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ABSTRACT

The work presented in this dissertation seeks to answer the following overar-
ching question: how do cells harmonize their activities to collectively produce
organism-level restructuring and rearrangements of tissues? One well-studied
example of this kind of restructuring is ventral furrow formation (VFF), which
occurs during a process known as gastrulation in the Drosophila melanogaster em-
bryo. During VFF a band of cells on the underside of the embryo, known as the
mesoderm primordium, becomes internalized. This is accomplished by individ-
ual cells undergoing apical constrictions that collectively produce enough tension
across the outer (apical) surface to buckle the cell-layer inwards. The importance of
proper gene expression for this inherently mechanical process is well established;
however, how cells coordinate their individual shape changes into a tissue-level
generation of spontaneous curvature is an open question. The hypothesis of this
dissertation is that this intercellular coordination is accomplished through cells
monitoring the underlying mechanical stress field and engaging in mechanical
stress feedback.

To test this hypothesis, two complementary two-dimensional models and one in-
development three-dimensional model are presented. Cells in all three models are
represented as mechanically excitable objects that interact with each other through
pairwise potentials. The first two-dimensional model focuses on the transverse
cross-section of the Drosophila embryo and faithfully reproduces the process of
VFF with a system of mechanically active cells that are coordinating shape changes
through mechanical stress feedback. The second two-dimensional model consid-
ers the apical surface of the embryo and identifies how cells of the mesoderm pri-
mordium coordinate the progression of apical constrictions through sensitivity to
tensile mechanical stress. The in-development three-dimensional model seeks to
combine aspects of both two-dimensional models and is presented with prelimi-
nary results.

In addition to modeling, a means of experimental verification using high reso-
lution confocal microscopy images of the underside of the Drosophila embryo was
pursued. A statistical comparison between averaged live embryo data and the
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two-dimensional surface model affirm that the apical constriction of cells in the
mesoderm primordium is likely coordinated via tensile mechanical stress. Both re-
gional and cellular coordination is shown to be imperative for proper VFF and it is
found that tensile stress sensitivity is likely to contribute positively to the robust-
ness of a system. All together, the results presented in this dissertation provide
compelling evidence that the global coordination required for successful VFF in
the Drosophila melanogaster embryo is accomplished through tissue-level mechani-
cal stress feedback.
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CHAPTER 1
INTRODUCTION, MOTIVATION, AND SIGNIFICANCE

Morphogenesis, the development of structure and form, is an integral compo-
nent of embryonic development and has long been understood to be a process reg-
ulated by genetic mechanisms and chemically mediated cell signaling. The sculpt-
ing of integrated tissues requires the formation of specialized regions that are both
capable of performing their biologically prescribed functions and properly posi-
tioned with respect to each other. This seemingly spontaneous emergence of such
well-organized three-dimensional multicellular structures is inherently a mechan-
ical undertaking. As such, mechanical signaling has been proposed as a necessary
integrant of morphogenesis, but only recently has there been real insight into the
biomechanical and biophysical mechanisms that hold sway over cell-shape change
and tissue movements. The central hypothesis of this dissertation is that intercellu-
lar coordination via mechanical stress feedback is a critical mechanism used to or-
chestrate and harmonize individual cellular activities during major morphogenetic
processes, ensuring the integrity and robustness of morphogenesis as a whole.

The goal is to understand what role mechanical aspects such as forces, stresses,
and feedback play in the generation of embryonic architecture, and their integra-
tion with genetically controlled mechanisms that guide morphogenesis. To test the
above hypothesis, experimentally guided theory and numerical simulations of the
Drosophila melanogaster embryo (the embryo best understood both genetically and
embryologically) have been developed and employed, along with statistical anal-
yses, to facilitate the comparison between in vivo and in silico systems. In recent
years, mounting evidence has emerged that cell communication via mechanical
forces is crucial to morphogenesis [1, 2, 3, 4], organ development [5, 6, 7], and tis-
sue regeneration [8, 9]. Mechanical stress produced by fluid flow has been shown
to affect heart development [10, 11, 12] and to be important to angiogenesis (i.e.
development of blood vessels)[13, 14, 15]. While existing evidence of the crucial
role of environmental mechanical signaling in sculpting tissues and coordinating
cell behavior is indisputable, the understanding of how cell-cell communication
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via long-range mechanical stress fields coordinates cell activity is fragmented and
incomplete.

To address this question, a morphogenetic movement known as ventral furrow
formation (VFF) during the early stages of Drosophila embryogenesis will be con-
sidered. VFF is the first in several morphogenetic movements that together com-
plete a process known as gastrulation. Gastrulation occurs during the develop-
ment of all multicellular organisms and acts to rearrange an embryo into layers
that later enable the orderly differentiation of cells. In Drosophila, gastrulation be-
gins approximately 3 hours after fertilization [16, 17, 18] and rearranges the em-
bryo from a single layer of ∼6,000 cells around a yolk center [19, 20, 21, 22, 23] into
one with three distinct germ layers: endoderm (inner layer), mesoderm (middle
layer), and ectoderm (outer layer). VFF is responsible for internalizing the cells
that will give rise to the mesoderm. In addition to being a well studied process,
expression of two genes that play a pivotal role in VFF has been identified as being
mechanically sensitive [24, 25, 26, 27, 28], and mechanically coordinated cell-shape
changes have recently been proposed [29, 30].

There is a strong conservation of subcellular structural components, preserva-
tion of signaling processes, and variable similarity in genetic code across all cellu-
lar life that allows for the understanding gained from the work presented here to
have relatively generalized applicability. For example, the gene twist (twi) is nec-
essary for VFF in Drosophila [31, 32, 33]; it plays a role in neural tube closure in
mice [34, 35] and is also believed to a crucial player in human embryonic devel-
opment [36, 37, 38, 39]. The transcription factor that twi codes for, Twist, has also
been shown to play a key role in the development and progression of multiple
cancer types. Twist is generally undetectable in healthy human tissue; however,
its transcription is reactivated by a wide array of cancers [40] where it contributes
to aggressiveness, invasiveness, and metastasis by promoting the following malig-
nant processes: epithelial-mesencymal transition (EMT) [41, 42, 43], resistance to
drug induced apoptosis [44, 45, 46], and disruption of normal apoptosis [47, 48, 49].
Ultimately, the aim of this work is to help elucidate the interplay between gene ex-
pression, biochemical signaling, and mechanical stress feedback at all stages of

2
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biological development by presenting clear evidence of cell-cell communication
via tissue level mechanical stress feedback during VFF.
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CHAPTER 2
A BRIEF REVIEW OF RELEVANT BIOLOGY

2.1 Drosophila melanogaster as a Model Organism

A model organism is some non-human species that can be used as a stand-in to
investigate natural phenomena that would otherwise be difficult or morally un-
conscionable to explore. For example, mice are an integral part of cancer research
and much has been learned by inducing tumor growth in specific tissues and
then testing how the tumor responds to different treatment options.[50] Drosophila
melanogaster is a species of fly that has served as a model organism in biology
for well over a century. Colloquially referred to as the common fruit fly, wild
Drosophila can actually be found all over the world, generally as a pest that plagues
any location where food is prepared, sold, or served. The same qualities that make
Drosophila such a pervasive species are also what make it a good model organism:
relatively easy to care for, breeds quickly, lays lots of eggs, and matures quickly
enough that multiple generations can be considered in the span of weeks.

Drosophila is the best understood organism, both genetically and embryologi-
cally. Its quick reproduction cycle and large brood size allow a single mating pair
to produce hundreds of offspring in under two weeks, making it a very useful
and appealing model system for geneticists.[51] Drosophila was the first complex
organism to have its genome sequenced [52] and is currently estimated to possess
homologous genes for 75% of the known disease-related genes in humans [53, 54].
In addition to the quick maturation cycle, dechorionated live Drosophila embryos
become transparent when placed in halocarbon oil.[55, 56] This allows them to
be readily imaged using stereoscopic or confocal microscopy [57] throughout em-
bryogenesis and makes them an accessible system for many developmental studies
[58, 59, 60, 61].

2.2 The Drosophila Embryo

2.2.1 Pattern Formation and Polarization

The anterior-posterior (front-back) and dorsal-ventral (top-bottom) poles of Dro-
sophila melanogaster become polarized as a result of cascading pattern formation

4
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initiated by an asymmetric localization of mRNA molecules during oogenesis, as
shown in Fig. 2.1a.[62, 63, 64, 65] Effectively, this means that the front, back, top,
and bottom of the organism are established during production of the egg (i.e. be-
fore fertilization and the beginning of embryonic development). As discussed in
greater detail in Sec. 2.2.2, after fertilization there are 13 nuclear division cycles
without any cellular division. At the end of the 10th cycle nuclei will have mi-
grated to the surface and upon further divisions remain localized along the cortical
surface (see Fig. 2.1b). During these nuclear division cycles, very precise nuclear
gradients are established relatively quickly.

To illustrate this, consider the nuclear gradient established by bicoid (bcd), one
of maternally localized mRNA molecules. Upon egg activation, bcd mRNA is re-
leased from its localization in the anterior egg cortex, and by the 3rd nuclear di-
vision cycle has reached the posterior cortex.[67] The concentration of bcd remains
constant for the next three nuclear division cycles with 97% being in the anterior
20% of the embryo (see Fig. 2.1c).[68] Translation of bcd into transcription factor
Bicoid (Bcd) is believed to begin upon fertilization of the egg. Experiments us-
ing Bcd-GFP revealed that the protein gradient remains relatively constant until
the end of the 10th cycle when nuclei arrive at the cortical surface (∼85 minutes
after fertilization); however, in the ∼80 minutes that it takes until completion of
the 14th cycle, a stable nuclear gradient has been established.[69] This gradient is
precise enough that a nucleus can theoretically distinguish its anterior-posterior
position within one nuclear diameter [70], and reliable enough that the Bcd con-
centration between similarly placed nuclei in different embryos only varies by up
to 10%. During the 14th cycle, bcd mRNA is degraded as the blastoderm is formed
through cellularization [68] and Bcd will begin activating target genes dependent
on concentration (i.e. in a dosage dependent manner).[71]

The establishment of dorsal-ventral polarity varies in that the gradient of the rel-
evant transcription factor Dorsal (Dl) occurs through cell-to-cell signaling events
rather than a gradient through the coenocyte (multinucleate cell) as Bcd does. This
is reflected in Fig. 2.1d where expression is shown in cells rather than a colored
gradient across the transverse cross-section. The ventralization cascade requires
17 maternally provided factors [72] and two different signals, one of which uti-
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a) b)

c) d)

Figure 2.1. Blastoderm Patterning and Embryo Polarization. Schematics of pat-
tern formation systems in early Drosophila development. a) The asymmetric local-
ization of maternal mRNA molecules during oogenesis. b) Longitudinal view of
the embryo in cleavage cycle 10 after nuclear migration to the cortex (left) and cy-
cle 14A before the onset of gastrulation (right). c) Longitudinal schematics show-
ing the development of anterior-posterior patterning. Localization of bicoid and
nanos shown in a) gives rise to the maternal gradients that specify the anterior-
posterior axis and regulate the gap, pair-rule, and segment polarity downstream
gene classes. d) Transverse cross-section schematic showing dorsal-ventral pat-
terning that is initiated by the localization of gurken shown in a). Type I, II, III+
and III- are downstream gene types. Abbreviations - Bcd: Bicoid, Hb: Hunchback,
Tor: Torso, Kni: Knirps, Eve: Even-skipped, En: Engrailed, Dl: Dorsal, Sna: Snail, Rho:
Rhomboid, Sog: Short-gastrulation, Dpp: Decapentaplegic. Subfigures b), c), and d)
adapted from Jaeger et al. (2012) with permission from Elsevier.[66]

lizes maternally localized gurken mRNA (see Fig. 2.1a). Additionally, Dl transla-
tion from maternal dorsal mRNA begins approximately 90 minutes after fertiliza-
tion, about the same time that the Bcd nuclear gradient is being established. As
Dl is being translated it can be found throughout the coenocyte; however, is later
translocated only into the ventral nuclei of the embryo.[73, 74, 75]

The cascading pattern formation along both the anterior-posterior and dorsal-
ventral axes allows for regional gene expression to be controlled with a high degree
of precision. The discussion presented in this section does not address all the com-
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plexity of the pattern formation process; however, does touch upon the parts of the
cascading pattern formation that lay the stage for the large-scale, dynamic move-
ments of embryonic cells that this dissertation addresses. Without proper pattern
formation, the gene expression necessary for the phenomena discussed through-
out this report would be disrupted. As a supplement to the diagrams in Fig. 2.1, a
selection of experimental images representative of the cascading pattern formation
are provided for reference in App. A.

2.2.2 Development of the Blastoderm

As discussed in Sec. 2.2.1, anterior-posterior (front-back) and dorsal-ventral (top-
bottom) axes are effectively established prior to egg activation and subsequent fer-
tilization. Egg activation is the process through which a mature oocyte, or egg,
develops into a cell that can initiate and support embryonic development. For
most organisms, egg activation is triggered when sperm penetrates the egg and in-
duces a wave of calcium to be released; however, in Drosophila, the initiating wave
of calcium release actually occurs as the egg moves through the female’s reproduc-
tive tract.[77, 78, 79] This is unique in that egg activation is initiated due solely to
maternal components and it has been suggested that mechanical forces play a role
in triggering the calcium wave.

Upon fertilization, the Drosophila zygote consists of a single large cell that is sur-
rounded by an eggshell that protects the developing embryo while also allowing
gas exchange. This eggshell is made up of several layers [80]; however, can roughly
be categorized as the vitelline membrane and the chorion. As mentioned in Sec.
2.1, Drosophila embryos whose chorion has been removed become transparent once
they are placed in halocarbon oil. The vitelline membrane, however, performs
multiple functions and must remain intact for proper embryonic development to
occur. Beyond providing necessary structural support throughout embryogenesis,
it has also been shown to play a role in the localization of embryonic patterning
cues.[81] For example, the terminal patterning protein Torso (see Fig. 2.1c) local-
izes in the vitelline membrane at the anterior and posterior poles[82], and it has
been suggested that the proteins of the vitelline membrane influence the dorsal-
ventral polarity[83].
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a)

b)

c)

d)

Figure 2.2. Development Prior to Gastrulation. Schematics of how the Drosophila
embryo develops between fertilization and the onset of gastrulation (i.e. ventral
furrow formation). After fertilization, the embryo undergoes multiple mitotic cy-
cles without cytokinesis, producing a multinucleated cell known as a syncitium or
coenocyte. a) Nuclei remain towards the center during the first 9 cycles. At the
end of the 9th cycle, begin to move outwards towards the cortex. b) Upon com-
pletion of the 10th division cycle, the nuclei have reached the cortex and give rise
to a syncitial blastoderm by taking up a relatively uniform distribution along the
cortex. c) During the 14th division cycle, the nuclei become elongated and the pro-
cess of cellularization begins. d) Cellularization finishes with every nuclei being
enclosed in its own membrane, except for a small cytoplasmic bridge (not drawn)
that closes a little later in development. The embryo now consists of a ∼6,000 cell
monolayer around a yolk center. The cells are polarized and have apical, basal, and
lateral sides along with spot adherens junctions that facilitate cell adhesion. Figure
adapted from Schmidt and Grosshans (2018) with permission from The Company
of Biologists Ltd.[76]
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The transition from zygote to embryo begins with the nucleus of the single large
cell performing rapid mitotic cycles without cytokinesis inside of a common cyto-
plasm. This means that the nucleus, or nuclei after the first cycle, will duplicate
without any cellular divisions being completed. The resulting multinucleated cell
is known as a coenocyte, more commonly called a syncitium in the field of embry-
ology. A total of 14 synchronous division cycles will be performed with a mean
doubling time of ∼8 minutes per cycle[84], as compared to the typical cell cycle
time of ∼24 hours [20]. Time lapse images of the nuclear division cycles reveals
that divisions actually occur as mitotic wave fronts and it has been suggested that
the cycles are coordinated via mechanical signaling.[85, 86]

Throughout the first 9 division cycles, nuclei are relatively deep within the yolk
(see Fig. 2.2a); however, between cycle 7-9 the majority begin to migrate outwards
towards the cortex. Although not encased in their own membrane, individual
nuclei are effectively surrounded by their own cytoplasm due to enclosure by
actin caps and basket-like structures formed by microtubules and centrosomes.[87,
88, 89] The actin caps facilitate interconnection through a cytoskeletal polymer
network and, paired with molecular motors, the coordinated nuclear movement
outwards towards the cortex.[90, 91, 92, 93] From cycle 10-13, migrating nuclei
reach the cortex and, as they approach, cytoplasmic buds form in the cortex above
them, creating the first instance of morphological differentiation in the embryonic
cortex.[76] As shown in Fig. 2.2b, as the nuclei continue to divide protrusions sim-
ilar to microvilli begin to extend down between nuclei.[23] The localization of the
nuclei along the inner surface transforms the coenocyte into a syncitial blastoderm.

During the interphase of the 14th division cycle, all of the migrating nuclei now
lie along the inner surface of the plasma membrane and a process known as cel-
lularization begins, see Fig. 2.2c. Cellularization is a monopolar, modified form of
cytokinesis that over a time period of ∼65 minutes[94, 20] accomplishes the for-
mation of defined cell boundaries through a 25-fold increase in membrane surface
area[95]. There are initially two kinds of furrow present: the old microvilli-like
protrusions from previous division cycles and the newly emerging furrows.[76]
The old furrows initially retract as the new ones grow, but after reaching the same
depth transform into coordinated cellularization furrows that synchronously ing-
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ress.[96] As these furrows ingress, the number of cortical domains is increased to
four. As a supplement to the diagrams in Fig. 2.2, a selection of experimental im-
ages representative of blastoderm development are provided for reference in App.
A.

While the apical, basal, and lateral domains all have predecessors (i.e. actin
caps, microvilli, etc.) the subapical domain stands out in that it appears to be a
domain that is wholly formed during cellularization.[76] The subapical domain
is of particular interest because it gives rise to spot adherens junctions that facil-
itate cell adhesion (i.e. allow for cells to pull upon each other), the importance
of which will be discussed in more detail in Sec. 2.2.3. The Drosophila embryo
takes on the form of a 6,000 cell blastoderm around a yolk center as cellularization
completes[19, 20, 21, 22, 23] and a process called gastrulation begins. Gastrula-
tion will also be described in more detail in Sec. 2.2.3. Although not shown in Fig.
2.2d, cells are not completely isolated as gastrulation begins due to a persisting
cytoplasmic bridge; however, these will close off during the process.

In addition to the changes described above, cellularization facilitates some im-
portant non-visual changes: modification from the fast nuclear division cycle to
a slower embryonic cycle, and transitioning from maternally controlled gene ex-
pression to zygotic/embryonic.[97, 20, 98] The latter is generally referred to as
the mid-blastula transition (MBT) and is characterized by degradation of maternal
RNA (in line with observations from Sec. 2.2.1), activation of zygotic transcription,
and chromatic reorganization.[20, 99, 22] This is an important transition because
it means that the onset of gastrulation coincides with the control of embryogene-
sis changing hands from the maternal mRNA and proteins to those of the embryo
itself.

2.2.3 Ventral Furrow Formation

Ventral furrow formation (VFF) is a morphogenetic movement, a dynamic large-
scale movement of embryonic cells, that initiates a process known as gastrulation
∼3 hours after fertilization.[16, 17, 18] Gastrulation is an important step in the de-
velopment of all multicellular organisms whereby an embryo transitions from a
single layered structure to one with three distinct germ layers: ectoderm, meso-
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derm, and endoderm. For Drosophila, gastrulation transforms the embryo through
a progression of partially concurrent morphogenetic movements, the four most
major of which are VFF, posterior-midgut invagination (PMG), cephalic furrow
formation (CFF), and germ-band extension (GBE).[100] These movements are la-
beled for reference in Fig. 2.3a. The territories upon the blastoderm from which the
three distinct germ layers arise are well defined as a result of the cascading pattern
formation discussed in Sec. 2.2.1.

a)

b)

c)

250 s

65% 60% 55% 50% 45% 40%+

Figure 2.3. Experimental Images of Ventral Furrow Formation. Images high-
lighting how the embryo changes through gastrulation and ventral furrow for-
mation (VFF). a) Longitudinal images showing the embryo before (left) and after
(right) gastrulation. Gastrulation is completed through multiple morphogenetic
movements, beginning with VFF, and is completed over a span of ∼3 hours. b)
Transverse cross-section images showing the progression of VFF. VFF internalizes
a band of cells on the ventral side of the embryo known as the mesoderm pri-
mordium. The process is driven by the coordinated apical constriction of individ-
ual cells in the mesoderm primordium and is completed over a span of ∼20 min-
utes. c) Confocal microscopy image of a live Spider-GFP embryo during the initial
slow apical constriction phase of VFF processed to mark constricted cells (bar-dot).
The constricted cells tend to form chain-like multicellular microstructures dubbed
cellular constriction chains (CCCs). Cells are marked based off of minor axis length
(MAL) and color saturation represents amount of constriction: lightest is 65% MAL
and darkest is 40% MAL or more. a) and b) are confocal microscopy images of
heat-methanol fixed embryos stained with Hoeschst (blue) and antibodies to Neu-
rotactin (green), courtesy of Dr. J.H. Thomas.
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2.2.3.1 Reduced Phases of VFF

The cells destined to be part of the mesoderm (i.e. middle layer) lie in a region
called the mesoderm primordium and are internalized through VFF over a span
of ∼20 minutes [101, 102]. The mesoderm primordium is a band of about 1,000
cells [19] on the ventral side of the embryo which take up approximately 80% of
its length and 20% of its circumference [16]. In terms of gene expression, the meso-
derm primordium can be identified by expression of twist (twi) and snail (sna). As
illustrated in Fig. 2.3b, VFF can be divided into three distinct phases:

1. Slow Phase of Apical Constrictions - a growing number of mesoderm primordium
cells begin apical constrictions until ∼40% have constricted,

2. Fast Phase of Apical Constrictions - the remaining unconstricted cells in the
mesoderm primordium rapidly undergo apical constrictions and initiate buckling,

3. Invagination Phase - invagination of the mesoderm primordium and closure of the
ventral furrow.

There is a dorsal-ventral variability in cellularization time that causes the ventral
cells of the embryo to finish a few minutes before other regions.[103, 32] As soon as
the ventral cells finish their cellularization (see Sec. 2.2.2), the slow phase of apical
constrictions begins.[104, 32]

The slow phase begins with cells in a ∼10-12 cell wide central patch of the
mesoderm primordium flattening their apical membranes and moving their nu-
clei basally (inwards).[103, 105, 106, 62] These cells then begin to undergo a combi-
nation of unratcheted pulses and ratcheted apical constrictions.[29, 107, 108, 109]
The progression of constrictions (i.e. ratcheted apical constrictions) was previously
described as a stochastic process [103, 105]; however, it was recently observed
that constricted cells form chain-like multicellular-microstructures, dubbed cellu-
lar constriction chains (CCCs), that are indicative of constrictions being coordinated
through tensile mechanical stress.[30] An example of these CCCs from an embryo
in a later stage of the slow phase is shown in Fig. 2.3c.

The mechanical stress coordinated constrictions of the slow phase are the focus
of the active granular fluid (AGF) model presented Ch. 4. The procedure devel-
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oped for processing live embryo images to produce Fig. 2.3c along with a rep-
resentative time lapse of CCC development (see Fig. 5.2) are provided in Ch. 5.
The slow phase continues until ∼40% of the mesoderm primordium cells have
constricted and then the rest will constrict rapidly during the fast phase of apical
constrictions.[103, 105] The transition to fast phase is not well understood; how-
ever, it has been well established that mutations in folded gastrulation protein (fog)
and concertina (cta) will disrupt its initiation.[103, 110, 111] In light of the results
discussed in this dissertation, it is suggested that the transition between slow and
fast phase of apical constrictions involves an as of yet unidentified mechanical
stress element.

One comment regarding the description of apical constriction phases established
in the literature: while the general consensus was that a slow stochastic phase
followed a rapid transition phase [103, 105], one incongruent study reported that
there was actually a slow synchronous phase followed by a fast stochastic phase
[101].

The invagination phase is accomplished by a well defined series of coordinated
cell-shape changes driven by continued apical constrictions.[107, 112, 113, 114]
These cell-shape changes can roughly be divided into two steps: lengthening and
shortening. Cellular volume has been shown to remain constant during the length-
ening step [18] and strong evidence that the volume remains constant during the
shortening step has been reported [17]. Apical constrictions continue as the basal
width remains constant during the lengthening step. To maintain volume, cy-
toplasm is shifted basally as apical volume is reduced which causes the cell to
elongate and helps facilitate the basal movement of nuclei.[18] The shortening
phase occurs more rapidly and is characterized by the completion of apical con-
strictions paired with the elongation of the basal surface. With the apical surface
effectively reduced to a point and the basal surface elongating, to maintain vol-
ume cells rapidly shorten and take on a pronounced wedge shape as the furrow is
internalized.[105, 32, 103] The invagination phase of VFF is the focus of the multi-
ple force center (MFC) model presented in Ch. 3.
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2.2.3.2 The Mechanics of VFF

The discrete tissue shapes that the embryo transitions through to complete VFF
(Fig. 2.3b) are primarily driven by the apical constrictions that persist across all
three of the reduced phases.[115, 116, 117] Actomyosin contractions in the apical
cortices of individual cells generate these apical constrictions [106, 118, 119, 120,
121, 122] and, so long as cell-cell adhesion is maintained, directly impact global
tissue changes with the geometric and mechanical changes that they produce[123].
During VFF, cell-cell adhesion is maintained by the self-binding adhesion receptor
E-cadherin which is found in the spot adherens junctions that form during cellu-
larization (see Fig. 2.2d).[124, 125] Effectively, the adherens junctions facilitate the
interconnection of the apical cortices and give rise to a supracellular actomyosin
network that simultaneously transmits forces between cells and propagates forces
across the tissue.[115, 126] Beyond facilitating tissue wide shape changes, it is pos-
sible that this network acts as a pathway for intercellular coordination via mechan-
ical stress and mechanical stress feedback.

The adherens junctions, and ergo the supracellular actomyosin network, in the
mesoderm primordium are disassembled just after the conclusion of VFF as part
of the cell’s epithelial-mesenchymal transition (EMT). There is evidence that the
timing of this disassembly is regulated via tensile mechanical stresses across the
junctions.[127] After being invaginated the cells of the mesoderm primordium sep-
arate from each other and no longer participate in the remaining/continuing mor-
phogenetic movements of gastrulation (i.e CFF, GBE, and PMG in Fig. 2.3b). There-
fore, assuming that the supracellular network does indeed act as a communication
pathway for coordination of mechanical activity, these cells would no longer have
any need to remain connected. Seemingly in support of this hypothesis, it has
been reported that morphogenesis will fail if junctional integrity is prematurely
compromised.[128, 113]

Apical constrictions are well established as being necessary for VFF; however,
it has been observed that the ventral movement of lateral cells (i.e. members of
the ectoderm primordium) is also required for successful invagination.[129, 130]
It was reported that lateral cells move ventrally as a cohort with a timing that is
not strictly linked to mesoderm invagination.[129] While the invagination phase
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is always temporally paired with lateral movement, the lateral movement, albeit
with less displacement, still occurs in mutant embryos that never initiate VFF.
This shows that there is not a simple mechanical coordination between the ventral
and lateral cells during the invagination phase and is indicative of embryo-wide
coordination between the major morphogenetic movements. It was also found,
however, that dorsal cells appear to passively widen under a ventrally directed
force.[129]

It has been suggested that basal elongation during the shortening step of the
invagination phase is a passive mechanical response facilitated by a drop in rigid-
ity of the basal surface.[17] Myosin localization is a potential indicator of cortical
domain rigidity; however, it should be noted that contractile forces can still be gen-
erated in absence of myosin [115, 131] which suggests that myosin concentration
may not be the best measure of rigidity (i.e. resistance to stretching). As discussed
in Sec. 2.2.2, cells have four cortical domains after cellularization: apical, basal,
lateral, and subapical. It was found that there is a high basal concentration of
myosin upon completion of cellularization that persists through the lengthening
step and then drops by 10-fold in the mesoderm and 2-fold in the ectoderm pri-
mordia during the shortening step.[17] This observation led to the suggestion that
myosin control of basal rigidity represents a purely passive mechanism for mediat-
ing the cell shape changes observed during the invagination phase; however, this
could also be framed as a reactive response. Rather than the basal cortex yielding
and the lateral cortices shortening to conserve volume, it could be that the lateral
cortices shorten and the basal cortex elongates to conserve volume, which would
produce an effective push against neighboring cells.

2.2.3.3 Impact of Genetic Mutations

The cascading pattern formation described in Sec. 2.2.1 results in two sets of
coupled genes being expressed in the mesoderm primordium that are all required
for wild-type ventral furrow formation (VFF): twist (twi) and snail (sna)[31, 32], and
folded gastrulation protein (fog) and concertina (cta)[110, 111].

The twi and sna genes control independent processes that together allow the cell-
shape changes described in Sec. 2.2.3.1 to occur. Dorsal (see Fig. 2.1) promotes the
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transcription of twi, and Twist and Dorsal cooperatively activate the transcription
of sna.[132] In twi mutants, nuclei are successfully released from their apical an-
chors and move basally; however, cells have deficient apical constrictions and are
unable to complete the shortening step, which results in the formation of a shallow,
half-width furrow.[62, 31] Without Twist, cells are unable to stabilize their apical
cortices during ratcheted constrictions which results in a failure to form a suffi-
cient supracellular actomyosin network across the mesoderm primordium.[116]
Embryos mutant in sna fail to release their nuclei or make an organized furrow.
The nuclei remaining apically localized seems to disrupt apical constrictions [132];
however, cells are still able to partially shorten and end up generating an irreg-
ular tissue buckling across the full mesoderm primordium.[31] Embryos that are
mutant for both twi and sna will fail to form any kind of VFF-like changes, result-
ing in the mesoderm and ectoderm primordium being indistinguishable from each
other.[31, 62] In addition to working together during the invagination phase, sna is
believed to control the slow phase and twi the fast phase of apical constrictions.[27]

Both fog and cta mutants will form a ventral furrow, but it will be an asymmetric,
disorganized furrow whose formation is notably delayed because the transition be-
tween the slow and fast phases of apical constrictions never occurs.[103] Unlike twi
and sna, fog and cta seem to work on the same pathway.[16, 111] Their final furrows
are qualitatively identical and are both the result of cells failing to apically con-
strict; however, closer inspection reveals some phenotypic differences.[103] Em-
bryos mutant in fog will generally constrict more cells and will internalize the nor-
mal number of twi expressing cells. On the other hand, cta will have more cells
that fail to constrict and, in turn, will have notably more twi expressing cells on the
outer edge of the mesoderm primordium that fail to be internalized. While fog and
cta appear to jointly be part of a signaling pathway that mediates VFF coordina-
tion, they have different origins and relative distributions.[132] The fog mRNA is
zygotically expressed as part of the dorsal-ventral patterning and cta is maternally
supplied and ubiquitous.

Experiments with twi and sna have revealed the expression of these genes may
be influenced by mechanical stress. Wild type germ-band extension (GBE; see Fig.
2.3a) produces compression of a region known as the stomodeal primordium. It
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was found that twi expression in the stomodeal cells could be modulated with the
application of external mechanical stress [24, 26] and further, that compression of
the stomodeal cells by GBE is responsible for triggering a process that is required
for Twist mechanical induction in the stomodeum (i.e. wild type expression is me-
chanically regulated)[28]. The ratcheted apical constrictions that drive VFF require
the redistribution of Myosin II to the apical cortex. Embryos homozygous for sna
mutations fail to redistribute Myosin II properly and to complete VFF, as previ-
ously described; however, both can be recovered through the external application
of localized mechanical stress.[27] It was also noted that mechanical deformation
promotes Fog-dependent signaling and therefore, suggests that the mechanical
stress which becomes distributed through the mesoderm primordium during the
Snail controlled slow phase of apical constrictions is necessary for the successful
Fog mediated transition to the Twist controlled fast phase.

17



Texas Tech University, Michael C. Holcomb, May 2019

CHAPTER 3
MODELING THE TRANSVERSE PLANE

The transverse plane transects the anteroposterior axis of the Drosophila melano-
gaster embryo. As described in Ch. 2, ventral furrow formation (VFF) is not a com-
pletely isolated event; however, by selecting a transverse plane that passes through
the widest section of the embryo, the invagination process of VFF can effectively
be treated as independent. Identifying cellular coordination via mechanical stress
feedback is experimentally difficult, especially for embryonic systems. The novel
two-dimensional multiple force center (MFC) approach was developed to simulate
individual cellular dynamics and analyze the propagation of mechanical stress be-
tween cells in the transverse plane throughout the invagination process.

3.1 Methods - Multiple Force Centers in 2D

3.1.1 Structure of Embryo Cross-Section

The cross-section of the embryo along the transverse plane can be divided into
four distinct sections: yolk, blastoderm, perivitelline space, and vitelline mem-
brane (see Fig. 3.1a). The primary focus of the MFC approach is the cells of the
blastoderm; however, each of the four named sections plays an important role in
the development of the system.

The blastoderm is modeled on the cellular level as a collection of structurally
identical, mechanically active objects. To simulate the maintenance of epithelial
structure during VFF, cells are only considered to be bonded to their adjacent
neighbors; however, have the ability to interact with every other cell in the blas-
toderm. All 2D MFC results presented here were completed with 80 cells in the
cross-section.

The yolk and perivitelline space are treated as separate areas filled with com-
pressible fluid. Each area has its own respective compressibility and indepen-
dently interacts with the cells of the blastoderm. It is likely that the yolk and periv-
itelline space are predominately filled with water, which is only slightly compress-
ible; however, as the yolk contains nutrients for cells to use during development,
it is unclear whether yolk volume is actually maintained in vivo.
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a) b) c)

d) e) f )

Figure 3.1. Multiple Force Center (MFC) Model Schematics. a) Schematic of
the simulated transverse plane of a Drosophila embyro. The cross-section can be
divided into four distinct sections: starting from the center, yolk (yellow with black
dots); blastoderm (orange, blue, or reddish-purple); perivitelline space (yellow);
and vitelline membrane (thick black line). To accomplish the breaking of symmetry
necessary for invagination, the blastoderm is divided into three regions: active (A ,
orange), border (B, blue), and outer (O, reddish-purple). b) and c) are schematics
of the blastoderm highlighting how the MFC approach can reproduce cell shapes
similar to those observed in vivo. b) shows a representative blastoderm which has
flattened and c) one that is about half way through the invagination process. d),
e), f ) Fixed embryo images provided for comparison. d) shows the cross section
of an embryo just before ventral furrow formation (VFF) begins. e) magnifies the
mesoderm primoridum where cells have flattened in preparation for VFF and f )
once invagination has begun.

The vitelline membrane is represented as a rigid boundary which cells can press
into, but cannot pass. This mimics the membrane in vivo that acts to encapsu-
late and constrain the developing embryo. The vitelline membrane is imperative
to successful VFF as the spot adherens junctions successfully maintain epithelial
structure through invagination but are not strong enough hold the blastoderm to-
gether if the membrane becomes compromised.

19



Texas Tech University, Michael C. Holcomb, May 2019

3.1.2 Structure of Individual Cells

Individual cells of the blastoderm are represented as a set of overlapping force
centers that are uniformly distributed along a straight line. With our MFC ap-
proach, the majority of cell shapes observed in vivo can be reliably simulated while
also properly restricting physical overlap and inter-cellular buckling (Fig. 3.1).
There is only inter-cellular interaction between force centers, meaning that force
centers within a single cell do not interact with each other. Force center interaction
is discussed in greater detail in 3.1.6.

a)

2b

2a

h

b) c) d) e)

Figure 3.2. MFC Cell and Previously Attempted Cellular Structure Schematics.
Schematics of current and previous cell representations. a) MFC representation of
the cell showing how cell can be parameterized in terms of apical radius (a), basal
radius (b), and cell height (h). The apical force center is shown in pink, basal force
center in light blue, and middle force centers in black. Previous cell representations
include b) a single force center, c) two force centers, d) non-overlapping multiple
force centers. Individual cells are denoted by either gray or wavy-patterned disks
on a straight line; arrows point towards the apical surface of the blastoderm. For
reference, yolk (yellow with black dots), perivitelline space (yellow), and vitelline
membrane (thick black line) are also shown. All previous cell representations were
not pursued further either because they failed to capture cellular shape changes or
suffered from settling issues under compression. e) shows how the overlapping
multiple force center approach minimizes settling issues and, as shown in Fig. 3.1,
can faithfully reproduce cell shapes observed in vivo.
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Enforcing apical-basal symmetry and constraining cellular volume allows cells
to be parameterized in terms of apical force center radius (a), basal force center ra-
dius (b), and distance between apical and basal force centers (h), see Fig. 3.2a. These
constraints reflect the current belief that cell volume remains constant during VFF
[18, 17] and our observation that many cells maintain an apical-basal symmetry
along the transverse plane.

This cell structure was inspired by the extensive use of force centers in mod-
eling granular media, [133, 134, 135] fluid flow through porous media, [136, 137,
138, 139] and foam mechanics. [140, 141] Force centers provide a well-established
means for considering pair-wise interactions within two-dimensional (discs) and
three-dimensional (spheres) spaces.

Various iterations of using force centers to simulate individual cells were at-
tempted before the MFC approach. Single force centers were not capable of mim-
icking the complexity of cell shapes observed in vivo (Fig. 3.2b). Double force
centers failed to adequately restrict physical overlap (Fig. 3.2c) and multiple non-
overlapping force centers suffered from inter-cellular buckling under compressive
stresses (Fig. 3.2d).

3.1.3 System Geometry

The simulated cross-section is approximated to be perfectly circular. Cells are
generated by first placing apical (outer) force centers equally around a circle of
nondimensional radius (Rembryo

out ). Basal (inner) force centers are then placed ra-
dially inwards upon a circle of some smaller nondimensional radius (Rembryo

inn ). All
other force centers are then placed uniformly along the apical-basal axis of each cell
(i.e. along a line connecting the apical and basal force center of each cell). Radii of
similarly indexed force centers are identical between cells and set such that there
are initially no pushing or pulling forces. The vitelline membrane then is set to
be at a nondimensional radius just outside the interaction range of the apical force
centers (Rembryo

vit ).
Upon completion of this process, the simulated embryo is in its “initial config-

uration” and possesses the four distinct sections described in 3.1.1. The following
are system variables that are specified prior to system generation for all results
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presented in this chapter,
N = 80

M = 15

Rembryo
out = 1.00

Rembryo
inn

Rembryo
out

= 0.75

Rembryo
vit

Rembryo
out + a

= 1.01 .

(3.1)

These values were primarily selected through observation of experimental im-
ages to produce a faithful representation of the transverse plane cross-section of
a Drosophila melanogaster embryo. The only exception is M , which was selected
to maximize computational efficiency while also minimizing the inter-cellular set-
tling mentioned in Sec. 3.1.2.

3.1.4 Breaking Symmetry

Invagination of the mesoderm primordium requires a breaking of symmetry re-
sulting in the generation of spontaneous curvature. This is accomplished through
the introduction of prescribed cellular deformations, simulating genetically coded
cell shape changes. As shown in Fig. 3.1a, the blastoderm is divided into three
regions: active (A), border (B), and outer (O).

• A : Representative of mesoderm primordium. Cells undergo a temporally
asynchronous apical constriction and basal elongation, as shown in Fig. 3.3A
(orange).

• B: Representative of mesectodermal cells. Cells experience synchronous api-
cal elongation and basal constriction, as shown in Fig. 3.3B (blue).

• O: Representative of ectoderm primordium. Cells undergo synchronous api-
cal and basal elongation, as shown in Fig. 3.3O (reddish-purple).

These regions were established based on known dorsal-ventral gene expression
variation.[31] A is the mesoderm primordium where expression of both twist (twi)
and snail (sna) is pronounced. B are the mesectodermal cells that lie along the edge
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A
B

O

Figure 3.3. Cellular Shape Changes in Prescribed Regions. The blastoderm in
our model is divided into three regions: active (A), border(B), and outer (O). A :
Cells initially flatten on their apical side, becoming columnar. The apical surface
continues to constrict as the basal surface maintains its length, producing an elon-
gated wedge shape. The basal surface then begins to expand as the apical surface
continues to constrict, making the cell reduce in height and take on a pronounced
wedge shape. B: Cells experience an expansion of their apical, and constriction
of the basal, surfaces. The cells move into a wedge shape that helps navigate the
interface between A and O. O: Cells in this region experience a synchronous expan-
sion of both apical and basal surfaces. This yielding is necessary for invagination
of the mesoderm primordium.

of the mesoderm primordium. Mesectodermal cells have diminished expression
of twi, no expression of sna, pronounced expression of the gene single-minded (sim),
and expression of the gene crumbs (crb). The sim gene is a developmental regulator
that specifies ventral midline cells that will eventually give rise to the Drosophila
central nervous system [142, 143, 144], and crb is involved in the proper forma-
tion of adherens junctions in ectodermally dervied epithelia [145, 146, 147]. Both
sim and crb play important roles in later stages of development; however, are not
required for proper VFF. O are the ventro-lateral, dorso-lateral, and amnioserosa
cells. While there can be slight expression of twi in the cells that neighbor the me-
sectodermal cells, they in general have no expression of twi, sna, or sim, but do
have expression of crb.

To better simulate the gradient of gene expression within the A and B regions,
a flattened normal distribution is applied about the center of each region, respec-
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tively, and varies prescribed cellular shape changes. For example, the cell towards
the center of A will experience a stronger apical constriction than a cell at one of
its edges. The cells of the O region all receive the same prescribed cellular changes;
however, are divided into dorsal and ventral sub-regions which begin their pre-
scribed changes at different times. The cells of the ventral sub-region begin chang-
ing shape before the cells of the dorsal sub-region, in line with what can be ob-
served in time lapses of the transverse plane in vivo.

3.1.5 Cellular Interactions

Each cell is subject to five types of configuration dependent interactions that give
rise to forces, as shown in Fig. 3.4. Forces will be introduced below; however, for
brevity any relevant derivations will be presented in the appendices.

3.1.5.1 Adjacent Neighbor Forces

Cells can experience both pushing and pulling from adjacent neighbors. Push-
ing arises from cells not being able to physically occupy the same space and pulling
through spot adherens junctions that attach cells to adjacent neighbors. Since
the epithelial structure of the blastoderm is maintained throughout VFF, adjacent
neighbors are identified from the initial configuration and maintained throughout
the simulation.

Each cell of the simulated embryo is made up of the same number of force cen-
ters which are indexed along the apical-basal axis. Force centers with the same
index interact through a spring potential resulting in an elastic force defined by,

~F
adj

ik,jk =
−κiκj
κi + κj

(dik,jk − (rik + rjk)) d̂ik,jk , (3.2)

which generates repulsion to discourage physical overlap and attraction to mimic
the attachment through spot adherens junctions. Indexes i and j represent two ad-
jacent cells in the blastoderm and k is the force center index. The spring constants
of cell i and j are represented by κi and κj , respectively. The distance between
force center k of cell i and force center k of cell j is dik,jk. The radius of force center
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Figure 3.4. Cellular Interactions and Relaxation Modes Schematics. Cells of
the blastoderm experience five types of interactions that give rise to forces: a),
b), c), d), and e). The blue force center(s) in each schematic denote which in-
teractions are highlighted in the schematic. Green lines show elastic forces (i.e.
both attractive and repulsive) and orange lines show repulsive forces. Solid lines
denote active interactions while dashed lines identify potential interactions. a)
Schematic of the adjacent neighbor forces experienced by force center 1 of Cell
i: attraction/repulsion with force center 1 of cells j and k, and repulsion from
force center 2 of cell k. There is potential for repulsion from all other force cen-
ters of cells j and k; however, there is enough separation that none of these are
currently within interaction range. b) Schematic of distant neighbor interactions
highlighting the placement of additional apical and basal force centers. Due to the
maintenance of epithelial structure, the additional apical force centers are interact-
ing repulsively while the additional basal force centers are not within interaction
range. c) Schematic of the basal areas used to calculate the yolk force. The yolk
is denoted by the yellow area with black dots, basal areas between adjacent cells
are shown by the solid reddish-purple lines, and area vectors by the arrows of
the same color. d) Schematic of the apical areas used to calculate the perivitelline
space force. The perivitelline space is denoted by the yellow area, apical areas
by solid reddish-purple lines, and area vectors by the arrows of the same color.
e) Schematic of the repulsive interaction between the vitelline membrane and the
additional apical force center of a cell pushing against it. f ), g) and h) depict the
modes of relaxation available to cells. g) shows the quick mode of relaxation where
the cell translates and rotates while h) shows the slow mode of relaxation where
the cell reactively restructures its cytoskeleton to change shape.
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k of cell i is rik and the radius of force center k of cell j is rjk. The unit vector d̂ik,jk
points from force center k of cell i towards force center k of cell j.

Force centers with different indexes only interact repulsively, helping to discour-
age cells from physically overlapping. This takes on a similar form to Eq. 3.2,
except restricted so that it is only repulsive.

~F
adj

ik,jl =


−κiκj
κi + κj

(dik,jl − (rik + rjl)) d̂ik,jl dik,jl < (rik + rjl)

0 dik,jl ≥ (rik + rjl) ,
(3.3)

where k and l are two different force centers that are a part of cell i and j, respec-
tively. The distance between force center k of cell i and force center l of cell j is
dik,jl. The radius of force center k of cell i is rik and the radius of force center l of
cell j is rjl. The unit vector d̂ik,jl points from force center k of cell i towards force
center l of cell j.

The total adjacent neighbor force upon cell i from bonded neighbor cell j is the
summation over all possible pairwise interactions between their force centers,

~F
adj

ij,total =
M∑
k=1

M∑
l=1

~F
adj

ik,jl . (3.4)

M = 15 for all 2D MFC results discussed in this dissertation. This value was
selected to optimize balance between computation time and minimization of the
inter-cellular settling discussed in Sec. 3.1.2. The net adjacent neighbor force upon
cell i is then found by summing over all adjacent neighbors,

~F
adj

i,net =
∑
j

~F
adj

ij,total . (3.5)

For the 2D MFC results discussed here, every cell has exactly two adjacent neigh-
bors, as shown in Fig. 3.4a.
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3.1.5.2 Distant Neighbor Forces

When cells come in contact with distant cells (i.e. non-adjacent neighbors) they
experience a pushing, as cells cannot physically overlap. To navigate these interac-
tions, every cell is equipped with additional force centers that are modifications of
the most apical and most basal force centers. These additional force centers have
larger radii than the originals and are shifted towards the center of the cell along
the apical-basal axis such that the furthest interaction point is maintained.

In the actual embryo, cellular membranes will flatten against each other as the
cells come in contact. The additional force centers act to approximate this by pro-
viding what cumulatively amounts to an interaction-front, inspired by the Huy-
gens-Fresnel principle. For the 2D MFC model, there are only two additional force
centers and their radii are 1.5 times that of the original apical or basal force center
from which they are modified. A multiplier of 1.5 was selected to maximize the
flatness of the interaction-front while also limiting unphysical interactions with
second order neighbors (i.e. adjacent neighbors of adjacent neighbors).

The maintenance of epithelial structure through VFF means that distant cell in-
teractions are restricted to basal-basal and apical-apical interactions. The lack of
adherens junctions between distant cells means only repulsive forces, similar in
form to Eq. 3.3, need to be considered.

~F
dis

i,j,X =


−κiκj
κi + κj

(di,j,X − (ri,X + rj,X)) d̂i,j,X di,j,X < (ri,X + rj,X)

0 di,j,X ≥ (ri,X + rj,X) ,
(3.6)

where i and j are two distant cells, andX denotes either api (apical) and bas (basal)
additional force centers. The values κi and κj are spring constants for cell i and cell
j. The distance between additional force center X of cell i and cell j is denoted by
di,j,X , while d̂i,j,X is the unit vector pointing fromX of cell i towardsX of cell j. The
radius of additional force center X of cell i and cell j are ri,X and rj,X , respectively.

The total distinct cell force upon cell i from cell j is found by adding the apical
and basal additional force center interactions,

~F
dis

ij,total = ~F
dis

i,j,api + ~F
dis

i,j,bas . (3.7)
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Generally, cells will not experience both apical and basal distant cell interactions
simultaneously, as shown in Fig. 3.4b; however; within B and the bordering A cells,
it is possible. The net distinct cell force upon cell i comes from summing ~F

dis

ij,total of
all distant cells,

~F
dis

i,net =
∑
j

~F
dis

ij,total . (3.8)

In the 2D MFC model, the number of distant neighbors varies depending on the
location of cell i within, and overall configuration of, the blastoderm.

3.1.5.3 Yolk Forces

Only the basal surface of cells interact with the yolk of the embryo. As discussed
in Sec. 2, cells of the blastoderm are connected to the yolk via cytoplasmic bridges
which eventually close. The yolk stockpiles nutrients and macromolecules for cells
to use during embryonic development. The volume of the yolk is generally treated
as constant; however, it is unclear whether the volume actually remains constant
in vivo during VFF.

The yolk is modeled as a compressible fluid that interacts with the most basal
force center of each cell. The yolk exerts a volume dependent pressure: pushing
outwards as volume decreases and pulling inwards if it increases. A recent study
showed that the cytoplasm that collects into the yolk sac during cellularization has
a viscosity that is on the order of 103 times greater than water.[148] Yolk is not
a very compressible fluid; however, treating the yolk as compressible allows the
model to focus primarily on the intercellular dynamics and makes the simulated
embryo less stiff and, ergo, more computationally efficient.

The pressure exerted by the yolk on the blastoderm is found using,

P ylk =
V ylk
eq − V ylk

βylkV ylk
eq

. (3.9)

V ylk
eq is the equilibrium volume of the yolk and is established from the initial con-

figuration. V ylk is the yolk volume at a given time and βylk is the assigned com-
pressibility for the yolk. The yolk compressibility is a system value that was set to
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ensure reasonable resistance to the invaginating blastoderm while also not creating
a system which is too stiff for the time stepper.

The net yolk force upon cell i with adjacent neighbors j and k is then,

~F
ylk

i,net =
−P ylk

2
(~Aij,bas + ~Aik,bas) . (3.10)

~Aij,bas and ~Aik,bas are the area vectors describing the basal surface between cell i
and j, and cell i and k, respectively (see Fig. 3.4c). The convention of a positive
pressure translating into a positive (i.e. outward) force is followed here; however,
the negative is needed due to the directionality of the area vectors which would
point inwards. In the 2D MFC, spacial dimensionality is reduced by one, meaning
that volumes become areas and areas become line distances.

3.1.5.4 Perivitelline Space Forces

As described in Sec. 2, the perivitelline space is filled with fluid and plays an
important role in establishing the dorsal-ventral polarity. The fluid of the periv-
itelline space differs from that of the yolk, but still contains some macromolecules
that are important for wild-type (i.e. normal) gene expression. For our purposes,
we are primarily interested in how the perivitelline fluid interacts with the apical
surface of cells; however, the fluid technically also extends towards the membranes
of adjacent cells.

We will follow a similar approach to the one introduced for yolk forces (see Sec.
3.1.5.3). The pressure is found using,

P pvs =
V pvs
eq − V pvs

βpvsV pvs
eq

, (3.11)

where V pvs
eq is the equilibrium volume of the perivitelline space established from

the initial configuration and V pvs is the current configuration’s volume. βpvs is the
assigned compressibility for the perivitelline fluid and is independent of βylk.

The net perivitelline force experienced by cell i with adjacent cells j and k is,

~F
pvs

i,net =
−P pvs

2
(~Aij,api + ~Aik,api) . (3.12)
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~Aij,api is the area vector describing the apical surface between cell i and j. ~Aik,api

is the area vector describing the apical surface between cell i and k, as shown in
Fig. 3.4d. Notice that the negative remains in the equation. The apical area vec-
tors point outwards relative to the embryo this time, but point inwards relative to
perivitelline space since the space lies between the apical surface and the vitelline
membrane.

The effect of the perivitelline fluid between adjacent cells can be neglected. If
cells feel a force pushing the apical surface inwards, then the fluid would also at-
tempt to push the membranes of adjacent cells apart. The spot adherens junctions
paired with the cytoplasmic resistance of the cell would stop the membranes from
appreciably separating. A similar argument can be made if cells were to be pulled
considering that there is a relatively thin layer of perivitelline fluid between adja-
cent cells.

3.1.5.5 Vitelline Membrane Forces

With the maintenance of epithelial structure, only the apical surface of cells can
push against the vitelline membrane during ventral furrow formation, as shown
in Fig. 3.4e. The vitelline membrane provides structural support to the embryo and
acts as a rigid boundary that the blastoderm can push up against. In the model,
the membrane is treated as a radial rigid boundary using a truncated and shifted
Lennard-Jones potential.

The net force experienced by cell i through interaction with the vitelline mem-
brane is,

~F
vtm

i =


24ε

d2i

[
2

(
σi
di

)12

−
(
σi
di

)6
]

(−ρ̂i) di < ri,api

0 di ≥ ri,api ,

(3.13)

where ε is the stiffness of the potential and is a system value that is set to ensure
adequate resistance relative to other forces and keep the system from becoming
too stiff. The radius of the apical additional force center of cell i is ri,api, and σi

is defined by the equation ri,api = 2.5σi. The distance between the center of the
additional apical force center of cell i and the vitelline membrane is di. The radial
unit vector ρi points from the center of the transverse cross section towards the

30



Texas Tech University, Michael C. Holcomb, May 2019

additional apical force center of cell i. The negative in front of ρi is placed to reverse
the direction of the force radially inwards.

3.1.6 Relaxation Mechanisms

Cells are given two modes of relaxation with which to respond to interactions,
as shown in Fig. 3.4f.

The first is a relatively quick relaxation through the movement and rotation of a
cell as a rigid body (Fig. 3.4g). Moeendarbary et al. reported that a cell resting on a
flat surface can experience 80% of total relaxation to its original shape in approxi-
mately 0.5 seconds if deformed by an indention of less than 25% of its height.[149]
The quick mode of relaxation is a similar type of response and would therefore be
on a similar timescale.

The second mode is a relatively slow relaxation through deformation of cellular
shape (Fig. 3.4h), accomplished through rearrangement of the cytoskeleton. Cy-
toskeletal rearrangements are accomplished through processes such as crosslinker
exchange. Crosslinkers are proteins which negotiate bonding between cytoskeletal
fibers such as actin. Mukhina et al. reported that crosslinker exchange occurs on a
timescale of 20 seconds.[150, 149]

Both modes of relaxation occur on a much faster timescale than ventral furrow
formation, which takes approximately 20 minutes.[101, 102] This allows for the ad-
vancement of the invagination process to be approximated as a gradual transition
between quasistatic states.

3.1.6.1 Quick Mode of Relaxation

The quick mode of relaxation is accomplished through the application of force
and torque balance. Cells are treated as rigid bodies that can translate and rotate
in response to the interactions described in Sec. 3.1.5; however, these interactions
are all considered internal relative to the embryo. Therefore, the net force (~F

embryo
)

and net torque (~τ embryo) are both 0, and the simulated cross-section neither trans-
lates nor rotates. For individual cells, translation and rotation are decoupled and
considered independently.
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Force Balance: The net force upon the embryo is defined as,

~F
embryo

=
N∑
i

~F
cell

i = 0 , (3.14)

whereN is the number of cells in the blastoderm. For all 2D MFC results discussed
in this dissertation, N = 80. ~F

cell

i is the net force upon cell i of the blastoderm
defined by,

~F
cell

i = ~F
adj

i,net + ~F
dis

i,net + ~F
ylk

i,net + ~F
pvs

i,net + ~F
vtm

i,net . (3.15)

~F
adj

i,net is Eq. 3.5 described in Sec. 3.1.5.1; ~F
dis

i,net Eq. 3.8 in Sec. 3.1.5.2; ~F
ylk

i,net Eq. 3.10
in Sec. 3.1.5.3; ~F

pvs

i,net Eq. 3.12 in Sec. 3.1.5.4; and ~F
vtm

i,net Eq. 3.13 in Sec. 3.1.5.5.
Cells in vivo are effectively bodies suspended in viscous fluid where drag forces

predominate over cellular inertias. To simulate this, cells are treated as inertia-less
bodies subject to overdamped dynamics and the net force experienced by a given
cell is taken to act upon its center of geometry. The balance of forces (i.e. Newton’s
second law) is then,

~F net = ~F
cell

i − ~F
drag

i =
d

dt
(mi~vi)

~F
cell

i − cti~vi = 0

~F
cell

i = cti~vi ,

(3.16)

where mi is inertial mass and ~vi is velocity of cell i. The translational viscous
damping coefficient experienced by cell i is represented by cti. Treating cells as
inertia-less is represented by settingmi = 0, and ~F

drag

i = cti~vi was selected to model
the drag force as proportional to velocity, as is often done for damped harmonic
oscillators.

By rearranging the final line of Eq. 3.16, the velocity of cell i is then defined by,

~vi = (cti)
−1~F

cell

i . (3.17)

The full hydrodynamics about cellular geometries are neglected and (cti)
−1 is treat-

ed as a constant rather than a variable dependent on relative geometries.
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Torque Balance: The net torque upon the embryo is defined as,

~τ embryo =
N∑
i

~τ celli = 0 , (3.18)

where ~τ celli is the net torque upon cell i of the blastoderm produced by the interac-
tions discussed in Sec. 3.1.5.

~τ celli =
M∑
k

~rk × ~F
fc

ik , (3.19)

where ~F
fc

ik is the net force experienced by force center k of cell i, and~rk is the radial
vector pointing from the cell i’s center of geometry to the center of force center k.

In general, ~F
fc

ik would be calculated by adding the forces from all interactions
that a given force center could experience. With the maintenance of epithelial
structure throughout ventral furrow formation, the force centers can be divided
into three specific categories based on the types of interactions that are possible,
namely apical, middle, and basal. The net force experienced by force center k of
cell i is then,

~F
fc

ik =


∑adj

j

∑M
l=1
~F
adj

ik,jl +
∑dis

j
~F
dis

i,j,api + ~F
pvs

i,net + ~F
vtm

i,net apical∑adj
j

∑M
l=1
~F
adj

ik,jl middle∑adj
j

∑M
l=1
~F
adj

ik,jl +
∑dis

j
~F
dis

i,j,bas + ~F
ylk

i,net basal .

(3.20)

~F
adj

ik,jl is described by Eq. 3.2 and Eq. 3.3 in Sec. 3.1.5.1; ~F
dis

i,j,api and ~F
dis

i,j,bas by Eq. 3.7

in Sec. 3.1.5.2; ~F
ylk

i,net Eq. 3.10 in Sec. 3.1.5.3; ~F
pvs

i,net Eq. 3.12 in Sec. 3.1.5.4; and ~F
vtm

i,net

Eq. 3.13 in Sec. 3.1.5.5.
As in the discussion of force balance, full hydrodynamics about cellular geome-

tries are neglected and cells are treated as inertia-less bodies subject to overdamped
dynamics. The net torque experienced by a given cell is taken to act about its cen-
ter of geometry. The balance of torques (i.e. Newton’s second law for rotation) is
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then,

~τ net = ~τ celli − ~τ
drag
i =

d

dt
(Ii~ωi)

~τ celli − cri~ωi = 0

~τ celli = cri~ωi ,

(3.21)

where Ii is the rotational inertia and ~ωi is angular velocity of cell i. The factor cri is
the rotational viscous damping coefficient experienced by cell i.

Treating cells as inertia-less is represented by setting Ii = 0. The damping torque
is modeled as being proportional to angular velocity by ~τ dragi = cri ~wi. Rearranging
the final line of Eq. 3.21 defines angular velocity of cell i as,

~ωi = (cri )
−1~τ celli . (3.22)

As with Eq. 3.22, (cri )
−1 is treated as a constant rather than a quantity that varies

with cellular shape changes.
Decoupling of the translation and rotation relations and neglecting full hydro-

dynamics allows Eq. 3.17 and 3.22 to be used in their simplest form. However,
they can also be written more generally as,

~vi = Ξt
i · ~F

cell

i

~ωi = Ξr
i · ~τ

cell
i

(3.23)

where Ξt
i and Ξr

i are rank-two tensors describing the translational and rotational
viscous drag experienced by cell i, respectively.

3.1.6.2 Slow Mode of Relaxation

The slow mode of relaxation occurs through the implementation of a negative
mechanical feedback mechanism that minimizes stress. As discussed in Sec. 3.1.2
and shown in Fig. 3.2a, cells are parameterized by apical force center radius (a),
basal force center radius (b), and distance between apical and basal force centers
(h). Therefore, bulk stresses upon each of these parameters is considered, namely
apical stress (σapi), basal stress (σbas), and height stress (σhei).
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These bulk stresses are found by projecting the adjacent neighbor forces (see Eq.
3.2 and 3.3) experienced by the apical and basal force centers onto unit vectors
either normal (n̂) or parallel (p̂) to the apical-basal axis. The forces from each
adjacent cell must be considered separately. The forces on cell i from adjacent
neighbors j and k are defined by,

~F i,j,X =
M∑
l=1

~F
adj

iX,jl

~F i,k,X =
M∑
l=1

~F
adj

iX,kl ,

(3.24)

where X can be either api or bas for apical and basal force centers, respectively.
The stresses upon cell i with adjacent cells j and k would then be defined by,

σapii = ~F i,j,api · n̂i + ~F i,k,api · −n̂i
σbasi = ~F i,j,bas · n̂i + ~F i,k,bas · −n̂i
σheii = (~F i,j,api + ~F i,k,api) · p̂i + (~F i,j,bas + ~F i,k,bas) · −p̂i .

(3.25)

Only adjacent neighbor forces are considered, as the focus of this work is to
identify how cells coordinate their activities via mechanical stress feedback mech-
anisms with each other. The other interactions described in Sec. 3.1.5 are neglected;
however, would physically contribute to the profile of stress experienced by each
cell. For a more complete representation of individual cellular mechanical stresses,
Eq. 3.24 would need to be expanded to include all interactions, and Eq. 3.25 would
need to be combined and generalized into a cellular stress tensor.

Cells are given the ability to diffuse the stresses described in Eq. 3.25 by chang-
ing their shape. It should be noted that cells are not passively changing shape by
elastically deforming as would a balloon filled with water that is squeezed. In-
stead, cells are responding “reactively” by modifying their cytoskeletal structure
and redistributing cytoplasm to change shape, a form of negative mechanical stress
feedback.

As discussed in Ch. 2, cells are believed to maintain a constant volume through-
out ventral furrow formation. To implement this volume constraint, one of the
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cell’s parameters must be treated as dependent. Since the focus of this work is to
elucidate how cells mechanically coordinate their activities, a and b are treated as
independent parameters and h as dependent. This means that the shape of a given
cell can be fully defined with knowledge of its a, b, and volume. Cellular volumes
are calculated when the embryo is in its initial configuration and held constant
throughout its quasistatic evolution.

The slow mode of relaxation is implemented through the introduction of a reac-
tive rate of change to both apical force center radius (ȧrea) and basal force center
radius (ḃ

rea
). These quantities are defined by,

(
ȧreai
ḃ
rea

i

)
= Ψi

 σapii

σbasi

σheii ,

 (3.26)

where Ψi is a matrix which defines cell i’s “reactivity”. This matrix defines how a
given cell reactively changes parameters in response to different stresses. Results
presented here have a reactivity matrix defined as,

Ψi = ψi

[
1 0 −1

2

0 1 −1
2

]
, (3.27)

where ψi is the “reactivity constant” of cell i. The base value of ψi is a system con-
stant; however, this value is modified to vary between the three regions described
in Sec. 3.1.4: active (A), border (B), and outer (O). Varying the reactivity constant
effectively changes how strong a cell’s reactive mechanical stress feedback is.

As elaborated upon in Fig. 3.3, cells of different regions have prescribed cellular
shape changes. With the institution of the cellular volume constraint, prescribed
changes are driven by active rates of change to both apical force center radius (ȧact)
and basal force center radius (ḃ

act
). These prescribed changes become modulated

by each cell’s reactive mechanical stress feedback, simulating a system where gene
expression that induces cellular deformations is mechanically sensitive.
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The rate of change of both apical and basal force center radii for cell i is defined
by, (

ȧi
ḃi

)
=

(
ȧacti
ḃ
act

i

)
+

(
ȧreai
ḃ
rea

i

)
. (3.28)

If a cell is undergoing prescribed apical constrictions, it will progress faster if it is
being squeezed by its neighbor cells and slower if it is under tension. It is even
possible for the prescribed change to be halted and reversed if the opposing me-
chanical stress becomes high enough.

3.1.7 Initiating Ventral Furrow Formation

To explore how cells coordinate the initiation of the symmetry breaking changes
described in 3.1.4, three different methods of initiating active cellular deforma-
tions have been introduced. The first are prescribed start times for each region,
or sub-region, of the blastoderm. This means the initiation simulates a system
where regional initiation is genetically coded to begin at a certain point in devel-
opment rather than through intercellular coordination and communication. Acti-
vation times were selected based on observations of multiphoton fluorescence mi-
croscopy images of the transverse plane of a single live embryo throughout VFF,
shown in Fig. 3.5a.

The other two methods are initiation of individual cellular deformations via pos-
itive and negative mechanical stress feedback mechanisms. For example, consider
positive mechanical stress feedback in the active region (A) where cells undergo
apical constrictions (see Fig. 3.3A). The constriction of one singular cell will gen-
erate tension along the apical surface of A . Another cell senses this tension and
in response begins to constrict, generating even more tension through the surface
of A . Other cells in A begin to follow suit where in response to being under ten-
sion they constrict to produce more tension, eventually resulting in all cells in A
beginning their active cellular deformations.

The use of mechanical stress feedback based initiation simulates a system where
cells are monitoring the stress field through the blastoderm and coordinating the
beginning of their active cellular deformations across it. These kinds of initiation
mechanisms and their effect on multicellular-microstructure formation throughout
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the mesoderm primordium are explored more deeply in the model of the outer
surface presented in Ch. 4.

3.2 MFC Results and Discussion

3.2.1 Faithful Wild-Type Invagination

The novel MFC approach introduced in this chapter successfully reproduces
the intermediate conformations and relative transition times of the blastoderm
throughout the invagination process, as shown in Fig. 3.5. Experimental multipho-
ton fluorescence microscopy images shown in the figure were taken from a video
included in the supplemental materials of V. Conte et al., PlOS One (2012).[102] The
selected frames in Fig. 3.5a show snapshots of the transverse plane of a wild-type
Drosophila melanogaster embryo every 4.5 minutes. The term “wild-type” identifies
the imaged organism as one which should have no known genetic mutations or
abnormalities (i.e. a “normal” fly).

The MFC model at its core is not just a simulation of the blastoderm, but also of
the individual cells that make it up. Each simulated cell is assigned certain active
deformations which, as described in Sec. 3.1.4, are meant to mimic the presence of
a genetically coded change in cellular shape; however, cells are also subject to the
slow mode of relaxation described in Sec. 3.1.6.2. The active deformation and slow
mode of relaxation together create cells which modulate their genetically coded
final shape based on mechanical stress feedback. In other words, they do not only
follow their genetic programming, but are actually coordinating with other cells
via the mechanical stress field and adjusting how their genetic programming is re-
alized. The striking similarity between the time lapses shown in Fig. 3.5 provides
compelling evidence that the individual cells in vivo are monitoring and respond-
ing to the mechanical stress field to harmonize their shape changes just as the cells
in silico are.

Beyond the visual likeness of the selected frames is the remarkable resemblance
in relative time scales. There will naturally be some timing variance between in-
dividual embryos; however, the live embryo shown here provides a reasonable
reference for what would be expected of VFF in any wild-type embryo. In Fig. 3.5a
subsequent frames are 4 minutes and 30 seconds apart, in Fig. 3.5b they are 300
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t = -13:30 m:s

a)

t = -09:00 m:s t = -04:30 m:s t = 00:00 m:s t = +04:30 m:s

t = 0000 c.t.

b)

t = 0300 c.t. t = 0600 c.t. t = 0900 c.t. t = 1200 c.t.

t = 0000 c.t.

c)

t = 0330 c.t. t = 0660 c.t. t = 0990 c.t. t = 1320 c.t.

Figure 3.5. Wild Type Embryo to Model Comparison. Comparison of transverse
plane time lapses from a) a live embryo, b) MFC simulation with regionally pre-
scribed start times, and c) MFC simulation with individual cells being signaled via
mechanical stress. a) Selected multi-photon images of transverse cross-sections of
a wild type (i.e. genetically normal) Drosophila embryo during ventral furrow for-
mation (VFF). The embryo imaged was labeled with Sqh-GFP. Images were taken
every 45 seconds and time zero was set based on apical-basal cell heights of the
dorsal side; however, every subsequent frame shown in this time lapse is 4:30 m:s
apart. b) Selected images of an MFC simulation where cells begin active deforma-
tions at regionally (i.e. A , B, and O described in Sec. 3.1.4) prescribed start times.
The strong similarity between a) and b) provides compelling evidence that VFF is
achieved by cells coordinating active deformations via mechanical stress feedback.
Further, all frames shown are equally spaced in computational time scale (c.t.)
which indicates that both blastoderm morphology and relative timescale are faith-
fully reproduced by the model. c) Selected images of an MFC simulation where
cells are triggered to begin active deformations individually by mechanical stress.
The simulation shown begins with only 3 cells in A being triggered (green) and
all frames are equally spaced in time. This provides evidence that regional trig-
gering of cellular deformations is not necessary for proper VFF. Proper blastoderm
morphology and relative timescale can be achieved by cells communicating and
coordinating when to begin active deformations across the underlying mechanical
stress field. Live embryo images were extracted from a supplemental movie of V.
Conte et al. (2012) and reprinted under the PLOS CC BY license.[102]
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c.t. (computational time units) apart, and in Fig. 3.5c 330 c.t. apart. This means
that the MFC model is not only recreating intermediate conformations, but also
successfully simulating how long it takes for the blastoderm to transition between
them. The uniform time interval between the frames of each respective time lapse,
paired with the similar morphologies therein, provides substantive corroboration
that cells in vivo are coordinating their shape changes via mechanical stress feed-
back.

The simulations presented in Fig. 3.5 also provide two different means by which
cells can begin their active deformations. Fig. 3.5b shows a system were active cel-
lular deformations have a regionally prescribed start time. For example, t = 0000
c.t. is when all cells in the active region (A) begin to undergo apical constrictions.
Fig. 3.5c, on the other hand, shows a system where cells are “triggered” individu-
ally and begin their active deformations based off of the underlying stress field. At
t = 0000 c.t. for this system, there are initially 3 cells in A that are undergoing apical
constrictions (highlighted green) and all others are triggered by mechanical stress
thresholds. As described in Sec. 3.1.7, this kind of triggering paired with the sub-
sequent active deformations is effectively a blastoderm level mechanical feedback
mechanism.

There is a slight delay in absolute c.t. of Fig. 3.5c compared to Fig. 3.5b; how-
ever, the relative timing between intermediate conformations is conserved. This
shows that a synchronous activation of cells is not necessary for successful VFF.
Instead, cells of the blastoderm can be asynchronously triggered through mechan-
ical stress feedback. Such a system would be more in line with findings of the
outer surface model introduced in Ch. 4, some of which has recently been reported
[30], and work from other groups regarding how cells undergo ratcheted apical
constrictions [29].

3.2.2 Evolution of Mechanical Stress

Non-dimensionalized stress through the blastoderm can be monitored by means
of the apical and basal stresses (σapii and σbasi , respectively) in Eq. 3.25. This focuses
in on the stresses that are generated in the monolayer by active cellular deforma-
tions and neglects contributions from the yolk, perivitelline space, and vitelline
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membrane. Fig. 3.6 shows a selection of sequential frames from the wild-type time
lapse in Fig. 3.5c that have been recolored to show how mechanical stress through
the blastoderm evolves throughout the invagination process. For all stress depic-
tions in this dissertation, red will be used to represent tensile stress and blue for
compression.

The generation of spontaneous curvature in the blastoderm is primarily precip-
itated by tension along the apical surface of the active region (A). This tension is
the result of A cells undergoing active apical constrictions. As shown in Fig. 3.6a,
tension builds as A (i.e. the mesoderm primordium) flattens and begins to bow
inwards; however, is relieved as the furrow closes. This feature is important as
recent work has shown that the maintenance of adherens junctions between cells
of the mesoderm primordium is dependent on myosin-mediated tension.[127]

Adherens junctions are disassembled as part of the epithelial-mesenchymal tran-
sition (EMT) of mesoderm primordium cells after ventral furrow formation (VFF).
During EMT, cells lose their apical-basal polarity and gain the ability to migrate,
facilitating their transformation into stem cells that relocate and give rise to spe-
cific tissues. The disassembly of adherens junctions is necessary for EMT; how-
ever, if junctional integrity is prematurely compromised then morphogenesis will
fail.[128, 112] Complete disassembly of adherens junctions is driven by the expres-
sion of snail (sna) [151], a gene that is expressed in the mesoderm primordium pre-
ceeding VFF.[31, 16, 32] Weng and Wieschaus (2016) reported that adherens junc-
tion disassembly by sna expression is inhibited so long as there is tension through
the junctions.[127]

The results shown in Fig. 3.6a show that the tension across the apical surface of
the mesoderm primordium is maintained throughout VFF and is then diffused as
furrow closure is achieved. The diffusion of tensile stress predicted by the MFC
model properly approximates the timeline for when adherens junctions begin dis-
assembly for EMT. This means that the relief of the tension which inhibits sna ex-
pression driven disassembly of the adherens junctions occurs not only because
apical constrictions (i.e. myosin-mediated tensions) have ceased, but because of
the final morphology of the blastoderm itself. What is suggested here is that cells
monitoring the underlying stress field serves as both a means through which to
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t = 0000 c.t.

a)

t = 0220 c.t. t = 0440 c.t. t = 0660 c.t.

t = 0880 c.t. t = 1100 c.t. t = 1320 c.t. t = 0550 c.t.

b)

CompressionTension

Figure 3.6. Underlying Mechanical Stress Through the Blastoderm. Images from
an MFC simulation colored to show the stress experienced by the most apical
(outer) and basal (inner) force centers. Tension is shown in red and compression in
blue, with saturation showing relative strength. a) Shows seven frames from the
same simulation run shown in Fig. 3.5c. For these frames, full saturation occurs
when the stress incurred reaches the maximal stress experienced by any force cen-
ter throughout the simulation. Tension builds along the apical surface throughout
the generation of spontaneous curvature, and then relaxes as the mesoderm pri-
mordium is internalized and the furrow closes. Compression follows a similar
trend along the basal surface; however, is primarily localized to the ventral sur-
face. b) Another frame from the same time lapse recolored with a different satu-
ration scaling. In this frame, full saturation represents that the stress experienced
by a given force center is at average magnitude of mechanical stress or higher.
This frame corresponds to the furthest spread of compression about the basal sur-
face. With this different saturation scaling it can be seen that compression does not
spread across the entire basal surface. In this frame, tension is actually present on
the basal surface of the most dorsal cells and has already spread around the entire
apical surface.

coordinate individual active deformations and a means of monitoring the overall
status of the morphogenetic process they are collectively working towards.
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Elements of the blastoderm level mechanical stress feedback can be seen at mul-
tiple points throughout the time lapse. At t = 0000 c.t., three cells in A begin to
undergo apical constrictions. This generates tension along the apical surface of A .
That tension triggers other cells in the region to begin apical constrictions, which
increases the tension through the apical surface (i.e. positive mechanical stress
feedback). This, in turn, triggers more cells, which further increases tension and
triggers more cells. While the highest magnitudes of tensile stress occur in A and
B, tension spreads about the entire apical surface of the blastoderm (see Fig. 3.6b)
as the mesoderm primordium invaginates.

This tension triggers O cells to actively widen (i.e. negative mechanical stress
feedback) which effectively provides a push that moves the ends of the furrow
closer together. As the furrow deepens, tension about the apical surface increases
and more O cells are progressively triggered, as shown in Fig. 3.5b. The dorsal A
cells are the last ones to be triggered, providing the final push needed to achieve
closure of the ventral furrow. Unlike tensile stresses which end up spreading about
the entire apical surface of the transverse cross-section, the compressive stresses
remain relatively localized ventrally.

Compressive stresses are primarily seen along the basal surfaces of A cells. The
magnitude of this compression increases as the mesoderm primordium begins to
be internalized and is diffused as the furrow deepens and is eventually closed. In
silico, these compressive stresses are used to trigger the active dilation of the basal
surface shown in Fig. 3.3A (i.e. another instance of positive mechanical feedback).
As shown in Fig. 3.6b, compressive stresses only ever extend up to the basal sur-
faces of the dorsal-lateral cells and the most dorsal O cells are never compressed.

The limited spreading of compressive stresses, paired with findings discussed
in Ch. 4, leads to the following conclusion. While compressive stresses are likely
to play an important role the intercellular coordination of cells in the mesoderm
primordium, the embryo wide intercellular coordination necessary for successful
ventral furrow formation is likely mediated via tensile stresses through the blasto-
derm.
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a)

t = 1200 c.t.

Wild Type - Reference

b) e)

c) f )

d) g)

Figure 3.7. Final Conformations with Disrupted Regions. Images from MFC
simulations colored to clearly label the active (A), border (B), and outer (O) regions
paired with the same frame recolored to show mechanical stress. A is shown in
orange, B in blue, and O in reddish-purple. Stress plots follow the same convention
as Fig. 3.6. To allow comparison, the deepest saturation is set to the maximal
magnitude of stress experienced by any force center throughout the time lapse
shown in Fig. 3.5b. a) The final frame of the time lapse, provided for reference. All
other snap shots begin with the same initial conditions as the time lapse simulation
but have the following regional disruptions introduced: b) A , c) A and B, d) A and
O, e) B, f ) O, g) O and B. Results show that A and O are necessary for successful
invagination to occur. Without A there is generation of spontaneous curvature to
position the mesoderm primordium so that it can be internalized. Without O the
furrow cannot properly close and will collapse.
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3.2.3 Necessity of Regional Coordination

To test the importance of coordination between the active (A), border (B), and
outer (O) regions of the blastoderm, the wild-type simulation shown in Fig. 3.5b
is used as a baseline. This effectively gives each region its optimal activation con-
dition where all cells therein are properly triggered and synchronously perform
their active deformations. By removing additional complications that could arise
from individual cellular triggering via mechanical stress, the holistic importance
of each region to the overall VFF process can be addressed. These results reveal
that proper function of both A and O are necessary for furrow formation to occur.

Two recolorings of the final frame of the Fig. 3.5b time lapse are included for
reference as Fig. 3.7a; one identifies regions and the other mechanical stresses.
The region colored frame uses the same scheme as Fig. 3.3 with A in orange, B
in blue, and O in reddish-purple. The stress colored frame follows the convention
introduced in Fig. 3.6 with tensile stress being red, and compression blue. To aid
comparison between the stress colored frames in Fig. 3.7, the deepest color satu-
ration occurs for the maximal magnitude of stress experienced by any force center
throughout the wild-type simulation. For perturbed systems, this means that the
deepest saturation represents that stress has reached or exceeded the maximum
magnitude of stress from the wild-type simulation.

In the absence of an active A (see Fig. 3.7b, 3.7c, and 3.7d), the ventral furrow is
unable to form because there is no generation of spontaneous curvature. This con-
forms to the current understanding that the apical constrictions of the mesoderm
primordium are required for VFF and is in line with the findings from Sec. 3.2.2
that the highest magnitudes of mechanical stress throughout normal VFF occur in
A . There are differences in final morphology depending on whether B and O are
active.

Fig. 3.7b shows a system with inactive A , but active B and O. In wild-type simu-
lations, B normally mediates between the other two regions by helping to support
the generation of spontaneous curvature in A ; however, in this circumstance that
support is redirected into the formation of two ventral folds when the cells of O
actively widen. The stress coloring reveals that almost all cells are under some
compression, with the only tension being seen along the basal side of the O cells
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that form the ventral folds. This final conformation looks similar in form to what
happens in armadillo (arm) mutants. This similarity and the differences in interme-
diate conformations are explored in App. B.

If both A and B are inactive, see Fig. 3.7c, the widening of the O cells produces
a very high level of compression through the blastoderm. With the vitelline mem-
brane constraining the cell layer, the only way to relieve this stress is for some
cells to be squished inwards. The apical-basal alternation of compressive stresses
shown in the stress coloring is actually the result of force center settling mentioned
in Sec. 3.1.2; however, does reveal what would happen to the blastoderm under
the same circumstances in vivo. To relieve the high compressive stresses some cells
would be shunted inwards, which would create a buckling point in the monolayer,
resulting in unexpected fold formations. The similarity between this final confor-
mation and transverse cross-section images of concertina (cta)/transmembrane pro-
tein t48 (t48) double mutants is discussed in App. B.

B’s support of the other two regions can have a strong effect on the final confor-
mation of the system (i.e. Fig. 3.7b vs. 3.7c); however, as shown in Fig. 3.7d, B on
its own has limited effect. The most notable aspect comes from the stress colored
frame where there is an inversion of the apical tension and basal compression that
would normally be expected in A . The limited effect of B is confirmed in Fig. 3.7e
where VFF can still be successfully completed with B inactive, and A and O active.
The invaginated region ends up being a little more elongated and has notably more
stress in the final conformation; however, is otherwise still a successful completion
of VFF.

Inactivity in O results in a stalled out furrow formation, as shown in Fig. 3.7f and
Fig. 3.7g. A is able independently produce the generation of spontaneous curva-
ture similar to what is observed as an intermediate conformation for a wild-type
simulation; however, without O the furrow fails to close and, given enough time,
will collapse. B being active (Fig. 3.7f ) or not (Fig. 3.7g) does not produce a strong
difference in final conformation; however, does produce some notable differences
in the stress distribution. With B active, furrow formation makes it a little further
before stalling out and, in the final conformation, tensile stress extends into the
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ventro-lateral cells of O. Without B, the stress remains primarily localized in A and
B and is notably higher in magnitude.

These results show that not only are the apical constrictions of the mesoderm
primordium (A) important to VFF, but so too is the widening of the lateral cells
(O). Previous studies have suggested that the widening of these cells is a passive
effect caused by a drop in basal rigidity due to the relocation of myosin.[17] The
results presented in this section do not contradict their findings, but offer a differ-
ent interpretation of the widening. Rather than passive, the widening is actually
an active negative mechanical feedback response which plays a role in the timing
of furrow closure. In other words, it is not just a yielding to the pull from A but an
effective push that helps guide furrow closure.

3.2.4 Importance of Individual Cells

The mechanical stress field that permeates the blastoderm is sustained through
intercellular interactions and, therefore, can be affected by the actions of individual
cells. To explore how individual cellular coordination affects the overall system,
the wild-type simulation shown in Fig. 3.5c is used as a baseline. This preserves the
dependence of cellular triggering on the evolution of the underlying mechanical
stress field so that perturbations to normal behavior can be identified. While the
mechanical feedback system can handle some individual cell perturbations, the
introduction of enough inactive cells will disrupt the underlying mechanical stress
field to a point that furrow formation fails.

Fig. 3.8a shows a time lapse of the reference wild-type system and one with three
spatially separated cells in A whose active deformations have been switched off.
Feedback, stress, and regional frame colorings are provided with the addition of
inactive cells being colored in vermilion. To aid comparison of the stress colored
frames, the deepest color saturation represents the average magnitude of mechan-
ical stress incurred by all force centers throughout the wild-type simulation with
tensile in red and compression in blue. The stress magnitudes are very similar in t
= 0550 c.t. but diverge at later times, especially in terms of the tensile stress about
the apical surface of the embryo. While the wild-type embryo sees an increase
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a)

t = 0550 c.t.

Wild Type - Reference

t = 0550 c.t.

b)

t = 1320 c.t.

t = 0750 c.t. t = 0750 c.t.

c)

t = 1320 c.t.

t = 0950 c.t. t = 0950 c.t.

d)

t = 1320 c.t.

t = 1320 c.t. t = 1320 c.t.

e)

t = 1320 c.t.

Figure 3.8. The Effects of Individual Cell Inactivity. Frames from multiple MFC
simulations, in multiple color schemes, showing the importance of proper coordi-
nation between individual cells. All systems begin with the same initial conditions
as Fig. 3.5c; however, individual cells in A are set to have no active deformations.
Triggered cells are shown in green and inactive cells in vermilion. Tensile stress is
red and compressive stress blue; deepest saturation identifies that stress is at aver-
age magnitude or higher than the reference wild type run ( Fig. 3.5c and 3.6). A is
orange, B blue, and O reddish-purple. a) Time lapses of a wild type system (left)
and one with three spatially separated inactive cells in A (right). Inactive cells dis-
rupt the stress field through the blastoderm, highlighted by the tension laterally
and dorsally being notably diminished. This disrupts the mechanical feedback
mechanisms resulting in a high number of cells remaining untriggered. Final con-
formations are also shown for b) a single inactive cell, c) two neighboring inactive
cells, d) two separated inactive cells, and e) three neighboring inactive cells. The
number of inactive cells and their relative placement affects the final form of the
furrow.
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of tensile stress in the lateral and dorsal regions, the perturbed embryo’s stress
diminishes.

Even though the stress profiles initially look similar, the triggered cell frames at
t = 0550 c.t. show that the perturbed system has slightly fewer triggered cells. This
difference becomes much more pronounced by t = 0950 c.t. where it becomes clear
the perturbed system has stalled out. It is important to note the intertwined rela-
tionship between the mechanical stress through the blastoderm and the triggering
of active cellular deformations. As described in Sec. 3.2.2, the active deformations
act as blastoderm level mechanical feedback mechanisms which alter the stress
field. This means that while it is true that the lower stress field results in fewer
cells being triggered, it is also true that fewer cells being triggered is part of why
the stress field is lower.

The real issue is the inactive cells in A themselves. With no active deformations,
their shape changes are dominated by the slow mode of relaxation discussed in
Sec. 3.1.6.2 and they act as a kind of mechanical stress-sink that has been placed
right in the middle of the region responsible for driving the invagination process.
All cells in A and B are successfully triggered, but their generation of stress is
offset by the diffusive effect of the inactive cells. This is why the intermediate
conformations end up being slightly different by t = 0550 c.t. with the wild-type A
being a little more bowed inwards than the perturbed system’s A .

While the global effect of the inactive cells disrupts furrow formation, the local
effect truly highlights the stress-sink effect. The left side of the perturbed furrow
still takes on an arched form reminiscent of the wild-type furrow, while the right
side, where the inactive cells are localized, does not. In fact, the right side of the
furrow seemingly stalls out after t = 0550 c.t. and does not seem to progress beyond
the flattened form. This phenomena also occurs in the final conformations for other
perturbed runs: Fig. 3.8b, 3.8c, 3.8d, and 3.8e. Comparing between the runs reveals
that not only does the number of inactive cells play a role, but so does their relative
spacing through A .

With one inactive cell (Fig. 3.8b) and two neighboring inactive cells (Fig. 3.8c) all
cells of the embryo are still able to be triggered. For both of these cases a furrow
is successfully formed; however, it is asymmetric and the entirety of A is not fully
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internalized. With two inactive spatially separated cells (Fig. 3.8d) and three neigh-
boring cells (Fig. 3.8e) there are O cells that are never triggered, and as a result the
furrows formed are even more distorted.

Asymmetric ventral furrows have been known to form in concertina (cta) and
folded gastrulation protein (fog) mutants. Embryos mutant in cta or fog create qual-
itatively identical ventral furrows and notably have many cells in the mesoderm
primordium that never constrict.[103] The results here confirm that the asymmet-
ric furrows observed in these mutants are caused by global and local disruptions
resulting from cells in the mesoderm primordium that fail to constrict during VFF.

3.3 MFC Concluding Remarks

Ventral furrow formation (VFF) is a morphogenetic process that relies on the col-
lected, coordinated efforts of cells throughout the blastoderm. Intercellular com-
munication across the mechanical stress field, along with blastoderm level coordi-
nation through mechanical stress feedback, is a promising hypothesis for how cells
navigate working collectively to complete VFF. To test this hypothesis, the novel
multiple force center (MFC) model was developed with the intent of simulating
individual cells and their interactions. The MFC approach is capable of not only
faithfully reproducing the final morphology of wild-type VFF, but can also repro-
duce its intermediate conformations. As a byproduct of its individual cell focused
design, the MFC model also allows monitoring of the evolution of the underlying
mechanical stress field that permeates the blastoderm.

Successful VFF does not require the regionally synchronous activation of ac-
tive cellular deformations. Cells asynchronously triggered to complete genetically
programmed deformations that are modulated by mechanical stress can success-
fully reproduce the intermediate conformations and relative transition time scale
of wild-type embryos. This provides compelling evidence that the cells of the
Drosophila melanogaster embryo are indeed coordinating via the mechanical stress
field through the blastoderm. Additionally, the progression of the stress field of
such a system is congruent with experimental observations regarding adherens
junction disassembly, which offers more credence to the belief the mechanosensi-
tivity plays a pivotal role in VFF.
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Applying the MFC model to perturbed systems reveals the importance of both
the apical constrictions of the mesoderm primordium and the widening of cells in
the ectoderm primordium. If either region becomes disabled, VFF will fail. Test-
ing the importance of intercellular coordination revealed that disabling individual
cells can disrupt the mechanical stress field both locally and globally to a point
that VFF is unsuccessful. Introducing individually disabled cells to the system
produces asymmetric and poorly formed furrows that are remarkably similar to
what would be expected of transverse cross-sections of certain mutants. All to-
gether, the evidence presented here suggests that VFF relies heavily on proper in-
terregional and intercellular coordination that is accomplished by cells monitoring
and actively responding to the mechanical stress field.
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CHAPTER 4
MODELING THE OUTER SURFACE

Advisory of Collaborative Work: The work presented in this chapter was a collabo-
rative endeavor between G.-J.J. Gao, M.C. Holcomb, J.H. Thomas and J. Blawzdziewicz.
Project originated from observations made by M.C. Holcomb and J. Blawzdziewicz. Simu-
lation code was written by G.-J.J. Gao. All experimental contributions (growth and imag-
ing of embryos, marking of constricted cells, etc.) were made by J.H. Thomas. Anal-
ysis of results, direction of project, and statistical analyses by M.C. Holcomb and J.
Blawzdziewicz.

As discussed in greater detail in Ch. 2, the apical constrictions that drive ven-
tral furrow formation (VFF) do not occur simultaneously. Instead, the initiation of
apical constrictions in the mesoderm primordium can be divided into two phases:
the initial slow phase, and subsequent fast phase. Constrictions during the slow
phase were in literature described as occurring in an uncorrelated stochastic pro-
cess; however, M.C. Holcomb and J. Blawzdziewicz observed that the patterns
formed by constricted cells, dubbed cellular constriction chains, appeared not ran-
dom but correlated, likely through some form of mechanical stress feedback. The
active granular fluid (AGF) model of the Drosophila melanogaster embryo was de-
veloped to explore how cells of the mesoderm primordium coordinate their apical
constrictions during the slow phase via mechanical stress feedback.

4.1 Methods - Active Granular Fluid

4.1.1 Simplified Representation of the Blastoderm

The cellular constrictions that motivate our AGF model occur on the apical (out-
er) surface of the mesoderm primordium. The basal (inner) ends of the constricting
cells remain relatively inactive throughout the slow phase of apical constrictions,
as do the mesectodermal, ventro-lateral, dorso-lateral, and amnioserosa cells. The-
refore, all that needs to be considered to investigate how cells coordinate their
constrictions is a simplified representation of the blastoderm where only the apical

52



Texas Tech University, Michael C. Holcomb, May 2019

surface of the cells in and about the mesoderm primordium are explicitly repre-
sented.

To accomplish this, the embryo is simplified down to a cylindrical shell that
is unwrapped (see Fig. 4.1a) so that the area of interest is approximated to be a
two-dimensional plane (see Fig. 4.1b). Apical ends of cells are modeled as inter-
acting mechanically active discs that have the ability to constrict depending on a
mechanical stress-sensitive stochastic process. This representation is inspired by
the successful modeling of complex systems of strongly coupled particles, such
as emulsions and foams, using interacting discs in two-dimensional systems and
spheres in three-dimensional systems.[141, 152, 140, 153] Thus, it is expected that
approximating the mechanically excitable cellular monolayer as a close-packed
system of active discs will reproduce the key features associated with a mechanical
stress-sensitive constriction process. Simplifying the system to focus on intercellu-
lar interactions (i.e. neglecting ratcheted constrictions, actual cell shapes, etc.) will
yield valuable insights into how cells coordinate their constrictions via mechanical
stress.

4.1.2 System Geometry

The system begins as a mechanically stable packing of N frictionless discs that
interact via finite-range repulsive potentials, simulating the elastic interactions a
cell would experience with its adjacent neighbors. This initial packing is made
following the packing-generation procedure described in [154]:

1. Discs are randomly placed inside of a square unit cell with periodic boundary
conditions.

2. The radii of discs are then gradually increased or decreased to remove any
overlaps and minimize gaps.

3. Energy minimization of the system in its current form.

4. Repeat process until there is no room to change the radii of discs without
creating overlap.
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For a given number of cells (i.e. discs) N and cellular radii ri, the simulation box
size of L is determined such that the initial configuration is closely packed and
mechanically stable.

a)

b) c)

d) e) f )

g)

h)

Figure 4.1. Active Granular Fluid (AGF) Model Schematics. a) The AGF model
represents the apical surface of the Drosophila embryo. The mesoderm primordium
is shown in orange and the ventro-lateral and dorso-lateral regions are shown in
gray. b) The areas of interest are treated as a two-dimensional plane; however, to
improve computational efficiency c) only the mesoderm and ventro-lateral cells
are explicitly modeled as interacting mechanically active discs. d) The cells of the
ventro-lateral region are represented as gray discs that cannot constrict, referred to
as inactive cells. (I ). e) The cells of the mesoderm primordium are either orange,
active cells (A) or black, constricted cells (C ). f ) The blue cells that lie along the edge
of the ventro-lateral region are treated as though they are attached to an elastic
medium which approximates the stiffness of an explicitly modeled dorso-lateral
region. g) Cells interact with their adjacent neighbors through pairwise elastic
potentials. e) Due to the maintenance of epithelial structure throughout the slow
apical constriction phase, cells will maintain the same adjacent neighbors even
after constriction.
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The epithelial structure of the blastoderm is maintained throughout ventral fur-
row formation, meaning that cells maintain their adjacent neighbors throughout
the slow apical constriction phase being considered here. As such, a list N of ad-
jacent neighbors is generated after the initial packing. Cell i and j are considered
adjacent neighbors if,

dij ≤ 1.1(ri + rj) , (4.1)

where dij is the distance between the centers of cell i and j. The radii of cell i and
cell j are ri and rj , respectively. An attractive potential, representing cell adhesion
via spot adherens junctions, is added between neighboring cells.

To mimic the polydispersity observed along the apical surface in vivo, the system
begins as a disordered 50% mixture of cells with radius ratio rlarge/rsmall = 1.1.
This bidisperse system of cells also prevents the formation of a closely packed
hexagonal ordered structure, something which is not observed in the embryo.
From its initial configuration, the simulated outer surface of the embryo under-
goes a sequence of cellular constrictions where,

rconi = f runci , (4.2)

following the iterative algorithm described in Sec. 4.1.5. rconi is the constricted ra-
dius, and runci the unconstricted radius, of cell i. f is the constriction factor which
is treated as a system variable. For all AGF results presented in this dissertation
f = 0.6, corresponding to the relative size of constricted cells.[103].

4.1.3 Active, Inactive, and Constricted Cells

Simulated cells (i.e. discs) are divided into three distinct categories: active (A),
inactive (I ), and constricted (C ). As shown in Fig. 4.1, A are colored orange, I in
gray, and C in black for all simulation results presented in this dissertation. In-
active cells are representative of the lateral cells and as such cannot undergo con-
striction, remaining the same size throughout the simulation. Active cells, on the
other hand, have the ability to instantaneously constrict based on the triggering
conditions described in Sec. 4.1.5. Once an active cell transitions into a constricted
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cell, it is no longer considered active and will remain in its constricted state (i.e.
with radius rconi in Eq. 4.2) for the remaining duration of the simulation.

Full-scale simulations are completed with 6,400 cells being explicitly modeled
(see Fig. 4.1b), approximately the same number of cells in the Drosophila embryo
during VFF. The active cells occupy a stripe that is approximately 12 cells wide
and 80 cells long, similar to the width of the mesoderm primordium.[103] This
horizontal stripe is established from the initial configuration at −0.075L < y <

0.075L, where L is the size of the simulation domain, and all other cells (i.e. those
in what would be the ventro-lateral and dorso-lateral regions) are inactive.

Periodic boundary conditions in both anteroposterior (horizontal, x) and dorso-
ventral (vertical, y) directions are used. The periodic boundary condition in the y
direction reflects the approximate cylindrical shape of the embryo. The periodic
boundary condition in the x direction approximates the relatively rigid boundary
that would be provided from the anterior and posterior end caps. In vivo, these end
caps are relatively immobile throughout the slow apical constriction phase and the
VFF process in general.

To improve computational efficiency, an implicit representation of the lateral re-
gions can be used (see Fig. 4.1c) to lower the number of cells being modeled. This
implicit representation is made by replacing a substantial portion of inactive cells
with elastic springs that act upon the remaining inactive cells (see Fig. 4.1f ). Full-
scale simulations (i.e. with all 6,400 cells) are used to establish what spring con-
stants are needed to match the elastic properties of the replaced lateral domains.

The results presented in this dissertation were obtained using an implicit repre-
sentation of the inactive region outside of an∼1/3 central portion of the simulated
domain. Cells within −0.15L < y < 0.15L were explicitly modeled while regions
outside were implicitly modeled. This effectively means that the dorso-lateral re-
gion of the embryo was implicitly modeled while cells of the ventro-lateral region
and mesoderm primordium were explicitly modeled. In terms of the simulations,
this reduces the total number of explicitly modeled cells to 2066, with∼960 of those
being active cells.
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4.1.4 Intercellular Interactions

4.1.4.1 Intercellular Potentials

All cells (A , I , and C ) interact via a finite-range, pairwise additive, purely repul-
sive spring potential that mimics the elastic interactions that a cell would experi-
ence with neighboring cells.

Vrep(dij) =
ε

2

(
1− dij

ri + rj

)2

Θ

(
ri + rj

dij
− 1

)
, (4.3)

where dij is the distance between cell i and j, and ε is the characteristic energy
scale. The radius of cell i is ri and the radius of cell j is rj . Θ(x) is the Heaviside
step function, which enforces the potential’s finite range. Additionally, cells which
are adjacent neighbors (i.e. i, j ∈ N ) interact via an attractive spring potential,

Vatt(dij) =
ε

2

(
1− dij

ri + rj

)2

Θ

(
dij

ri + rj
− 1

)
. (4.4)

This attractive potential is representative of the cellular adhesion through spot ad-
herens junctions that is observed between neighboring cells in vivo.

4.1.4.2 Relaxation and System Equilibration

During the generation of the initial state (see Sec. 4.1.2) and after each step of the
cellular constriction protocol (see Sec. 4.1.2), the system is fully equilibrated us-
ing molecular dynamics of a dissipative system with intercellular forces (~F ij) and
velocity-dependent drag (i.e. dissipative resistance) forces (~F

drag

ij ). Intercellular
forces are defined as,

~F ij = Fij r̂ij , (4.5)

where r̂ij is the unit vector pointing from the center of cell i towards j, and Fij is a
magnitude found by taking the derivative of relevant potentials. The intercellular
and drag forces vary depending on whether the equilibration is happening during
the generation of the initial configuration or the subsequent process of cellular
constrictions.
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While the initial close packing is being prepared, cells only interact via repulsive
potentials. Thus the magnitude of intercellular forces is defined as,

Fij =
−dVrep(dij)

ddij
, (4.6)

and drag forces as,

~F
drag

ij = −bΘ

(
ri + rj

dij
− 1

)
(~vij · r̂ij)r̂ij . (4.7)

The distance between the centers of cell i and cell j is dij , and Vrep is defined by
Eq. 4.3. The vector ~vij is the relative velocity between cell i and j (i.e. ~vij =

~vi−~vj) and b is the resistance constant. After the system has been generated and the
adjacent neighbor list (N ) made, cells can interact both repulsively and attractively.
Therefore, the magnitude of intercellular forces becomes,

Fij =
−d(Vij(dij))

ddij
, (4.8)

with

Vij(dij) =

Vrep(dij) + Vatt(dij) (i, j) ∈ N

Vrep(dij) (i, j) 6∈ N ,
(4.9)

where Vatt is defined by Eq. 4.4, and drag forces are taken to be,

~F
drag

ij =


−b(~vij · r̂ij)r̂ij (i, j) ∈ N

−bΘ

(
ri + rj

dij
− 1

)
(~vij · r̂ij)r̂ij (i, j) 6∈ N ,

(4.10)

Effectively, these are Eq. 4.6 and 4.7 with attractive and dissipative interactions
between adjacent neighbor cells added in.

Relaxation from the forces described above is accomplished through the appli-
cation of force balance (i.e. Newton’s second law),

~F i =
∑
j 6=i

(~F ij + ~F
drag

ij ) = mi~ai , (4.11)
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where mi and ~ai are the mass and acceleration of cell i. These equations of motion
are solved using the velocity Verlet algorithm until energy minimization of the
system (i.e. equilibration) is achieved. In the results presented here, equilibration
is performed with b = 0.5 in the dimensional units with the following reference
scales. Diameter dsmall and mass msmall of small particles are selected as the refer-
ence length and mass. Interparticle potential amplitude ε is chosen as the reference
energy scale.

The specific form of the dissipative resistance forces used during equilibration
will impact the numerical efficiency of the process; however, will not have any
effect on the final equilibrated state. The simulated surface of the embryo is equi-
librated after each cellular constriction step (described in Sec. 4.1.5), making the
sequence of cellular constriction steps quasistatic.

4.1.5 Cellular Constriction Protocol

Cellular constrictions are performed by iteratively repeating the following pro-
cedure:

a) the system is fully equilibrated;

b) cell feedback parameter si is evaluated for each cell i;

c) constriction probability Pi(si) for each active cell i (i.e. i ∈ A);

d) radii of active cells are decreased (see Eq. 4.2) with probability Pi(si).

Every iteration of the above cellular constriction procedure is referred to as a cel-
lular constriction step. Cellular constriction steps are repeated until the number
of constricted particles (Ncon) reaches a prescribed limit. As discussed in Ch. 2,
the slow phase of apical constrictions continues until around 40% of the cells in
the mesoderm primordium have constricted, after which the fast phase of apical
constrictions begins.
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4.1.5.1 Mechanical Stress Sensitivity Based

The feedback parameter of cell i is defined by,

si =

(
σi
σref

)p
, (4.12)

where σi is the triggering stress experienced by cell i and σref is the stress normal-
ization factor. The factor p decides whether si is an even or odd function relative
to σi and affects the weighting between small and large values of stress. For the
results presented in this dissertation, p = 3 is selected because it allows σi to differ-
entiate between tension and compression, and also enhances the influence of large
stresses while diminishing the effect of small ones.

The triggering stress that cell i experiences is calculated using the expression,

σi = −
∑
j 6=i

(
2(ri + rj)

ε

)
Fij , (4.13)

where ε is the characteristic energy scale, ri the radius of cell i, and rj the radius
of cell j. Fij is the intercellular force between cell i and j defined by Eq. 4.8. This
intercellular force is tensile for Fij > 0 and compressive for Fij < 0. Therefore,
for σi > 0 the dimensionless triggering stress experienced by cell i is tensile, and
compressive for σi < 0. Triggering stresses are only evaluated when the system
is in full mechanical equilibrium, meaning that intercellular forces balance and no
cells are in motion.

Constriction probabilities are calculated every cellular constriction step using
the following relation,

Pi(si) =
αimax[1, (1 + βsi)]
Nact(1+ | β |)

, (4.14)

where Nact is the current number of active cells. The parameter αi is a value be-
tween 0 and 1 (i.e. 1 ≥ αi ≥ 0) that determines the relative magnitude of the con-
striction probability for cell i. The simulations presented here will generally have
αi = 1∀ i; however, this value can be varied to introduce regions of decreased con-
striction probability (representative of mechanically disrupted cells) as is done in
Ch. 6.

60



Texas Tech University, Michael C. Holcomb, May 2019

The parameter β is used to determine the responsiveness of cells to the feedback
parameter si defined in Eq. 4.12. There are three fundamental cases that can be
distinguished:

i) β > 1, Tensile Stress Sensitive Constrictions

ii) β = 0, Uncorrelated Random Constrictions

iii) β < 1, Compressive Stress Sensitive Constrictions

In case i), cells will have an increased probability of constriction when experienc-
ing pulling stresses. This simulates a positive mechanical stress feedback through
the blastoderm where cells respond to tensile stress by constricting and increas-
ing that stress through the cell layer. Case ii) mimics a system where cells do not
have any sensitivity to mechanical stress, meaning that cellular constrictions oc-
cur in a completely uncorrelated manner. This purely random constriction process
provides a reference system so that the influence of mechanical stress sensitivity
on multicellular-microstructure can be better evaluated. In case iii), cells are more
likely to constrict when experiencing compressive stresses. This simulates nega-
tive mechanical stress feedback through the blastoderm as a cell constricting when
being compressed diffuses the triggering stress through the cell layer.

The function max[1, (1 + βsi)] in Eq. 4.14 outputs the larger of 1 and 1 + βsi. This
enforces that cell i’s constriction probability can only be increased by sensitivity to
mechanical stresses. For example, in a case i) system cells would have increased
Pi under tensile stress but not a decreased Pi under compressive stress. It should
be noted that case i) and iii) are not representative of passive (i.e. viscoelastic) re-
sponses to mechanical stress. They are “active” responses where cells react to trig-
gering stresses by reducing their apical surface area through rearrangements of the
cytoskeleton, redistribution of the cytoplasm, and actomyosin-mediated contrac-
tility.
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Nc = 400

a) Tensile Stress Sensitive

Nc = 400

b) Stress Insensitive

Nc = 400

c) Compressive Stress Sensitive

Nc = 400

d) Number of Constricted Neighbors Sensitive

Figure 4.2. Morphology at 42% Constricted. Comparison between the
multicellular-microstructures formed by constricted cells for a) tensile stress sen-
sitive (TSS), b) stress insensitive (SI), c) compression stress sensitive (CSS), and
d) number-of-constricted-neighbor sensitive (NCN) cases when ∼42% of cells in
the active region have constricted. This stage of development corresponds to
the transition between slow and fast phases of apical constrictions at the begin-
ning of ventral furrow formation (VFF). a) TSS produces chaining similar to the
cellular constriction chains (CCCs) observed during the slow apical constriction
phase. The chaining promotes interconnection of the clusters resulting in the for-
mation of a single large cluster that spans the active region. b) SI produces a
mixture of clumps and medium length chains, c) CSS forms large clumps and
some small chains, and d) NCN forms noticeably large clumps that are isolated
from each other. TSS is the only coordination mechanism that reproduces the
multicellular-microstructures that are observed in vivo. To highlight the differ-
ence in multicellular-microstructures, only results using a strong responsiveness
parameter (β) are shown for TSS, CSS, and NCN.
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4.1.5.2 Number of Constricted Neighbor Sensitivity Based

To test the possibility of a biochemical signaling pathway being the mechanism
of coordination between cells, a feedback parameter (si) sensitive to the number of
constricted neighbors was introduced.

si =

(
ki
kref

)p
, (4.15)

where ki is the number of adjacent constricted neighbors that cell i has and kref

is the adjacent neighbor normalization factor. Eq. 4.15 is used with Eq. 4.14 to
mimic a system where cells release a localized biochemical signal when they con-
strict that promotes constriction in neighboring cells. The concentration of such
a biochemical signal experienced by a given cell would increase as its neighbors
constrict, making the cell more likely to constrict itself. The factor p decides how
strongly si responds to concentration (i.e. ki). For this number of constricted neigh-
bor dependent feedback parameter, β is still used to determine the responsiveness
of cells; however, is restricted to β > 0. The presence of max[1, (1 +βsi)] in Eq. 4.14
results in β = 0 and β < 0 effectively yield a system where cellular constrictions
are purely random (i.e. similar to case ii) for a stress dependent feedback param-
eter, see Sec. 4.1.5.1). For all number of constricted neighbor results presented in
this dissertation, p = 0 is selected to minimize the dependence on concentration.
Effectively, this renders the system as constricted neighbor sensitive by computa-
tionally restricting si to be either 0 or 1 depending on whether a given cell does or
does not have any constricted neighbors.

4.2 AGF Results and Discussion

4.2.1 Multicellular-Microstructure Formations

Varying the dependence of the feedback parameter, and ergo the constriction
probability, for active cells yields distinct multicellular-microstructure formations
as shown in Fig. 4.2. Results from simulations using a strong responsiveness for
tensile stress sensitive (TSS), stress insensitive (SI), compressive stress sensitive
(CSS), and number of constricted neighbor sensitive (NCN) are shown to highlight
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how microstructures vary across coordination mechanisms. The main morpholog-
ical features of each coordination mechanism are best summarized as:

TSS) long interconnected chains,

SI) a mixture of moderately sized chains and clumps,

CSS) an assortment of clumps of various sizes, and

NCN) large isolated clumps

of constricted cells. Fig. 4.2 shows snapshots of systems where the percentage of
constricted cells (Pcon) has reached 42%, about when the transition between the
slow and fast phases of apical constrictions would occur.

Chaining similar to the cellular constriction chains (CCCs) observed in vivo is
most pronounced for TSS. The formation of these chain-like microstructures in-
troduces a couple more distinguishing dynamics, namely a tendency towards in-
terconnection and a qualitatively homogeneous spatial distribution of constricted
cells throughout the active region. As shown in Fig. 4.3, small chains are oriented
in such a way that they grow into each other as they lengthen. Their lengthening
rather than widening is responsible for the homogeneous spatial distribution of
constricted cells. As time progresses, more and more chains merge and eventually
give rise to a proverbial web of constricted cells that extend across the entire active
region.

The SI case also shows a relatively homogeneous distribution of cells. There does
not appear to be a particular multicellular-microstructure that is favored; however,
small chains and clumps can form relatively early, as shown in Fig. 4.3 SI Pcon =

5%. This occurs because isolated constricted cells will initially have several active
neighbors and, in an uncorrelated random process, this inherently increases the
probability for formation of small groups of constricted cells. Compared to the
other coordination mechanisms, there are notably more singlets and doublets in
Pcon = 26% of the SI case.

CSS strongly favors that clusters will widen rather than lengthen. This gives rise
to large clumps of constricted cells rather than chains, creating an inhomogeneous
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Figure 4.3. Time Lapse Comparison of Coordination Mechanisms. The zoomed
in time lapse images shown here precede the full frame images at Pcon = 42%
shown in Fig. 4.2. Pcon is the percentage of cells in the simulated mesoderm
primordium that have constricted. Clusters take on the form of chains for the TSS
case. As shown across the time lapse, small chains do not just happen to cross
paths as they grow in length, but actually grow towards one another. SI, on the
other hand, does not show any disposition towards growing or interconnecting
existing clusters because cells constrict at random. For CSS and NCN, clusters
strongly tend towards growing into clumps rather than chains. Clumps can merge
under the right conditions, such as those shown in the CSS time lapse; however,
there does not appear to be the same disposition towards interconnection as is
observed for TSS.

spatial distribution. Additionally, there appears to be a significant size polydis-
persity of the clumps that do form. This can best be seen in Fig. 4.2 where at
Pcon = 42% there are a few large clumps, more medium sized clumps, and several
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small clumps or chains. The clusters in the CSS case tend to remain disconnected
and do not percolate across the active region until much later in the process.

The NCN case presents even less of a homogeneous spatial distribution than
the CSS case. As shown in Fig. 4.3, clusters of constricted cells grow in size and
there are limited instances where constricted cells are isolated. With constrictions
primarily feeding the expansion and growth of a few large clusters, there end up
being large swatches of the active region that are devoid of any constrictions at
Pcon = 42%. The percolation of constricted cells across the active region will even-
tually happen; however, is significantly delayed, as it can only occur once the large
clusters have grown enough to intersect.

4.2.2 Mechanisms of Chain and Clump Formation

To elucidate how the stress sensitive coordination mechanisms give rise to chain
and clump formations, the distribution of triggering stresses must be considered.
All stress heat maps shown in this chapter are obtained by recoloring simulation
frames, similar to those from Fig. 4.2 and 4.3, so that the distribution of stress
through the active region can be visualized. Red is used to represent tension, and
blue compression, and the saturation of a given color denotes the relative strength
of the mechanical stress.

Close examination of these stress heat maps reveals the following key features
of the stress distribution that are essential for understanding the evolution of the
multicellular-microstructure:

1. constricted cells are predominately subject to tensile stress,

2. active cells positioned in line with chains experience tensile stress, and

3. active cells positioned alongside small chains tend to be compressed.

These features are demonstrated in Fig. 4.4d where the triggering stress heat map
insert shows a dyad of constricted cells and the active cells immediately surround-
ing them.

In a tensile stress sensitive (TSS) system, active cells that lie near the ends of
already formed chains would be most likely to constrict because tension predom-
inates in these regions (as indicated by the dashed red circles in Fig. 4.4a and the
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a) b) c)

d) Tension

Compression

Figure 4.4. Schematics of Coordination Mechanisms. Diagrams showing
how each coordination mechanism (a) TSS, b) CSS, and c) NCN) produces the
microcellular-microstructures described in Sec. 4.2.1. Insert d) shows a magni-
fied triggering stress heat map of the immediate area about two constricted cells.
Tension is shown in red and compression in blue, with deeper saturation indicat-
ing the cell experiences stronger mechanical stress. a) The cells inline with a small
chain experience tension (dashed red circles), which is the triggering stress for TSS.
This means that the cells inline with the chain will be more likely to constrict than
the ones along side it, promoting the lengthening of chains. b) CSS, on the other
hand, uses compression as its triggering stress. The cells alongside small chains
will experience compression (dashed blue circles), and ergo, be more likely to con-
strict themselves. This promotes the widening of the small chain, turning it into a
clump. c) NCN mimics a case where cells release a chemical signal to promote the
constriction of their neighbors. If each cell in the small chain releases a biochemi-
cal signal (dashed reddish purple circles), the cells alongside the chain would ex-
perience a higher concentration of the signaling molecule than those inline with
the chain (denoted by the resulting saturation variance of the overlapping circles).
This means that the small chain would be more likely to widen into a clump than
grow in length. Schematics a), b), c) together show that TSS is the only coordina-
tion mechanism that promotes chain-like multicellular-microstructures.

red coloring to denote tensile stress in Fig. 4.4d). Chains will therefore grow in
length. In addition to promoting the growth of individual cellular constriction
chains (CCCs), this also pushes chains towards becoming interconnected. Any
active cells that lie inline with multiple chains would be predominately under ten-
sion and therefore more likely to constrict, fostering the growth of chains into each
other. CCCs becoming interconnected stimulates the aggressive growth and ex-
pansion of a constricted cell network that percolates across the active region.
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Figure 4.5. Disappearance of Compresssive Triggering Stress. Snapshots of a ten-
sile stress sensitive (TSS) and compressive stress sensitive (CSS) system when 42%
of cells have constricted. At higher numbers of constricted cells, compressive trig-
gering stresses become diminished and eventually disappear altogether. For a TSS
case at Pcon = 42%, the disappearance of compressive stresses does not affect its
mechanism of coordination. While the highest tensile stresses are clearly carried
along the chains of constricted cells, active cells about the chains still experience
tension and can therefore continue coordinated constrictions. CSS, however, is af-
fected by the disappearance of compressive stresses. The clumps of constricted
cells that dominate the microstructure of CSS generate a high amount of tensile
stress across the active cells. As tension through the active region increases, the
compressive triggering stresses disappear and cells can no longer undergo coordi-
nated constrictions (i.e. they begin constricting at random as stress insensitive cells
do). To better highlight the distribution of stress, the deepest color saturation rep-
resents 3x the average magnitude of stress or higher, rather than maximum stress.

In a compressive stress sensitive (CSS) system, active cells alongside already
formed chains would be most likely to constrict because compression predomi-
nates in these regions (as indicated by the dashed blue ovals in Fig. 4.4b and the
blue coloring to denote compressive stress in Fig. 4.4d). This promotes the restruc-
turing of the small chains into clumps. The growth of clumps follows a similar
mechanism where active cells alongside clumps become compressed and are there-
fore more likely to constrict. However, as shown in Fig. 4.5, CSS systems suffer
from the disappearance of their triggering stress as the percentage of constricted
cells (Pcon) approaches 42% (i.e. about when the transition between slow and fast
apical constrictions would occur in vivo). With the disappearance of its triggering
stress, a CSS system would revert to cells constricting at random (see Eq. 4.14).
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A number of constricted neighbor (NCN) system does not have any dependence
on stress, as described in Eq. 4.15. Instead, each cell that constricts increases the
probability of constriction for its active neighbors. This mimics how a biochemical
signaling system would operate where a constricted cell releases some chemical
signal that encourages the cells surrounding it to constrict as well. The release
pattern of such a signal from a small chain of constricted cells is shown in Fig.
4.4c. This would mean that all cells surrounding the chain would be more likely
to constrict, with the cells alongside the chain being the most likely as they are
concurrently receiving the signal from multiple cells. Therefore, the chain would
likely restructure into a clump by growing in multiple dimensions rather than just
widening, as would occur for CSS.

4.2.3 Evolution of Underlying Mechanical Stress

As discussed in the previous section (Sec. 4.2.2), tensile stress sensitivity (TSS)
inherently promotes chain growth over clump formation. When a short chain of
constricted cells is formed, cells alongside the chain become compressed while
cells inline with the chain become pulled. Expanding the discussion of mechanical
stress to include eigenvectors of the virial stress tensor and how the stress field
through the affected region varies over time reveals new dynamics.

The previous sections of this chapter have outlined how TSS is the only coor-
dination mechanism tested that produces chain-like multicellular-microstructures
similar to the cellular constriction chains (CCCs) observed in vivo during the slow
phase of apical constrictions. Therefore, the primary focus of this section will be
to describe the underlying mechanical stress field as it relates to the TSS case. The
stress insensitive (SI) case will also be presented as a reference for comparison, as
cellular constrictions were believed to occur stochastically prior to this work.

The virial stress tensor for cell i is defined by,

Si,ab = −1

2

∑
j∈N i

(ρi,a − ρj,a)Fij,b , (4.16)

where ρi,a and ρj,a are the a-component of the position vector of cell i and j, respec-
tively. Fij,b is the b-component of the pair-wise force between cell i and j defined
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Figure 4.6. Underlying Mechanical Stress Through the Active Region. Time
lapses of a a) tensile stress sensitive (TSS) and b) stress insensitive (SI) system,
colored to show stresses through the active region. Inactive cells are outlined in
gray, active cells are in orange, and constricted cells are black with a dot. The
fill color shows tensile (red) and compressive (blue) stresses, and saturation indi-
cates relative strength. The deepest saturation corresponds to the maximum large
eigenvalue magnitude of virial stress incurred by any cell during each respective
simulation run. Black lines show the direction of the large stress eigenvector and
are only drawn for cells experiencing a large eigenvalue stronger than the overall
average across each simulation run, respectively. a) For TSS, CCCs tend to form
along lines of cells experiencing tensile stress and alignment of large stress eigen-
vectors. Additionally, chains do not appear to grow through the serial constriction
of cells, but through the seeding of multiple smaller chains that eventually merge.
b) There are notably more and stronger stresses through the active cells for the SI
case. This indicates that cellular constriction chains (CCCs) also act as a mecha-
nism to control how the underlying stress field during the slow phase of apical
constrictions is developed and distributed.
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by Eq. 4.8. N i as the list of adjacent neighbors for cell i. The overdamped dynamics
paired with the equilibration of the system between cellular constriction steps al-
lows the standard kinetic energy component of the virial stress to be set to zero, as
the cells are never in motion when the stress is evaluated. The virial stress is cur-
rently only used for consideration of the underlying mechanical stress field and is
not equivalent to the triggering stress described by Eq. 4.13.

Figures in this section will use the following color coding convention for differ-
ent cell types:

Inactive Cells) gray unfilled circles,

Active Cells) orange unfilled circles, and

Constricted Cells) black unfilled circles with a solid black dot in the center;

and for mechanical stress:

Tensile Stress) red fill color, and

Compressive Stress) blue fill color.

Saturation is used to denote the relative strength of the large eigenvalue of virial
stress (Eq. 4.16) experienced by a cell. The deeper the saturation, the stronger
the mechanical stress. The deepest saturation corresponds to the maximum large
eigenvalue magnitude experienced by any cell throughout the simulation from
which the snapshots were taken. Active and constricted cells experiencing an
above average large eigenvalue magnitude will also be tagged with a black bar
showing the orientation of the large eigenvector of virial stress on that particular
cell.

4.2.3.1 Alignment of the Underlying Stress Field

Careful inspection of the sequential TSS time lapse frames (see Fig. 4.6a) reveals
that CCCs tend to form along lines of cells under tension. For example, consider
the line of cells in the top left of the active region that are under tension (red) at
Pcon = 5%. By the next frame, Pcon = 16%, these cells have constricted and are

71



Texas Tech University, Michael C. Holcomb, May 2019

now members of a long CCC. It should also be noted that the large stress eigen-
vectors of this line of cells in Pcon = 5% are also all aligned along the axis of the
eventual chain. The large stress eigenvector shows the direction of the tension that
each cell individually experiences (i.e. what direction they are being pulled in).

Similar instances can also be found between other sets of subsequent frames, in-
dicating that CCCs do not just form along cells experiencing tension but along cells
that lie upon an underlying chain of aligned tensile stress. This supports the over-
arching hypothesis of this dissertation that cells are coordinating their activities
through mechanical stress feedback. Active cells are encouraged to constrict by
the presence of an underlying chain of aligned tensile stress. As individual cells
constrict, they not only increase the amount of tension they are under but also
strengthen the underlying chain of tensile stress (i.e. positive mechanical stress
feedback relative to the blastoderm). The alignment of the large stress eigenvec-
tors persists along the chain once CCCs are formed which allows the underlying
chain of tensile stress to grow and affect more cells.

Comparing between TSS and SI (see Fig. 4.6b) for the same Pcon shows that the
short chains present in the SI case do not require nor maintain the same persisting
alignment of large stress eigenvectors. As a result, SI clusters (i.e. chains and
clumps) are not capable of carrying mechanical stress through the active region in
the same way as CCCs. The alignment of large stress eigenvectors along CCCs in
the TSS case produces chains of high stress and lower stress areas in between the
chains. The distribution of stress in the SI frames generally appears disorganized
when compared to its TSS counterpart; however, this is especially noticeable in
Pcon = 36%. The TSS case has significantly less stress in the active, unconstricted
cells than the SI case.

CCCs are a visible indication that cells are coordinating constrictions via me-
chanical stress feedback; however, they also appear to be a mechanism that allows
the Drosophila embryo to organize and control how the underlying stress field is
carried across the mesoderm primordium. The importance of coordinated apical
constrictions to the invagination process was discussed in Ch. 2 and further ex-
plored in Ch. 3. The percolation of CCCs across the active region may provide a
kind of scaffolding that allows for a controlled distribution of tensile stress which
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triggers the fast phase of apical constrictions. Such a process would help to ensure
that the mesoderm primordium as a medium is primed for the generation of spon-
taneous curvature, and further, that individual cells are all in mechanical commu-
nication so that invagination occurs uniformly. A discussion of how the suggested
scaffolding may also play an important role in the robustness of the initial apical
constriction process is presented in Ch. 6.

4.2.3.2 Dynamics of Cellular Constriction Chain Growth

Another interesting dynamic that we can discuss in greater detail is the process
by which cellular constriction chains actually grow. Consider Fig. 4.6a, Pcon = 5%.
In the middle right of the active region, there is a line of cells under tension with
aligned eigenvectors and one constricted cell. As discussed in the previous section
(Sec. 4.2.3.1), the underlying chain of aligned tensile stress spreads before active
cells constrict to form the cellular constriction chain (CCC) in Pcon = 36%; how-
ever, the progression of cellular constrictions does not appear to occur sequentially
from the single constricted cell, nor does it move along with the propagation of the
tension or large stress eigenvector alignment.

The single constricted cell along the chain of aligned tension in Pcon = 5% re-
mains a singlet until Pcon = 26% when it becomes a doublet. It is the first cell con-
stricted along the underlying chain of tension, but its immediate neighbors clearly
do not constrict until much later. This indicates that CCC growth is more complex
than active cells inline and adjacent to an existing chain constricting serially like
falling dominoes. Constricted cells that are spatially separated but lie along the
same underlying chain of aligned tension could reasonably be considered as part
of the same CCC. Therefore, the following process of chain growth for the TSS case
is suggested.

The aligned tensile stress spreads along a line of cells, generating a scaffolding
along which cells can coordinate their constrictions via mechanical feedback. Cells
begin to constrict and promote the constriction of other cells along the same under-
lying chain of aligned tensile stress; however, this does not necessarily trigger the
constriction of immediate neighbors. This seeds a collection of smaller, spatially
separated CCCs that all lie along the same underlying chain of tension. These
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smaller CCCs grow and merge; making the stress scaffolding visible in the form of
CCCs that percolate across the active region.

This description of CCC growth is qualitatively similar to Fig. 5.2 in Ch. 5 and
statistically supported by the analyses introduced in Ch. 5.

4.2.4 Importance of Cellular Responsiveness

The prominence of the mechanism sensitive multicellular-microstructures de-
scribed in Sec. 4.2.1 are intrinsically linked with the responsiveness parameter β
in Eq. 4.14. The baseline for all active cells is that they can constrict at random;
however, for β 6= 0, cells are also given a mechanism by which to coordinate those
constrictions. For TSS and CSS, this mechanism is dependent on mechanical stress
(see Eq. 4.12) and for NCN it is dependent on how many adjacent neighbors have
constricted (see Eq. 4.15).

As TSS and NCN exhibit the most extreme difference in multicellular-micros-
tructure formation, interconnected cellular constriction chains (CCCs) vs. large
isolated clumps, they will be the focus of this discussion. Fig. 4.7 shows that the
distinguishing microstructures become more prominent as β is increased for both
mechanisms. Higher values of β effectively equate to a system where constrictions
are less random.

The CCCs that demarcate the TSS case are longer and more interconnected by
Pcon = 26% at higher β values. In fact, the lowest β value for TSS shown in Fig.
4.7 (β = 1.0 × 101) is notably similar to the stress insensitive (SI) case provided
for comparison. However, this is not to say that the presence of CCCs is actually
dependent on the value of β itself. What actually happens is that β affects how
early pronounced CCCs develop rather than whether they develop or not.

As shown in Fig. 4.6, the progression of an SI system generates a high level of
tensile stress through the active region. β = 1.0 × 101 initially behaves more like
an SI system, meaning that tensile stresses through the system will increase with
Pcon. Once the triggering tensile stress becomes strong enough, the system then
becomes dominated by coordinated constrictions and by Pcon = 42% has achieved
an overall morphology that is similar to the highest β value shown (β = 1.0× 104),
see Fig. 4.8.
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Figure 4.7. Responsiveness Comparison at 26%. Snapshots showing how the
magnitude of responsiveness parameter β adjusts how dependent active cells are
on a given coordination mechanism: tensile stress sensitive (TSS) or number of
constricted neighbor sensitive (NCN). Stress insensitive (SI) is provided for com-
parison. The higher the magnitude of β, the more cells prioritize coordinated con-
strictions over random ones. For TSS, this is realized by an increase in average
chain length and chains generally being more oriented along the anterior-posterior
axis (i.e. left-right axis in images) with increased β. For NCN, the number of dis-
tinct clusters and spatial homogeneity decrease as β increases. In other words,
the distinct multicellular-microstructures associated with each coordination mech-
anism become more pronounced with larger β values. While only snapshots of
TSS and NCN are shown here, CSS conforms to this as well.
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Figure 4.8. Responsiveness Similarity at 42%. The responsiveness parameter
β does affect how pronounced distinct multicellular-microstructures are (see Fig.
4.7); however, for the tensile stress sensitive (TSS) case the influence of β becomes
diminished as the number of constricted cells increases. By the time the percent-
age of constricted cells (Pcon) has reached 42%, all four β values show the long
cellular constriction chains that distinguish TSS from the other coordination mech-
anisms discussed in this dissertation. This occurs because as Pcon increases the
tension through the active region also increases, eventually allowing coordination
to become more dominant in the low β simulations. While it should be noted that
higher β values do show more chain interconnection at this stage, the similarity in
multicellular-microstructure indicates that TSS systems converge towards a com-
mon morphology across different values of the responsiveness parameter.

The chains of β = 1.0 × 101 are still a little shorter and less interconnected than
β = 1.0 × 104 at this point; however, this shows that regardless of β’s value, a
TSS system will converge towards the same long, interconnected CCC network.
This is likely the result of how TSS is a form of positive mechanical feedback: cells
respond to tensile stress by constricting and increasing the amount of tensile stress.
The influence of this positive mechanical feedback mechanism on robustness of the
apical constriction process is addressed in Ch. 6.

For NCN, the number of independent clusters at Pcon = 26% decreases as β is
increased. This occurs because the system’s behavior in a manner similar to an SI
case is realized by more independent seeds for clusters being started. It was previ-
ously noted in Sec. 4.2.1 that SI will still give rise to small clusters early on. Once
this occurs, the probability of constriction for active cells about the clusters be-
comes high enough that coordinated constrictions begin to dominate the process.
However, NCN does not experience the same kind of recovery as was observed for
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TSS. What does happen is that the increased number of smaller clusters at lower β
values continue to grow and can eventually merge, but by Pcon = 42% there is still
a notable difference in the number, relative compactness, and relative isolation of
independent clusters.

Although not shown here, CSS shows a similar behavior to TSS and NCN in
that it behaves more like an SI system case at lower β values. However, unlike TSS
there is little to no convergence of the system towards a certain final morphology
at Pcon = 42%. This is the result of CSS effectively being a negative mechanical
feedback mechanism: cells respond to compression by constricting and diffusing
the compressive stress that triggered them. As more and more cells constrict, the
system is inherently forced to approximate an SI system as its triggering compres-
sive stresses disappear (see Fig. 4.5) and tensile stress dominates the active region.
β effectively adjusts how CSS-like of an initial condition the eventual approxima-
tion of an SI system starts from, and ergo, there is no obvious convergence towards
a final morphology across different β values.

4.3 AGF Concluding Remarks

The active granular fluid (AGF) model was developed to explore how cells of the
mesoderm primordium were coordinating their apical constrictions during the ini-
tial slow phase of apical constrictions that initiate ventral furrow formation in the
Drosophila melanogaster embryo. However, this method of modeling can be applied
to any biological system where one wishes to investigate aspects of mechanical
coordination between cells. The results of the AGF model clearly show that the
cellular constriction chains (CCCs) observed in vivo are best recreated by a system
which is sensitive to tensile mechanical stress.

Considering the distribution of stress through the mesoderm primordium re-
veals additional dynamics. CCCs in a tensile stress sensitive (TSS) system do not
progress through a serial process where a cell being pulled constricts and then
pulls on another cell which constricts and so on. Cellular constrictions do not
progress serially like lined up dominoes. Instead, there is a much more complex
process where CCCs form along an underlying chain of aligned tensile stress. Con-
stricted cells may be spatially separated but effectively connected because they lie
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along the same underlying chain of tensile stress, and for all intents and purposes
are actually part of the same CCC.

Varying the responsiveness of cells to TSS showed that such systems will actu-
ally converge towards a certain morphology: an interconnected web of CCCs that
percolate across the system. This is the result of the TSS system inherently being
a positive mechanical stress feedback mechanism, but indicates that such a pro-
cess would have some built in robustness in a living organism. With regard to the
Drosophila embryo, CCCs may act to control the percolation of tensile stress across
the mesoderm primordium and prepare the region for the fast phase of apical con-
strictions that drive the invagination process of the ventral furrow formation.
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CHAPTER 5
STATISTICAL IDENTIFICATION OF TENSILE STRESS SENSITIVITY

Advisory of Collaborative Work: The work presented in this chapter was a collab-
orative endeavor between M.C. Holcomb, M. Servati, D. Schneider, P. Mcneely, G.-J.J.
Gao, J.H. Thomas, and J. Blawzdziewicz. Individual contributions will be identified in
relevant subsections. Project originated from observations made by M.C. Holcomb and J.
Blawzdziewicz, and continued under the direction of M.C. Holcomb, J.H. Thomas, and J.
Blawzdziewicz.

The multiple force center model introduced in Ch. 3 yielded compelling evi-
dence that cells of the Drosophila melanogaster embryo coordinate their individual
deformations using the mechanical stress field and further, that intercellular com-
munication is most likely facilitated by tensile stresses. This was strongly sup-
ported by the active granular fluid (AGF) model presented in Ch. 4, which showed
that the presence of cellular constriction chains (CCCs) is indicative of cells which
are constricting along underlying chains of aligned tensile stress. However, to con-
firm that the cells of Drosophila melanogaster embryos are doing this, a method for
comparing live embryo time lapses to model outputs needed to be developed.

5.1 Developing a Procedure to Process Experimental Images

Imaging the transverse cross-section of a live embryo throughout ventral fur-
row formation (VFF) necessitates the use of two-photon excitation microscopy, a
fluorescence imaging technique that requires very specialized equipment with re-
stricted availability. CCCs, on the other hand, are a phenomena that appear on
the apical (outer) surface of the mesoderm primordium before invagination be-
gins. This means that imaging can be accomplished using fluorescence microscopy
or confocal fluorescence microscopy, both of which require equipment that is still
highly specialized but significantly more readily available. As such, the process-
ing of surface time lapses was prioritized with the intent to return to imaging of
the transverse cross-section at a later date. This chapter will thereby focus on the
comparison between apical surface images of the Drosophila embryo during the
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slow phase of apical constrictions and output from the AGF model; however, trial
imaging of the transverse cross-section will be provided in App. C for reference.

5.1.1 Imaging Live Embryos

Advisory of Collaborative Work: Confocal fluorescence microscopy images of live
embryos were taken by M. Servati under the direction of J.H. Thomas. All other experi-
mental contributions, including embryo growth and maintenance, by J.H. Thomas.

Embryos expressing Spider-GFP were used for all live embryo imaging pre-
sented in this dissertation. Spider-GFP is a green fluorescent protein that is an-
chored to membrane proteins so that cellular membranes can be imaged with fluo-
rescence microscopy or confocal microscopy. The progression of live embryo imag-
ing can broadly be divided into three categories: fluorescence, confocal (512), and
confocal (1024).

The first attempt to identify CCCs was made by analyzing fluorescence mi-
croscopy time lapses of live embryos. As shown in Fig. 5.1a, raw images would
be cropped and constricted cells visually identified and then manually marked.
Visual identification was accomplished through a combination of relative cellular
size in a given frame and comparing between multiple sequential frames to con-
firm that a cell was undergoing ratcheted constrictions rather than just unratch-
eted pulsing. The fluorescence imaging was extremely helpful and provided a
good basis to build from; however, was inherently a relatively subjective process
of constricted cell identification.

Imaging was then switched to confocal microscopy at a 512 pixel resolution, see
Fig. 5.1b. Confocal microscopy offered both higher resolution and the ability to
image for longer periods of time because of reduced issues with photobleaching
of the fluorophore. In parallel, the constricted cell identification process was also
overhauled to make the process both more standardized and automated. This was
accomplished by loading raw microscopy images into the embryo-development-
geometry-explorer (EDGE) software package [18] for segmentation and tracking,
discussed in more detail in Sec. 5.1.2, and then writing scripts to process the resul-
tant data, see Sec. 5.1.3.
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Figure 5.1. Development of Experimental Procedure. Examples of how the pro-
cessing of experimental images has developed. a) Images were initially manually
processed. The raw fluorescence microscopy image would be cropped to focus on
the area of interest and then manual marking of constricted cells on the cropped
image would follow. b) The next iteration came with the use of 512 resolution con-
focal microscopy images. These images would be loaded into EDGE [18] for seg-
mentation of the image to identify cells and then tracking to monitor them across
the time lapse. EDGE marks tracked cells in purple and untracked cells in yellow.
Segmented and tracked images would then be processed to extract pixel matrices
which were used to perform analyses and make visualizations. While EDGE itself
still requires some manual corrections, the processing of images was for the most
part automated. c) The final iteration came by changing to a higher 1024 resolution
confocal microscopy image of a smaller area. This allowed EDGE’s automatic seg-
mentation to better approximate cells and lower the amount of necessary manual
corrections.

The 512 pixel resolution confocal microscopy facilitated major developments in
how experimental images were analyzed; however, also introduced some unfore-
seen limitations in how accurate some of the automated constricted cell identifica-
tion routines could be. The combination of the pixel resolution with the amount
of embryo being imaged resulted in discretization errors regarding apical cell area
calculations. Consider a square cell that is 10 pixels tall by 10 pixels wide (i.e. with
an area 100 pixels2). If there is +/- 1 pixel of uncertainty, that translates into the
cellular area being somewhere in between 121 pixels2 and 81 pixels2. This issue
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becomes even more pronounced as cells constrict and their apical areas become
reduced.

To alleviate these issues, imaging was switched to confocal microscopy at a 1024
pixel resolution, see Fig. 5.1c; however, this switch introduced additional compli-
cations. Confocal microscopy works by scanning across the area of interest with a
laser to accomplish fluorophore excitation and averaging a given number of passes
together. As a result, there is an inherent inverse relationship between pixel reso-
lution and temporal resolution. The 512 resolution images were being taken every
15 seconds. Switching to 1024 resolution while imaging the same area of embryo
would increase this to over 75 seconds per image. Such a long time step would
limit relevance of the intended analyses, so it was decided that a smaller area of
the embryo would be imaged, reducing the time to 25 seconds between frames.

5.1.2 Segmentation and Tracking

Advisory of Collaborative Work: Segmentation and tracking of live embryos was
initially developed by M. Servati under the direction of J.H. Thomas, M.C. Holcomb, and
J. Blawzdziewicz; however, all results presented in this chapter were segmented and tracked
by P. Mcneely under the direction of M.C. Holcomb.

Segmentation and tracking are accomplished using a software package called
embryo-development-geometry-explorer (EDGE).[18] EDGE was developed by the
Wieschaus Lab out of Princeton University to analyze membrane-tagged images of
developing Drosophila embryos and is currently free to download and use. After
an image stack has been imported into EDGE, it proceeds to perform an auto-
mated segmentation of each image individually. The segmentation process works
to identify membranes and assign pixels as either being part of a cell or not through
a combination of bandpass filtering and thresholds. Once segmentation is com-
pleted, EDGE then attempts to track individual cells by matching things like cen-
troid location and relative shape between frames.

The precision of the automated process varies depending on user inputted vari-
ables and the pixel resolution of the images; however, there is always room for
improvement through manual corrections. As shown in the frames labeled EDGE
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in Fig. 5.1b and 5.1c, EDGE attempts to draw every cell in the frame and label them
as purple if they are tracked and yellow if they are untracked. The untracked cells
outside the purple region are usually cells that were not visible in early frames
and are therefore not being monitored between frames by EDGE. Manual correc-
tions are needed if EDGE draws a membrane incorrectly or fails to recognize a cell
within the purple region.

Manual corrections are usually minimal, such as adding additional vertices that
EDGE missed or redrawing some membranes, but they can also be much more
involved. For grainy images, sometimes entire regions of cells must be drawn be-
cause the automated process cannot distinguish the membranes. The 1024 resolu-
tion confocal microscopy images described in Sec. 5.1.1 generally only require min-
imal manual corrections. Once manual corrections have been completed, EDGE
offers several stock functions for analysis and is designed to allow user inputted
functions as well. However, for the analyses discussed in this chapter, data is ex-
tracted from EDGE and then used in the final processing described in the next
section (Sec. 5.1.3).

5.1.3 Final Processing

Advisory of Collaborative Work: Writing of code to analyze segmented and tracked
time lapses of live embryos was written by D. Schneider under the direction of M.C. Hol-
comb and J. Blawzdziewicz. Code to create visualizations of analyzed time lapses was
written by M.C. Holcomb and J. Blawzdziewicz.

Upon completion of segmentation and tracking (Sec. 5.1.2), EDGE has created a
pixel matrix (i.e. 1024x1024) where every entry is an integer that identifies whether
its corresponding pixel is a part of a cell. Tracked cells are given a positive integer
value, untracked cells a negative integer value, and pixels that do not lie within
any cell are assigned a value of zero. The pixel matrix for each frame of the time
lapse is extracted from EDGE and used in final processing. The first step of final
processing is to generate a list of geometric descriptions of tracked cells from the
pixel matrices.
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Information such as centroid position (i.e. x and y), cell area (in pixels2), and
eigenvectors of each cell’s second moment matrix are calculated. The eigenvec-
tors of the second moment matrix effectively allow cellular geometry to be pro-
jected onto an ellipse, introducing the opportunity to identify cells as constricted
based on their minor axis length. Cells attempt to constrict symmetrically; how-
ever, the difference in the effective anterior-posterior and left-right boundary con-
ditions (see description of boundary conditions in Sec. 4.1.3) often forces cells to
take on asymmetric shapes, especially later in the apical constriction phases.

With the geometric information calculated from the pixel matrices, constricted
cells can be identified either by their change in area or their change in minor axis
length (MAL). As many cells end up taking on elongated shapes, it was decided
that MAL provided a more reliable means of gauging how constricted a cell has
become. Reference MALs are established by averaging over multiple time lapse
frames that precede the first signs that the slow apical constriction phase has be-
gun. Tracked cells are marked as constricted if the MAL drops below a certain
threshold relative to their reference MAL, see the blue dotted cells in Fig. 5.1b or
the bar-dotted cells in Fig. 5.1c. A comparison between processing with different
MAL thresholds is presented in App. C for reference.

Once constricted cells in the frames have been successfully identified, the last
stage of final processing can be completed: identifying clusters. This is accom-
plished by first constructing a cellular neighbor list based on the first available
pixel matrix. The pixels of each tracked cell are treated as a starting point and two
pixels in all cardinal and ordinal directions are scanned to see if the given pixel
is a 1st or 2nd order neighbor to a pixel from another cell. Scanning in this man-
ner adds some redundancy; however, also ensures that all adjacent neighbors are
properly identified and, as the neighbor list is treated as static, does not strongly
diminish computational efficiency.

An iterative process then follows where a list of clusters and their constituent
cells is generated. A constricted cell that has not been identified as belonging to a
cluster is selected and assigned to a cluster. This cell’s neighbors are then scanned
to see if any of them are also constricted. If any are, they are added to the same
cluster and then their neighbor list is scanned. If none are, then the process begins
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Figure 5.2. Final Processed Experimental Time Lapse. Fully processed confo-
cal microscopy images of the underside of a Spider-GFP embryo during the slow
apical constriction phase of ventral furrow formation (VFF). Constricted cells are
marked with dot-bars and clusters of constricted cells are collectively colored de-
pending on cluster size. Time zero selected based on the first frame with a con-
stricted cell that persists across multiple frames with a MAL threshold of 65%.
Cells initially constrict alone; however, quickly begin to form CCCs. CCCs grow
rapidly, promoting the interconnection of clusters and percolation of the CCCs
across the mesoderm primordium along the anteroposterior axis. Many of the
marked cells remain constricted across multiple frames, indicating that they are
undergoing ratcheted constrictions.[29] Images were segmented and cells tracked
across frames with EDGE.[18]
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again with another constricted cell that has not been assigned to a cluster. These
cluster lists are the bases for the statistical analyses introduced later in this chapter
and are used to make the processed experimental time lapse shown in Fig. 5.2.

5.2 Statistical Analyses

Advisory of Collaborative Work: The statistical analyses presented here were devel-
oped by M.C. Holcomb and J. Blawzdziewicz with input from M. Servati, D. Schneider,
G.-J.J. Gao, and J.H. Thomas. Application of analyses to AGF model results completed by
G.-J.J. Gao, M.C. Holcomb, and J. Blawzdziewicz. Application of analyses to live em-
bryo time lapses completed by D. Schneider under the direction of M.C. Holcomb and J.
Blawzdziewicz. Analysis of statistical comparison between live embryos and AGF model
results completed by M.C. Holcomb.

Varying the dependence of the constriction probability for active cells yields dif-
ferent microstructure formations (see Fig. 4.2). Tensile stress sensitivity (TSS) tends
towards cellular constriction chains (CCCs) similar to those observed in vivo. Stress
insensitivity (SI) produces a combination of small clumps and short chains, giving
it a clear qualitative delineation from TSS. As the slow phase of apical constrictions
has in literature been described as SI [103] and the conclusion from Ch. 4 is that it
must be TSS, the following discussion will focus on those two mechanisms. How-
ever, similar plots including the compressive stress sensitive case and number of
constricted neighbor sensitive case will be included in App. C.

As discussed in Ch. 4, chains of constricted cells inherently produce compres-
sive stresses in cells alongside the chain and tensile stresses in cells close to the
ends of the chain. This results in chain length increasing and stimulates expansion
of the chain-like microstructure for the TSS case. As the chains grow they merge,
eventually forming a fully interconnected network of constricted cells that perco-
lates across the active region. The combination of small clumps and short chains in
the SI case are the result of uncorrelated constrictions. With all cells being equally
likely to constrict, there is no disposition towards a particular microstructure and
no tendency for clusters to become interconnected.
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5.2.1 Total Number of Clusters

Considering the average total number of clusters Cavg as a function of the per-
centage of constricted cells Pcon (see Fig. 5.3) provides a means of quantitatively
differentiating between TSS (purple triangles) and SI (pink stars) cases. An SI sys-
tem does not have any mechanism to encourage the growth of clusters over the cre-
ation of new ones. This is reflected in how SI shows a notable sustained increase in
Cavg until there are enough individual clusters that it becomes more probable that
a randomly constricted cell will grow a cluster, around Pcon = 26%.
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Figure 5.3. Averaging the Total Number of Clusters. Comparison between av-
erage total number of clusters Cavg from tensile stress sensitive (TSS), stress in-
sensitive (SI), and live embryos. All data presented is normalized by the number
of active cells in each system, respectively. Experimental data was obtained by
averaging 5 embryos and standard deviation of data averaged is shown by error
bars. a) Cells of live embryos are only identified as constricted if the minor axis
length (MAL) becomes 65% or less of their reference MAL. The strong MAL cutoff
ensures that only cells undergoing pronounced ratcheted constrictions are identi-
fied as constricted. Experimental data (black circles) briefly shows agreement with
the SI (pink stars) Cavg; however, after Pcon = 5% transitions to following closely
with TSS (purple triangles). This indicates the existence of either a tensile stress
threshold for ratcheted constriction promotion or a biochemical signaling path-
way associated with mechanical feedback. b) Cells of live embryos are identified
as constricted if MAL becomes 85% or less of their reference MAL. Unlike a), the
experimental plot generally trends with SI Cavg. The weak MAL cutoff allows cells
undergoing unratcheted pulses to be identified as constricted. This provides evi-
dence that unratcheted pulses occur stochastically. These results indicate that un-
ratcheted pulses generate tensile stresses through the mesoderm primordium that
initiate ratcheted constrictions through tensile mechanical feedback; a dynamic
that has not previously been reported.
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TSS requires the presence of tensile (pulling) stresses to promote the growth of
chains over the creation of new clusters. Cells initially constrict at random and
introduce tensile stress upon neighboring cells. When one of these neighbors con-
stricts a small chain is formed and as the chain grows it produces more tensile
stress which further promotes its growth. This can be seen in how Cavg for TSS
initially grows similar to SI, but after Pcon = 5% shows demarcating behavior by
leveling off and beginning to fall around Pcon = 20%.

To compare Cavg vs Pcon of live embryos to the AGF model results, Cavg is nor-
malized by the number of active cells observed. The number of active cells cap-
tured in the live embryo time lapses are identified by counting all cells across a
given time lapse that experience a MAL that is 85% of their reference MAL or
lower. This effectively counts any tracked cells that undergo either ratcheted api-
cal constrictions or unratcheted pulses. This normalization allows for time lapses
to be weighted equally when averaged and subsequently compared against the
statistics from the model.

Individual cells of live embryos are identified as constricted based off of a thresh-
old MAL reduction percentage. In Fig. 5.3, two different threshold percentages are
presented which are representative of the typical variation between strong and
weak MAL constriction cutoffs. A more detailed discussion of the similarity be-
tween strong cutoffs is presented in App. C. The experimental data (black circles)
shown in Fig. 5.3 are an average of the results from 5 separate embryos. Standard
deviation of the results averaged to produce each data point is shown by the black
error bars. Plots of the normalized results from individual embryos are included
for reference in App. C.

For strong MAL thresholds (see Fig. 5.3a), Cavg initially tracks closely with SI un-
til about Pcon = 6% when it transitions to more closely trending with TSS. The use
of a strong cutoff ensures that only cells which have undergone multiple ratcheted
constrictions are identified as constricted. This would indicate that cells initially
constrict at random; however, after enough have started constricting, generating
pulling stresses through the mesoderm primordium, cells begin to constrict in re-
sponse to tensile mechanical stress (a form of blastoderm level positive mechanical
feedback).
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Two possible explanations for the observed “delay” in experimental presenta-
tion of tensile stress sensitivity are suggested. 1) There is a biochemical signaling
pathway that introduces a delayed response between the time that cells experience
tensile stress and mechanically respond to it by performing ratcheted constrictions.
2) There is a certain tensile stress threshold that must be exceeded before cells be-
gin to respond. In either case, the AGF model does not currently capture this de-
lay because the simulated TSS cells have an immediate increase in their feedback
parameter (Eq. 4.12) when they experience tensile stress. This increases their con-
striction probability (Eq. 4.14) and results in them expressing sensitivity to pulling
stresses quicker than the cells of live embryos.

For weak MAL thresholds (see Fig. 5.3b),Cavg tracks very closely with SI through-
out the Pcon range of interest. The use of a weak cutoff results in cells being iden-
tified as constricted if they undergo unratcheted pulses or ratcheted constrictions.
This allows the behavior of the unratcheted pulses which have been reported to
precede ratcheted constrictions [29] to be captured. The striking similarity to SI
indicates that cells undergo unratcheted pulses stochastically.

The Cavg results of strong and weak MAL thresholds together present a cohe-
sive picture of the initial, slow phase of apical constrictions. Cells begin pulsing
stochastically, generating fleeting bursts of tensile stress through the mesoderm
primordium. These stress bursts combine to trigger some cells to begin ratcheted
apical constrictions. Cells performing ratcheted apical constrictions give rise to a
persistent underlying stress field that permeates the mesoderm primordium. With
this tensile stress scaffolding in place, active cells that lie along paths of high,
aligned pulling stresses are triggered to begin ratcheted apical constrictions as
well.

The evolution of the underlying stress field is discussed in greater detail in Ch. 4,
Sec. 4.2.3. The focus of this chapter is to provide experimental evidence supporting
that cellular constriction chains (CCCs) observed in vivo are indeed an indication
that the cells of the mesoderm primordium are sensitive to tensile stresses. Further
discussion of experimental results will be completed using a strong MAL threshold
of 65%, the same threshold used in Fig. 5.2 and Fig. 5.3a. However, a figure further
describing the effect of the MAL threshold is included in App. C for reference.
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5.2.2 Cluster Size Distribution

Another means of quantitatively distinguishing between stress insensitive (SI)
and tensile stress sensitive (TSS) cases is by considering the percentage of clusters
Pavg of a given size as a function of the percentage of constricted cells Pcon. Fig.
5.4 shows Pavg vs. Pcon for a) singlets, b) doublets, and c) multiplets (3+); TSS is
shown with purple triangles and SI with pink stars. The plots together highlight
the disposition towards cluster growth for the TSS case and the lack thereof for the
SI case. The Pavg values shown are obtained using a cluster size sensitive weighting
and normalization by the number of constricted cells.

Pavgi =
nimi

Ncon

, (5.1)

where ni is the size of clusters being considered, mi is the number of clusters, and
Ncon is the number of constricted cells. The index i can be either singlets, doublets,
or multiplets.
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Figure 5.4. Percentage of Clusters that are Singlets, Doublets, or Larger. Com-
parison of percent of clusters Pavg that are a) singlets, b) doublets, and c) multiplets
(3+) between tensile stress sensitive (TSS), stress insensitive (SI), and live embryos.
Cells of the live embryos are identified as constricted if their minor axis length
(MAL) is reduced to 65% of their reference MAL or lower. Experimental data is
averaged across 5 live embryos and error bars show standard deviation of the av-
eraged data. There is brief agreement between experimental data (black circles)
and SI (pink stars); however, after Pcon = 10% all plots trend with TSS (purple tri-
angles). Singlets trend with TSS before doublets, and doublets before multiplets.
The observed stepping delay supports the need for an underlying stress field to
be established for CCC growth. These results support that mechanical feedback
occurs either through a biochemical pathway or the existence of a tensile stress
threshold that must be met before ratcheted constrictions will begin.
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TSS presents a notable decline in singlet Pavg that is matched by an initial spike in
doublet Pavg and growth in multiplet Pavg. Multiplet Pavg then continues to grow
as singlet and doublet Pavg drop, approaching zero. This behavior reflects how
TSS promotes the growth and interconnection of chains over the creation of new
clusters. As shown in Fig. 4.5d, the stress distribution that promotes chain growth
for a TSS is already present about doublets and becomes even more pronounced
as the chain grows. It is important to note that singlet and doublet Pavg do not
just instantly drop to zero, showing that singlet and doublet creation continues to
occur throughout slow phase of apical constrictions. This supports the description
of dynamic CCC growth introduced in Ch. 4 Sec. 4.2.3.2. By Pcon = 40%, almost
all clusters are multiplets, consistent with the formation of a proverbial web of
constricted cells that spans the active region.

SI is initially dominated by singlets and does not show the same precipitous
drop in singlet Pavg that occurs for TSS. As singlet Pavg drops, doublet Pavg begins
to steadily rise until it levels off around Pcon = 10%. The combination of singlets
dropping and doublets remaining constant shows a time period where doublet
creation (i.e. singlet→ doublet) and annihilation (i.e. doublet→ triplet) rates are
equal. This period, however, is fleeting and doublet Pavg begins to steadily drop
around Pcon = 20%. Multiplet Pcon shows no growth until Pcon = 4%, after which
it steadily rises. In contrast to TSS, there are a substantial percentage of clusters
which are still singlets or doublets by Pcon = 40%, indicative of an uncorrelated
constriction process.

The live embryo data (black circles) shown in Fig. 5.4 is an average across five
embryos. Error bars are the standard deviation of the data averaged together for
each point. Similar to Cavg, all data being normalized by the number of constricted
cells allows comparison between live embryos and AGF model results. Exper-
imental data briefly follows with SI but quickly transitions and by Pcon = 10%

trends closely with TSS in all plots. Singlets and doublets show agreement with
TSS earlier than multiplets, which confirms that the delay observed in Cavg is pri-
marily caused by a lag in multiplet formation.

There is a consistent “delay” in all three plots that is reminiscent of a feature
observed the Cavg plots shown in Fig. 5.3. This delayed adoption of TSS is con-
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sistent with system which is initiated by seemingly random apical constrictions
that give rise to the underlying stress field necessary for coordination. Unfortu-
nately, these results do not offer evidence of whether the delay is the result of a
biochemical signaling pathway or the existence of some tensile stress threshold.
What it does show, however, is that the development of clusters in vivo (i.e. cel-
lular constriction chains) shows remarkable similarity to the development of the
chain-like multicellular-microstructures that dominate the tensile stress sensitive
AGF model.

5.3 Statistical Identification Concluding Remarks

The models introduced in Ch. 3 and 4 provide compelling evidence that the
mechanical stress field through the blastoderm plays an important role in the in-
tercellular coordination required to drive morphogenetic movements like ventral
furrow formation (VFF). However, developing a standardized process for analyz-
ing experimental images was necessary before a quantitative comparison could be
performed. Currently, 1024 pixel resolution confocal microsocopy image stacks
from live Spider-GFP embryos are being used. These image stacks are inputted
into a segmentation and tracking software package specifically designed to ana-
lyze membrane tagged images of developing Drosophila embryos.

After the images have successfully been segmented and cells tracked across the
frames, a pixel matrix is extracted and used to calculate relevant information about
each individual cell. This cellular information is used to identify constricted cells
and generate neighbor lists that allow for cluster development to be character-
ized. To confirm that CCCs in the embryo match the CCCs that dominate the
multicellular-microstructure of a TSS system, two different categories of statistical
analysis were introduced. The first considered how the total number of clusters
in the system varies as more cells constrict. The second monitored the dynamic
relationship between cluster growth vs creation. Both analyses revealed that the
ratcheted constrictions in live embryos show good agreement with the predictions
made by the TSS AGF model.
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CHAPTER 6
TENSILE STRESS SENSITIVITY CONTRIBUTES TO ROBUSTNESS

Advisory of Collaborative Work: The work presented in this chapter was a col-
laborative endeavor between M.C. Holcomb, G.-J.J. Gao, P. Mcneely, D. Schneider, J.H.
Thomas, and J. Blawzdziewicz. Project originated from observations made by M.C. Hol-
comb and J. Blawzdziewicz and continued under the direction of M.C. Holcomb, J.H.
Thomas, and J. Blawzdziewicz. AGF simulation code was written by G.-J.J. Gao. Experi-
mental images were segmented by P. Mcneely under the direction of M.C. Holcomb. Code
to analyze segmented embryos was written by D. Schneider under the direction of M.C.
Holcomb. Analysis of results and development of statistical analyses by M.C. Holcomb
and J. Blawzdziewicz.

Previous chapters have shown that a tensile stress sensitive (TSS) system is clear-
ly delineated from a stress insensitive (SI) system in its promotion of cluster inter-
connection and development of clusters along an underlying aligned tensile stress
scaffolding. The clusters of a TSS system tend strongly towards cellular constric-
tion chains (CCCs) and are developed through what is in essence a blastoderm
level mechanical stress feedback mechanism. The way that cells respond to ten-
sion by constricting in a TSS system means that the presence of triggering stress
begets more triggering stress, making TSS a robust coordination mechanism.

To explore the robustness of a TSS system, different perturbations of the AGF
model (see Ch. 4) are introduced by specifying regions of cells that will experi-
ence a reduced probability of constriction. Two different affected regions are intro-
duced: a band of affected cells and an elliptical region of affected cells. The shape
of these regions was inspired by the studies of optogenetic disruption of mechani-
cal activity in mesoderm primordium cells during ventral furrow formation (VFF)
by Guglielmi et al. (2015).[155] As shown in Fig. 6.1, the optogenetically affected
region begins as a band and either stays a band (H) or is stretched into an elliptical
region (D). Further discussion of these experimental results as they relate to the
perturbed TSS AGF model simulations will occur in Sec. 6.3.
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Figure 6.1. Embryos with Mechanically Disrupted Areas. All frames are confocal
microscopy images of the ventral mesoderm of three Drosophila embryos express-
ing CIBN::pmGFP and mCherry::CRY2-OCRL. Each row is a single embryo. The
red box in the first frame of each row shows the area of the embryo where the
mechanical capabilities of cells were disrupted using an optogenetic approach. By
using different laser powers (denoted to the left of each row), Guglielmi et al. were
able to vary how mechanically disrupted each region was. A-C, E-G, and I-K are
select frames from confocal movies showing the embryo before and after photo-
activation. D, H, and L are confocal images showing the state of the embryo after
ventral furrow formation (VFF) should have completed. The strongest laser power
(3.0 mW) completely disrupts the cells. At 25 min (D) VFF has failed, the photo-
activated cells are stretched, and cells in the neighboring unaffected areas (white
boxes) are hyperconstricted. 1.5 mW also disrupts VFF; however, at 31 minutes
(H) it is observed that the activated and unactivated areas have a similar numbers
and patterns of constricted cells. Photo-activation with the weakest laser power
(0.7 mW) disrupts the cells resulting in a slightly deformed final furrow; however,
VFF is still able to complete. Figure is reprinted from Guglilmi et al. (2015) under
the article’s CC BY license.[155]

Results in this section will use the following color coding convention for differ-
ent cell types:

Inactive Cells) gray unfilled circles,

Unaffected Active Cells) orange unfilled circles, and
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Affected Active Cells) green unfilled circles, and

Constricted Cells) black unfilled circles with a solid black dot in the center;

and for mechanical stress:

Tensile Stress) red fill color, and

Compressive Stress) blue fill color.

The saturation of a given fill color will be used to denote relative strength of the
large eigenvector of virial stress (Eq. 4.16) experienced by a cell. The fullest satu-
ration will correspond to the maximum large eigenvalue magnitude experienced
by any cell throughout the entirety of the represented simulation. Additionally,
active cells and constricted cells will be tagged with a black bar showing the orien-
tation of the largest eigenvector of stress if its magnitude in the given frame meets
or exceeds the average large eigenvalue magnitude of virial stress throughout the
simulation.

6.1 Band of Affected Cells

Introducing a band of cells with decreased constriction probability reveals that
TSS provides a mechanism for robustness. Fig. 6.2 shows snapshots of systems
with a band of cells whose constriction probability has been decreased by 40%,
60%, and 80% (green region), as compared to unaffected active cells (orange re-
gion). Frames from Pcon = 31% for both TSS and SI are shown to highlight how
differently the systems progress with this perturbation in place. The unaffected
region in all frames presents the expected multicellular-microstructures that dom-
inate each mechanism’s morphology (Ch. 4): long interconnected cellular constric-
tion chains (CCCs) for TSS and a mixture of moderately sized clumps and chains
for SI. Affected regions, on the other hand, vary depending on how strongly the
constriction probability is affected.

As the reduction in constriction probability is increased, the number of con-
stricted cells drops and the disruption to the expected multicellular-microstruc-
tures in the affected regions increases; however, TSS always appears to be less
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affected than SI. This occurs because of the inherent blastoderm level positive me-
chanical stress feedback that governs the TSS coordination mechanism. In the
presence of tensile stresses a TSS cell will experience an increase in its constric-
tion probability (see Eq. 4.14). If this cell constricts, then it positively contributes
to the tension in the system which in turn increases the constriction probability of
other cells. This means that cells in the affected region can experience an increase
in constriction probability because cells in the unaffected region are constricting.

Additionally, the paths of aligned tensile stress that precede CCC formation (dis-
cussed in detail in Ch. 4, Sec. 4.2.3.1) still form through the affected region. An
example of this can be seen in the lower part of the affected region in Fig. 6.2a 60%.
CCCs have already percolated across the top part of the affected region; however,
there is clearly another chain attempting to make its way across the bottom. Be-
tween the pieces of the incomplete chain (left, right, and the doublet in between the
two) there are several cells under tension whose large eigenvector axes are aligned.
This shows that those cells are primed for a chain to form across them, in spite of
the area having a decreased constriction probability.

As more cells in the unaffected areas constrict, the tension along these under-
lying paths becomes stronger and more aligned. Eventually, they become strong
enough to counter the effects of the hobbled constriction probability and a chain
can begin to percolate across the affected region. However, the same cannot be
said for the SI case. The tensile stress distributed across the entire active region
is notably larger and more disorganized for the SI frames. As there is no inter-
cellular coordination, this increased stress level does not influence where further
constrictions will take place and the affected region remains impaired.

To quantitatively compare the affected band of cells to unaffected regions, the
relative fraction of constricted cells (frel) is introduced. To calculate this quantity,
the number of constricted cells normalized by the total number of cells in a given
area must be considered:

fj =
N j
con

N j
con +N j

act

. (6.1)

N j
con represents the number of constricted cells and N j

act the number of active cells
in region j. Index j can either be aff to denote the affected region or una for the
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Figure 6.2. Band of Decreased Constriction Probability. Comparison between a)
tensile stress sensitive (TSS) and b) stress insensitive (SI) systems when a band of
decreased constriction probability is introduced. Inactive cells are outlined in gray,
unaffected active cells in orange, affected active cells in green, and constricted cells
are black with a black dot. The fill color shows tensile stresses in red and com-
pressive stresses in blue; saturation reflects relative strength. Black lines show the
axis of the large stress eigenvector for active or constricted cells experiencing a
higher than average magnitude of stress. Affected bands with a constriction prob-
ability reduced by 40%, 60%, and 80% are shown. The snapshots correspond to
Pcon = 31%, indicated by the dashed black line in c). Plots show the relative frac-
tion of constricted cells (frel) vs. the percent of constricted cells (Pcon). frel reflects
how well the affected region (between the green dashed lines) is performing com-
pared to the unaffected areas. frel = 1.0 would correspond to full recovery of the
affected region. All three plots reveal that TSS shows substantial recovery over SI,
confirming that TSS is a more robust constriction propagation mechanism.

unaffected regions. frel is obtained by,

frel =
faff
funa

, (6.2)

meaning that frel = 1.0 occurs if the affected region recovers to normal behavior.
Plots of frel vs. Pcon for each of the affected band strengths are shown in Fig. 6.2c
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with TSS as purple triangles and SI as pink stars. In addition, each plot has a black
dashed line showing which data point along the curves corresponds to the frames
shown in 6.2a and 6.2b.

TSS clearly shows a notable recovery over SI for all three strengths of constric-
tion probability reduction shown here; however, the most notable is the recovery
shown for the strongest constriction probability reduction, 80%. For SI, frel re-
mains at 20% or lower. This means that the normalized number of constrictions in
the affected region are at or below 20% that of the unaffected region throughout
the Pcon range of interest. CCC formation is a phenomena that is observed during
the slow phase of apical constrictions and continues until approximately 40% of
the cells in the mesoderm primordium have constricted. Therefore, a SI system
would fail to recover the affected region by the time that the transition from slow
to fast phase occurs.

As shown in Fig. 6.1, the failure to recover normal constriction behavior in a
band of affected cells precipitates the failure of VFF. For TSS, the affected region is
steadily recovered. In Fig. 6.2a 80%, one CCC is already making its way across the
affected region and the aligned tensile stress scaffolding to support another CCC’s
travel across the region has already formed and begun initiating constrictions. By
Pcon = 42%, the normalized number of constrictions in the TSS system’s affected
region has experienced a recovery of ∼60% and frel risen to 80%. As the focus of
the AGF model is on the slow mode of apical constrictions, these results cannot
comment on whether such a system would be able to complete VFF; however,
what is certain is that a system which recovers, as the TSS case has, would be in a
much better position to complete VFF than one that does not.

6.2 Ellipse of Affected Cells

Cellular constriction chains (CCCs) promote recovery about an elliptical (i.e. egg
shaped) region of affected cells through two different mechanisms depending on
how strongly the affected region is perturbed. These mechanisms are demon-
strated in Fig. 6.3 where time lapses and recovery graphs for two different per-
turbed systems are shown. Both are tensile stress sensitive (TSS) cases; however,
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one has an egg shaped region of cells whose constriction probability has been re-
duced by 40% and the other’s is reduced by 80%.

The initial frame of the 40% reduction time lapse (Fig. 6.3a Pcon = 5%) shows that
enough constrictions have occurred to generate the underlying chain of aligned
tensile stress that precedes CCC formation in TSS systems. As more cells constrict,
this path of aligned tensile stress shifts, but by Pcon = 37% two chains have made
their way across the affected region by growing along such paths. This occurs by
a similar process to the TSS recovery observed for a band of affected cells, see Sec.
6.1. As cells outside of the affected region constrict, the magnitude stress along
the underlying chain of aligned tension increases, and eventually becomes strong
enough that it can counter the effect of the reduced constriction probability. The
recovery in the band about the affected ellipse (between the two dashed green
lines) at Pcon = 37% is enough that there is no visual distinction in contractility
between the unaffected region and the band.

The initial frame of the time lapse for the elliptical region of cells with an 80%
reduction in constriction probability (Fig. 6.3b Pcon = 5%) is identical to the same
frame of Fig. 6.3a. However, the CCCs respond differently because of the increased
perturbation of the affected cells. CCCs are not able to follow the underlying path
of aligned tensile stress through the egg because the stress at this early stage is not
yet strong enough to counter the increased reduction in constriction probability. If
this were a band of affected cells, then unaffected cells would constrict until the
stress through the affected region became strong enough to promote CCC forma-
tion, but with an elliptical region there is another way. Rather than waiting to pass
through, CCCs instead grow around the edge of the affected ellipse. As with Fig.
6.3a, the band about the affected ellipse has recovered enough that it looks visually
similar to the unaffected regions by Pcon = 37%.

To better explore the difference in CCC response between these two cases, two
different measures of recovery will be considered (see graphs in Fig. 6.3). The first
is consideration of the relative fraction of constricted cells (frel) of the egg shaped
region of constricted cells (i.e. f eggrel ). This measure is identical to the one used to
describe recovery in Fig. 6.2c with frel being defined by Eq. 6.2. The second is con-
sideration of the relative fraction of constricted cells within the band of active cells
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Figure 6.3. Elliptical Affected Region of Cells. Introducing an egg shaped af-
fected region (green cells) reveals a new cellular constriction chain dynamic. a)
Time lapse and recovery plot for a tensile stress sensitive (TSS) system with an el-
liptical area of cells whose constriction probability has been reduced by 40%. b)
The same for an affected region with a constriction probability reduction of 80%.
Time lapse images use the same color convention introduced in Fig. 6.2. The re-
covery graphs show two different measures of recovery: the relative fraction of
constricted cells (frel) vs Pcon for the affected cells (solid lines), and the band of ac-
tive cells about the affected region (i.e all cells in between the dashed green lines;
dot-dash lines). For a) where affected cells have a 40% reduction in constriction
probability, recovery of the band occurs through the penetration of CCCs into the
egg of affected cells. This is reflected in how frel of the TSS Egg (solid purple line)
and TSS Band (dot-dash purple line) follow each other closely after Pcon = 16%.
With the reduction of 80% shown in b), CCCs cannot penetrate the region and
instead wrap around the edge of the egg.
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about the affected region (i.e. f bandrel ). This measure differs because of its inclusion
of all active cells (i.e. both affected and unaffected) between the dashed green lines
in the Fig. 6.3 time lapse frames.

The recovery plots in Fig. 6.3 include both f eggrel (thick solid line-points) and f bandrel

(thin dot-dash lines). While only TSS cases are shown in the time lapses, the recov-
ery plots include results from both TSS (purple triangles) and a comparable stress
insensitive (SI) system (pink stars) for comparison. As with the recovery plots in
Fig. 6.2c, TSS in general shows more recovery than SI; however, the relationship be-
tween f eggrel and f bandrel differs between the plots. For the 40% reduction, f bandrel shows
quicker recovery than f eggrel , but after Pcon = 16% they track very closely together.
This indicates that while the band initially recovers by constricting around the egg,
the sustained recovery value is the result of chains percolating across the egg.

The 80% reduction in constriction probability, on the other hand, shows a con-
sistent separation between f eggrel and f bandrel . f bandrel shows the same increased rate of
recovery, but f eggrel does not catch up to it within the Pcon range of interest. This
shows that the recovery of the band can be attributed to cells constricting around
the egg rather than through it. Another interesting quality of this plot is how f eggrel

for TSS seems to lag below SI until Pcon = 31%. This is likely related to how CCCs
grow around the egg rather than through it for the TSS case. If a chain stalls at
the interface between the affected and unaffected regions, then the aligned tensile
stress will continue to be directed into the egg and will build in strength until the
stress is high enough to counter the reduced probability of constriction. If the chain
instead alters course to wrap around the egg rather than stalling, the alignment of
the tensile stress will shift and no longer be focused into the egg.

This would result in a lower amount of aligned tensile stress passing through the
egg and in turn reduce the probability of cells in the affected region constricting.
However, as indicated by the plot after Pcon = 31% and the Fig. 6.3b Pcon = 37%, a
path of aligned tensile stress will eventually become strong enough to allow CCCs
to cross the affected egg. When this happens, the TSS case quickly overtakes the
f eggrel of SI. CCCs wrapping around the affected egg provides another mechanism
that could increase robustness of the slow apical constriction phase in vivo. By
constricting around the affected region rather than stalling out, it is possible that
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CCCs could be attempting to produce enough tension that the affected region can
still be internalized by VFF in the event that it cannot be recovered.

6.3 Robustness in Live Embryos

The AGF robustness simulations discussed in earlier sections provide remark-
ably similar results to what was observed by Guglilmi et al. (2015).[155] As shown
in Fig. 6.1, part of their study included testing how optogenetic disruption of cellu-
lar mechanical activity varies with the power of the laser used for photo-activation.
Three different powers were used: 3.0 mW, 1.5 mW, and 0.7 mW. The discussion
presented here will primarily focus on the 3.0 mW results and 1.5 mW results
where VFF fails to invaginate; however, implications regarding the successful VFF
for the 0.7 mW activations will also be addressed.

In essence, the optogenetic method used by Guglilmi et al. introduces proteins
that, when photo-activated, will disrupt the attachment of actin to the cell mem-
brane by blocking access to key membrane-embedded lipid structures.[155] This
approach allows cells to behave normally until photo-activation occurs, meaning
there is a high precision spatiotemporal control. The 1.5 mW laser power was de-
scribed as sub-optimal because it was observed that some cells in the affected band
would have their apical constrictions disrupted while others did not, see Fig. 6.1E-
H and Fig. 6.4a. The 3.0 mW laser would fully disrupt cell contractility, as shown
in Fig. 6.1A-D and Fig. 6.4b.

To better compare between these two activation levels, the binned fraction of
constricted cells (fbin) is introduced. fbin is found by dividing the embryo length-
wise into bins and then calculating the number of constricted cells over the total
number of cells in each bin. The plot shown in Fig. 6.4c shows fbin averaged across
three optogenetically affected embryos (favg) for each respective activation level.
favg for 1.5 mW embryos is shown by reddish-purple open circles and 3.0 mW
embryos by blueish-green closed circles. Error bars show the standard deviation
of the averaged fbin values.

Guglilmi et al. made some very interesting observations about the different lev-
els of photo-activation that led them to conclude that a) contractile behavior is
coordinated, and b) unaffected cell contractility is somehow correlated to the level
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of activation in the affected region and, ergo, changes in tissue tension.[155] Their
observations regarding the two highest activation levels were:

3.0 mW Observations

i) Affected cells fail to constrict and become stretched.

ii) Unaffected cells outside the affected region become hyperconstricted.

1.5 mW Observations

i) Some affected cells retain ability to constrict.

ii) Some unaffected cells have a cessation in contractility.

iii) Affected and unaffected regions display a similar pattern of contractility.

The robustness tests presented in this chapter provide a compelling explanation
for the phenomena that they observed.

To begin, consider the observations for the optimally activated (3.0 mW) affected
region. Cells that cannot attach the cortical actin mesh to their membranes would
be unable to control their shape and therefore, would be both unable to constrict
and unable to resist stretching when pulled. As cells in the unaffected regions
constrict, they increase the pull upon cells in the affected region, resulting in the
disrupted cells becoming visibly stretched in Fig. 6.1D and Fig. 6.4b. However,
what is intriguing about this activation level is how the cells in the unaffected
region become hyperconstricted.

The anterior and posterior end caps provide what are effectively rigid bound-
aries that facilitate the generation of tension along the anterior-posterior axis as
cells constrict. The presence of an optimally activated affected band would act
as a mechanical stress-sink and hinder the development of this tissue-wide field.
Cells coordinating their apical constrictions through tensile stress sensitivity (TSS)
would likely also adjust how much they constrict based upon the underlying ten-
sile stress field. Without the anterior-posterior tension, the underlying stress field
would be diminished and coordination of cellular constrictions would break down.
Cells becoming hyperconstricted could be an attempt to recover the disrupted
anterior-posterior tension and restore their means of coordination, but there is an
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additional stress-related byproduct. CCCs that do reach the affected region stall
out as their cells become hyperconstricted, which generates left-right tension that
would encourage the premature broadening of chains into clumps.
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Figure 6.4. Optogenetically Disrupted Embryos. Representative confo-
cal microscopy images of the ventral side of Drosophila embryos expressing
CIBN::pmGFP whose ventral furrow formation has been disrupted using optoge-
netics. Two different laser powers were used: a) 1.5 mW (sub-optimal activation)
and b) 3.0 mW (optimal activation). Images were segmented using EDGE [18] and
processed to identify constricted cells using a minor axis length threshold. CCCs
are able to percolate across the sub-optimal activation, but not the optimal activa-
tion. c) Averaged binned fraction of constricted cells (favg) vs the embryo’s frac-
tional length. Points were obtained by averaging over three embryos of each acti-
vation level and error bars show standard deviation of the data averaged in each
bin. favg of both activation levels track closely in the unaffected regions; however,
show distinctive behavior in the affected regions (∼0.4-0.7 fractional length). The
3.0 mW plot (bluish-green filled circles) shows a distinct dip in the affected region;
however, notably does not reach zero because some of the optimally affected em-
bryos did still have CCCs which were able to penetrate to some degree (see App.
D). The 1.5 mW plot (reddish-purple open circles), on the other hand, remains
fairly flat with a slight peak within the affected band. This relatively consistent
favg could be indicative of recovery of the affected region by CCCs. Unprocessed
confocal microscopy images courtesy of Dr. S. De Renzis. Images were originally
part of the data set for Guglilmi et al. (2015); however, were not printed in the
article itself.[155]

In the frame shown in Fig. 6.4b, the affected band has been stretched into an
ellipse because of the constrictions localized at the anterior and posterior poles;
however, there are some CCCs extending out of these areas that look qualitatively
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similar to chains attempting to wrap around the egg shaped affected region in Sec.
6.2. One issue with comparing these two systems is that affected cells in vivo vary
from the ones in silico because of their ability to stretch, but there is a limit to how
stretched a physical cell can become. While there is no way to confirm this with the
current images available, it is possible that the optimally activated cells present in
the elliptical affected region in vivo are actually stretched enough that the in silico
cells are a reasonable likeness. If this were true, then it would mean that CCCs are
attempting to recover the system by wrapping around the affected region as they
clearly cannot pass through it.

A TSS system would also offer an explanation for the phenomena observed in
the 1.5 mW activations. The similarity between the pattern of contractility in the
affected and unaffected regions was primarily attributed to some cells in the ac-
tive region maintaining their ability to constrict while others did not. However,
this would not directly explain the cessation of contractility in some cells of the
unaffected region and would also implicitly require that cells in the affected re-
gion experience variable response to a uniform photo-activation. In light of the
results discussed in this chapter, an alternate explanation is suggested where all
cells are uniformly affected by the sub-optimal activation and that what is actually
being observed is recovery of cellular constrictions along underlying tensile stress
chains.

It is possible that the sub-optimal activation only partially disrupts the attach-
ments between the cortical actin meshwork and the membrane. A partial disrup-
tion could in effect make cells less sensitive to mechanical stress and less capable of
maintaining their shape. In essence, this would be identical in form to the band of
reduced constriction probability from Sec. 6.1 where cells must experience a higher
magnitude of tensile stress before they can start recovering. As cells in the unaf-
fected regions constrict, the affected region becomes pulled and the cells slightly
stretched before the remaining attached cortical actin meshwork is pulled taut. In
their stretched state, cells are subject to enough triggering stress that they can be-
gin to undergo apical constrictions themselves, allowing CCCs to begin forming in
the affected region.

105



Texas Tech University, Michael C. Holcomb, May 2019

As discussed in Ch. 4, CCCs tend to form tension near their ends and compres-
sion alongside themselves; however, this is all relative to the base tension of the
system. As the number of constricted cells increases, so too does the base tension
through the blastoderm. This means that what CCCs actually do is enhance ten-
sion at their ends and diminish tension alongside themselves. This is important
because it could offer an explanation for why the 1.5 mW activations see partial
cessation of contractility in the unaffected regions. As CCCs extend about the af-
fected region they lower the stress experienced by cells next to them, returning
these cells to an unstretched condition. In their unstretched state, the unconstricted
affected cells diffuse some of the baseline tension through the system which in turn
lowers the stress experienced by unconstricted unaffected cells.

The AGF model does not address the transition between the slow and fast phase
of apical constrictions; however, what is being suggested here is that the lower-
ing of the baseline tension disrupts the transition to fast phase, resulting in the
remaining unconstricted cells never being triggered and failure of VFF. The same
overall process would also occur for the 0.7 mW case, but the lower power activa-
tion would leave the cortical actin meshwork more attached to the membrane. This
would mean that the affected cells would be able to start recovery at lower levels of
tension and therefore, the affected region would not need to be as stretched before
CCCs can form. Less required stretch translates into less diffusion of the baseline
tension once CCCs have formed, leaving the baseline tension strong enough to
initiate the transition to fast phase and complete VFF.

6.4 Robustness Concluding Remarks

The coordination of apical constrictions through tensile stress sensitivity (TSS)
introduces mechanical stress feedback that makes the system more robust. To elu-
cidate what kinds of robustness mechanisms are inherent to a TSS system, two dif-
ferent classes of perturbations were introduced to the active granular fluid model
from Ch. 4. The first was a band of cells that spans the active region with a reduc-
tion in constriction probability. This perturbation showed that the affected region
can be recovered by cellular constriction chains (CCCs) percolating across the re-
gion once tension becomes high enough. Underlying aligned paths of tensile stress
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will still spread across the region even if CCCs stall out at the border. As the num-
ber of constrictions in the unaffected region increases, so too does the magnitude
of tensile stress carried by the paths of aligned tension. Eventually, the magnitude
of stress along these paths gets high enough to counter the decreased constriction
probability and CCCs can penetrate the region.

The second perturbation was an elliptical region of cells with decreased con-
striction probability that does not span across the entire active region. For lower
reductions to constriction probability, CCCs were still able to build up enough ten-
sion that they could cross through the elliptical region; however, for higher levels
of perturbation another mechanism was revealed. If a CCC encounters a region
that it cannot penetrate, it will attempt to bypass the region by wrapping around
it. When a CCC encounters the region it will initially stall out, but the path of
tensile stress will still enter the region. As more cells in the unaffected regions
constrict, tension along the path increases; however, this increase in magnitude
also comes with an increase in the broadness of the tension path. This opens alter-
natives for the CCC to grow upon and eventually one of those alternatives redi-
rects the CCC along a path around the affected region. A discussion of the results
from the two tested perturbations as they relate to experimental data from opto-
genetically perturbed embryos was offered along with TSS based explanations of
observed phenomena in vivo.[155]
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CHAPTER 7
DEVELOPING A 3D MODEL OF THE EMBRYO

The multiple force center (MFC) model of the Drosophila melanogaster embryo
(see Ch. 3) offers a novel means of modeling the invagination phase of ventral fur-
row formation (VFF) that allows stress through the blastoderm to be monitored. It
has revealed the importance of regional and individual cellular coordination, and
shown that mechanical stress feedback through the cell layer is a viable means
of global and local intercellular coordination. The active granular fluid (AGF)
model of the apical surface of the embryo has identified cellular constriction chains
(CCCs) as a multicellular-microstructure that is indicative of a tensile stress sensi-
tive system and reinforced that cellular coordination via mechanical stress feed-
back in the mesoderm primordium is likely. The next step is to combine aspects
of both the MFC model and AGF model into a full three-dimensional model of the
Drosophila embryo. This model is currently still under development; however, this
chapter will elaborate on how the MFC model is being adapted to a three dimen-
sional application and present promising preliminary results.

7.1 Methods - Multiple Force Centers in 3D

7.1.1 Simplified Structure of the Embryo

The simplified structure of the embryo in three-dimensions combines the adop-
ted structures of both the 2D MFC and AGF models, as shown in Fig. 7.1a. First,
the embryo is treated as being cylindrical. As with the AGF model, the end caps
are neglected and the relatively rigid boundary they provide will be simulated
through a periodic boundary condition in the anterior-posterior direction. Second,
as in the 2D MFC model, the transverse cross-section of the embryo is divided into
four distinct sections: yolk, blastoderm, perivitelline space, and vitelline mem-
brane. Every named section will play an important role in how intermediate con-
formations form; however, the primary focus of this 3D MFC approach remains
the interactions between cells of the blastoderm.

The cylindrical blastoderm is effectively constructed by stacking rotated cross
sections, enforcing a hexagonal ordered structure. As epithelial structure is main-
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Figure 7.1. Schematics of the 3D MFC Model in Development. a) Schematic of
the simplified geometry used to simulate the Drosophila embryo in 3D. The embryo
is simplified to a cylinder and the transverse cross-section of the cylinder is divided
into four distinct sections: yolk (yellow with black dots); blastoderm (orange, blue,
or reddish-purple); perivitelline space (yellow); and vitelline membrane (blueish-
green). The blastoderm is divided into three regions: active (A ; orange), border
(B; blue), and outer (O; reddish-purple). b) Cells of the blastoderm do not have
full apical-basal symmetry and are often longer in the anterior-posterior direction
than they are in the left-right. c) As a result, the radial force centers used in the 2D
MFC application produce an undesirable separation between force centers. In the
initial configuration, this separation is most pronounced for the more basal force
centers and arranging cells into a hexagonal lattice type formation does not alle-
viate this. d) To account for this, the MFC representation is expanded to include
double radial force centers: one set to navigate the interactions with neighboring
cells in the same cross-section (reddish-purple) and another for neighboring cross-
sections (blue). e) This effectively produces pseudo-ellispoidal force centers while
still allowing radial based force calculations. These schematics show an effective
cell from different perspectives: axes shown are anterior-posterior (A-P) in blue,
left-right (L-R) in red, and apical-basal (A-B) in black. Inset provides a representa-
tive diagram of how pseudo-ellipsoids relate to the double force centers.
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tained throughout VFF, this means that every cell will have six adjacent neighbors
to which they are considered bonded. Cells will only experience simulated cellular
adhesion with bonded neighbors but can interact repulsively with all other cells,
should the need arise. The yolk and perivitelline space are each treated as isolated
volumes filled with compressible fluid. Both resist changes by exerting volume
dependent forces on the blastoderm with the yolk interacting with the basal sur-
face and the perivitelline fluid with the apical surface. The vitelline membrane is
simulated as a rigid, radial boundary that cells cannot cross.

7.1.2 Restructuring Individual Cells

The single set of overlapping force centers uniformly distributed along a line that
is used in the 2D MFC model cannot accurately recreate 3D cell-shapes because of
its inherent apical-basal symmetry. As represented in Fig. 7.1b, many cells of the
mesoderm primordium take an elongated profile along the anterior-posterior axis,
likely a direct result of the effective rigid boundary created by the cells in the end
caps that remain rooted throughout VFF. As cells take on an elongated, wedge
shaped form, the single set of overlapping force centers cannot reliably facilitate
the interactions between adjacent neighbors in the same cross-section and those of
adjacent neighbors in the two proximate cross-sections. Force centers at the smaller
end of the wedge shape must reduce in radius, but as they do so, an unphysical
separation of force centers is created between adjacent cells in neighboring cross-
sections (see Fig. 7.1c). The hexagonal ordered structure can help reduce the sever-
ity of this separation to some extent; however, as shown in Fig. 7.1d, it cannot fully
alleviate the issue.

In order to maintain an MFC type approach, the introduction of a second set
of force centers has been implemented. Both sets are identically distributed uni-
formly along the apical-basal axis of the cell, but have different radii. As shown
in Fig. 7.1d, this allows the original set of force centers (reddish-purple) to handle
the interaction with adjacent cells in the same cross section while the second set
of force centers (light blue) addresses interactions with adjacent cells in proximate
cross-sections. Effectively, this is an implementation of pseudo-ellipsoidal force
centers; however, by decoupling left-right interactions from anterior-posterior in-
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teractions, the relationship between force centers introduced for the 2D MFC model
in Ch. 3 can be conserved. The pseudo-ellipsoidal force centers allow simulated
cells to better represent the physical cell-shapes observed in vivo, as shown in Fig.
7.1e.

An additional benefit of this approach is that there is partial preservation of the
apical-basal symmetry. With anterior-posterior apical-basal symmetry, left-right
apical-basal symmetry, and the maintenance of a cellular volume constraint, cells
can be parameterized in terms of apical radii (aap,a lr), basal radii (bap,b lr), and the
distance between apical and basal force centers (h). The radii of the reddish-purple
apical and basal force centers in Fig. 7.1d would be a lr and b lr, respectively. The
radii of the light blue apical and basal force centers in Fig. 7.1d would be aap and
bap, respectively. In effect, the depiction of cellular parameterization shown in Fig.
3.2a would be applied twice, once to each axis of apical-basal symmetry, with h
being conserved between applications. The cellular volume constraint is applied in
line with the current understanding that cellular volume is conserved throughout
VFF, as discussed in Ch. 2.[18, 17] A discussion of the inspiration behind the MFC
representation of cells is provided in Ch. 3, Sec. 3.1.2.

7.1.3 Revisiting System Geometry

The cylindrical embryo is constructed by layering multiple transverse cross-
sections. Each cross-section is approximated to be perfectly circular and follows
the same generation process described in Ch. 3, Sec. 3.1.3; however, the initial an-
gle that an apical force center is placed at is shifted for every other cross-section.
The initial angle of placement for cross-section i is defined as,

θ0 =

0 i = 1 (mod 2)
∆θ

2
i = 0 (mod 2) ,

(7.1)

where ∆θ is the change in placement angle between each apical force center. For
the preliminary results presented in this chapter, the number of cells in each cross-
section (N ) is 80, which sets ∆θ as 4.5◦ or 0.05π.

111



Texas Tech University, Michael C. Holcomb, May 2019

Each cross-section after the first must also be shifted back along the anterior-
posterior axis using the following relation,

(∆z)2 = (3a lr)2 −
(
Rembryo
out −

√
(Rembryo

out )2 − (a lr)2
)2

. (7.2)

∆z is the amount of anterior-posterior shift and Rembryo
out is the outer radius of the

embryo defined in Ch. 3, Sec. 3.1.3. This relation is a double application of the
Pythagorean Theorem that is required because of the shift in initial angular posi-
tion between cross-sections defined by Eq. 7.1. If cross-sections were to be placed
without the shift in initial angular position, then ∆z would be defined as 2a lr.

Force center radii are set such that the final system will be in mechanical equi-
librium; however, this is a tiered process. For example, a lr is actually established
as the first cross-section is being assembled and then used in Eq. 7.2 to calculate
the placement of the second cross-section along the anterior-posterior axis. This
is possible because a lr is only used for consideration of intercellular interactions
between adjacent cells in the same cross-section, and therefore, can be established
before any other cross-sections are placed. aap, on the other hand, is not established
until all cross sections have been assembled. This process of embryo generation
will be revisited as further development continues. In its current form, the final
3D embryo has a hexagonal ordered cellular structure which is more regular than
is observed in the Drosophila embryo. The final goal of embryo generation devel-
opment is to be able to import the apical force center locations directly from the
initial configuration of an AGF simulation and then build full 3D cells based off of
those locations.

7.1.4 Adapting Methods of Breaking Symmetry

As introduced in Ch. 3, Sec. 3.1.4, the symmetry breaking required to initiate VFF
is accomplished by dividing the blastoderm into three regions: active (A), border
(B), and outer (O). Fig. 7.1a identifies where these regions lie on the cylindrical
embryo with A in orange, B in blue, and O in reddish-purple. Cells in each of these
regions will undergo the active shape changes depicted in Fig. 3.3:

• A - temporally asynchronous apical constriction and basal elongation,
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• B - temporally synchronous apical elongation and basal constriction, and

• O - temporally synchronous apical and basal elongation.

The placement of these regions was informed by known dorsal-ventral gene ex-
pression variation [31] that is summarized in Ch. 3, Sec. 3.1.4.

The overarching cell-shape changes of each region remain conserved between
the 2D and 3D MFC implementations; however, the introduction of the second set
of force centers to the cellular structure (see Sec. 7.1.2) necessitates an adaptation.
It was found that applying these shape changes only to the set of force centers
that mediate the interaction between cells within the same cross-section (reddish-
purple cells in Fig. 7.1d) was not sufficient to initiate invagination of the mesoderm
primordium. This occurs because the change in cellular heights (i.e. lengthening
step and shortening step from Ch. 2, Sec. 2.2.3.1) are important to the invagina-
tion process. The introduction of the second set of force centers diminishes how
strongly the volume constraint couples cell height to the apical and basal radii of
the original set of force centers (i.e. a lr and b lr, respectively).

The necessary adaptation was that the active shape changes need to be uni-
formly applied to both sets of force centers. This is not unexpected as apical con-
strictions are not observed to only affect the left-right width of cells. The processed
confocal microscopy time lapses of live embryos presented in Fig. 5.2 show that
the cells that constrict early in the slow phase of apical constrictions initially do
so symmetrically, but become elongated as more cells constrict and tension along
the anterior-posterior axis increases. It should be noted that applying the active
shape changes to both sets of force centers does not negate the effective pseudo-
elliptical force center. Just as in the 2D MFC model, these active deformations are
modulated by the mechanical stress experienced by a given force center. This will
be discussed in more detail in Sec. 7.1.6.

7.1.5 Modifying Cellular Interactions

The five cellular interactions introduced in Ch. 3, Sec. 3.1.5 and described in
Fig. 3.4 are all implemented in the 3D MFC model with minimal modifications.
Distant neighbor forces (Ch. 3, Sec. 3.1.5.2) and vitelline membrane forces (Ch. 3,
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Sec. 3.1.5.5) are implemented without changes; however, modifications made to
the other three are elaborated upon below.

7.1.5.1 Modified Adjacent Neighbor Forces

All the cells of the embryo continue to be made up of the same number of force
centers that are indexed along the apical-basal axis. However, the implementation
of the second set of force centers specifically intended to negotiate adjacent neigh-
bor forces between cells in different cross-sections necessitates that a differentia-
tion between force center sets be introduced. Therefore, Eq. 3.2 which describes
the force between similarly indexed force centers of adjacent cells becomes,

~F
adj

ik,jk =


−κiκj
κi + κj

(
dik,jk − (rlrik + rlrjk)

)
d̂ik,jk i & j same cross-sec.

−κiκj
κi + κj

(
dik,jk − (rapik + rapjk)

)
d̂ik,jk i & j diff. cross-sec. ,

(7.3)

where superscripts lr and ap denote that the radius of the left-right and anterior-
postierior force center, respectively, be used in the calculation. Eq. 3.3 which de-
scribes the force between differently indexed force centers of adjacent cells be-
comes,

~F
adj

ik,jl =


−κiκj
κi + κj

(
dik,jl − (rxxik + rxxjl )

)
d̂ik,jl dik,jl < (rxxik + rxxjl )

0 dik,jl ≥ (rxxik + rxxjl ) ,
(7.4)

where xx becomes lr when cell i and j are in the same cross-section and ap when
they are in different cross-sections. The total adjacent neighbor force (Eq. 3.4) and
net adjacent neighbor force (Eq. 3.5) equations remain unchanged.

7.1.5.2 Modified Yolk and Perivitelline Forces

The equations for pressure exerted by the yolk (Eq. 3.9) and pressure exerted by
the perivitelline space (Eq. 3.11) remain unchanged; however, there are slight mod-
ifications to their associated force equations. Identifying the area vector between
cells becomes more difficult with six neighbors in three-dimensions, so a simpli-
fied version is currently implemented. Eq. 3.10 which describes the net yolk force

114



Texas Tech University, Michael C. Holcomb, May 2019

becomes,
~F
ylk

i,net = −P ylk~Ai,bas , (7.5)

and Eq. 3.12 which describes the net perivitelline space force becomes,

~F
pvs

i,net = −P pvs~Ai,api . (7.6)

~Ai,bas and ~Ai,api are the area vectors of the basal and apical force center of cell i,
respectively. This modification is intended to be temporary and further develop-
ment will include a rework of how cellular area is considered. For example, it
would be much more accurate to find area vectors by using a three-dimensional
Voronoi tessellation of the apical and basal surfaces of the embryo.

7.1.6 Revising Relaxation Mechanisms

Cells of the blastoderm continue to have access to both the fast and slow mode
of relaxation. The formulation for the fast mode of relaxation is unaffected by
the introduction of the second set of force centers; however, aspects of the slow
mode must be revised to truly decouple the double force centers. As discussed
in Sec. 7.1.2, cells in the 3D MFC model are parameterized by the left-right api-
cal radius (a lr), anterior-posterior apical radius (aap), left-right basal radius (b lr),
anterior-posterior basal radius (bap), and distance between the apical and basal
force centers (h). Bulk stresses upon each of these parameters must be considered.

The first revision comes from collapsing the categorization of forces in Eq. 3.24
and calculation of stresses in Eq. 3.25 into one expanded set of equations.

σapi,lri =
∑
j

M∑
l

~F
adj

i(api),jl · n̂ij ∀ j & i same cross-sec.

σapi,api =
∑
j

M∑
l

~F
adj

i(api),jl · n̂ij ∀ j & i diff. cross-sec.

σbas,lri =
∑
j

M∑
l

~F
adj

i(bas),jl · n̂ij ∀ j & i same cross-sec.

(7.7)
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σbas,api =
∑
j

M∑
l

~F
adj

i(bas),jl · n̂ij ∀ j & i diff. cross-sec.

σheii =
∑
j

M∑
l

~F
adj

i(api),jl · p̂ij −
∑
j

M∑
l

~F i(bas),jl · p̂ij ∀ j ,

(7.7)

where ~F
adj

i(X),jl is the adjacent neighbor force defined by Eq. 7.3 and Eq. 7.4 upon
either the apical (X = api) or basal (X = bas) force center of cell i from force center
l of adjacent neighbor cell j. M is the number of force centers per cell. The unit
vector p̂ij is a projection of the vector ~dij that points from cell i to cell j upon the
orientation ~oi of cell i (which points apically); n̂ij is the unit vector rejection of the
same. These relations are defined by,

~pij =
~dij ·~oi
~oi ·~oi

p̂ij =
~pij
‖~pij‖

,

(7.8)

and,
~nij = ~dij −~pij

n̂ij =
~nij
‖~nij‖

.
(7.9)

As discussed in Ch. 3, Sec. 3.1.6.2, only adjacent neighbor forces are currently con-
sidered, as the focus of the work presented here is intercellular coordination via
mechanical stress and mechanical stress feedback.

The reactive rate of change defined in Eq. 3.26 is then expanded to include all
four force centers, 

ȧrea,lri

ḃrea,lri

ȧrea,api

ḃrea,api

 = Ψi


σapi,lri

σbas,lri

σapi,api

σbas,api

σheii

 . (7.10)

The rate of change of force center radius a lr caused by the slow mode of relaxation
is ȧrea,lri . Similarly, ḃrea,lri is the same for b lr, ȧrea,api for aap, and ḃrea,api for bap. The
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reactivity Ψi of cell i (originally defined by Eq. 3.27) is accordingly modified to,

Ψi = ψi


1 0 0 0 −1

4

0 1 0 0 −1
4

0 0 1 0 −1
4

0 0 0 1 −1
4

 . (7.11)

As discussed in Ch. 3, Sec. 3.1.6.2, ψi is the reactivity constant of cell i and effec-
tively scales how strongly a cell’s reactive mechanical stress feedback is.

As introduced in Sec. 7.1.4, cells will undergo prescribed cellular shape changes
depending on which particular region they are a part of (i.e. A , B, O). These pre-
scribed deformations are accomplished through the use of a constant cellular vol-
ume constraint and active rates of change for the left-right apical force center ra-
dius (ȧact,lr), anterior-posterior apical force center radius (ȧact,ap), left-right basal
force center radius (ḃact,lr), and anterior-posterior basal force center radius (ḃact,ap).
The rate of change of the four force center radii for cell i is then a modification of
Eq. 3.28, 

ȧ lri
ḃ lri
ȧapi
ḃapi

 =


ȧact,lri

ḃact,lri

ȧact,api

ḃact,api

+


ȧrea,lri

ḃrea,lri

ȧrea,api

ḃrea,api

 . (7.12)

As discussed in Ch. 3, Sec. 3.1.6.2, this simulates a system where gene expression-
driven cellular shape changes are mechanically sensitive. If the cell is being squee-
zed as it attempts to constrict, then it will constrict faster, and if it is being pulled,
it will constrict slower.

7.1.7 Selecting Ventral Furrow Formation Initiation

All of the preliminary data shown in this chapter will be initiated via regionally
prescribed start times. This mechanism ensures that the active deformations of
every cell are initiated in a timely manner. Of the three mechanisms of initiation
introduced in Ch. 3, Sec. 3.1.7, prescribed regional start times is the best method
to use while the model is still in development. Once model development is com-
pleted, initiation of the invagination phase of VFF by the tensile stress sensitive
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coordination mechanism introduced in the AGF model will be tested. This kind of
triggering has already shown promise in the 2D MFC model.

7.2 3D MFC Preliminary Results and Discussion

The preliminary results presented in Fig. 7.2 reveal that this novel MFC approach
shows great promise that it can be adapted into a fully three-dimensional model of
VFF. The 3D MFC model successfully initiates VFF and deepens the furrow; how-
ever, after the final frame in Fig. 7.2 (t = 0410 c.t.), the system becomes too stiff
for the adaptive Runge-Kutta (4,5) time stepper that is being used and the simu-
lation cannot continue. Comparing the relative timing between these results and
those of the 2D MFC model (see Ch. 3) reveals that the 3D blastoderm is progress-
ing through intermediate conformations quicker than expected. This indicates that
the relative strength of the active cell-shape changes described in Sec. 7.1.4 needs
to be revisited, and could be directly responsible for the increased stiffness in the
system.

The 3D MFC model currently implements the same active deformation rates as
the 2D MFC model; however, with more cells contributing to the required gener-
ation of tensile stress along the apical surface of the mesoderm primordium, it is
possible that individual cells do not need to constrict as quickly. It is also possible
that the stiffness arises as a result of simulated cells requiring more pronounced re-
laxation mechanisms (see Sec. 7.1.6). This is one of the areas that will be focused on
as development of the model continues. In any event, these results provide com-
pelling evidence that the doubled force center approach is a viable representation
of cellular structure.

Fig. 7.2c presents frames colored to highlight mechanical stress through the blas-
toderm. These frames follow the same color convention introduced in Fig. 3.6 with
red representing tension and blue compression. The localization of stress about
the cell layer shows good agreement to the results of the 2D MFC model; however,
there is an interesting deviation in that compressive stresses extend across the en-
tire basal surface in all of the frames shown. This is likely a byproduct of the 3D
blastoderm’s quicker progression through intermediate conformations. It is also
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t = 0260 c.t.

a)

t = 0310 c.t. t = 0360 c.t. t = 0410 c.t.

t = 0260 c.t.

b)

t = 0310 c.t. t = 0360 c.t. t = 0410 c.t.

t = 0260 c.t.

c)

t = 0310 c.t. t = 0360 c.t. t = 0410 c.t.

CompressionTension

Figure 7.2. Three-Dimensional Multiple Force Center Time Lapse. Preliminary
time lapse of the 3D MFC model shown from different perspectives and colorings.
a) Embryo shown from a similar perspective to the system schematic presented in
Fig. 7.1. The vitelline membrane is colored in green, most apical force center in
pink, and most basal force center in blue. The same coloring is used in b). The 3D
MFC model is able to initiate the invagination phase of ventral furrow formation
(VFF) and deepen the furrow; however, currently fails to complete closure due
to stiffness in the system. c) Embryo from an alternative perspective recolored to
highlight the stress about the blastoderm. Tension is shown in red and compres-
sion in blue; deeper saturation corresponds to higher magnitudes of stress. The
deepest saturation represents a magnitude of stress greater than or equal to three
times the average throughout the simulation. The stress depicted varies slightly
from that obtained with the 2D MFC model, but overall shows good agreement in
the localization and evolution of stress through the mesoderm primordium.
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notable that stress begins to be diffused about the deepest point of the furrow as it
begins to move towards closure, similar to what was reported in Ch. 3, Sec. 3.2.2.

7.3 3D MFC Concluding Remarks

A comprehensive exploration of the possible intercellular coordination via tissue
level mechanical stress feedback revealed by the 2D MFC and AGF models neces-
sitates that the Drosophila embryo be considered in three-dimensions. A model
capable of simulating the entire progression of VFF (i.e. from the beginning of the
slow phase of apical constrictions to the furrow closure at the end of the invagina-
tion phase) would be the first of its kind, and would undoubtedly help in filling
the knowledge gap regarding how the transition between phases is accomplished
(see Ch. 2). Inspired by the two-dimensional models presented in this dissertation,
development of a 3D MFC model is currently ongoing. Many aspects of the MFC
approach used in Ch. 3 were able to be ported over directly; however, substantial
changes to the structure of individual cells is necessary because of the elongated
profile that cells in vivo assume in the anterior-posterior direction.

Cells are now represented as a doubled set of multiple force centers that are
uniformly distributed along a straight line. This is effectively a means of introduc-
ing pseudo-elliptical force centers while also decoupling left-right and anterior-
posterior intercellular interactions. This novel cellular structure was successfully
implemented and promising preliminary results have been obtained. The inter-
mediate conformations and overall stress distribution of the 3D blastoderm show
good agreement with the results of the 2D MFC model, indicating that the doubled
set of multiple force centers is a viable cellular representation. Further develop-
ment will include the introduction of the tensile stress sensitive (TSS) constriction
coordination mechanism from the 2D AGF model and further institution of other
tissue-level mechanical stress feedback mechanisms from the 2D MFC model.
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CHAPTER 8
SUMMARY AND OUTLOOK

To explore the possibility of intercellular coordination via mechanical stress feed-
back, two separate two-dimensional models of ventral furrow formation (VFF)
during Drosophila melanogaster gastrulation were developed, and a combined three-
dimensional model is currently in development. The two-dimensional multiple
force center (2D MFC) model of the transverse cross-section of the Drosophila em-
bryo was developed to simulate individual cells and their interactions. It provides
a radical departure from commonly used vertex approaches and introduces a novel
representation of cells as a collection of force centers uniformly distributed along
a straight line. This approach focuses on treating cells as mechanically active, and
interactive, stress-sensitive objects. It allows for close recreation of the cellular
shapes observed in vivo and provides remarkably faithful reproductions of the in-
termediate conformations that the blastoderm assumes during the invagination
phase of VFF.

The active granular fluid (AGF) model of the apical surface of the Drosophila
embryo follows a similar trend by reducing cells down to being mechanically
active and interactive discs. This model focuses on the slow apical constriction
phase of VFF, and showed that the cellular constriction chains (CCCs) observed
to form across the mesoderm primordium are a multicellular-microstructure that
only arises from a tensile stress sensitive (TSS) system. Both the 2D MFC and AGF
models allowed for mechanical stress through the blastoderm to be monitored,
revealing that cells across the embryo are likely coordinating their activities by
monitoring and responding to the proliferation of tensile stresses about the apical
surface. A procedure for processing high resolution confocal microscopy images
of the ventral side of a developing Drosophila embryo was developed alongside a
means of statistically comparing in silico and in vivo systems. These statistical anal-
yses provided compelling evidence that the cells of the mesoderm primordium are
indeed forming CCCs similar to the chain-like microstructure of constricted cells
in the AGF model, and therefore, are coordinating apical constrictions via TSS.
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The robustness of the slow apical constriction phase and invagination phase
were also explored using the aforementioned models. For the invagination phase,
the 2D MFC model showed that coordination between the regions of the blasto-
derm, established by genetic patterning, and coordination between individual cells
are both imperative to successful VFF. The failure of even a single cell in the cross-
section produces an asymmetric final furrow, and the failure of three cells can po-
tentially arrest invagination entirely. The AGF model revealed that TSS may play
an important role in making the percolation of CCCs across the mesoderm pri-
mordium a robust process. TSS as a means of intercellular coordination provides
an inherent positive mechanical stress feedback mechanism and allowed CCCs to
percolate across, or around, regions of perturbed cells. These robustness runs pro-
duced final morphologies strikingly similar to those of live embryos where a band
of cells has been mechanically perturbed through an application of optogenetics.

The ongoing development of the three-dimensional multiple force center (3D
MFC) model seeks to expand upon the foundation laid by the 2D MFC and AGF
models. To account for three-dimensional cellular shapes, the structure of sim-
ulated cells was enhanced by introducing a second, independent set of multiple
force centers. The promising preliminary results presented provide evidence that
this novel doubled, multiple force center approach can be used to construct a ro-
bust three-dimensional model capable of simulating VFF in its entirety. The over-
arching goal is that this 3D MFC model will eventually be expanded to simulate
the whole Drosophila melanogaster embryo throughout the process of gastrulation.
The creation of a modeling platform capable of simulating the multiple, partially
concurrent morphogenetic events that collectively make up gastrulation has never
been accomplished. However, such a model is an undoubtedly necessary step in
establishing a clear understanding of how cells coordinate and harmonize their
activities to collaboratively form complex embryonic architectures.

In addition to continued work with existing collaborators towards modeling
gastrulation in the Drosophila embryo, I will seek to apply this kind of mechani-
cal interaction focused modeling to other processes and organisms in the future.
A couple areas of particular interest would be organogenesis and wound healing.
Development of the cardiovascular system has been shown to rely heavily on me-
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chanical stresses produced by fluid flow [10, 11, 12, 13, 14, 15] and the importance
of mechanical forces to tissue regeneration, wound healing, and scarring are still
actively being explored [8, 9, 156, 157]. A good understanding of how mechanical
stress through the relevant tissue evolves during these processes, and further, how
cells therein may use this stress to collectively coordinate their activities, has yet to
be established. It is my hope that the application of experimentally guided mod-
eling that focuses on mimicking individual cells and their mechanical interactions
will help to fill this knowledge gap.
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APPENDIX A
BACKGROUND

A1: Experimental images of the Drosophila melanogaster embryo prior to ventral
furrow formation (VFF) provided as a supplement to the diagrams provided in Fig.
2.1 of Ch. 2. Embryos are fixed at different nuclear division cycles and stained to
show the progression of four different patterns: even-skipped (eve), knirps (kni), twist
(twi), and short gastrulation (sog). All but twi are diagrammed in Fig. 2.1; however,
its domain would be diagrammed similar to that of snail (sna). Of the four genes
represented, twi is the most relevant for the discussion of VFF. Both twi and sna are
necessary for proper VFF and work together to produce the apical constrictions
that drive the invagination phase.[31, 32] There is more patterning than is explicitly
shown in this figure and pattern formation continues to develop well beyond this
point; however, the pattern developments shown offer a reasonable example of the
variance in pattern formation at this stage.
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eve kni twi sog

Figure A1. Fixed Drosophila Embryos at Different Nuclear Division Cycles
Stained to Reveal Patterning. Two examples of anterior-posterior patterning
genes (even-skipped (eve) and knirps (kni)) and dorsal-ventral patterning genes (twist
(twi) and short gastrulation (sog)). The progression of patterning is different for each
gene, but becomes more complex and/or more localized as the cascading pattern
formation continues. There are many more patterns that are concurrently forming;
however, these four provide a reasonable example of the observed variance in pat-
tern formation between genes. Numbers listed in the bottom right of each image
show the approximate nuclear division cycle. “e” denotes early and “m” middle
of the relevant cycle. The stained, fixed embryo images were extracted from C.-Y.
Nien et al. (2011) and reprinted under the PLOS CC BY license.[158]
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A2: Experimental images of the Drosophila melanogaster embryo prior to ventral
furrow formation (VFF) provided as a supplement to the diagrams provided in Fig.
2.2 of Ch. 2. The Drosophila embryo develops from a zygote by completing 14 rapid
nuclear division cycles without cytokinesis, forming a multinucleated cell known
as a coenocyte or syncitum. Nuclei remain towards the center of the yolk for the
initial cycles but begin moving towards the surface of the embryo between cycle 7
and 9. All migrating nuclei lie along the surface by division cycle 14 and, during
the interphase of that cycle, a process known as cellularization begins. Cellulariza-
tion stretches the membrane around each of the nuclei along the surface, changing
the ∼6,000 nuclei syncitium into a ∼6,000 cell blastoderm.[19, 20, 21, 22, 23] The
ventral (underside) of the embryo finishes cellularization first and VFF begins.
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NC 10 NC 14

a)
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t = -35:15 m:s
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t = -30:00 m:s t = -24:45 m:s t = -19:30 m:s t = -14:15 m:s

Figure A2. Experimental Images of Drosophila Development Before Ventral Fur-
row Formation (VFF). a) Longitudinal view of an embryo in nuclear division cycle
2 (NC 02) showing that the initial nucleus has completed division without cytoki-
nesis. Black arrows point to nuclei. b) Longitudinal view of an embryo in NC 10.
The embryo is currently a coenocyte or syncitium (i.e. multinucleated cell) and the
nuclei have begun moving towards the surface. c) Longitudinal view of an embryo
in NC 14. All nuclei have reached the surface and cellularization is about to occur.
d) Transverse cross-section of a live concertina (cta)/transmembrane protein t48 (t48)
double mutant embryo during cellularization. Cellularization progresses normally
as these mutations first affect development during VFF. The embryo imaged was
labeled with Sqh-GFP. Images were taken every 45 seconds and time zero was set
based on apical-basal cell heights of the dorsal side; however, every subsequent
frame shown in this time lapse is 5:15 m:s apart. The images shown here are from
the same time lapse as the live images in Fig. B4. Mounted longitudinal whole
embryo images were extracted from C.-Y. Nien et al. (2011) and reprinted under
the PLOS CC BY license.[158] Live transverse cross-section embryo images were
extracted from supplemental movies of V. Conte et al. (2012) and reprinted under
the PLOS CC BY license.[102]
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APPENDIX B
2D MFC MODEL

B1: Provided as a supplement to the discussion of the adjacent neighbor force
presented in Ch.3, Sec. 3.1.5.1 and illustrated in Fig.3.4a. The adjacent neighbor
force between two similarly indexed force centers is used to simulate cellular ad-
hesion while also enforcing the physical boundaries of the cell (i.e. not allowing
multiple cells to occupy the same physical space). As shown in the figure, this
means that force centers will have a stable equilibrium when their centers are sep-
arated by a distance equal to the sum of their respective radii, and otherwise will
experience a restorative force. A spring, or elastic, potential is used because it
provides linearly scaling restorative force that allows the cells to interact as soft
objects. This is physically appropriate as cells of the embryo are not hard, rigid ob-
jects and, computationally, helps keep this multibody system from becoming too
stiff. As discussed in Ch. 2, cellular adhesion in vivo is mediated by spot adherens
junctions that are primarily localized towards the apical surface (see Fig. 2.2d). In
the MFC model, however, cellular adhesion is modeled as though there are spot
adherens junctions all the way down the lateral surface.
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Force Center Diagrams
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~F ~F = 0 ~F

Figure B1. Brief Derivation of Adjacent Neighbor Force Between Similarly In-
dexed Force Centers.

Suppose that the two force centers in the figure are similarly indexed, mean-
ing that they will interact both repulsively and attractively. Assuming that force
centers interact via a spring potential,

~F = −κ(d− (r1 + r2))d̂ . (Bi)

If each force center has its own spring constant, then this would effectively be a
linear combination of springs. For two springs in series,

1

κeq
=

1

κ1
+

1

κ2
⇒ κeq =

κ1κ2
κ1 + κ2

. (Bii)

Applying this relation to Eq. Bi yields,

~F =
−κ1κ2
κ1 + κ2

(d− (r1 + r2))d̂ . (Biii)

Eq. 3.2 is then found by generalizing Eq. Biii to describe the force between any two
similarly indexed force centers of adjacent cells,

~F
adj

ik,jk =
−κiκj
κi + κj

(dik,jk − (rik + rjk)) d̂ik,jk . (Biv)
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B2: Provided as a supplement to the discussion of the adjacent neighbor force
presented in Ch.3, Sec. 3.1.5.1 and illustrated in Fig.3.4a. The adjacent neighbor
force between two differently indexed force centers exists solely to reinforce the
physical boundaries of the cell, meaning that these interactions ensure that no two
cells can occupy the same space. As shown in the figure, such force centers will
interact repulsively when pressed together and otherwise will be non-interactive.
A truncated spring potential is employed to define these interactions. Defining
these interactions in this way maintains consistency with the adjacent neighbor
force between similarly indexed force centers and provides a relatively accurate
depiction of cells as soft, mechanically interactive objects. As an added benefit,
this kind of representation also helps to ensure that the system does not become
too stiff.
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Force Center Diagrams
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Figure B2. Brief Derivation of Adjacent Neighbor Force Between Differently
Indexed Force Centers.

Suppose that the two force centers in the figure are not similarly indexed, mean-
ing that they will only interact repulsively when pressed together. Assuming that
force centers interact via a spring potential,

~F =

−κ(d− (r1 + r2))d̂ d < (r1 + r2)

0 d ≥ (r1 + r2) .
(Bv)

If each force center has its own spring constant, then this would effectively be a
linear combination of springs. For two springs in series,

1

κeq
=

1

κ1
+

1

κ2
⇒ κeq =

κ1κ2
κ1 + κ2

. (Bvi)

Applying this relation to Eq. Bv yields,

~F =


−κ1κ2
κ1 + κ2

(d− (r1 + r2))d̂ d < (r1 + r2)

0 d ≥ (r1 + r2) .
(Bvii)
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Eq. 3.3 is then found by generalizing Eq. Bvii to describe the force between any
two differently indexed force centers of adjacent cells,

~F
adj

ik,jl =


−κiκj
κi + κj

(dik,jl − (rik + rjl)) d̂ik,jl dik,jl < (rik + rjl)

0 dik,jl ≥ (rik + rjl) .
(Bviii)
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B3: The protein Armadillo is not produced by armadillo (arm) mutant embryos.
Armadillo is a homolog of β-catenin in vertebrates and is required for proper ad-
herens junction assembly.[159, 160] Adherens junctions maintain cellular adhesion
and facilitate the transmission of tension across the cell layer that is necessary for
successful ventral furrow formation (VFF). The malformed adherens junctions in
arm mutants are weak and fail to maintain cell adhesion during invagination. As
shown in Fig. B3a, the cells of the mesoderm primordium begin VFF as normal
by constricting and generating spontaneous curvature; however, the cell-cell ad-
hesion fails and the center of the arching furrow collapses. After this failure, cells
take on a rounded shape and become mesenchymal [160], which makes further
imaging very difficult [102]. The MFC simulation with prescribed regional trig-
gering and a disabled active region (A) produces a final form similar to what is
observed in vivo; however, fails to properly capture the rise and fall of the meso-
derm primordium (i.e. intermediate conformations). With A disabled, there are
never any apical constrictions in the simulated mesoderm primordium and there-
fore, no flattening and inward arching of the ventral surface. The similarity in final
form does, however, provide evidence that the MFC model could faithfully repro-
duce intermediate conformations given the right conditions. By keeping A enabled
and introducing a tensile stress threshold, the failure of adherens junctions under
tension could be simulated and a similar evolution of the blastoderm produced.
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Figure B3. Disabled Active Region MFC to Armadillo Mutant Comparison.
Comparison of transverse plane time lapses from a) a live armadillo (arm) embryo,
b) results of a vertex based model using video force microscopy (VFM) to clarify
shapes of live embryo morphology, and c) regionally triggered MFC simulation
with the active region (A) disabled as in Fig. 3.7b. a) Selected multi-photon images
of transverse cross-sections of an arm mutant embryo during ventral furrow for-
mation (VFF). The embryo imaged was labeled with Sqh-GFP. Images were taken
every 45 seconds and time zero was set based on apical-basal cell heights of the
dorsal side; however, every subsequent frame shown in this time lapse is 3:45 m:s
apart. c) While similar in final form, the MFC model does not capture the rise and
subsequent collapse of the mesoderm primordium that is seen in vivo. With A dis-
abled, there is never any impetus for the mesoderm primordium to arch inwards;
however, these results show promise that the MFC model is capable of producing
the same forms. Live embryo and VFM images were extracted from supplemental
movies of V. Conte et al. (2012) and reprinted under the PLOS CC BY license.[102]
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B4: The transition between slow and fast phases of apical constriction is dis-
rupted in concertina (cta) mutants, which slows down the invagination timeline
and yields an asymmetric final furrow due to the internalization of unconstricted
cells.[110, 103] This occurs because Fog uses Concertina in the activation of Rho-
GEF2.[161, 162] RhoGEF2 is a cytoskeletal regulator that is involved in the accu-
mulation of myosin II which is necessary for the apical constrictions that drive
VFF.[118, 161] The transmembrane protein t48 (t48) is a target of the Twist transcrip-
tion factor and helps to prepare cells of the mesoderm primordium for apical con-
striction by recruiting adherens junctions and RhoGEF2 to their apical ends.[163]
In embryos that are mutant in both cta and t48, RhoGEF2 does not accumulate
at the apical surface of the mesoderm primordium.[163, 120, 164] This results in
no apical constrictions of any kind and, in turn, no thickening of the mesoderm
primordium.[164, 102] The cells of the embryo look visibly compressed and small
bucklings of the blastoderm seem to form. This is likely the result of lateral cells
attempting to move ventrally as a cohort even though VFF has been arrested.[129]
The MFC simulation with regionally prescribed triggering and active (A) and bor-
der (B) regions disabled produces very similar blastoderm conformations to what
is observed in vivo.
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Figure B4. Disabled Active and Border Regions MFC to Concertina/Trans-
membrane-Protein-48 Double Mutant Comparison. Comparison of transverse
plane time lapses from a) a live concertina (cta) and transmembrane protein t48 (t48)
embryo, b) results of a vertex based model using video force microscopy (VFM) to
clarify shapes live embryo morphology, and c) regionally triggered MFC simula-
tion with the active (A) and border (B) regions disabled as in Fig. 3.7c. a) Selected
multi-photon images of transverse cross-sections of a cta/t48 mutant embryo dur-
ing ventral furrow formation (VFF). The embryo imaged was labeled with Sqh-
GFP. Images were taken every 45 seconds and time zero was set based on apical-
basal cell heights of the dorsal side; however, every subsequent frame shown in
this time lapse is 4:30 m:s apart. c) The MFC model presents similar conformations
to that of the live embryo images. With A and B disabled, there is no genera-
tion of spontaneous curvature. This causes the cells of the blastoderm to become
compressed when O activates. Live embryo and VFM images were extracted from
supplemental movies of V. Conte et al. (2012) and reprinted under the PLOS CC
BY license.[102]
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APPENDIX C
STATISTICAL ID

C1: These images were taken by Dr. Jeffrey H. Thomas using a new, in-house
two photon fluorescence microscope at TTUHSC. The Spider-GFP embryo has its
membranes tagged with a green fluorescent protein that allows it to be imaged
with fluorescence microscopy. The depth required to image the transverse cross-
section necessitates the use of a two photon microscope rather than a standard
fluorescence microscope or a confocal fluorescence microscope. While some indi-
vidual cells can be made out in the ventro-lateral region, cells of the mesoderm
primordium cannot be distinguished. Further development of an experimental
procedure for imaging the cross-section would allow better clarity to be obtained;
however, the two photon fluorescence microscope is not as readily available for use
at this time. Image processing to improve clarity of membranes was performed but
signal from the lateral and basal surfaces of the mesoderm primordium cells is too
weak for cell shape information to be extracted.
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t = -02:20 m:s t = -02:00 m:s t = -01:40 m:s t = -01:20 m:s

t = -01:00 m:s t = -00:40 m:s t = -00:20 m:s t = 00:00 m:s

Figure C1. Trial Transverse Plane Two Photon Fluorescence Microscopy Time
Lapse. Time lapse of the transverse cross-section of a live Spider-GFP embryo
imaged with a two photon fluorescence microscope. Time zero set at approximate
frame of ventral furrow closure. Two different time steps were tested during this
trial run. The first three images were taken from a sequence where frames were
taken every 2 seconds and the last five from a sequence where the frames were
taken every 10 seconds; however, all frames shown are 20 seconds apart. Images
have been enhanced and brightened, but no other alterations have been made. The
run was started after ventral furrow formation had begun and shows the furrow
deepening and closing. The overall shape of the apical surface of the mesoderm
primordium can be seen, but individual cells are not easily distinguished.
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C2: Different minor axis length (MAL) thresholds for final processing were test-
ed. Cellular constriction chains (CCCs) can be seen forming regardless of the MAL
threshold being used. Generally, constrictions identified by the stronger MAL
thresholds (i.e. lower XX%) will remain constricted through later frames, indi-
cating that cells undergoing ratcheted constrictions are being identified. However,
there is a limit to how constricted most cells will become during the time frame that
the mesoderm primordium can be imaged (i.e. before it starts to be invaginated).
As a result, the strongest thresholds will often fail to reliably identify constricted
cells. Weaker MAL thresholds, on the other hand, have some CCCs that will per-
sist between frames but there are many that appear as transient formations. One
example of this is in the bottom left of the 90% MAL frames shown in the figure,
where there is a looped chain of eight cells that fails to persist. However, this
is not to say that the multicellular-microstrucures seen between weak and strong
thresholds are different. In the bottom row of figures, consider the yellow cluster
under 90%, lime green under 80%, and lavender under 70%. All three of these
clusters clearly have a shared subset of cells; however, are in different stages of de-
velopment. It appears as though at 025 seconds the 90% threshold has identified
a cluster that can be seen forming at 125 seconds using a 70% threshold. Further,
consider the similarly rowed frames of 60% and 70%. Each set of frames appears
to be in a relatively similar stage of development, but the frames with the stronger
threshold (60%) are 100 seconds later than those of the weaker threshold. This
means that weaker thresholds are not just capturing transient structures, but re-
vealing the different paths along which CCCs could form. To strike the balance
between identifying as many constrictions as possible and limiting the number
of transient clusters being considered, a MAL of 65% was selected for use in the
statistical analyses presented in Ch. 5.
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Figure C2. Comparison of Processing with Different Minor Axis Length (MAL)
Thresholds. Magnified confocal microscopy images are of the same live Spider-
GFP embryo shown in Fig. 5.2; however, each column shows frames processed
with a different MAL cutoff. Time zero selected based on the first 65% MAL
frame with a constricted cell that persists across multiple frames (see Fig. 5.2).
In each column, there are 50 seconds between each sequential frame. The time
of the initial frame shifts back by 50 seconds between MAL strengths, except for
between 60% and 70% where the shift back is 100 seconds. The cellular constric-
tion chain (CCC) multicellular-microstructure is seen across the full range of tested
MAL cutoffs (50%-90%). Weaker MAL cutoffs (i.e. higher XX%) capture more cells
that pulse, but do not remain constricted between sequential frames. In general,
weaker MAL cutoffs reveal structure formation earlier rather than different for-
mations altogether. Images were segmented and cells tracked across frames with
EDGE.[18]
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C3: Tensile stress sensitive (TSS), stress insensitive (SI), compressive stress sen-
sitive (CSS), and number of constricted neighbor sensitive (NCN) all have very
distinctive behaviors so long as strong responsiveness parameters (β) are used.
As discussed in Ch. 4, weaker β introduces more randomness to the coordina-
tion mechanisms and results in them behaving more like SI. The 65% minor axis
length (MAL) cutoff was selected as the standard for comparison; however, all of
the stronger MAL cutoffs shown in the figure present similar behavior in that they
trend with SI but quickly transition to following closely with TSS. As introduced in
Ch. 5, weaker MAL thresholds tend to show agreement with SI for a longer dura-
tion before transitioning towards following TSS. This can be seen in how the 70%
MAL threshold trends with SI until Pcon = 10% whereas the others only follow for
up to Pcon = 5%. Stronger MAL thresholds offer a clearer picture of the clusters
formed by cells undergoing ratcheted apical constrictions; however, can also suffer
from the fact that there is a limited amount of constriction that cells can undergo
in the time frame that the mesoderm primordium can be imaged. This can be seen
in how the data for embryos processed with 55% and 60% MAL cutoffs becomes
sparse at later Pcon.
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Figure C3. Expanded Comparison of the Average Total Number of Clusters.
Comparison between average total number of clusters Cavg from tensile stress
sensitive (TSS; purple triangles), stress insensitive (SI; pink stars), compressive
stress sensitive (CSS; yellow circles), number of constricted neighbor sensitive
(NCN; blue squares), and live embryos (black dots). All data presented is nor-
malized by the number of active cells in each system, respectively. Experimen-
tal data was obtained by averaging 5 embryos processed with strong minor axis
length (MAL) thresholds of a) 55%, b) 60%, c) 65%, and d) 70%. Error bars show
the standard deviation of the data averaged for each point. The simulation data
shown was obtained by averaging over the results of ten different seeds using
the same responsiveness parameter (β) strengths as were used in the compari-
son of multicellular-microstructure formations presented in Ch. 4. Each coordina-
tion mechanism shows distinctive behavior; however, experimental data generally
trends with TSS across all of the thresholds shown.
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C4: Tensile stress sensitive (TSS), stress insensitive (SI), compressive stress sen-
sitive (CSS), and number of constricted neighbor sensitive (NCN) all have rela-
tively distinctive behaviors so long as strong responsiveness parameters (β) are
used. As discussed in Ch. 4, weaker β introduces more randomness to the coor-
dination mechanisms and results in them behaving more like SI. It is notable that
CSS and TSS initially track very closely with each other, but after Pcon = 10% their
paths separate. The stronger MAL threshold (65%) captures ratcheted constric-
tions while the weaker MAL threshold (85%) captures both ratcheted constrictions
and unratcheted pulses. Both sets of data initially trend with SI; however, even-
tually begin following closely with TSS. For the strong threshold, all plots show
good agreement with TSS after Pcon = 10%, and for the weak threshold a similar
transition happens after Pcon = 30%. As discussed in Ch. 5, the difference in how
data processed with strong and weak thresholds trend indicates a previously unre-
ported dynamic. Unratcheted pulses occur at random, introducing localized bursts
of tensile stress across the mesoderm primordium and then ratcheted pulses (i.e.
apical constrictions), coordinated by TSS, begin to form along high stress paths,
giving rise to an organized and controlled region-wide stress field. The transition
towards trending with TSS at later Pcon observed in data processed with a weaker
threshold could correspond to the abatement of the random unratcheted pulses as
the underlying scaffolding of stress becomes established and reinforced across the
mesoderm primordium.
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Figure C4. Expanded Comparison of the Percentage of Clusters that are Sin-
glets, Doublets, or Larger. Comparison of the percent of clusters (Pavg) that are
a),b) singlets, c),d) doublets, or e),f ) multiplets (3+) between tensile stress sensitive
(TSS; purple triangles), stress insensitive (SI; pink stars), compressive stress sen-
sitive (CSS; yellow circles), number of constricted neighbor sensitive (NCN; blue
squares), and live embryos (black dots). All data presented is normalized by the
number of active cells in each system, respectively. Experimental data was ob-
tained by averaging 5 embryos processed with MAL thresholds a),c),e) 65% and
b),d),f ) 85%. Error bars show the standard deviation of the data averaged for each
point. The simulation data shown was obtained by averaging over the results
of ten different seeds using the same responsiveness parameter (β) strengths as
were used in the comparison of multicellular-microstructure formations presented
in Ch. 4. The stronger threshold (65%) yields data that closely follows TSS. The
weaker threshold initially trends with SI, but after Pcon = 30% has switched to
following TSS as well.
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C5: Plots of individual embryo data are provided as a supplement to the graphs
presented in Ch. 5. The embryos show remarkable similarity in overall trend of
the plots. This is not necessarily unexpected as the entire developmental process
of the Drosophila embryo is notably reproducible. For example, it was discussed
in Ch. 2 that the chemical gradient produced by cascading pattern formation is
reliable enough that the concentration of the transcription factor Bicoid in cells
that are similarly positioned along the anterior-posterior axis in different embryos
varies by no more than 10%.[70] However, it should be noted that only ∼1/3 of
the mesoderm primordium is actually being imaged for each embryo. The strong
similarity found between subsections of the mesoderm primordium could indicate
that trends would follow even more closely if the entire region could be success-
fully imaged. Unfortunately, the curvature of the ventral side of the embryo paired
with the time between frames that would be required to scan such a large area at
high resolutions makes obtaining a time lapse of the entire mesoderm primordium
difficult. Another interesting feature is how the average total number of clusters
(Cavg) shows less variability before Pcon = 10% and the percentage of clusters (Pavg)
plots show less variability after Pcon = 10%. This indicates that all embryos show
a disposition towards cluster growth, but vary somewhat in the progression of
cluster interconnection. As only ∼1/3 of the mesoderm primordium of each em-
bryo is being compared, it is unclear whether this is indicative of a different level
of responsiveness to stress between embryos or that not enough of the mesoderm
primordium is being represented to properly reflect the similarity in responsive-
ness. Increasing the sample size by imaging and processing more embryos would
help to answer this question.
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Figure C5. Average Total Number of Clusters and Percentage of Clusters that are
Singlets, Doublets, and Multiplets Plotted for Individual Embryos. Each em-
bryo was processed using a minor axis length threshold of 65%. All data shown
is normalized by the number of active cells in each embryo, respectively. The av-
erage of this data is used throughout Ch. 5 for comparison with in silico results.
Plotting the embryos individually emphasizes how all of the processed embryos
follow similar trends. There is also an interesting feature of these plots regarding
curve similarity. The average total number of clusters (Cavg) track closely before
Pcon = 10% and the percentage of clusters (Pavg) plots track more closely after
Pcon = 10%.
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C6: The sparseness (S) and elongation (E) parameters are being developed as a
means of describing the shape of a cluster in a way that facilitates a statistical quan-
tification and comparison. Sparseness is intended to quantify how tightly grouped
cells of a cluster are, and elongation how asymmetric the distribution of those cells
is. The working way to accomplish this is to simplify the geometry of each cluster
down to a representative ellipse where the major and minor axis correspond to the
large and small eigenvalues of the cluster’s second-moment matrix. The average
large eigenvalue (εlargei,avg ) and average small eigenvalue (εsmalli,avg ) for the number of
clusters (mi) of a given size (ni) are then,

εlargei,avg =

∑mi

j εlargej

mi

εsmalli,avg =

∑mi

j εsmallj

mi

.

(Ci)

εlargej and εsmallj are the large and small eigenvalues of the second-moment matrix
of cluster j. Sparseness of these mi clusters of size ni is then defined as,

Si =
Aellipsei

Acirclei

, (Cii)

where Aellipsei is the area of the representative ellipse defined by,

Aellipsei =
√
εlargei,avg

√
εsmalli,avg . (Ciii)

Acirclei is the area of a circular close packing of mi uniform discs of radius ravg (i.e.
the average radius of constricted cells from the AGF model). The definition for
Acirclei ,

Acirclei =
2
√

3

4π
(ravgni)

2 , (Civ)

was derived assuming that the circular close packing is large enough compared to
ravg that its area can be treated as a continuous function. Note: This approximation is
clearly only valid for large clusters; however, for the time being is being applied regardless
of cluster size and will be reworked as development continues. Elongation of these mi
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clusters of size ni is then defined as,

Ei =

√
εlargei,avg√
Acirclei

. (Cv)

Effectively, this means that Si = 1 and Ei = 1 only occurs when the mi clusters of
ni size are on average configured as a tightly packed circle. The graphs shown in
Fig. C6 are two weighted averages of these parameters,

Savg =

∑
imiSini

κ∑
iminiκ

(Cvi)

and
Eavg =

∑
imiEini

κ∑
iminiκ

. (Cvii)

The weighting κ= 0 averages the clusters equally regardless of their size and κ=

1 weights larger clusters more than smaller ones. Singlets and doublets are not
considered in these calculations as they do not have any shape variance that is
relevant to this kind of analysis. In other words, only multiplets (i.e. clusters
of ni≥ 3) are considered as a cluster of size ni = 3 is the smallest such that the
cells can be arranged either as a chain or a clump. This analysis requires further
development such as:

a) reworking the derivation of Acirclei ,

b) improving consideration of cell radii and area (i.e. moving away from using
parameters of the representative disc to an approximation of the cell that the
disc represents, perhaps through Voronoi tessellation), and

c) finding a means of normalization that would allow comparison to experi-
mental data.

However, the preliminary data shown in Fig. C6 exhibits promise that this kind
of analysis will yield another means of statistically differentiating between coor-
dination mechanisms, and further, offer valuable insight into the nature of CCC
development in vivo.
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Figure C6. Statistical Analysis Currently in Development: Sparseness and Elon-
gation Parameters. Preliminary average sparseness and elongation parameters
for tensile stress sensitive (TSS; purple triangles), stress insensitive (SI; pink stars),
compressive stress sensitive (CSS; yellow circles) and number of constricted neigh-
bor sensitive (NCN; blue squares) cases. Application of this analysis to experi-
mental data has yet to be attempted. The average sparseness (Savg) and elongation
(Eavg) parameters are being developed to differentiate between coordination mech-
anisms by the relative averaged shape of their multicellular-microstructures. Both
parameters are calculated using the average eigenvalues of the second-moment
matrix across all clusters of a given size. In essence, the geometry of each cluster
is simplified down to a representative ellipse and the lengths of the representa-
tive major and minor axes are used in the calculation of these parameters. Ideally,
Savg is a measure of how compactly constricted cells are packed within their clus-
ters and Eavg is measure of how far from circular those clusters are. This form
of analysis is still under development and these results are preliminary; however,
they show promise that the cellular constriction chains (CCCs) that dominate the
multicellular-microstructure of TSS produce very distinctive behavior. The pro-
nounced difference between κ= 0 and κ= 1 for TSS indicates that the system is
dominated by a few large CCCs. The drop in Savg and Eavg for TSS after Pcon=30%
is likely the result of these CCCs becoming interconnected in the left-right direction
rather than the anterior-posterior (i.e. across the mesoderm primordium rather
than along it).
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APPENDIX D
ROBUSTNESS

D1: These images are provided as a supplement to the discussion of the elliptical
(egg shaped) affected region from Ch. 6. The cells in this affected region are com-
pletely disrupted with a 100% reduction in constriction probability. This allows
focusing on the robustness mechanism of CCCs wrapping around an affected re-
gion. In Pcon = 5%, a small chain lies near the affected region’s top right quadrant,
and an underlying path of aligned tensile stress can be seen extending from the
end of the chain into the affected region. As the region is completely disrupted,
the chain cannot penetrate the region and instead grows around the affected egg
over the next two frames. Comparing between the frames reveals that as the CCC
approaches completion, the path of aligned tensile stress that initially extended
into the region has been completely redirected. Interestingly, the formation of the
lower chain shows a different progression. The path of aligned tensile stress ap-
pears to inherently wrap around the egg rather than attempting to guide a CCC
through it. The recovery plot shows that the egg region remains completely dis-
rupted, and that any recovery in the band about the affected egg (area inside of
the green dashed lines) is accomplished by chains wrapping around the elliptical
region. Comparing this recovery plot to those of the simulations shown in Fig. 6.3
reveals that the 100% reduction system fails to achieve the same degree of recovery
seen in the other two. Both the 40% and 80% reduction systems are able to show
close to full recovery before Pcon = 42%; however, the 100% reduction system does
not even reach 80% recovery before Pcon = 42%. This indicates that full recovery
of the band necessitates that CCCs be able to eventually recover some of the cells
in the affected egg. With the optogenetically disrupted embryos in mind (Fig. 6.1
and Fig. 6.4), this result could provide insight into a lower limit on the degree of
recovery necessary for VFF to successfully be rescued by CCCs.
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Figure D1. Completely Disrupted Elliptical Region. The egg shaped affected
region (green cells) contains cells that have been completely disrupted (i.e. effec-
tively made into inactive cells). Cells of this region have a constriction probability
of zero and therefore, can never be recovered by mounting tensile stress as more
cells around the region constrict. Since CCCs are unable to penetrate the region,
they instead wrap around it. Each column shows the formation of a different chain
as it extends around the edge of the affected region. Time lapse images use the
same color convention introduced in Fig. 6.2. The recovery graphs show two dif-
ferent measures of recovery: the relative fraction of constricted cells (frel) vs Pcon

for the affected cells (solid lines), and the band of active cells about the affected
region (i.e all cells in between the dashed green lines; dot-dash lines).
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D2: These images and plots are provided as a supplement to Fig. 6.4. The
1.5 mW embryos consistently show the formation of cellular constriction chains
(CCCs) within the affected region. In two of the 1.5 mW cases, the CCCs could fea-
sibly have originated from the unaffected region and penetrated into the affected
region; however, the first embryo shown has CCCs that appear to have originated
from within the affected region. It was reported in Ch. 4 that CCCs form along
underlying paths of aligned tensile stress, but this does not necessarily mean that
cells will serially constrict like dominoes falling. Instead, constrictions can appear
to be spatially separated but still lie along the same underlying path of tension and
therefore, be part of the same CCC. It is possible that this is what happened in the
first 1.5 mW embryo. For example, working from the left side of the image, there is
a large yellow cluster, two small pink clusters, a white cluster, and then the central
yellow cluster that is within the affected region. There is no way to confirm this
from the image; however, it is possible that these five clusters are actually attached
by an underlying path of aligned tensile stress. In any event, all three 1.5 mW
embryos reflect that constrictions were somehow rescued in the affected regions.
The 3.0 mW embryos generally show cells outside of the affected region being
hyperconstricted and cells within the affected region being noticeably stretched;
however, it does not appear that all cells are completely mechanically disabled in
the affected area. The second and third 3.0 mW embryos have constrictions that
form in the center of the affected area. For the second embryo, this appears to be
a CCC that has penetrated the region from the left side. The third embryo does
not have a noticeable CCC, but there is clearly a partial furrow formation on either
side of the affected region which means that there could have been CCCs in the
areas no longer visible. If the mesoderm primordium is a tensile stress sensitive
system, as has been suggested in this dissertation, then it is possible that the con-
strictions observed in the affected regions of the second and third 3.0 mW embryo
are instances of constrictions being rescued by tensile stress sensitivity; however,
there is no way to confirm or refute this from these images alone.
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Figure D2. Processed Images of Each Optogenetically Disrupted Embryo. Con-
focal microscopy images of the ventral side of Drosophila embryos expressing
CIBN::pmGFP whose ventral furrow formation has been disrupted using opto-
genetics. Two different laser powers were used: 1.5 mW (sub-optimal disruption)
and 3.0 mW (optimal disruption). Images were segmented using EDGE [18] and
processed to identify constricted cells using a minor axis length threshold. The
plots for each individual optogenetically disrupted embryo were averaged to make
the plots in Fig. 6.4. 1.5 mW) All of the 1.5 mW embryos show the formation of
cellular constriction chains (CCCs) across the frame. This indicates that CCCs were
eventually able to percolate across the region of mechanically disrupted cells. The
first 1.5 mW embryo (green hash marks) is particularly interesting in that a large
CCC appears to be localized within the affected area. 3.0 mW) The 3.0 mW affected
cells are generally noticeably stretched; however, two of the figures show the pres-
ence of constricted cells in the affected region. In the case of the second 3.0 mW
embryo (pink crosses), a CCC appears to have successfully penetrated the region.
Unprocessed confocal microscopy images courtesy of Dr. S. De Renzis. Images
were originally part of the data set for Guglilmi et al. (2015); however, were not
printed in the article itself.[155]
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