframe. For example, the overall flow of the tissue can be used to displace seeds in a
predictive manner [4], [12]. It will be interesting to see if new artificial intelligence-driven
approaches can improve processing times and quality. As an example of this, machine-
learning has been successfully applied to detect cell divisions in the germband using a
training set of 90 cells and 14 measured features [4]. Through this approach, the authors
found that a narrow band of cells adjacent to the ventral furrow undergo oriented cell
divisions that help to relieve strain in the absence of cell intercalation.

Determining active motion within the context of pulsed processes

As force generation during gastrulation is pulsatile, determining periods of active, stepped
motion is critical to understanding how force profiles change in different genetic and tissue
contexts. While early approaches relied on making manual decisions on what constituted a
contractile step, analyzing mean squared displacement-based curves permits a quantitative
and unbiased determination of periods of active motion (Fig. 3). This approach builds on
standard methods used across many fields to isolate periods of active movement versus other
forms of motion by measuring mean squared displacements (MSDs). Once MSDs are
determined, they are fit to an MSD function that has constrained, diffusive, and active
components. To detect active motion steps a rolling window analysis technique is often used
[20]. Given the high variability in pulsed behaviors, one of the challenges of a rolling
window method is in selecting the size of the window [9], [10], [11], [12]. A window too
large will make detecting brief steps unlikely, whereas a window too short will perform

Semin Cell Dev Biol. Author manuscript; available in PMC 2021 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Loerke and Blankenship Page 5

worse at detecting longer steps. Thus, adopting a rolling window with variable widths
optimized for the step sizes in a particular system becomes important.

Interpreting cell behaviors based on phase

An additional issue with analyzing data from oscillatory systems that possess high variable
periods is isolating productive contractile events. Breaking down oscillatory cycles into
phases can permit the analysis of individual contractile and expansion behaviors. To obtain
instantaneous phase measurements of an oscillating signal such as cell area, an osculating
circle method (based on performing a Hilbert transform) can be used [21]. Similar to how
images were filtered prior to segmentation, oscillation traces are filtered to remove temporal
noise that could result in artificially high frequency oscillations. At the end of this process,
an area phase space is generated that permits the examination of cell behaviors in relation to
the individual contractile and expansive components of a cell’s oscillatory cycle. This can be
very useful in assessing how area contractions impact the shrinkage of T1 interfaces and the
displacements of adjacent tricellular vertices [12].

3. Methods to examine forces in the embryonic epithelium

The central question that drives much research on morphogenesis is the determination of
where and when cells produce forces. This can be a difficult question to address, particularly
in a system like the early fly embryo, in which an intact organism with an overlaying
eggshell-like membrane (the vitelline membrane) poses an impediment to direct mechanical
interventions. To date, the primary means of identifying differential force application in the
fly embryo have been to laser cut cell interfaces, or to use inferred stress approaches based
on deformations of cellular dimensions, but other approaches are also being pioneered. We
will discuss several of these approaches in the following section.

Laser-directed microcutting:

The first of these approaches to be applied to intercalation in the fly embryo was to cut cell
interfaces or cortical networks using focused laser ablations [17], [22]. The recoil rates of
the cell vertices associated with the cut interfaces can be tracked and thus relative tensions
can be inferred from these displacements. By using these methods, it has been determined
that interfaces between AP neighboring cells experience higher tensions based on the
observation of higher recoil rates after laser ablation. This led to the canonical model of
interface-spanning line tensions that drive interface contraction and thus the remodeling of
cell topologies [9], [17], [22]. Interestingly, another recent use of cutting lasers has been to
cauterize epithelial cells to the vitelline membrane. Through this approach, it was possible to
immobilize one end of the germband and test if the growth of new T3 interfaces was a
passive effect of tissue relaxation or an active process [23]. New interfaces were observed to
still extend after cauterization, although they became aberrantly oriented. This offered the
key insight that interface extension is driven by an active process at the level of individual
cells, but that tissue relaxation directed by the invagination of the posterior midgut aids the
directionality of the process. The strength of laser ablation as a tool can be further observed
in that it can target subcellular structures. Myosin Il is enriched in the middle of the apical
cortex as well as in junctionallyassociated populations. Laser ablation has been used to
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individually ablate apical/medial structures in the anterior or posterior cells abutting a newly
growing interface. Interestingly, this halted interface growth, while cutting junctional or
medial pools in the DV-juxtaposed cells sharing the growing interface had little effect [23],
[24]. These results demonstrated that an active pulling force from the cells at the end of each
growing T3 interface are, at least in part, responsible for the force generation driving T3
transitions.

Inferred stress approaches:

Strain rate analysis represents another approach to understanding where forces originate
from, and how they lead to the deformation of tissue and cell shapes. Flow patterns based on
cell centroid velocities can be used to generate overall tissue tensors, while more local
measurements of cell deformations can lead to determinations of cell shape strain rates [3],
[25]. By subtracting tissue and cell strain rates, an evaluation of the relative impacts of
processes such as cell intercalation on overall tissue morphogenesis can be calculated. Using
this approach, Butler et al. [3] found that changes in cell shape contributed to changes in
tissue dimensions during germband extension. They further found that intercalation defects
in Kriippel AP patterning mutants could be partially compensated by increased elongation of
cells in the AP direction. Recent work has extended this image-based calculation of stresses
by using a mechanical inference model and then validating it against recoil velocities from
laser ablation experiments [26]. These stresses were also found to correlate well with regions
of Myosin Il intensity, the primary generator of cytoskeletal force in the early embryo. By
using this approach, a calculation of shear stresses at individual junctions was obtained.
Given these results, the individual contributions of medial and junctional Myosin Il could be
measured, and the overall stresses that lead to either E-cadherin stabilization or
destabilization were determined. The anisotropy of tensions at contracting interfaces was
then proposed to lead to shear forces that destabilize these interfaces.

Particle tracking velocimetry:

Although the contribution of actomyosin forces to Drosophila morphogenesis is well-
appreciated [27], understanding how these forces are transmitted requires an analysis of the
viscoelastic properties of the cell. One of the foundational studies on this examined
formation of the ventral furrow [28]. To explore how apically-generated actomyosin forces
propagated through a viscous cytoplasm, He et al. [28] employed particle tracking
velocimetry (often referred to as P1V). However, unlike in many circumstances in which
local inhomogeneities in protein localization (filamentous actin, membrane markers) are
used to infer flow patterns, 500-nm polystyrene fluorescent microspheres were injected as
passive trackers of cytoplasmic movements. Using this data, it became apparent that
laminar-like flows occurred in which constriction of the apical cortex by actomyosin forces
appeared to drag the underlying cytoplasm. They then could model these movements using
Stokes equations to predict viscous flows at low Reynolds numbers. As apical surfaces
contract in cells of the ventral furrow there is a concomitant lengthening of the cells. The
authors observed a close agreement between the predicted viscous flows and cell
lengthening rates, suggesting that forces at the plasma membrane had little contribution to
cell lengthening. Surprisingly, laminar flows also often appeared to be beyond the scale of
individual cells. To address this, the authors examined if the functional unit of apical
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Rheological

constriction and cell lengthening occurs at a supracellular level by observing cytoplasmic
movements in an acellular context. Using mutations that block cellularization, they observed
that embryos that lacked cells still displayed very similar flow patterns to wild-type embryos
with only a slight reduction in flow rates. Remarkably, this suggests that hydrodynamic
properties of the early embryo can direct major properties of tissue movements at a
supracellular scale and shows how viscous characteristics of a tissue system can drive
developmental events.

measurements using ferrofluids:

Building on the above studies, a new approach to directly measure viscoelastic cellular
properties has been to embed ferrofluids in embryos and then analyze their deformation and
displacement when placed in a magnetic field [28], [29], [30], [31], [32]. Using this
approach during cellularization, the epithelial-forming process just prior to gastrulation,
Doubrovinski et al. [30] found that the cytoplasm was predominantly viscous in character,
albeit with a viscosity ~1000x more viscous than water. By contrast, the cell cortex had
elastic properties which were largely reliant on the dynamics of the filamentous actin
cytoskeleton, thus showing that distinct elements of total cellular viscoelasticity are derived
from different physical spaces. The measured elastic properties had relaxation times that
were on the minutes time scale with a reported lower bound of 4 minutes. This is intriguing,
as relaxation times of this order are compatible with the minutes timescales at which
gastrulation events occur. Interestingly, a study using microrheological measurements of
injected fluorescent beads came to similar conclusions on the viscous properties of
cellularizing embryos, but also implicated microtubule networks located near the nuclei and
cell cortex with local increases in both elastic and viscous moduli [33]. These studies were
performed just prior to GBE; it will be interesting to see what future studies using ferrofluids
and performed during active cell intercalation reveal.

Using optical tweezers to probe force dissipation:

A further examination of the viscoelastic properties of epithelial cells during cell
intercalation examined the temporal dynamics of force dissipation [34]. As force generation
is pulsatile, to achieve an irreversible change in cell shape the elastic properties of the cells
must be overcome and a viscous response occur which will then permit a lasting
deformation. The authors hypothesized that cell interfaces would possess a short-term elastic
response and a long-term viscous response due to force dissipation. They further posited that
cortical filamentous actin would control the dissipation of elastic forces. To examine this,
they first analyzed the reversibility of cell shape changes generated by different durations of
Myosin 11 contractile pulses. They found that the longer the pulse, the more irreversible the
effect on interface length. To induce their own controlled-length pulses, they introduced the
use of optical tweezers. Again, they found that longer pulling times on cell interfaces led to a
higher degree of irreversibility in cell shape changes. Finally, to examine if filamentous actin
is a major determinant of the elastic response they injected low-levels of Cytochalasin D,
which inhibited actin turnover. In this context, stabilizing filamentous actin led to a greater
elastic response and a higher degree of reversibility. These results again supported their
model that elastic properties of epithelial cells are capable of relaxing on the order of a few
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minutes, and suggest that Myosin Il activity could aid in the fluidization of actin filaments
and force dissipation by promoting filament turnover.

4. Biophysical interpretations of the motive forces for tissue elongation in
Drosophila

Line tensions and vertex displacements

Previous research into the positional cues that direct oriented intercalation has shown that
AP patterning information is translated into asymmetric protein distributions at the cellular
level [6], [7], [8]- As discussed above, at AP interfaces Myosin 11 forms both supracellular
cables and smaller, transient networks, and AP cell interfaces that were cut by laser ablation
showed higher recoil velocities than DV cell interfaces (Fernandez-Gonzalez et al., 2009;
Rauzi et al., 2008). This body of work led to what has been the dominant model for cell
intercalation, where planar polarized actomyosin networks mediate higher line tensions at
AP interfaces, and these higher tensions drive contraction of the associated cell interfaces
[17], [22]. Line tension-based models have also been the main means of computationally
modeling epithelial cell intercalation (discussed below). It is interesting to note that
increased tension, applied through a suction technique, has been shown to function through a
positive feedback loop to further recruit Myosin 11 [22]. This suggests that local tension can
enhance force production. However, the mechanism by which these interface-localized
tensions drive interface contraction has been less clear. Unbalanced tensions on either side of
a cell interface could drive shear forces that would lead to the destabilization of cell-cell
adhesion complexes [26]. Alternatively, Myosin Il activity has been shown to drive
clustering of adhesion complexes that are then endocytosed, thus producing lower adhesion
forces at AP interfaces [35]. This endocytosis occurs through large Rab35 positive tubular
invaginations that have lifetimes similar to the periodic contractile pulses in the germband
[16]. Interestingly, Myosin Il activity is essential to the termination of these compartments
and cell ratcheting is disrupted after Rab35 function is compromised [16]. Thus, there are
many potential mechanisms that may explain how interface-associated Myosin Il and/or line
tensions could direct the contraction of T1 interfaces.

Physical coupling of cell vertices and vertex sliding

Recent work has re-examined aspects of these line tension models (Fig. 4) [12]. One
fundamental expectation of these models is that the motion of tricellular vertices connected
by contracting interfaces should demonstrate physical coupling. Surprisingly, this was not
observed, and instead cells during tissue elongation are radially coupled, with cell vertices
that are most directly opposed from each other across the cell showing coordinated
contractile movements. This suggests that the strongest, detectable motive force in cells at
these stages are the oscillatory contractions in cell area and further suggests that tricellular
vertices could be a key functional unit directing cell intercalation. It is interesting to note
that medial actomyosin networks are found in a variety of epithelial morphogenetic
processes and drive tissue shaping events by mediating oscillations in cell area [14], [36],
[37], [38]. Using a phase-based analysis, Vanderleest et al. [12] could observe systematic
changes in interface lengths with respect to cell area oscillations. Interestingly, a larger than
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isotropic decrease in vertical interface lengths occurred during area contraction, and were
preserved during the subsequent expansion in cell areas during an oscillatory cycle.
Conversely, adjacent, non-vertical interfaces underwent a smaller than isotropic decrease in
interface length, and had a compensatory increase in interface length during area expansion.
These results are consistent with tricellular vertices displacing through a sliding mechanism,
akin to a zippering motion, and suggest a new, alternative mechanism based on independent
vertex motions as a basis for interface contraction.

5. Modeling cell intercalation

Computational models provide a framework for analysis and prediction

In its most basic form, any quantitative model, such as a simple mechanical model, provides
a quantitative framework in which experimental data can be interpreted and analyzed, and it
allows the development of an abstract representation of the biological system of interest
(Table 1). On the upper end of the spectrum, rigorous quantitative and computational models
strive to produce a fully functional ‘toy’ model of the system of interest. In the specific
instances we will discuss here, these models will generate an implementation of an epithelial
sheet that evolves its shape over time in a fashion that mimics the biological system. Any
model is necessarily a simplification, and the required level of fine-graining in the model
will depend on the question of interest — what they have in common is that they need to
macroscopically recapitulate the feature of interest (e.g. tissue convergent extension or
furrow formation). Ideally, the toy model should be validated using experiments; conversely,
an effective model can be used to test competing hypotheses about the biological systems,
and to formulate new predictions about the behavior of the system of interest which can then
be tested experimentally [39].

Cell-based models allow the incorporation of cell-level regulation

In the field of epithelial biology, there are important and useful applications of continuum
model descriptions of epithelial sheets; for example, two-dimensional hydrodynamic sheets.
These models assume a homogeneous tissue with macroscopic elastic moduli (which do not
require and mostly do not include any resolution of the cellular structure) that can be used to
examine rheology, macroscopic deformations of the tissue such as sheet bending, and lateral
deformations such as extension or shear. The advantage of describing epithelial sheet
deformations within the standard theory of continuum mechanics is its mathematical
tractability — with some simplifications and boundary conditions, this approach can yield
analytical solutions to the relevant differential equations that characterize the deformation of
the sheet, so that it produces equations that predict shapes or shape changes.

In contrast, cell-based models (including both cellular Potts models and vertex models) treat
and model cells as separate and unique entities, and thus incorporate mechanical properties
at the cellular level, which are potentially linked to the function of cytoskeletal and adhesion
proteins (Fig. 5). Cell-based models overall are less amenable to mathematical analysis than
continuum models. As a result, some studies have tried to bridge this gap by combining
discretization at the cellular level with hydrodynamic models. For example, one recent study
[40] used a two-dimensional hydrodynamic model of epithelia that includes a field
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representing coarse-grained cell shape, which can thus differentiate between cell shape
change and topological transitions. Another study [41] used a model where mechanical
properties of cells are described through two parameters that represent the balance between
adhesion and contractility, but in which the epithelium is macroscopically described by a
continuum mechanics approach. This allowed it to address independent macroscopic
bending and shear deformations of the tissue. Recent work also used a hybrid cell-based
model that focuses on the viscosity contribution to macroscopic deformation [42]. However,
most of the cell-based models discussed in the following do not pursue large-scale analytical
solutions to the differential equations through incorporating some type of continuum model
approach, but instead perform the equivalent of finite element numerical approaches [43], by
solving the equations separately in individual small subunits (e.g. individual cells or
subcellular elements).

While we will focus here on vertex models (and their variants), it should be mentioned that
cellular Potts models have also been used successfully for modeling cell intercalation, and
were among some of the first modeling approaches used in the study of intercalation. In
these cellular Potts models, cells are represented computationally by a collection of pixels,
allowing round and irregular shapes. The time evolution of the tissue configuration works
through pixels changing their “cellular’ identity based on a set of rules that seeks to optimize
an energy term. With these modeling approaches, it has been shown that cell intercalation
can be produced solely through the introduction of planar polarity of cell-cell adhesion [44],
[45].

Vertex models for epithelial sheets capture cell shape, physical tensions, and adhesion

Vertex models, which are widely used for epithelial sheets, are simplified descriptions of
tissue configurations that nevertheless are thought to capture the most relevant features of
the system of interest [43], [46], [47], [48]. Most vertex models represent a single cross-
section of an epithelial sheet, which can be either a ‘generic’ representative cross-section, or
explicitly the apical surface of the epithelium, where many of the molecular regulators of
interest are thought to be localized. In this representation, sheets are reduced to two
dimensions, where cells are polygons, interfaces between cells are straight lines, and vertices
are the points where three (or more) interfaces meet. As such, this representation includes an
explicit description of the cell shape (although it does not typically allow for curved cell
edges), and analytically, the complete configuration of the tissue is determined by the 2-
dimensional positions of the vertices and their connectivity.

Current vertex models for epithelia trace their origins in the physical description of foams
and bubbles. The equilibrium configuration of the foam is the configuration that minimizes
the bubbles’ surface tension energy relative to their surface area, and were the basis for the
first analogous models for epithelial cells [49]. Thus, in addition to the vertex-meshwork
description of the tissue configuration, vertex models for epithelia are accompanied by
equations that determine the directions and magnitudes of the forces.

One way to employ these models for force estimation is to use the classical assumption that
the tissue is in instantaneous equilibrium. Since the forces are assumed to be balanced, the
tissue geometry can be used for mechanical stress inference. Recent studies have proposed

Semin Cell Dev Biol. Author manuscript; available in PMC 2021 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Loerke and Blankenship Page 11

different strategies to develop inverse problem frameworks to estimate cell pressures and
interface tensions from the observed geometry of the cells [50], [51]. It is also possible to
drop the equilibrium assumption to allow the tissue to evolve dynamically over time, which
is of particular interest for models of dynamic morphogenetic processes. Most models
evolve tissue configuration through the independent motion of the vertices, which are
combined with some rules for changes in cell connectivity (e.g. through formation and
resolution of higher-order vertices). The total force on the vertices can be calculated
explicitly [52], [53], but another approach popular with biophysicists is to calculate the
forces as the gradient of a Hamiltonian energy function (a fairly detailed discussion of the
relevant energy is available, e.g. in [54] or in [55]). In both types of approaches, the vertices
are assumed to be embedded in a viscous fluid that resists deformation, i.e. in a friction-
dominated environment. As a result, the vertex displacement in a small-time increment (i.e.
its velocity) is proportional to the net force.

The functional difference in different epithelial and/or morphogenetic models stems from the
choice of forces (or energy terms) that are explicitly included in the model; these can include
tension or elastic forces (produced by the cell’s actomyosin cortex), cell-cell adhesion
(produced by adherens junctions), hydrostatic pressure, and often some type of membrane
conservation (elastic or otherwise) (Fig. 5). These forces can either act exclusively in
directions parallel to the cell periphery, and thus represent interface tension forces, or
models can allow forces to point inwards (i.e. radially) towards cell centroids (such as
pressure forces). Through placing additional “virtual’ vertices at cell centers, cell areas can
be triangulated in a way that permits the incorporation of viscoelastic elements representing
mechanical effects of cytoskeletal components, including “plastic’ active remodeling [43],
[46], [56], [57], [58]. Finally, models can also have external tissue forces added on top of the
cellular forces [59].

While most vertex models evolve tissue configuration through the independent motion of the
vertices, there are alternative strategies. In self-propelled Voronoi models, the epithelial
tissue evolves through displacement of cell centroids. Vertices - instead of being treated as
independent degrees of freedom - are produced from the position of cell centroids through
\oronoi tessellation (e.g. [60], [61], [62]). These types of models rely on the core
assumption that tissue conformations correspond closely to a Voronoi tessellation with cell
centers acting as Voronoi seeds. This implies that cell-cell interfaces maximize their
distances to cell centroids in an isotropic fashion, which may not always be the case in
planar-polarized developmental systems. However, these models have key advantages due to
their reduced computational complexity, as displacing centroids is computationally more
efficient than tracking vertices. Additionally, topological changes do not have to be
explicitly coded into the computational model but instead occur naturally from the Voronoi
tessellation of the existing centroids.

Relationship Between Tissue Morphology and Physical Properties

One important goal in cellular models of morphogenesis, in particular that of vertex models,
is to infer the balance between tension forces from the observed morphology of the tissue. In
simple packing geometries — such as the drosophila eye epithelium - these relationships can
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be inferred fairly directly from the cellular configurations (e.g. [63]); however, many
epithelial vertex models address the issue of morphology by borrowing further from the
physics of foams and polymers. Specifically, it has been proposed that epithelial tissues can
exhibit ‘glassy’ behavior; this means that tissues can undergo transition between a more
elastic solid-like state (in which the tissue configuration represents the local energy
minimum, and work is required to compress, expand or shear the tissue from its equilibrium
position) and a more ‘soft’, or fluid-like, state (that is ‘degenerate’, which means that there
are multiple states with the same minimal energy that causes the shear resistance to
disappear, so that cells can easily move past each other). In the solid-like state, tissue
morphologies are typically more regular and ordered, while in softer states, cell
morphologies are more irregular and disordered. The approach to infer elastic properties
from epithelial tissue morphology has been discussed in particular detail in Farhadifar et al.
2007 [58]. This general framework has been used to propose that shape changes accompany
fluid-to-solid transition in proliferating tissue [64]. It has also been proposed that the
transition from solid-like to fluid-like state in epithelia is controlled by competition between
cell-cell adhesion and cortical tension, which is characterized by a shape index such that cell
shape and tissue morphology constitute a specific readout for the glass transition [60], [61].
This approach was also used to examine the relationship between cell shape and mechanical
stress at the cell and tissue level [65].

Importantly, in morphological processes such as intercalation, there are significant energy
barriers to cell rearrangement. This means that, while the endpoint of a remodeling process
(such as the T3 configuration) may be energetically more favorable than the starting point
(such as the T1 configuration), the energy associated with the geometric transition between
these two points (the T2 configuration) is not smooth. Instead, the T2 configuration is
energetically more unfavorable than either T1 or T3. This means that energy has to be
temporarily ‘injected’ into the system in order to overcome this barrier. Since the research
cited above posits that these energy barriers to tissue remodeling disappear for increased
cell-cell adhesion, or for decreased contractility, these studies suggest that modulation of
these parameters can contribute to overcoming the energy barrier. It has also been suggested
that these “injections’ can come from system noise, such as active contractions of cell cortex
driven by junctional Myosin I, which thus creates something like an active ‘fluidization’
[66].

Intercalation in vertex models in GBE

In the framework of computational models, cell intercalation necessarily requires
topological transitions from T1 to T3, i.e. the shrinkage of a T1 interface between AP-
neighboring cells into a higher-order vertex, and its subsequent resolution into a T3 interface
between two DVneighboring cells. While, in theory, cell intercalation in epithelia can arise
passively as the tissue is stretched by external forces [59], intercalation during GBE is
actively-driven by cell-autonomous processes [23]. Quantitative vertex models can be used
to cast cell intercalation into an analytical framework, and these have been used to combine
elements of tensor analysis and continuum mechanics to measure strain rates in intercalation
[25].
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In addition, vertex models can be adapted in a straightforward fashion to incorporate the
experimentally-defined properties of key morphogenetic proteins at cell interfaces — the
function of these proteins is thought to convey spatially anisotropic interface tension.
Anisotropic tension in the vertex model has been implemented in computational simulations
of tissue intercalation [17], [59]. Specifically, assigning higher line tensions at AP interfaces
based on their spatial orientation (and thus making them energetically less favorable) causes
contraction of these interfaces into higher-order vertices (i.e. the T2 configuration), and
produces the resolution of higher-order vertices into T3 interfaces (with the additional
implementation of inhibiting T1 reelongation). These simulations can also incorporate
additional external forces to produce different cell morphologies and T3 orientations [23].
This conceptual approach was also used to simulate intercalation behavior with interface
tensions depending on specific ‘identities’ of adjacent cells [67].

This approach has been further refined in chemo-mechanical models [68], [69]. These
models include planar polarized interface tension, but also include an explicit energy term
for ‘spokes’, which are the lines connecting vertices to the cell centroid. These spokes
represent actin cables on which Myosin Il pulses can be imposed to represent cyclical
medial myosin activation and thereby produce cell area oscillations. In addition, time-
dependent tension values are assigned based on experimental estimates of the temporal
recruitment of planar polarity proteins, including a positive feedback mechanism for Myosin
I1. Interestingly, in these models anisotropic contractile forces still drive intercalation, but
while junctional Myosin Il (and thus interface tensions) were relevant for the contraction of
AP interfaces, it was found that the spoke-like, medial Myosin 11 tension was relevant for
DV interface elongation.

Accommodating non-polygonal cell shapes

In most vertex models, the cellular polygons are defined by cell-cell interfaces, and
conversely, the interfaces are defined as the Euclidian distances between individual vertices.
This is a conceptual simplification that matches most central assumptions of vertex models
for morphogenesis, especially if interface tensions are assumed to be essential drivers of cell
and tissue deformations. However, in cases where tissues develop non-polygonal
morphologies, with distinctly rounded and bulging cell outlines, it becomes interesting to
question whether mechanistic features may be missed in these models. Aside from the
previously mentioned cellular Potts models, which naturally include varied cell shapes, some
studies have also tried to expand vertex models to incorporate more information about non-
straight cell outlines. For example, some studies have moved toward “polyline” instead of
‘monoline’ models, where individual straight-line interfaces are broken down into shorter
line segments through introduction of additional “virtual’ vertices placed on the cell
boundary. These additional vertices can then be used to “attach’ stiff springs, as a formal
representation of adherens junctions, so that they allow a more explicit inclusion of adhesion
and membrane elasticity [70]. Alternatively, they can be used to attach additional orthogonal
dashpots to model viscoelastic properties of the cytosol [71]. Either way, the polyline
approach can represent more complex boundary shapes and may allow more fluid and
biologically realistic behavior. A third approach has been to approximate curved cell
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interfaces as circle segments or chords, which are characterized by a single curvature radius
[51].

3-dimensional models for epithelial deformation

3-dimensional models are crucial for comprehensive descriptions of morphogenetic systems
where the macroscopic deformation is not planar (as has been modeled in intercalation to
date), but consists of the epithelial sheet buckling out of the plane (as e.g. in furrow
formation). Indeed, attempts towards quantitative approaches to this problem go back to
Odell et al., 1981 [56]. While this problem can also be addressed with finite element
continuum approaches [72], which are successful in macroscopically reproducing multiple
modes of mesoderm remodeling (including ventral furrow and cephalic furrow
invaginations), many studies have focused on adapting true 2D vertex models to explicitly
include 3D positional information. One group [73] addressed the issue by ‘rotating’ the
classical two-dimensional vertex model for furrow invagination, so that their computational
model represents cells in the 2-dimensional plane spanned by the dorsal-ventral and the
apical-basal axis (instead of the plane spanned by the dorsal-ventral and the anterior-
posterior axis like most other models) into the plane, allowing explicit deformations of cells
along the apical-basal axis; a similar principle was used in [74], [75].

Some of these models achieve their goal with a quasi-2D sheet; this means that the cell
configuration is still a polygonal meshwork (representing the cells midsection or apical
section), but that the positions of the vertices are defined in 3D. In these models, the
emergence of 3D structure is driven by mechanical buckling due to in-plane stresses [76],
[77]. However, there are also parsimonious vertex models that explicitly model the cells’
volume, representing cells as 3-dimensional polyhedrons (i.e. prism-like structures). Many
of these are based on Okuda’s reversible network reconnection (RNR) model [78], where
each vertex connects to exactly four interfaces (three in the AP-DV plane as in 2D models,
and one interface into the apical-basal direction). Thus, variants of these models allow
behavior at distinct apical and basal surfaces [79], [80].

6. Conclusions and future directions

While studies on cell intercalation have revealed a new capacity for biophysical approaches
and interpretations, there is much room to achieve a better understanding of the processes
that direct cell intercalation. Integral to this will be better approximations through modeling-
based approaches of the mechanisms guiding morphogenesis. The three-dimensionality of
cells at these stages has been largely ignored both in experimental and modeling work.
Indeed, cells at these stages are deeply columnar epithelia — typically around 7 um in width,
but 30-35 pm in depth. Exploring this will require new modes of imaging, as the lipid-rich
embryo suffers from extensive signal extinction at deeper levels. 1t will be interesting to see
if light-sheet microscopy and Bessel beam-based techniques can overcome these limitations.
Adaptive-optics approaches may also be useful in addressing these issues. With these
imaging modalities, file sizes often become even greater, and terabyte-sized movie
sequences are not uncommon. This places an even greater emphasis on computational
analysis, and a clear future frontier in such analysis is the application of machine learning
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approaches to segmentation and object-recognition. If successful, this will permit volumetric
analysis that will drive new hydrodynamic and 3D vertex models. Meaningful 3D models
will require the explicit consideration of apical-basal gradients of parameters that have been
previously used to generate planar-directed forces in 2D models (for example, cell-cell
adhesion, line tension, or fluid pressure forces). However, these models will also need to
provide a framework for force components directly into the apical-basal direction. Through
these combined approaches, advances in imaging, computational analysis and modeling will
lead to a new and deeper understanding of the forces that drive epithelial morphogenesis.
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Figure 1. Rearrangements in neighbor cell relationships underlie cell intercalation in the
Drosophila germband.
(a) Germband extension (GBE) and ventral furrow formation (\VF) shown at tissue level low-

magnification. The cephalic furrow (CF) and posterior midgut (PMG) are also demarcated.
Arrows show direction of cell and tissue displacement, with the germband wrapping around
the embryo posterior and continuing to extend along the dorsal surface at later time points
(middle and right columns, lateral view of embryo). Similarly, the ventral furrow deepens
and invaginates with time (ventrolateral view). The anterior-posterior and dorsal-ventral axes
are also indicated. (b) T1 or rosette processes drive tissue extension during fly gastrulation.
Cells at the beginning of a T1 or rosette arrangement (left) contract a shared interfaces to
reach a T2 or higher-order vertex configuration (middle), before extending a new surface to
generate a T3 configuration or rosette resolution (right). The anterior-posterior (A-P) axis is
indicated.
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Figure 2. Segmentation workflow for cell analysis.
Raw images are acquired through time-lapse spinning disk confocal microscopy. Images are

then Gaussian filtered to fill in small border gaps (usually 1 pixel in size). Images are then
segmented by a seeded watershed algorithm. Briefly, local intensity minima form the
deepest portion of a catchment basin. As the watershed moves up intensity gradients, where
two catchment basins meet a cell boundary is designated (15t and 2" watersheds). An
example of a 3D watershed (x,y, and intensity) is shown to right of line segmentation
example. Finally, red lines from segmentation results are imposed on filtered image.
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Figure 3. Using Mean Squared Displacements (MSD) trajectories as a quantitative measurement

of active motion pulses.

(a) A trace of interface length (y-axis) during a T1 contraction while tracked over an 800
second period (x-axis). Pulses of active motion are shaded in blue as determined by an
MSD-based criteria in the which the rolling window possesses a y>1. (b) Illustrations of
random versus systematic movement. Top panels: Left: Sample of a random-walk length
trajectory. Right: Sample of a trajectory with systematic contraction overlaid with noise.
Bottom panels: Corresponding Mean Squared Displacements (MSD). A random walk
produces an MSD that depends linearly on the time shift tau; the systematic contraction
(active motion) produces an MSD that depends superlinearly on the time shift tau (curves

upward).
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Figure 4. Sliding vertex model for directing changes in cell topologies.
(a) Epithelial cells undergo cyclic expansions and contractions in cell area. These radially-

directed forces can be coupled to cell vertices such that when one cell expands (blue arrows)
while another cell contracts (red arrows) this can lead to the sliding of a tricellular vertex
along the cell periphery. This produces (in this example) the contraction of a vertical T1
interface. (b) A true sliding event (cyan line) will preserve overall interface lengths, such
that the shortening of the T1 interface occurs coincident with the lengthening of an
associated transverse interface.
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Figure 5. Modeling of force generation in an epithelial cell.
(a) Schematic of a representative hexagonal cell (yellow), showing vertices and the cell
centroid, interfaces, interface midpoints, and ‘spokes’ connecting the vertices with the
centroid. (b) Line tension forces on vertices are directed parallel to the interface in question.
For an increase in actomyosin line tension in the interface, the forces are pulling inwards
towards the interface midpoint; for an increase of adhesion, the tension forces point outward.
(c) Radial tension forces on vertices, such as generated by medial/apical actomyosin
contraction, are assumed to be directed towards the cell centroid. (d) Pressure forces are
exerted isotropically in all directions, and can be thought to generate small identical forces
vectors perpendicular to the interfaces along the full interface length. As a result, the net
pressure force acting on a vertex is into the direction bisecting the inner vertex angle -- this
direction is not necessarily perfectly parallel to the radial spoke pointing to the centroid. (e)
Perimeter restoring forces are the result of the perimeter conservation (or minimization) term
in the Hamiltonian energy function, which conceptually represents elastic surface
conservation of the 3-dimensional cell. Since the force is the negative gradient of the
potential energy function, one force component points into that direction for which the cell
perimeter is reduced the most. As in (d), depending on cell shape, this direction is not
perfectly parallel to the radial spoke pointing to the centroid. (f) Area restoring forces are the
result of the area conservation term in the Hamiltonian energy function, which conceptually
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represents elastic volume conservation of the 3-dimensional cell. As in (e), the force is the
negative gradient of the potential energy function, so that one force component points in the
direction which brings the cell closest to its target area (pointing outward if the cell is
smaller than its target area, and inward if the cell is larger than its target area). Again,
depending on morphology, this direction is not necessarily parallel to either the radial spoke,
or to the pressure force vector.
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Modeling tissue morphogenesis through different approaches.

Page 26

Model Conceptual Explanation Literature Examples
Continuum Treat tissue as a continuum material, usually without incorporating cell- | Ishihara et al., 2017 Derganc et al., 2009
mechanics level properties Okuda et al., 2015

Lattice-Based
(e.g. cellular
Potts)

Considers individual cells. Cells are represented by a collection of
lattice points (i.e. pixels), and the tissue morphology is evolved through
reassignment of edge pixels (performed using rules based on energy
minimization).

Zajac et al., 2000 Zajac et al., 2003

Cell-based (e.g.
self-propelled
\oronoi)

Considers individual cells. Cell centroids can move independently, and
interfaces and vertices are generated from cell centroid positions using
Voronoi tessellation or similar strategies.

Bi et al., 2016 Yang et al., 2017 Barton et al.,
2017

Vertex models

Considers individual cells through a network of vertices interconnected
by straight lines. Tissue morphology is evolved through independent
motion of vertices; displacement is generated through forces directly
acting on vertices, or configurational energy minimization principles.

Honda et al., 1980 Reviewed in: Brodland et
al., 2004; Fletcher et al., 2014; Alt et al.,
2016; Fletcher et al., 2017

dimensional model (e.g. using bending energy terms), or the tissue is
explicitly modeled as 3-dimensional sheet, where cells are polyhedrons
(columns) instead of flat polygons.

2D Apical- The choice of the model’s 2-dimensional cross-section is the section at Odell et al., 1981 Brodland et al., 2000
basal Cross- a fixed point along the cells’ apical-basal axis. This approach captures Farhadifar et al. 2007 Hilgenfeldt et al., 2008
section the topology within the plane of the sheet, and reveals tissue Rauzi et al., 2008 Blanchard et al., 2009
deformation into the plane of the sheet (e.g. convergent extension), but Collinet et al., 2015 Tetley et al., 2015 Lan et
ignores variation of cellular parameters along apical-basal axis. al., 2015 Siang et al., 2018
2D Lateral The choice of the model’s 2-dimensional cross-section is the section at Brezavscek et al., 2012 Wen et al., 2017,
section cross- a fixed point along the cells’ anterior-posterior axis. This approach Dasgupta et al., 2018
section allows explicit modeling of cell’s apical-basal shape, and reveals sheet
deformation into the direction normal to the sheet plane (e.g. bending or
infolding), but ignores the tissue topology within the plane of the sheet.
3D approaches | 3-dimensional information is included either implicitly in a 2- Odell et al., 1981 Allena et al., 2010

Osterfield et al., 2013; Du et al., 2014 Okuda
et al., 2013 Misra et al., 2016; Hannezo et al.,
2014 Honda et al., 2008 Krajnc et al., 2018

Non-straight
edges

Model is modified to explicitly allow cell-cell interfaces to be described
as curved or irregular (instead of straight lines). Cell interfaces can be
modeled as circle segments, or as arbitrary shapes using multipoint
(polyline) description.

Tamulonis et al., 2011 Perrone et al., 2016
Chiou et al., 2012
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