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ABSTRACT

The biological world is full of patterns, from macroscopic patterns such as leaf veins to microscopic
patterns that underlie processes such as cell polarization and migration. The implementation of
such biological functions requires spatiotemporal control of cellular activities. A key challenge
in biology is to understand the mechanisms of pattern formation. Mathematical theories on
biological pattern formation were first introduced in the 1950s. Since then mathematical
biologists have been trying to explain biological patterns with simple models made up of a few
physical interactions. Advances in imaging, computation and the identification of many key
molecular components of biological circuits in the last decade made it possible to reduce the
gap between simple models and biological reality in many contexts. However, the knowledge

gap is still far from closed for most biological patterns.

In this thesis, I study the mechanisms that govern the spatiotemporal patterns of pulsatile
active RhoA dynamics in the Caenorhabditis elegans (C. elegans) zygote. RhoA is a small
GTPase whose activation drives the assembly of actomyosin networks. Pulsatile RhoA activation
underlies a wide range of cell and tissue behaviors. The circuits that produce these dynamics in
different cells share common architectures based on fast positive and delayed negative feedback
through F-actin, but they can produce very different spatiotemporal patterns of RhoA activity.
However, the underlying causes of this variation remain poorly understood. Here I asked whether
and how this variation could arise through modulation of actin network dynamics downstream
of active RhoA in early C. elegans embryos. In particular, I asked whether it is possible to tune
temporal RhoA dynamics from excitable to oscillatory and the spatial spread of of Rho activity
from focal pulses to travelling waves. I combined genetic perturbations of actomyosin regulators
with live multicolor microscopy and developed an image analysis pipeline to characterize and
quantify patterns of RhoA activation and measure the correlation between RhoA activation and
the level of inhibition from F-actin. I found that perturbing two RhoA effectors—formin and
anillin—induce transitions from nonrecurrent focal pulses to either large noisy oscillatory pulses
(formin depletion) or noisy oscillatory waves (anillin depletion). The observed dynamics in anillin
or formin-depleted embryos could in principle be explained by simple models based on fast-

positive and delayed negative feedback in which F-actin serves as the inhibitor. The underlying

Vil



mechanisms for F-actin depletion are distinct, with different dependencies on myosin II activity.
The transition from wildtype to anillin or formin-depleted dynamics could be explained by
reduction in the overall level of inhibition from F-actin. However, wildtype dynamics cannot be
explained by the simplest models, suggesting that additional feedback mechanisms are required
to generate focal pulses. Thus, the same circuit can generate different spatiotemporal dynamics
of RhoA activation associated with different physiological or morphogenetic functions, which

can be accessed by modulating actomyosin network dynamics.
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CHAPTER 1

INTRODUCTION

1.1 Overview

How cellular activities are organized in time and space is a fundamental question in biology.
Most biological processes require spatiotemporal coordination of activities. For example, cells
need to decide when to divide and where to place the division site. Cells must establish and
maintain polarity to direct different activities to different poles of the same cell. Groups of cells
must produce complex spatial and temporal patterns of force to execute tissue shape changes
during morphogenesis. Excitation and contraction of single heart cells must be coordinated

across cardiac tissues to produce heartbeat and blood flow.

Complex spatiotemporal patterns of biological activity are often governed by collections of
molecules that interact with each other to form complex circuits. The molecular components
and their interactions have been identified in many circuits, but knowledge about individual
components and pairwise interactions in the underlying molecular circuit is not sufficient to

explain how the components self-organize to form complex patterns.

Theories on pattern formation provide a useful framework for understanding how spatiotemporal
patterns could arise. A common approach to test whether the hypothesized model underlies
the biological pattern is to compare model prediction and the biological pattern subject to the
same set of perturbations. Recent developments in quantitative time-lapse microscopy have
allowed researchers to characterize patterns in the accumulation/activity of molecules in cells
and tissues with high temporal and spatial resolution. Advances in computational tools made
it possible to simulate more detailed models. More accurate experimental measurements and
model prediction work together to advance our understanding of pattern formation in biological

systems.

Here I will describe efforts to understand biological pattern formation through a combination of
experiments and theoretical modeling. I will focus on a class of spatiotemporal dynamics known

as pulsatile dynamics. A pulse refers to a rapid increase in activity followed by a rapid return
1



towards baseline levels. The temporal dynamics of local pulses are used to encode information
about sensory inputs such as stress response (Lagage and Uphoff 2020) and cell proliferation
(Albeck et al. 2013; Aoki et al. 2013). Temporal dynamics are also used to control the timing of
biological activities such as cell cycle (Ferrell 2013) and circadian oscillators (Kinmonth-Schultz
et al. 2013). The propagation of pulses enables information such as depolarization, fertilization

and mitosis, to transmit rapidly in space without damping.

In this introductory chapter, I will discuss how simple theoretical models guide studies on the
mechanisms of complex pulsatile biological dynamics and how biological systems could utilize
pulsatile dynamics to implement important biological functions. I will discuss models and bio-
logical systems exhibiting local pulses of activity. Then I will discuss the types of spatiotemporal
patterns generated through the combination of local reaction kinetics and diffusion. For each
type of spatiotemporal pattern, I will discuss their application in biological systems. Finally, I

will discuss how contractile driven flows shape reaction diffusion dynamics.

1.2 Local pulses of activity encode information in their dynamic

properties

1.2.1 Temporal dynamics of the activator-inhibitor model

The activator-inhibitor (AI) model is a popular minimal theoretical model able to generate
pulses of activity at one point in space. This model considers two types of molecules that react
with each other: activator and inhibitor. The activator promotes its own accumulation with
nonlinear kinetics, generating a positive feedback. The inhibitor is recruited by the activator
and inhibits the activator, serving as a delayed negative feedback. The positive feedback drives
the initial rapid increase in activity in the rising phase of pulses. The delayed negative feedback

brings the activity to the base level in the falling phase of pulses.

By modulating the strength and timing of the feedback, the AI model can generate four
types of temporal dynamics. (i) A single stable steady state that the system returns to
after a perturbation. (ii) Excitable dynamics. Excitable systems stay in the rest state until

perturbations larger than a threshold value trigger a pulse of activity before returning to the
2



only stable steady state. The system is excited when the pulse of activity reaches its peak
level. The transition from rest state to excited state is called excitation. (iii) Bistable dynamics.
Bistable systems have two stable steady states with different levels of activity. In response to
large enough external perturbations, the system can switch between the two states in both
directions. (iv) Oscillatory dynamics. Oscillatory systems generate pulses of activity at regular
intervals indefinitely. Excitable, bistable and oscillatory systems all experience rapid transition
from low levels of activity to high levels of activity. I will refer to such transitions in all three

systems as “excitation”.

Pulse dynamics of models in type (ii) are affected by not only the feedback kinetics, but also
temporal dynamics of the trigger which can be external perturbation or internal stochastic
fluctuations. Excitable systems with rare suprathreshold triggers generate pulses separated by
long periods of quiescence. As the frequency of excitation increases, the duration of quiescence
decreases and approximates the duration of individual pulses. A theoretical study on the
relationship between the amplitude of stochastic fluctuations and the temporal dynamics of
excitable models showed that it is possible for excitable systems to generate noisy oscillatory
dynamics when subject to stochastic fluctuations whose amplitude is of the same order of
magnitude as the threshold value of the excitable system (Pikovsky and Kurths 1997). Given
that most biological systems are subject to stochastic fluctuations, it is not possible or meaningful
to distinguish whether the underlying deterministic system of noisy oscillations is excitable
with small threshold or truely oscillatory. Instead, one can determine the periodicity of a given

pulsatile system along the spectrum from rare stochastic excitations to noisy oscillations.

1.2.2  Pulsatile signaling dynamics allow versatile encoding of information

Overview

Cells use different signal transduction pathways (p53, ERK, NF —kB) to convert external signals
into the expression levels of target genes which are regulated by transcription factors. Examples of
external input signals include environmental stress, chemoattractants or developmental signaling
molecules. In general, signal transduction pathways exhibit two kinds of dynamic response:

graded responses and pulsatile responses. Graded responses can only encode information in their
3



amplitude. Pulsatile responses can encode information in more dimensions in its dynamical
properties, such as frequency, amplitude and duration. For example, consider an external signal
that persists in time without changing its strength, the expression level of transcription factor
remains the same overtime (static) for graded response, and exhibits pulsatile dynamics with
fixed properties, for pulsatile response. When the strength of the external signal changes, the
static transcription factor expression level changes for graded response, while pulsatile responses
could change one or more of its dynamic properties. I will summarize how cells encode properties
of external signals, such as the strength, rate of increase, in the frequency and amplitude of

pulses of transcription factor expression (Figure 1.1 A).
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Figure 1.1. Pulsing enables diverse cellular functions. Adapted from Levine, Lin, et al. 2013. (A) Cells
modulate pulse characteristics, including amplitude, frequency, and duration, to implement diverse regulatory
functions. (B) A transcription factor (green) may activate different target promoters at different thresholds
or with different affinities (light and dark arrows). Concentration-based regulation (amplitude modulation,
AM) would therefore lead to different, nonproportional, response profiles (bottom left). In contrast, frequency-
modulated (FM) pulsing, by effectively controlling the fraction of time that all target genes are expressed, leads
to expression of targets in fixed proportions (bottom right), indicated by overlap of expression curves (each is
normalized to its own maximum). (C) Pulsed regulation functions in a developmental timer. B. subtilis respond
to sudden nutrient limitation by proliferating for multiple cell cycles before sporulating (schematic). A model of

the underlying circuit (inset) is based on a positive-feedback loop (arrows) with a hypothesized time delay (dt).
This circuit can generate progressive growth in pulses of phosphorylation of the sporulation master regulator
Spo0A (green trace), via steplike growth in the kinase concentration (blue trace). The timer terminates when a
threshold level of SpoOA is reached (dashed line).

Frequency modulation

Many cells encode the strength of external stresses in the frequency of pulses. Examples include
pulses of the transcription factor Crzl in budding yeast in response to extracellular calcium
(Cai et al. 2008), pulses of the MAP kinase ERK in mammary epithelial cells in response to
epidermal growth factor (Albeck et al. 2013) and pulses of the transcription factor o(B) in
Bacillus subtilis cells in response to energy stress (Locke et al. 2011). In the absence of external

signals, all three of these factors exhibit pulses of nuclear localization with a characteristic mean
4



frequency. Upon an increase in external signal strength, they respond with an increase pulse

frequency, but not duration and amplitude.

Frequency modulation ensures that a change in the strength of the external signal alters the
expression level of different target genes by the same ratio (Figure 1.1 B). Suppose that different
target genes of a signal transduction pathway are activated at different thresholds. Then if the
transcription factor exhibits a graded response, it activates different sets of targets at different
external signal strengths. If it exhibits pulsatile response, at different external signal strengths,
pulse frequencies are different while pulse amplitudes are the same. Same amplitude ensures
that the same set of genes are activated. A change in pulse frequency changes the frequency

with which these target genes are activated.

Pulse frequency can also encode external signal strength even when the time gap between
consecutive pulses is not as regular as the examples above. For example, in 3T3 mouse fibroblast
cells, the concentration of tumor necrosis factor alpha is encoded in the probability of NI — kB

pulses (Nelson et al. 2004; Ashall et al. 2009; Tay et al. 2010).

Amplitude modulation

Another way in which cells use pulses to encode information is through amplitude modulation.
In response to an increase in environmental stresses such as salt and ethanol, For example,
Bacillus subtilis generates a single pulse of o(B) activation, a transcription factor that activates
a broad set of stress response genes (Locke et al. 2011; Young et al. 2013). The amplitudes
of o(B) pulses are governed by the rate of increase in the strength rather than the absolute
strength. A sudden increase in stress triggers a stronger stress response than a gradual ramp to

the same stress level.

Pulse amplitude can also encode the number of cell cycles since initial exposure to external
stresses (Figure 1.1 C). When B. subtilis is placed in a culture medium with low levels of
nutrients, the stress response pathway starts a timer to ensure that sporulation will initiate
after 3 cell cycles (Levine, Fontes, et al. 2012; Vishnoi et al. 2013). The timer is implemented
through pulsatile accumulation of the phosphorylated form of SpoOA (SpoOA-P). In this system,

the positive feedback that drives the upswing of each pulse is governed by phosphorylation of
5



Spo0A by a kinase, whose transcription is activated by SpoOA-P. After each pulse, the kinase
level increases which strengthens the positive feedback for the next pulse. Thus, the amplitude
of the Spo0A-P pulse increases with time. Only during the last pulse does the level of Spo0A-P
cross the threshold to transcribe sporulation genes. Since poOA-P pulses are synchronized with

the cell cycle, SpoOA-P serves as a developmental timer for sporulation.

Finally, cells can encode stress signals through the simultaneous modulation of pulse frequency
and amplitude. For example, the tumor suppressor p53 exhibits different pulsatile dynamics
in response to different external stresses. v-irradiation triggers a train of short p53 pulses,
while UV irradiation triggers a single sustained pulse lasting more than three cycles of short
p53 pulses (Purvis et al. 2012; Batchelor, Loewer, et al. 2011; Batchelor, Mock, et al. 2008).
Similarly, nuclear localization of the transcription factor Msn2/4 exhibits multiple short pulses
upon glucose limitation and exhibits a single sustained pulse upon oxidative stress (Hao and

O’Shea 2011; Hansen and O’Shea 2013).

1.3 Reaction diffusion systems underlies many biological patterns

1.3.1 Owerview

In spatially extended systems, local reactions can be spatially coupled to generate complex
spatiotemporal dynamics through transport processes like thermal diffusion or active transport
driven by molecular motor proteins and/or bulk flows of the cell cortex or cytoplasm. I will focus
on reaction diffusion models in this section and discuss the contributions of active transport in

Section 1.5.

The coupling of reaction and diffusion is often described using reaction diffusion models, which
express mathematically how the concentrations or activities of specific factors change over
time as a consequence of local interactions and diffusion. The resulting equations can be
solved analytically or numerically to predict the kinds of patterns that can be generated for
particular reactions. Most reaction diffusion models are simple, involving at most three chemical
species with nonlinear reactions. In many biological contexts, the reaction kinetics of such

models are challenging to constrain by experimental measurements. However, these models with
6



unconstrained reaction kinetics are still useful as a framework. By tuning the mathematical
forms and parameters of the reaction kinetics as well as the diffusion of the activator and
inhibitor, we can generate hypotheses about how the observed pattern variation could arise

theoretically and test these hypotheses experimentally.

1.3.2  Activator inhibitor reaction diffusion models generate complex

spatiotemporal dynamics

Here I will focus on a class of reaction diffusion models in which the activator-inhibitor kinetics

described in section 1.2 are combined with thermal diffusion of the activator and inhibitor.

AT reaction diffusion models can generate a wide range of different spatiotemporal patterns
depending on three factors. First, local dynamics in the absence of diffusion in section 1.2,
which can be unconditionally stable, bistable, excitable and oscillatory. Second, relative rates of
diffusion of activator and inhibitor which determines whether excitations propagate. Third, the

temporal dynamics of local suprathreshold perturbations (triggers).

Turing patterns are stable patterns that are periodic in space and stationary in time. Turing
patterns arise through diffusion-driven instability in which diffusion destabilizes the spatially
uniform steady state without external perturbations (Turing 1952; Gierer and Meinhardt 1972;
Kondo and Miura 2010). Intuitively, diffusion-driven instability involves the following steps.
Autocatalysis of the activator amplifies infinitesimal fluctuations to generate a sharp local
increase in the activator level. Locally, activator accumulation is followed with a delay by
accumulation of inhibitors, which then inhibits the activator. Diffusion attenuates the local
buildup of the inhibitor (which would otherwise prevent autoactivation), allowing the activator
to grow locally. Diffusion also increases the level of the inhibitor in neighboring regions. So
regions with high activator levels are surrounded by regions with low activator levels. On two
dimensional surfaces, these static spatial waves form evenly spaced lines, spots and mazes.
These patterns resemble pigmentation on the coats of cheetah, zebra and zebra fish, as well
as segmental gene expression in insects. As I will discuss further below, I will refer to any
static pattern with such features as Turing patterns no matter whether AIRD models are the

underlying mechanisms.



AT reaction diffusion models also generate three types of locally oscillatory dynamics without
external perturbations. Synchronous oscillations are uniform in space but periodic in time.
Traveling waves and standing oscillations are periodic both in space and time. When the
activator diffuses much faster than the inhibitor, local excitations propagate in space, generating

traveling waves. Otherwise, excitations remain local, generating standing oscillations.

AT reaction diffusion systems with excitable or bistable local reaction kinetics can generate
trigger waves and focal pulses. Excitations in both systems are triggered by suprathreshold
perturbations. Trigger waves occur when the activator diffuses much faster than the inhibitor.
Once initiated, excitations in trigger waves travel in space indefinitely. The condition for
forming focal pulses includes that the inhibitor diffuses much faster than the activator and that
suprathreshold perturbations are rare (Hecht et al. 2010). After initiation, faster build up of
the inhibitor in neighboring regions restricts the propagation of excitation. So focal pulses have

finite lifetime and size.

The rules of pattern formation in Al reaction diffusion systems can be generalized. The systems
are not restricted to reaction diffusion systems with two types of interacting species and three
reactions. They can also arise in biochemical systems with more players and interactions, and
even in systems where the players are not molecules and where interactions are not described by
chemical reaction and diffusion. Nevertheless, the conditions that describe when different kinds
of patterns arise are very similar: the positive and delayed negative feedback circuit topology
must be preserved and the two kinds of feedback must have spatial coupling mechanisms with
different length scales. In the following sections, I will discuss biological systems whose dynamics
resemble Turing patterns, trigger waves and traveling waves and the underlying mechanisms to

generate these patterns.

1.5.8  Short range activation and long range inhibition underlies many Turing

patterns

Any model that combines short-range activation and long-range inhibition can generate Turing
patterns (Gierer and Meinhardt 1972). This mechanism is often called lateral inhibition to

indicate that inhibition operates on a longer spatial scale than activation. Visual resemblance
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of biological patterns to Turing patterns does not mean that the underlying mechanism is
lateral inhibition. To show that a pattern is driven by lateral inhibition, one must first identify
the molecules or cells (or other interacting players) that act as short-range activator and/or
long-range inhibitor; then one must reproduce the wild-type pattern using models based on the
hypothesized or observed interactions among these players; finally, one must demonstrate that
the model has the same dynamic properties as the biological system. The last step can involve
reproducing the temporal evolution of the pattern and the patterns under different experimental
perturbations. Testing whether these three criteria are met for a given biological pattern is an
intermediate level of abstraction. This intermediate level of abstraction captures the high-level
topology of a complicated system of interactions despite incomplete understanding of how the
interactions are mediated through specific chemical (or the types of) reactions. This abstraction
can be thought of as the mapping of a high dimensional biochemical network, that can only be
understood on a genomic scale, to a low dimensional space described by effective activities and

effective interactions within the framework of current theories of pattern formation.

A growing number of patterns in biology have been shown to satisfy at least one but not all of
the three criteria for lateral inhibition (Murray 2003; Meinhardt 2009). Below I will discuss how

this intermediate level of abstraction has been applied to three example patterns.

Lateral inhibition underlies the establishment of the right-left asymmetry in early bilaterian
embryos. Nodal and Lefty are members of the transforming growth factor-b (TGF-b) family of
proteins. In mouse embryos, the patch of Nodal localization on the left half of the embryo is
surrounded by a ring of Lefty. Nodal binds the receptor Alk4 and EGF-CFC coreceptors to
promote mesendoderm induction (Gu et al. 1998). This process determines the left side. Nodal
promotes the production of itself and Lefty (Chen and Schier 2002; Hamada, Meno, et al. 2002).
Lefty inhibits Nodal signaling through sequestration and advantage in competitive binding.
Fluorescence recovery after photo-bleaching showed that Lefty diffuses 14 times faster than
Nodal (Miiller et al. 2012). These molecular interactions and additional simulations (Nakamura
et al. 2006) show that right-left asymmetry arises from the interaction of slowly diffusing Nodal

as the activator and fast diffusing Lefty as the inhibitor.

Lateral inhibition also underlies digit patterning during vertebrate limb development. Digits



develop from small dots of prechondrogenic condensations underneath the distal tip of the
growing limb bud (Zhu et al. 2008). Mesenchymal condensation is driven by the transcription
factor SOX9 (Akiyama et al. 2002; Sheth et al. 2012). The small dots of SOX9 are hypothesized
to form through lateral inhibition with SOX9 as the activator. The inhibitors of SOX9 are
identified through two genetic screens. Microarray analysis identified major developmental
signaling pathways regulated by SOX9. Wholemount in situ hybridization identified the pathways
with expression patterns out of phase with SOX9. The screens identified BMP and WN'T as
the inhibitor of SOX9 (Raspopovic et al. 2014). It is unclear how the three signaling pathways
interact with each other at the molecular level and whether the spatial range of the SOX9 is
much smaller than that of BMP and WNT. A three component reaction diffusion model with
SOX9 as the activator and Wnt and Bmp as the inhibitor reproduced the temporal evolution of
digit growth. The model reproduced the loss of digits when Bmp is inhibited and the loss of
interdigits when Wnt is inhibited. The same model reproduced the skeletal patterning of the

catshark (Onimaru et al. 2016).

Lateral inhibition underlies the formation of stripes in zebrafish skin. Stripes in zebrafish skin
are made up of alternating rows of melanophores (black) and xanthophores (yellow). The
possibility of prepatterning is excluded by laser ablating a small part of the stripe pattern and
comparing the pattern regeneration process and predictions of Turing models (Yamaguchi et al.
2007). Temporal evolution of the pattern is consistent with model prediction. More direct
evidence against prepatterning comes from the observation that the regenerated stripes have the
same width but different orientation. The interaction of melanophores and xanthophores is best
demonstrated in primary cell cultures where cells can migrate freely (Inaba et al. 2012). Upon
contact with the dendrites of xanthophores, melanophores membrane transiently depolarizes.
Depolarization triggers melanophores to migrate to avoid contact with xanthophores. In real skin
tissue, the segregation is driven by melanophore migration and death in the xanthophore territory
(Yamanaka and Kondo 2014). This dendrite mediated segregation operates in the short range
to ensure that the boundary between black and yellow stripes are not blurred. Melanophores
extend long projections to promote the survival of xanthophores through Delta/Notch signaling
(Hamada, Watanabe, et al. 2014). The width of stripes is modulated by the strength of

Delta/Notch signaling. In summary, short dendrites mediate short-range mutual inhibition,
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while long projections mediate long-range positive feedback.

Lateral inhibition are also proposed to underlie the spontaneous emergence of localized regions
of Cdc-42 activity in budding yeast (Goryachev and Pokhilko 2008), the generation of evenly
spaced dots on skin tissues to prepattern skin appendages such as hair follicles (Sick et al. 2006;
Klika et al. 2012; Glover et al. 2017) and feathers (Jung et al. 1998; Mou et al. 2011; Painter
et al. 2012), and the selection of branching points during lung development (Menshykau et al.
2012).

1.3.4  Trigger waves enable rapid long-range spatial coordination

Propagation of trigger waves involves two steps. First, spatial coupling mechanisms, such as
diffusion, drive the system in neighboring regions above the threshold. Second, local reactions in
the neighboring regions drive the transition from low levels of activity to high levels of activity.
Trigger waves excel at transmitting information rapidly and over long distances without damping.

These properties are utilized by many cells to transmit cellular signals.

Trigger waves are categorized by their local reaction dynamics, such as excitable or bistable, or
by the type of molecules that mediate wave propagation, such as chemical or electrical. I will
discuss three examples of trigger waves: excitable electrical trigger waves, excitable chemical
trigger waves, and bistable chemical trigger waves. I will focus on feedback mechanisms and

wave propagation mechanisms.

Action potentials traveling along axons is a classic example of excitable electrical trigger waves
(Hodgkin and Huxley 1952). The positive and delayed negative are mediated by voltage sensitive
sodium channels and potassium channels in the plasma membrane respectively. Membrane
depolarization first opens sodium channels which further depolarizes the membrane to generate
the upswing of the action potential. Suprathreshold depolarization opens the potassium channels
to return the membrane potential to the rest state (Goldman and Schauf 1972; Hille 1976;
Aldrich, Corey, et al. 1983; Aldrich and Stevens 1987). The spatial coupling mechanism is
passive spread of charged ions which depolarizes the membrane and triggers sodium channel
opening in neighboring regions. The rapid opening of ion channels and ion flows allows action

potential to travel as fast as 200 meters per second (Kress et al. 2008; Kusano 1966).
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Chemical trigger waves include calcium waves and mitotic waves, which are excitable and
bistable respectively. In the Xenopus laevis egg/zygote, calcium waves (Hara et al. 1980; Busa
and Nuccitelli 1985) and mitotic waves (Hara 1971; Hara et al. 1980; Rankin and Kirschner
1997; Pérez-Mongiovi et al. 1998) propagate through the cytoplasm like a wave. The rapidly
spreading high levels of intracellular calcium reduces the probability of refertilization by a
second sperm. The rapidly spreading mitotic entry ensures that the mitotic apparatus is well
coordinated for successful cell divisions. Diffusion of the activator acts as the spatial coupling
mechanism in both calcium waves and mitotic waves. For calcium waves, the activator is calcium
ion. The positive feedback involves cytoplasmic calcium signaling to allow flow of calcium from
calcium-filled endoplasmic to the cytoplasm. The negative feedback is driven by calcium pumps
that transport calcium from cytoplasm back to endoplasmic. For mitotic waves, the activator
is the master regulator of mitosis, active cyclin B-Cdkl. The underlying circuit for bistable
active cyclin B-Cdk1 dynamics includes a fast positive feedback through the activator of Cdkl,
a fast double-negative feedback through the inhibitor of Cdkl (Pomerening et al. 2003; Sha
et al. 2003) and a slow negative feedback through a complex that promotes the degradation of
cyclin B (Yang and Ferrell 2013).

The combination of modern imaging and clever experimental manipulations made it possible
to test whether the propagation of mitotic waves depends on diffusion of chemicals between
neighboring regions. In the experiment, Xenopus egg extract is sealed in Teflon tubes suspended
in oil. When the tube is cut into two segments, the oil creates a diffusion barrier between the
two segments. Compared to the intact tube, mitotic waves are no longer coordinated (Chang
and Ferrell Jr 2013). This experiment eliminates the possibility that the observed waves are

phase shifted independent local oscillations.

Calcium waves and mitotic waves are used to transmit information in other large cells. Calcium
waves in cultured hippocampal astrocytes (Cornell-Bell et al. 1990) modulate exocytosis of
neurotransmitters (Bezzi et al. 2004). In response to salt stress, Arabidopsis thaliana roots
generate calcium waves through the entire plant to elicit a systemic molecular response (Choi
et al. 2014). Mitotic waves in the syncytial Drosophila embryo begin at the two poles and

propagate towards the middle of the embryo (Foe and Alberts 1983). Some mulitnucleate fungi
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also exhibit mitotic waves (Clutterbuck 1970).

1.3.5  Traveling waves of actin assembly underlie cell migration

Traveling waves of actin assembly drives the extension of protrusions during cell migration.
Cell migration is essential for many important biology processes, for example, wound healing
(Dekoninck and Blanpain 2019), cancer invasion (Friedl and Wolf 2003) and neural crest formation
(Bronner 2012). Cells migrate by cycles of extending membrane rich protrusions at the leading
edge, attachment to the substrate and back retraction through myosin driven contraction. The
arrival of traveling waves of actin assembly precedes membrane expansion at the leading edge of
many migrating cells (Vicker 2002; Asano et al. 2008; Bretschneider et al. 2009; Gerisch et al.
2004).

Traveling waves of actin assembly are observed in many migrating cell types. Examples include
Dictyostelium (Vicker 2002; Arai et al. 2010; Huang et al. 2013), fish keratocytes (Barnhart et al.
2017), neutrophils (Weiner et al. 2007; Yang, Collins, et al. 2016), lymphocytes and macrophages
(Lam Hui et al. 2014), breast cancer cells (Marchesin et al. 2015), U208 cells (Baird et al. 2017;
Graessl et al. 2017) and mast cells (Wu, Wu, et al. 2013; Xiong et al. 2016).

A number of different models have been proposed to explain the generation and propagation of
actin waves. The first involves the intrinsic assembly dynamics of actin itself, while the other
three involve dynamic interactions between actin filaments and regulators of actin assembly and

disassembly.

Treadmilling of actin filaments could generate actin waves. Treadmilling refers to the process of
simultaneous assembly at the barbed end and disassembly at the pointed end, which can produce
a traveling wave of polymerized actin. Bretschneider et al. showed that treadmilling underlies
waves of dense actin filaments at the substrate-attached surface of Dictyostelium. This model
is supported by the observation that the actin assembly factor myosin-IB is enriched at the
membrane to keep the growing actin barbed end near the membrane, while the actin disassembly

factor coronin is located far away from the membrane (Bretschneider et al. 2009).

Actin waves could also be driven by Al reaction diffusion models with diffusion of molecules
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that promote actin assembly (activator) and delayed negative feedback from immobile actin
filaments (inhibitor) (Ryan et al. 2012; Carlsson 2010; Doubrovinski and Kruse 2011). Actin
waves on the ventral membrane of neutrophils are proposed to be driven by such models with
Hem-1 being the activator (Weiner et al. 2007). The positive feedback mechanism is not clear. It
could involve membrane bound Hem-1 recruiting more Hem-1 from the cytoplasm. The delayed
negative feedback through F-actin is supported by the following observations. Hem-1 is part
of the Scar/WAVE complex that stimulates actin assembly at the membrane. Actin filaments
are also required to remove the Hem-1 from the membrane. The Rho superfamily of small
GTPases could also act as the activator. I will discuss the underlying feedback mechanisms in

the following section.

Amplification of membrane curvature could drive traveling waves of actin assembly (Wu, Su,
et al. 2018). Proteins with BAR domains sense and bind curved membranes near protrusions
(Gov and Gopinathan 2006; Shlomovitz and Gov 2007; Ryan et al. 2012; Kabaso et al. 2011;
Peleg et al. 2011). Membrane bound BAR domain proteins recruit complexes, such as WASp and
Scar/WAVE, to drive actin assembly (Takenawa and Suetsugu 2007). The assembled F-actin
could push against the membrane to further increase membrane curvature near protrusions. This
sequence of events could form a positive feedback to amplify membrane curvature, generating

traveling waves of membrane expansion and actin assembly.

1.3.6  Traveling waves of small GTPase activity are ubiquitous

Traveling waves of the Rho superfamily and the Ras superfamily of small GTPases activation are
observed in two types of cellular contexts. In migrating cells, traveling waves of small GTPase
activation drive traveling waves of actin assembly, which underlies cell migration. The second
type of waves resemble the predicted dynamics of AIRD models with faster diffusing activators
where excitations propagate at constant speed indefinitely until waves from different regions
collide and annihilate each other. Nurse cell dumping in Drosophila is the example of traveling
waves of RhoA activation in wild-type cells (Imran Alsous et al. 2021). Other cases all involve
artificially boosting the activation of small GTPases. RhoA waves in the eggs and early embryos
of frogs and echinoderms require expression of constitutively active RhoA GEF (Bement et al.

2015; Bhattacharya et al. 2020). RhoA waves in cultured pig kidney epithelial cells (Murthy and
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Wadsworth 2008) and U20S cells (Baird et al. 2017; Graessl et al. 2017) require disassembly
of microtubules that sequester RhoA GEF. RhoA waves in mouse embryos during compaction
require destruction of adherens junctions that inhibit RhoA activation (Maitre et al. 2015).
cdc42 waves in cultured mast cells require binding of the synthetic multivalent antigen DNP-BSA
(Wu, Wu, et al. 2013; Xiong et al. 2016). Ras waves in Dictyostelium require F-actin disassembly
(Huang et al. 2013).

Small GTPases are enzymes that catalyze the hydrolysis of guanosine triphosphate (GTP) to
guanosine diphosphate (GDP). They bind to and diffuse within cellular membranes, where they
transition between inactive (GDP-bound) and active (GTP-bound) states. Their activation
is governed by guanine nucleotide exchange factors (GEFs), while inactivation is governed by
GTPase activating proteins (GAPs). Cdc42 waves in cultured mast cells involve actin-dependent
positive-feedback mechanisms that are calcium independent and delayed negative feedback from
F-actin (Wu, Wu, et al. 2013). Ras waves in Dictyostelium involve a positive feedback loop from
PIP3 to Ras activity that is independent of cytoskeletal activities, while the negative feedback

mechanism is unknown. I will focus on feedback mechanisms of RhoA.

Pulsatile dynamics of small GTPases activation are driven by a positive feedback in which active
small GTPases are thought to recruit their GEFs and a delayed negative feedback through
recruitment of their GAPs indirectly. RhoA and cdc42 both belong to the Rho superfamily. The
accumulation or activation of RhoA GEFs is thought to provide the positive feedback that drives
a rapid upswing in RhoA activity in activated frog and echinoderm eggs and embryos (Bement
et al. 2015), in U208 cells (Graessl et al. 2017), and in early C.elegans embryos (Nishikawa
et al. 2017; Michaux et al. 2018). Stabilization of RhoA activity by its effector anillin (Budnar
et al. 2019), or concentration of active RhoA by myosin-dependent contractions (Munjal et al.
2015), may also provide positive feedback in some cells. F-actin-dependent inhibition of RhoA
provides delayed negative feedback that helps to terminate pulses of RhoA activity in frog
and echinoderm embryos (Bement et al. 2015; Michaud, Leda, et al. 2022), in early C.elegans
embryos (Michaux et al. 2018), and on secretory vesicles (Segal et al. 2018). In C.elegans
embryos and secretory vesicles, this inhibition is mediated by F-actin-dependent recruitment

of specific RhoA GAPs, while in frog and echinoderm embryos, the molecules that mediate
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inhibition remain unknown.

The functional purpose of the small GTPases activation waves is not well understood in the
context of non-migrating cells. Since they are not observed in wild-type cells, traveling waves are
likely to be epiphenomenon with no biological function or evolutionary advantage. The feedback
mechanisms responsible for generating traveling waves may exist for functional purposes in
other developmental stages or for other cellular functions such as cytokinesis. It is possible that

the biological systems with functional traveling waves remain to be discovered.

1.4 Pulsed actomyosin contractions underlie cell shape changes

during morphogenesis

1.4.1 QOverview

Actomyosin contractility is fundamental in eukaryotic cell biology. Cells utilize actomyosin
contractility to implement many important functions (Zaidel-Bar et al. 2015) including cy-
tokinesis, migration, vesicle trafficking, apoptosis and establishment and maintenance of cell
polarity. Pulsed contraction refers to short pulses of actomyosin assembly, contraction and
disassembly. Pulsed contractions are driven by pulsatile RhoA activation (Munjal et al. 2015;
Zhang and Glotzer 2015; Graessl et al. 2017; Nishikawa et al. 2017; Michaux et al. 2018). The
spatiotemporal patterns of pulsed contractions are largely dependent on the spatiotemporal

patterns of RhoA activation serving as an upstream pacemaker.

Pulsatile RhoA activation could form traveling waves or focal pulses. Traveling waves of RhoA
activation are described in the last section. Focal pulses of RhoA activation occur in small
patches, persist for a limited amount of time and eventually disappear. Focal pulses of RhoA
activation in the C.elegans zygote occur during polarity establishment (Nishikawa et al. 2017;
Michaux et al. 2018). It is the only cell type where many focal pulses (;6) coexist in the same
cell. So the C.elegans zygote is a great model system to study questions such as what determines
the size of focal pulses and the spacing between them. Other examples of pulsed contractions
include repair of tight junction leaks in polarized epithelium of Xenopus (Reyes et al. 2014;

Stephenson et al. 2019) and tissue invagination and elongation in the Drosophila epithelia (Miao
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and Blankenship 2020).

1.4.2 Pulsed contractions underlie apical constrictions during ventral furrow

mvagination and dorsal closure

Pulses of actomyosin contractions constrict the apical surface during gastrulation and dorsal
closure (Franke et al. 2005; Jacinto et al. 2002). Apical constrictions in the presumptive
mesoderm drive ventral furrow invagination to initiate gastrulation. Apical constrictions in
amnioserosa cells contribute to dorsal closure. Each pulsed contraction reduces the area of the
apical surface by a small amount. If the constricted cell shape is not stabilized, the apical surface
could return to its original size, generating cell shape fluctuations (Figure 1.2 left) instead of
stepwise shrinkage of the apical surface (Figure 1.2 right). So it is important to stabilize the

constricted apical surface.

Pulsed contractions in the presumptive mesoderm and amnioserosa are stabilized with different
mechanisms. In mesoderm cells, the constricted cell shape is maintained between pulses, similar
to a ratchet (Martin, Kaschube, et al. 2009). Cell shape maintenance requires persistent
actomyosin filaments across the apical domain. The recruitment and/or stabilization of myosin
require medioapical localization of Rho Kinase driven by the transcription factor twist (Mason
et al. 2013). Stabilization of the constricted apical surface in amnioserosa requires actomyosin
cable that surrounds the amnioserosa tissue. Contractions from the surrounding actomyosin
cable counteracts forces that would expand the apical domain after a pulse. One supporting
observation is that amnioserosa exhibits continual pulsing without stepwise apical constriction
when the sounding cable is disrupted. Also, persistent constriction amnioserosa starts at the
periphery of the amnioserosa tissue and gradually moves inwards (Solon et al. 2009; Sokolow

et al. 2012).

1.4.3 Pulsed contractions underlie junction shortening during convergent

extension

Pulsatile contractions are harnessed to drive morphogenetic movements during convergent

extension. Convergent extension involves the convergence of cells along one tissue axis which
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Figure 1.2. Evidence for actin-myosin-dependent ratcheting of pulsed contractions. From Martin
and Goldstein 2014. Pulsed contractions can occur without stabilization of the constricted apical surface area
between pulses, resulting in cell shape fluctuations (left). These unratcheted constrictions have been observed
in Drosophila amnioserosa cells before the onset of dorsal closure and in Drosophila presumptive mesoderm
cells mutant for twist. Alternatively, decreases in apical surface area that result from contractile pulses can be
stabilized, resulting in what sometimes resembles an incremental or ratchet-like decrease in apical area (right).
This behavior is observed for wild-type presumptive mesoderm cells during Drosophila gastrulation and in
amnioserosa cells during dorsal closure. In both these cases, both myosin and F-actin persist to a greater degree
between pulses (right), which possibly prevents relaxation, resulting in a net reduction in apical surface area.
Green arrows indicate shrinkage or expansion of apical domains.
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drives simultaneous extension along another perpendicular axis (Shindo 2018). Convergent
extension is driven by asymmetric shortening and rearrangement of cell-cell junctions in the
Drosophila germband, Xenopus kidney tube and chick neural tube. At the cellular level, junctions
shrink to a singular point along one axis (vertical) and then new junctions form and expand
along the orthogonal axis (horizontal) (Bertet et al. 2004; Blankenship et al. 2006; Shindo and

Wallingford 2014; Nishimura et al. 2012).

One cycle of junction shortening takes three steps: actomyosin assembly at medial surfaces,
contract to generate flow towards junctions, and finally contraction at the flow destination
junction to reduce junction length. Medial actomyosin foci connect to junctions through E-
Cadherin anchorage. Connections with weaker E-Cadherin anchorage are more likely to break.
So medial actomyosin foci flow towards the junction with strong E-Cadherin anchorage (Levayer

and Lecuit 2013).

Each cycle of pulsed contraction reduces the junction length by a small amount. The shortened
junction needs to be stabilized to to incrementally reduce junction length. I will discuss three

mechanisms to stabilize shortened junctions after each pulsed contraction.

Remodeling of the medial actomyosin network could stabilize shorten junctions. Clement et al.
used optical tweezers to apply time-controlled forces on junctions in the germband epithelia
right before the onset of convergent extension (Clément et al. 2017). Three observations are
consistent with the proposed mechanism. Pulses with longer durations are more likely to be
irreversible. The transition to irreversible pulses occurs when the pulse duration is on the
same time scale as the turnover rate of actomyosin network. Inhibiting actin turnover yields
more reversible contractile events. Cavanaugh et al. used optogenetics to generate pulses of
contractions with different durations in a stable model epithelia that naturally exhibit very little
contractility and confirmed the correlation between longer pulse duration and more irreversible

junction shortening (Cavanaugh et al. 2020).

Tricellular vertices sliding could also shorten vertical junctions. At cell junctions, tricellular
vertices containing myosin and E-cadherin slide when contractile medial forces from neighboring
cells are asymmetric. Vertical junctions shorten when tricellular vertices move toward the

contracting cell. At the molecular level, flow driven myosin accumulation consolidates E-
19



cadherin at the end of vertice sliding. Formation of the new tricellular vertices makes this

process irreversible (Curran et al. 2017; Vanderleest et al. 2018).

Endocytosis of the plasma membrane is a general mechanism to stabilize pulsatile shape
changes. At the end of each cycle of contraction, the membrane tension reaches its minimum.
Internalization of the excess membrane then prevents relaxation to the original surface area
or junction length. This mechanism operates during convergent extension (Levayer, Pelissier-
Monier, et al. 2011; Jewett et al. 2017) and ventral furrow invagination (Lee and Harland 2010;

Sumi et al. 2018; Miao, Vanderleest, et al. 2019).

1.4.4 Pulsed contractions could be more efficient than continuous contractions

One fundamental question is why some cells use multiple short pulses instead of a single long
contraction with the same strength continuously? One possibility is that multiple short pulses
make it easier to coordinate contractions across the epithelia to avoid catastrophic tearings.
Precise control of the duration of pulsed contraction showed that multiple short contractions
could overcome the saturation of a single long contraction (Cavanaugh et al. 2020). For relatively
short contractions, junctional shortening is proportional to the duration of contraction. Once the
duration of contraction is above a threshold, increasing the duration generates minimal junction
shortening. Thus, in the context of junction shortening, structuring a single long contraction
into multiple short pulses improves the efficiency of contractions. It is likely that the same rule

also applies for apical constrictions.

1.5 Contraction driven flows provide additional pattern formation

mechanisms

1.5.1 Contractile flows alone could drive pattern formation

Besides diffusion, contractile driven flows could also mediate spatial coupling during pattern
formation. Myosin contraction is the major source of mechanical stress. Flows in the actomyosin
network occur when mechanical stress is not balanced (Bray and White 1988). Pattern formation

could involve flows alone or coupled to diffusion.
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Contractions alone are sufficient to generate a single, stable peak of high myosin concentration
in one dimension (Bois et al. 2011). The minimal model with contractile flows involves a single
contractile agent, myosin, with simple exchange kinetics. This model introduced the idea of
modeling the actomyosin network as a viscous contractile gel (active fluid) with a thin-film
geometry. This system drives pattern formation through a positive feedback that amplifies
stochastic fluctuations. The amplification process involves regions with higher levels of myosin
driving flows that transport myosin from regions with lower levels of myosin towards regions
with higher levels of myosin. This convergent flow provides both the short range activation and

long range inhibition that underlies the formation of Turing patterns.

This minimal model is hypothesized to underlie two biological patterns. The first pattern is
regularly spaced supracellular actin rings in the Drosophila tracheal tubule (Hannezo et al.
2015). The authors first confirmed that contractility is required for pattern formation. Both
the model and experiments show that the spacing of the supracellular rings is determined by

physical properties of the actomyosin network, such as contractility and turnover.

The second pattern is the trajectory of the cytokinetic ring in post-mitotic Ciona notochord cells
(Sehring et al. 2015). Normally, the ring assembles at the anterior and migrates to the center.
The initial anterior localization is due to polarized actin assembly factors. The migration is
driven by myosin contractility that transports the assembled actomyosin network to the cell
center. This behavior is reproduced using a model based on the Bois2011 model with asymmetric

boundary conditions.

Two mechanisms have been proposed to generate pulsatile patterns. One involves stress
dependent breakdown of the actomyosin network (Moore et al. 2014). The other involves the
combination of active stress up-regulator(myosin) and down-regulator that diffuses or exchanges
slower (Kumar et al. 2014). Both stress dependent breakdown and slow down-regulator serve as

the inhibitor to generate locally alternating convergent and divergent flows.

1.5.2  Mechanochemical coupling

Modeling the coupling between reaction diffusion processes and contractile flows is a relatively

new field of research. Staddon et al. showed that coupling an excitable circuit with contractile
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flows expanded the variety of spatiotemporal patterns compared to excitable reaction diffusion
systems alone (Staddon et al. 2021). Since both processes can generate patterns independently, it
is not surprising that coupling them together generates more complex spatiotemporal dynamics.
If neither model drives pattern formation independently, could the coupled model drive pattern
formation? The answer is yes when using a two component mutual inhibition model for
the reaction kinetics (Copos and Mogilner 2020). Here, local linear coupling relaxed the
nonlinear reaction kinetics requirement for pattern formation. Since nonlinearity often involves
feedback mechanisms, mechanochemical coupling could provide additional feedback for pattern

formation.

1.6 About this project

In my thesis work, I focused on the dynamics of pulsatile RhoA activation in the one-cell
C.elegans embryo (or zygote). Here, pulsed contractions occur during polarity establishment
(Munro et al. 2004). Previous studies considered two models to explain pulsatile actomyosin
dynamics: contractile flow driven pattern formation (Bois et al. 2011) and activator inhibitor
reaction model. The first model is rejected based on two key observations (Nishikawa et al.
2017; Michaux et al. 2018). Pulsatile RhoA activation precedes actomyosin pulses. Contractions

are not required to generate pulsatile activation of RhoA.

Michaux et al. identified the excitable reaction model underlying pulsatile activation of RhoA.
In the model, active RhoA is the activator and F-actin is the inhibitor (Michaux et al. 2018).
The positive feedback involves active RhoA itself, while the negative feedback is mediated by
F-actin-dependent recruitment of the RhoA GTPase-activating proteins RGA-3/4 (Michaux
et al. 2018). This circuit generates focal pulses of RhoA activation in the C.elegans zygote
(Michaux et al. 2018) (Figure 1.3 B) but generates traveling waves of RhoA activation in frog
and starfish cells (Bement et al. 2015; Michaud, Leda, et al. 2022) (Figure 1.3 A), which is the
predicted pattern for activator inhibitor systems with faster diffusing activator. This pattern
variation could come from different actomyosin dynamics because the spatiotemporal patterns
of RhoA inhibition is determined by F-actin levels. However, it is challenging to determine the
origins of pattern variation across different cell types. I use the one-cell C.elegans embryo as a

model system to ask: is it possible to reproduce the pattern variants observed across different
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cell types in a single cell by modulating actomyosin dynamics downstream of RhoA?

Here I combine microscopy with quantitative image analysis to characterize the spatiotemporal
dynamics of pulsatile RhoA activation in one-cell C.elegans embryos. I find that perturbing two
RhoA effectors—formin and anillin—induce transitions from nonrecurrent focal pulses to either
large noisy oscillatory pulses (formin depletion) or noisy oscillatory waves (anillin depletion). In
both cases, the resulting RhoA activation patterns can be explained by the patterns of F-actin
depletion. However, their underlying F-actin depletion mechanisms have different dependencies
on myosin II activity. These results provide new insight into how the modulation of actomyosin
network assembly and contractility could shape pulsatile RhoA dynamics to achieve different

physiological or morphogenetic outcomes.

Bement et al.,, 2015 Michaux et al., 2018

Frog egg, surface
Ect2 OE / Rho + F-actin

© GFP:AHPH

time (s)

Figure 1.3. The same underlying circuit can generate both traveling waves and focal pulses. (A)
Traveling waves of RhoA activation in frog egg. Green indcates active RhoA, reported by AHPH. Red indicates
F-actin. (B) Focal pulses of RhoA activation in C.elegans. Active RhoA level is reported by AHPH. Yellow line
indicates the stripe for kymograph construction.
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CHAPTER 2

MODULATING RHOA EFFECTORS INDUCES TRANSITIONS
TO OSCILLATORY AND MORE WAVELIKE RHOA DYNAMICS
IN CAENORHABDITIS ELEGANS ZYGOTES

Status of the work: Published in MBOC https://www.molbiolcell.org/doi/abs/10.

1091 /mbc.E21-11-0542

Statement of contribution: I carried out all of the experiments, data analysis, and simulations

in this project, except that Seth Donoughe give advice on data analysis and presentation.

2.1 Introduction

Pulsatile dynamics underlie the physiological control of many different cellular behaviors including
gene expression (Levine, Lin, et al. 2013) hormone secretion (Brabant et al. 1992), neural and
cardiac activity (DiFrancesco 1993; Clay 2005), cell migration (Arai et al. 2010; Huang et al.
2013), and tissue morphogenesis (Gorfinkiel et al. 2009; Solon et al. 2009; Rauzi et al. 2010;
Maitre et al. 2015; Sutherland and Lesko 2020). The circuits that produce pulsatile dynamics
are composed of different molecules, but they share a common architecture in which fast positive
feedback drives an initial upswing in activity, and delayed negative feedback returns activity
back toward basal levels (Meron 1992). The pulses observed in different functional contexts vary
widely in amplitude, duration, frequency, temporal regularity, and whether /how they propagate
through space. How pulsatile dynamics arise in specific circuits and how they can be tuned to

achieve different physiological outcomes remain poorly understood.

Here we focus on pulsatile dynamics of the small GTPase RhoA, which underlie intracellular
remodeling, cell movement, shape change and division, epithelial tissue repair, and multicellular
tissue morphogenesis (Ridley 2015; Blanchard et al. 2018; Sutherland and Lesko 2020; Michaud,
Swider, et al. 2021). Like other Rho family GTPases, RhoA binds to and diffuses within cellular
membranes, where it transitions between inactive (GDP-bound) and active (GTPbound) states.

RhoA activation is governed by guanine nucleotide exchange factors (GEFs), while inactivation
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is governed by GTPase activating proteins (GAPs). The active form of RhoA binds to various
downstream effectors, including formins, Rho kinase (ROK), and anillins, to control the assembly

and contraction of cortical actomyosin networks.

Recent work has begun to identify the molecular mechanisms that govern positive and negative
feedback on RhoA activity to produce pulsatile dynamics in different cell types. RhoA-dependent
accumulation or activation of RhoA GEFs is thought to provide the positive feedback that drives
a rapid upswing in RhoA activity in activated frog and echinoderm eggs and embryos (Bement
et al. 2015), in U20S cells (Graessl et al. 2017), and in early Caenorhabditis elegans embryos
(Nishikawa et al. 2017; Michaux et al. 2018). Stabilization of RhoA activity by its effector anillin
(Budnar et al. 2019), or concentration of active RhoA by myosin-dependent contractions (Munjal
et al. 2015), may also provide positive feedback in some cells. F-actin-dependent inhibition
of RhoA provides delayed negative feedback that helps to terminate pulses of RhoA activity
in frog and echinoderm embryos (Bement et al. 2015), in early C. elegans embryos (Michaux
et al. 2018), and on secretory vesicles (Segal et al. 2018). In C. elegans embryos and secretory
vesicles, this inhibition is mediated by F—actin-dependent recruitment of specific RhoA GAPs,
while in frog and echinoderm embryos, the molecules that mediate inhibition remain unknown.
Overall, these studies suggest a potentially important role for actomyosin networks in shaping
pulsatile RhoA dynamics. The spatiotemporal patterns of pulsatile RhoA activity observed
in different cells or tissues vary in terms of how pulses recur in time and whether/how they
propagate through space. However, they can be classified into two main types: focal pulses,
with variable frequency and regularity of recurrence and limited propagation, and oscillatory
waves, which recur at regular intervals and propagate over longer distances. Focal pulses have
been observed in cultured cells (Baird et al. 2017; Graessl et al. 2017), in early C. elegans
embryos (Roh-Johnson et al. 2012; Nishikawa et al. 2017; Michaux et al. 2018, Drosophila
embryos and egg chambers (Gorfinkiel et al. 2009; Rauzi et al. 2010; Azevedo et al. 2011), and
at cell contacts in epithelial tissues (Reyes et al. 2014; Stephenson et al. 2019). Oscillatory
waves have been observed in the eggs and early embryos of frogs and echinoderms (Bement et al.
2015; Bhattacharya et al. 2020), in mouse embryos during compaction (Maitre et al. 2015), and
in tissue culture cells subjected to experimental perturbations (Murthy and Wadsworth 2008;

Xiong et al. 2016; Michaud, Swider, et al. 2021). With one exception (Graessl et al. 2017), focal
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pulses and oscillatory waves have not been observed in the same cells. Interestingly, artificial
cortices prepared using extracts of frog egg cytoplasm can produce both locally oscillatory
patches and single traveling waves of RhoA activity, suggesting the potential for a broader
range of tunable variation in this system (Landino et al. 2021). In general, the mechanistic
basis for observed variations in pulsatile RhoA dynamics remains unknown. Reaction diffusion
models provide a useful framework for understanding how such variation could arise in simple
activator/inhibitor systems (Allard and Mogilner 2013). Depending on the relative strengths
and timing of positive and negative feedback, the same circuit can exhibit excitable dynamics,
in which a local perturbation, whose amplitude exceeds some threshold, is required to drive the
system away from a stable rest state to induce a single pulse of activity, followed by a return
to the rest state, or oscillatory dynamics, in which pulses recur with a fixed frequency in the
absence of external perturbations (Strogatz 2019). Similarly, the same circuit can generate focal
pulses (also known as standing pulses) when the inhibitor diffuses faster than the activator
(Hecht et al. 2010), or traveling pulses, when the activator diffuses faster than the inhibitor
(Koga and Kuramoto 1980; Ermentrout et al. 1984; Klaasen and Troy 1984; Dockery and Keener
1989). Thus in principle, the range of variation in RhoA pulse dynamics observed in different
contexts could be explained by differences in the relative strength/timing of activation and

inhibition and/or the relative mobilities of activators and inhibitors.

However, efforts to use such simple models to explain pulsatile RhoA dynamics observed in
vivo highlight a basic puzzle: echinoderm, frog, and nematode cells appear to use the same
basic circuit architecture combining fast autoactivation of RhoA with delayed negative feedback
via local F-actin assembly (Figure 2.1 A). Simple reaction diffusion models, treating RhoA
as a fast-diffusing activator and F-actin (and associated GAPs) as a slow-diffusing inhibitor,
recapitulate the oscillatory waves of RhoA activity observed in frog and echinoderm cells (Bement
et al. 2015) but not the focal pulses observed in nematodes. Thus the focal pulses observed in
nematodes must involve additional forms of feedback and/or through different mechanisms of
coupling RhoA activity to the dynamics of actomyosin assembly and contractility. However,
incomplete knowledge of circuit components, difficulties in measuring the strength and timing of
positive and negative feedback, and differences in actomyosin network architecture and assembly

dynamics make it challenging to determine the origins of pattern variation by comparisons
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across different cell types. Here we take an alternative approach, using the one-cell C. elegans
embryo as a model system to ask: is it possible to reproduce the pattern variants observed across
different cell types in a single cell by modulating actomyosin dynamics downstream of RhoA? We
perturbed proteins that regulate actomyosin architecture, assembly dynamics, and contractility;
developed new computational tools to quantify the local recurrence and spread of RhoA activity;
and looked for perturbations that induce shifts from excitable to oscillatory dynamics and from
focal to traveling pulses. We identified perturbations to two different RhoA effectors-formin and
anillin-that induce an apparent shift from excitable to oscillatory dynamics. Both conditions
also induce increased spread of RhoA activity but with qualitatively different spatial patterns:
formin depletion produces larger, but still spatially delimited, focal pulses, Anillin depletion
produces a noisy version of the oscillatory waves observed in other systems, in which pulses
spread locally and continuously, frequently merging and splitting, to explore large regions of the
cell cortex. For both perturbations, the increase in local recurrence and the spread of pulsatile
RhoA activity are accompanied by a decrease in overall F-actin levels and enhanced local F-actin
depletion that is tightly synchronized with local pulse initiation. However, the transition to
large recurrent focal pulses produced by inhibiting formin requires actomyosin contractility and
is associated with local contractile instabilities, while the transition to noisy oscillatory waves
produced by anillin depletion is independent of contractility. These results provide new insight
into how the modulation of actomyosin network assembly and contractility could shape pulsatile

RhoA dynamics to achieve different physiological or morphogenetic outcomes.

2.2 Results

2.2.1 Modulating actomyosin dynamics can induce shifts in both spatial and

temporal pulse dynamics

During polarization of C. elegans zygotes, focal pulses of RhoA activity and actomyosin
contractility are superimposed on long-range cortical flows, which are induced by a posterior
centrosomal cue (Cowan and Hyman 2004; Munro et al. 2004; Mayer et al. 2010). These
flows progressively segregate actomyosin, polarity factors, and RhoA activity toward the future

anterior pole (Munro et al. 2004; Motegi and Sugimoto 2006; Dickinson et al. 2017; Rodriguez
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et al. 2017); thus they introduce an additional level of spatial and temporal variation in RhoA
pulse dynamics. To focus on local changes in pulse dynamics without the confounding effects
of longrange flows (Nishikawa et al. 2017), we perturbed actomyosin dynamics in embryos
depleted of the centrosomal scaffold protein SPD-5 (Hamill et al. 2002), which lack functional

centrosomes.

A B Protein name Gene name Functional role
RhoA-GDP Profilin PFN-1 F-actin assembly
( Cofilin UNC-60A F-actin disassembly
RhoA-GTP Myosin heavy chain NMY-2 myosin activity
Myosin phosphatase | MEL-11 myosin inactivation
fpozglvek Plastin PLST-1 actin crosslinking
eedbacl
. negative
F-actin feedback
C Profilin

Control pfn-1(RNAI)

GFP::ROK

60s

Kymograph

120s

Figure 2.1. Modulating actomyosin dynamics generates qualitatively distinct patterns of RhoA
activation. (A) Schematic representation of the molecular circuit for RhoA pulse dynamics. (B) Regulators
of actomyosin dynamics that were perturbed in this study. (C) Single frames (top) and kymographs (bottom)
showing patterns of ROK distribution in control, cyk-1(RNAi), and ani-1(RNAi) embryos. Fluorescence intensity
is scaled differently across phenotypes to highlight variations in ROK distribution. Black arrowheads indicate the
vertical position where the kymograph is generated. Blue arrowheads indicate recurrence of ROK accumulation
at regular intervals. Orange lines and arrows indicate diagonally oriented streaks. Scale bar is 10 pm.

We began by looking for perturbations to cortical actin assembly, disassembly, architecture, and
contractility that induce changes in the frequency and regularity of local excitation or in the
spatial spread of excitation (Figure 2.1B). We used endogenously tagged ROK (GFP::LET-502,
hereafter GFP::ROK) as a reporter for RhoA activity (Piekny, Johnson, et al. 2003; Maddox,
Lewellyn, et al. 2007; Bell et al. 2020). We reduced F-actin assembly by depleting formin/CYK-1
or its cofactor profilin/PFN-1 (Neidt, Skau, et al. 2008; Neidt, Scott, et al. 2009), and we
reduced F-actin disassembly by depleting cofilin/UNC-60A (Ono et al. 2003). We used a
temperature-sensitive mutation in the nonmuscle myosin IT heavy chain NMY-2 [nmy-2(ts);
(Liu et al. 2010)] to sample reduced contractility and we enhanced contractility by depleting
the myosin phosphatase/MEL-11 (Piekny, Johnson, et al. 2003). We used embryos mutant for

the cross-linker plastin/PLST-1 [plst-1(tm2455)] to sample reduced network connectivity (Ding
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et al. 2017). We also depleted the scaffolding protein anillin/ANI-1 (Maddox, Habermann, et al.
2005; Maddox, Lewellyn, et al. 2007; Piekny and Glotzer 2008; Tse et al. 2011, which cross-links
actin filaments and is also reported to affect actin turnover (Tian et al. 2015), myosin dynamics

(Pacquelet et al. 2015), and RhoA activity (Budnar et al. 2019).

We used time-lapse analysis and kymography to assess qualitative changes in pulsatile RhoA
dynamics in response to these different perturbations (Figure 2.1C; Supplemental Figure S1,
A and B; Supplemental Movies S1-S3; see Methods). We observed three general classes of
spatiotemporal patterns. First, in control embryos, GFP::ROK appeared as small transient
focal pulses with no obvious pattern of recurrence (Figure 2.1C), as previously observed with
a different RhoA biosensor (Michaux et al. 2018). The general pattern of nonrecurrent focal
pulses was also observed in embryos with reduced or enhanced contractility [nmy-2(ts) and mel-
11(RNA;i), respectively], or in embryos with reduced cross-linking by PLST-1 [plst-1(tm2455)]
(Supplemental Figure S1A; Supplemental Movie S2). Second, cofilin depletion induced a higher
density of focal pulses, and these recurred with higher frequency, producing long vertical
streaks of GFP::ROK with fluctuating intensities in kymographs (Supplemental Figure S1B;
Supplemental Movie S3). Finally, three perturbations [ani-1(RNAi), cyk-1(RNAi) and weak
pfn1(RNAi)] induced shifts toward higher frequency, more regular recurrence, and larger domains
of RhoA activity, consistent with a shift toward oscillatory dynamics and increased spread
of RhoA activity (Figure 2.1C). In ani-1(RNAi) embryos, pulses of GFP::ROK accumulation
often appeared to propagate locally at approximately constant speeds; this could be readily
seen in time-lapse movies (Supplemental Movie S1) and as diagonal streaks of GFP::ROK in
kymographs (orange arrows in Figure 2.1C). In cykl(RNAi) or pfn-1(RNAi) embryos, pulsed
accumulations of GFP::ROK are synchronized across larger regions producing wide, nearly
horizontal streaks in kymographs (orange arrows in Figure 2.1C). In summary, multiple ways of
perturbing actomyosin dynamics lead to increased frequency and regularity and greater spread
of RhoA excitation, consistent with a shift toward oscillatory and wavelike RhoA dynamics. We
therefore focused on analyzing the differences in spatiotemporal dynamics produced by these

perturbations.
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2.2.2 A computational pipeline to identify regions undergoing RhoA excitation

To quantify and compare spatiotemporal patterns of RhoA activity across different perturbations,
we developed computational methods to automate the detection of regions undergoing the
initiation of RhoA pulses, which we will refer to here as RhoA excitation (see Methods for
details). We based our approach on a simple observation: for each perturbation in manually
chosen pulsing regions, after smoothing the raw data (Figure 2.2A: [1] and [2]), we could detect
the sharp rising phase of RhoA excitation at individual pixels (Figure 2.2B). To automate
detection of the rising phase, we computed the temporal derivative of the smoothed data divided
by its standard deviation to normalize (Figure 2.2A: [3]) and then applied a threshold to
produce binary masks representing all pixels currently undergoing excitation (Figure 2C). From
these binary masks, we identified excitation regions as contiguous groups of pixels undergoing
excitation (i.e., with temporal derivatives above threshold) (Figure 2.2A: [4]) and new excitation

regions as groups of pixels crossing the excitation threshold for the first time (Figure 2.2A: [5]).

To account for genotype-specific variations in the amplitude of the temporal derivative of
GFP::ROK, we set the excitation threshold for each genotype as follows: we computed the
average amplitude of the temporal derivative across many manually labeled pulsing regions.
Then we multiplied by a single scale factor S = 0.4, shared across all perturbations, to obtain a
perturbation-specific threshold value (Figure 2.2D). Overlaying new excitation regions on the
raw GFP::ROK signal shows that, for a single choice of scale factor, our algorithm accurately
captures pulses for three different perturbations (Figure 2.2E). These and the results of our
subsequent analysis of spatiotemporal excitation dynamics were largely insensitive to variation

in the magnitude of the scale factor up or down by 10/

2.2.8 Depleting formin/CYK-1 or anillin/ANI-1 induces a shift from locally

excitable to noisy oscillatory dynamaics

To characterize changes in temporal dynamics induced by formin and anillin depletion, we
analyzed the recurrence of excitation at individual pixels. Comparing embryowide frequency

maps (Figure 2.3A) and kymographs of new excitation events (Figure 2.3B) revealed an increase
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A Procedure for identifying regions of new RhoA excitation
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Figure 2.2. A pipeline for automated detection of RhoA excitation. (A) Time evolution of a single
pulse illustrating image processing steps that convert the raw GFP::ROK signal into binary masks representing
RhoA excitation. Top row: raw GFP::ROK intensity. Second row: smoothed signal obtained by averaging raw
signal in space and time (see Methods). Third row: normalized temporal derivative calculated by subtracting the
smoothed signal at t —2.4 s from the smoothed signal at t + 2.4 s and then dividing by its standard deviation.
Fourth row: binary excitation mask obtained by thresholding the normalized temporal derivative (see panel
C). Bottom row: binary subtraction of excitation in previous frame from current frame yields new excitation.
The time delay between frames is 1.2 s. The selected region is 7 um square. (B) Time evolution of the raw and
smoothed intensities for the center pixel of the region in A. The gray line indicates the raw GFP::ROK signal;
the black line indicates the smoothed signal. (C) Time evolution of normalized temporal derivative values for the
center pixel in A. The black line indicates the normalized temporal derivative; the dotted black line indicates the
threshold used in A; the orange arrowhead indicates the new excitation time point. (D) Time evolution of the
normalized temporal derivative value of ROK over time. The thin colored lines show the normalized temporal
derivative for pixels within many manually labeled regions in embryos subjected to the indicated perturbation.
The thick black line is their average. The dotted black line is the selected threshold for all embryos subjected
to the indicated perturbation. (E) Kymographs showing new excitation in orange superimposed on the raw
GFP::ROK intensities for the indicated perturbations. Scale bar is 10 pym.
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in both the frequency and the regularity of new excitation in cyk-1(RNAi) and ani-1(RNAi)
embryos compared with controls. To quantify these differences, we plotted distributions of new
excitation frequency and wait times between new excitations for control, cyk-1(RNAi), and
ani-1(RNAi) embryos (Figure 2.3, C and D). In control embryos, the distribution of frequencies
was highly skewed, with a peak near 0, and the distribution of wait times was approximately
uniform with a refractory period near 0 (Figure 2.3, C and D; Supplemental Figure S2B). By
contrast, in cyk-1(RNAi) or ani-1(RNAi) embryos, the distribution of frequencies was nearly
symmetric with peaks near 0.04/s, while the distribution of wait times was unimodal with strong
peaks near 23 s (Figure 2.3, C and D; Supplemental Figure S2B). For all three phenotypes,
there was a slight peak in the wait time distribution at around 10 s which likely reflects small
cortical displacements that we do not account for in this analysis. We also measured the
average temporal autocorrelation function (tACF) of smoothed GFP::ROK intensities (see
Methods) in control, cyk-1(RNAi), and ani-1(RNAi) embryos. In control embryos, the tACF
was monotonically decreasing, while in cyk1(RNAi) and ani-1(RNAi) embryos, the tACF had a
small secondary peak at around 23 s (Supplemental Figure S3), confirming that pulses of RhoA

excitation become more regular on depletion of formin or anillin.

To help interpret these differences, we compared the experimental distributions with those
produced by simulations of the Fitzhugh-Nagumo (FHN) model (Nagumo et al. 1962), a generic
model of an excitable system subjected to stochastic input (Supplemental Figure S4A; see
Methods for details). We held the amplitude and frequency of the stochastic input fixed and
gradually reduced the value of a single parameter (a) so that the deterministic behavior of the
FHN model transitions from excitable to oscillatory (Supplemental Figure S4B). When « was
tuned to yield excitable dynamics with a large threshold relative to the amplitude of the stochastic
input, the FN model predicted frequency and wait time distributions that were qualitatively
similar to those observed in controls (Supplemental Figure S4, C and D; o« = 0.95). As «
increased, the excitation threshold decreased; the frequency distribution shifted right and became
more symmetric, and a peak appeared in the wait time distribution (Supplemental Figure S4, C
and D; a = 0.9). As a approached the bifurcation point at which the deterministic dynamics
switched from excitable to oscillatory, the peak in the frequency distribution approached the

frequency of the oscillation and the wait time distribution tightened around its natural period.
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Figure 2.3. Depletion of CYK-1 or ANI-1 induces a shift from locally excitable to noisy oscillatory
RhoA dynamics. (A) Colormaps showing the total number of excitations in 120 s for each pixel in representative
control, cyk-1(RNAi) and ani-1(RNAi) embryos. The number of excitations is color coded using the colorbar on
the left. (B) Kymograph showing new excitation events (black) over time for the center row of pixels in A. (C)
Distributions of excitation frequencies for all pixels in embryos with the indicated perturbations. Frequency is
the total number of excitations divided by 120 s. The dotted line is the best Poisson fit. (D) Distributions of
wait times between new excitations for all new excitation events in embryos with the indicated perturbations.
On the right is the fraction of pixels at which new excitation did not recur within 60 s. The numbers of embryos
used for the analysis in C and D are control/spd-5(RNAi) (n = 6). spd-5(RNAi); cyk-1(RNAi) (n = 8) and
spd-5(RNAi); ani-1(RNAi) (n = 5). The total numbers of excitation events examined are control/spd-5(RNA1)
(n = 615914), spd-5(RNAI); cyk-1(RNAi) (n = 561054), and for all cyk-1(RNAi) embryos and spd-5(RNAi);
ani-1(RNAi) (n = 349737). Scale bar is 10 pm.
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As « passed through this bifurcation point, qualitative features of the distributions of frequency
and wait time were preserved (Supplemental Figure S4, C and D; o = 0.85, 0.65). Thus in the
presence of fixed stochastic input, when the system is close to a transition from excitable to
oscillatory dynamics, it is not possible to infer from the observed dynamics alone whether the
underlying deterministic system is excitable or oscillatory. We will use the term noisy oscillations
to describe this type of observed dynamics. Comparing predictions of the FHN model with
stochastic forcing with the frequency and wait time distributions measured in cyk-1(RNAi) and
ani-1(RNAi) embryos suggests that depleting either cyk-1/CYK-1 or anillin/ANI-1 induces a

transition from excitable RhoA dynamics to noisy oscillatory dynamics.

2.2.4 Depleting formin and anillin induces different spatiotemporal patterns of

excitation

To visualize and compare the spread of RhoA excitation across different perturbations, we
assigned grayscale values to excitation pixels based on the time since last excitation. The
resulting movies (Supplemental Movie S4) show that local spread of new excitation occurs
across all perturbations. but the patterns of spread are markedly different in cyk-1(RNAi) or
ani-1(RNAi) embryos than in controls. In control embryos, excitations tend to initiate and
spread locally before terminating. In forminand anillin-depleted embryos, regions of locally
spreading excitation cover a larger fraction of the cortex and frequently merge with one another
or split to form more complicated spatial patterns of excitation. To quantify these differences,
we first measured the speeds at which the boundaries of excitation regions (excitation fronts)
advance locally between successive frames (Figure 2.4A; see Methods for details). If the dominant
mode of propagation were coherent excitation wavefronts as observed in other cells (Bement
et al. 2015; Maitre et al. 2015; Bhattacharya et al. 2020), the distribution of speeds would have
a single dominant peak centered on a nonzero value. Instead, the distributions that we observe
in C. elegans zygotes are monotonically decreasing with a peak near zero velocity and long
tails (Figure 2.4B). However, the distributions of speeds were remarkably similar in control,
ani-1(RNAi), and cyk-1(RNAi) embryos, suggesting that differences in the speeds at which
excitation spreads locally are not responsible for larger differences in spatiotemporal patterns of

excitation.
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Figure 2.4. Depletion of CYK-1 and ANI-1 induce distinct spatiotemporal patterns of RhoA
excitation. (A) Schematic showing the method for quantifying local spread of excitation. Black and gray lines
are the boundaries of excitation regions at times t and t—1.2 s, respectively. Red dots are equally spaced points
along the part of the excitation front at time t that advanced by time t—1.2. Red arrows show displacement
normal to the local excitation front at time t. (B) Distribution of local speeds in embryos of the indicated
perturbation. Magnified view at the right shows the tail of the distributions for speeds 0.25 pum/s shown as
black dotted line at the left. (C) Schematic illustration of linking excitation regions across successive frames.
Closed lines show the contours of excitation regions. Line colors indicate successive time points. Left shows
examples of splitting and continuation between time points 1 and 2. Right shows examples of continuation and
merger between time points 2 and 3. (D) Schematic illustration of linked excitation regions corresponding to
the linkage sequences in C. (E) Curves showing the growth of cumulative area vs. time for all linked excitation
region in representative embryos for the indicated perturbation. Each colored line indicates the growth of a
single linked excitation regions over time. (F) Areas explored by the six largest excitation regions for each
representative embryo. Colors correspond to the lines in E. The “representative” embryos in E and F were
chosen to best highlight qualitative differences across perturbations. (G) Box plots showing the distribution of
cumulative areas of the largest linked excitation regions in embryos with the indicated perturbations. (H) Box
plots showing the duration of the largest linked excitation regions in embryos with the indicated perturbations.
The numbers of embryos used for the analysis in G and H are control/spd-5(RNAi) (n = 6). spd-5(RNAi);
cyk-1(RNAi) (n = 8) and spd-5(RNAi); ani-1(RNAi) (n = 5). The numbers of vectors at advancing fronts in B
are control/spd-5(RNAi) (n = 45496), spd-5(RNAi); cyk-1(RNAi) (n = 82638), and for all cyk-1(RNAi) embryos
and spd-5(RNAi); ani-1(RNAi) (n = 47574).



To characterize differences in spatiotemporal patterns of excitation, we linked excitation regions
that overlap in successive frames (Figure 2.4D; see Methods for details). We applied this
linkage recursively over the entire observation window to identify a set of “linked excitation
regions” connecting excitation regions that spread locally, merge with one another or split over
time (Figure 2.4, C and D). Visualizing and quantifying the cumulative growth, duration, and
distribution of linked excitation regions in representative control, cyk-1(RNAi), and ani-1(RNAi)
embryos revealed different patterns of spreading excitation (Supplemental Movie S5; Figure
2.4, E and F). In control embryos, linked excitation regions have small cumulative areas and
durations (Figure 2.4, E and F), reflecting the tendency for excitations to initiate locally, expand
rapidly and then terminate quickly without merging or splitting (Supplemental Movie S5).
We also observe linked excitation regions with small areas and short durations in forminand
anillin-depleted embryos, but in these embryos, the frequent merging and splitting of excitation
regions also generate a few linked excitation regions that persist longer and cover much of the
embryo surface. We confirmed these basic differences by plotting the durations and cumulative
areas of the largest linked excitation regions for multiple embryos with each perturbation (Figure
2.4, G and H; Supplemental Figure S2C). Closer inspection suggested that differences in the
spatial synchronization of excitation produces different spatiotemporal patterns of excitation
in forminand anillindepleted embryos (Figure 2.4, G and H; Supplemental Movie S5). In
formin-depleted embryos, the larger linked excitation groups represent multiple excitation
regions that initiate synchronously and then rapidly expand and merge into larger regions
before terminating (Supplemental Movie S5). Multiple rounds of synchronous excitation recur
at intervals comparable to the mean wait time for excitation (Figure 2.4E) and in overlapping
regions of the embryo (Figure 2.4F). In anillin-depleted embryos, new excitation regions initiate
throughout the cortex without apparent synchrony. They often form adjacent to existing or
recent excitation regions and frequently merge with one another or split, giving the overall
impression of noisy waves that expand locally and persistently in different directions, colliding
with one another to create larger linked excitation regions that span most of the embryo
(Figure 2.4, E and F; Supplemental Movie S5). In summary, depleting either formin/ CYK-1 or
anillin/ANI-1 has only minor effects on the distribution of speeds at which excitation spreads

locally but large effects on spatiotemporal patterns of RhoA excitation. In control embryos,
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many excitations initiate and spread locally and terminate rapidly. In formin-depleted embryos,
recurrent episodes of excitation are synchronized over larger regions of the cortex. In anillin-
depleted embryos, excitations initiate asynchronously, spread locally, and frequently merge and

split to explore larger regions of the cell cortex.

2.2.5 Lower levels and enhanced depletion of F-actin underlie the shift in
spatiotemporal patterns of RhoA excitation in formin- and

anillin-depleted embryos

Our data suggest that depleting either formin or anillin induces a transition from locally excitable
to noisy oscillatory dynamics. In simple activator/inhibitor models, such transitions can be
induced by reducing overall inhibitor levels and/or by enhancing the depletion of inhibitor
after individual pulses. Consistent with the first possibility, we observed an overall reduction
in F-actin levels in both anillinand formin-depleted embryos relative to controls [Figure 2.5A,
control: 440 + 29; ani-1(RNAi): 403 £+ 23; cyk-1(RNAi): 350 £ 6 (mean £ SD in arbitrary

units of intensity)].

To assess whether enhanced depletion of F-actin after pulses accompanies the transition to noisy
oscillatory dynamics in forminand anillin-depleted embryos, we imaged embryos coexpressing
ROK::GFP and Lifeact:mCherry as a marker for F-actin (Pohl et al. 2012). As above, we used
the GFP::ROK signal to identify pixels undergoing new excitation and then used kymographs
and movies to compare new excitation with F-actin levels (Supplemental Figure S5A) or their
temporal derivatives (Figure 2.5B; Supplemental Figure S2D; Supplemental Movie S6) in space
and time. In forminand anillin-depleted embryos, local depletion of F-actin occurs shortly
before the majority of RhoA excitations (and the majority of excitations follow shortly after
Factin depletion). In control embryos, the relationship between F-actin depletion and RhoA
excitation was more variable; some excitations follow F-actin depletion; others do not (Figure
2.5B; Supplemental Figure S5A; Supplemental Movie S6). To quantify the strength of temporal
correlations between F-actin depletion and RhoA excitation under different perturbations, we
measured the average Lifeact::mCherry intensity (Supplemental Figures S5C and S2D), and its

temporal derivative (Figure 2.5C) in excitation pixels at a range of temporal offsets relative to
37



A cyk-1(RNAI) ani-1(RNAi)
Lifeact::mCherry
Intensity
|
40 800
Kymograph
Normalized temporal ~ 60'S ] S
derivative (z-score) | .
[ — _ . ;
4 0 4 N .
120's
Position along A-P axis Position along A-P axis Position along A-P axis
C Control cyk-1(RNAI) ani-1(RNAI)
14 14 14
Normalized /
temporal g ______ O-/____f odoeeo fo o
derivative
(z-score) -1 14 14
T T T T T T T T T
Boundary at 5 0 5 5 0 5 5 0 5
current time point Time offset (s) Time offset (s) Time offset (s)
D Control cyk-1(RNAI) ani-1(RNAi)

o

Normalized 1—f " " B
temporal = ____ 0_;7# od - Z

derivative — —
(z-score) .1 14 14
slow T T T T T T T T T

Boundary at -5 0 5 -5 0 5 -5 0 5
current time point Time offset (s) Time offset (s) Time offset (s)

Figure 2.5. Reduced levels and more rapid depletion of F-actin accompanies the transition to
noisy oscillatory dynamics in formin- and anillin-depleted embryos. (A) Single spinning disk images of
embryos expressing mCherry::Lifeact. Images were acquired with identical settings and identically processed to
allow direct comparison of intensities across perturbations. (B) Kymographs showing the normalized temporal
derivative of mCherry::Lifeact intensity, calculated as shown in Figure 2A, for the vertically centered row of
pixels from the embryos in A, overlaid with new excitation pixels in black, which were calculated as in Figure 2A.
(C) Left: schematic showing new excitation region at time t in solid gray. Right: average normalized temporal
derivative of mCherry::Lifeact intensity measured over all new excitation pixels in embryos with the indicated
perturbations. (D) Left: schematic representation of pixels evenly spaced along the advancing boundary of
an excitation front, color coded with respect to the instantaneous speed of advance; orange indicates large
instantaneous speed (S >= 0.25um/s); blue indicates small instantaneous speed (S < 0.25um/s). Right: average
normalized temporal derivative of mCherry::Lifeact intensity measured over all new excitation pixels with fast
(orange) or slow (blue) instantaneous speeds in embryos with the indicated perturbations. (C, D) The 95 %
confidence intervals for average F-actin level are smaller than the thickness of the average line. the dotted black
line indicates a temporal derivative = zero; that is, no change in F-actin level. The numbers of embryos used for
the analysis in C and D are control/spd-5(RNA1) (n = 6). spd-5(RNAi); cyk-1(RNAi) (n = 8) and spd-5(RNAi);
ani-1(RNAi) (n = 5). The total numbers of excitation events examined are control/spd-5(RNAi) (n = 615914),
spd-5(RNAi); cyk-1(RNAi) (n = 561054), and for all cyk-1(RNAi) embryos and spd-5(RNAi); ani-1(RNAi) (n =
349737). Scale bar is 10 pum.
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new excitation. We found that on average, Lifeact::mCherry intensities decreased sharply just
before new excitation in cyk-1(RNAi) and ani-1(RNAi) embryos but not in control embryos
(Figure 2.5C; Supplemental Figure S5C, discussed further below). Thus overall reduction in
levels and enhanced local depletion of F-actin accompanies the shift to noisy oscillatory dynamics
in both forminand anillin-depleted embryos. To ask whether local spread of excitation correlates
with local depletion of F-actin in forminand anillin-depleted embryos, at each time point we
partitioned pixels along the advancing boundaries of excitation regions (“excitation fronts”)
into fast and slow groups based on the speed of local advance. For each pixel, we measured
Lifeact::mCherry intensity or its temporal derivative in regions just ahead of the excitation front
(see Figure 5D schematic: orange and blue regions) at different times relative to the current
time point (Figure 2.5D; Supplemental Figure S5D; see Methods). In forminand anillin-depleted
embryos, the average F-actin levels decreased in regions ahead of excitation fronts shortly before
the time of entry (Figure 2.5D; Supplemental Figures S5D and S2D; note that slow-moving
excitation fronts enter but do not spread through these regions). The average rate and extent of
decrease were lower ahead of slowly advancing excitation fronts than faster moving ones (Figure
2.5D; Supplemental Figures S5D and S2D). In control embryos, there was a slight decrease in
average F-actin levels in regions ahead of fast advancing excitation fronts but none ahead of
slowly advancing fronts. These observations suggest that local depletion of F-actin plays a role

in channeling the spread of RhoA excitation in forminand anillindepleted embryos.

2.2.6 Heterogeneous F-actin dynamics precede RhoA excitation in control

embryos

We have shown that, on average, local depletion of F-actin does not precede RhoA excitation
in control embryos. However, this does not rule out a role for F-actin inhibition in control
embryos because these average measurements hide significant heterogeneity in the local F-actin
dynamics preceding RhoA excitation (Figure 2.5B; Supplemental Figure S5B; Supplemental
Movie S6). To better understand the origins of this heterogeneity, we used nearTIRF microscopy
(see Methods) to image control embryos expressing GFP::ROK and Lifeact::mCherry (Figure
2.6; Supplemental Movie S7). In control embryos, as previously described (Munro et al. 2004),

the cortex contains a dynamic network of actin foci interconnected by bundles that surround
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“depletion regions” with relatively lower levels of F-actin. The foci are coenriched in F-actin and
GFP::ROK. They typically form as condensations of larger RhoA pulses, and they often persist
for tens of seconds and propagate slowly through regions with high levels of F-actin (Figure
2.6A; see also Michaux et al, 2018), suggesting that additional mechanisms may exist to sustain

and/or propagate RhoA activity in regions with high levels of F-actin.
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Figure 2.6. Heterogeneous dynamics of pulse initiation and spread in control embryos. Time series
of TIRF images from Supplemental Movie S7 showing examples of pulse initiation and spread in a control embryo
expressing GFP::ROK and mCherry::Lifeact. Time zero indicates initiation of pulses. (A) A GFP::ROK focus
forms from a larger pulse and then persists in a region with high levels of mCherry::Lifeact (orange arrowheads).
(B) Local cortical tearing and dilation (blue arrowheads) creates a region with reduced F-actin levels where a
new pulse initiates (orange arrowheads). (C) A new pulse initiates near an existing GFP::ROK focus (blue
arrowheads) and then spreads into a region with lower levels of mCherry::Lifeact (orange arrowheads). Scale bar
is 10 pm.

We observed that new RhoA pulses tend to form and spread within F-actin depletion regions.
But where excitation first initiates within these regions is more variable. Pulses can initiate
within the interiors of depletion regions where F-actin levels are relatively low, and this is
sometimes (j10% of pulses) preceded by spontaneous local tearing and dilation of the cortical
network (Figure 2.6B). However, pulses often initiate near the boundaries of depletion regions,
and near existing foci where F-actin levels are persistently high and/or increasing (Figure 2.6C).
These observations suggest that local depletion of F-actin helps to shape, but does not determine,

patterns of RhoA excitation in control embryos.
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2.2.7 Contractility is required for the shift from locally excitable to noisy

oscillatory dynamaics in embryos depleted of formin but not anillin

Both formin and anillin depletion induce a transition to noisy oscillatory dynamics but with
qualitatively distinct spatiotemporal patterns of RhoA excitation (Figures 2.1C and 2.4, E-G).
Since local reduction in Factin levels correlates with RhoA excitation in both cases (Figure 2.5,
C and D), we reasoned that these differences in spatiotemporal RhoA excitation patterns could
reflect differences in the mechanisms that drive local reduction in F-actin levels. Consistent with
this possibility, we observed different patterns of actomyosin contractility in forminand anillin-
depleted embryos (Figure 2.7; Supplemental Movie S8). In cyk-1(RNAi) embryos, cycles of local
actomyosin accumulation and disappearance are correlated with local contraction and dilation,
respectively (Figure 2.7B; blue arrows indicate accumulation/contraction; orange asterisks
indicate disappearance/dilation). Accumulation preceded contraction, while disappearance
preceded cortical tearing and dilation, which was followed by another round of accumulation.
These cycles were synchronized across large regions of the embryo (best seen in Supplemental
Movie S7), matching the rapid recurrent spread of RhoA activity (Figure 2.4E). We observed very
similar dynamics in profilin-depleted embryos (Supplemental Figure S6; Supplemental Movie
S9). Recurrent cycles of local tearing followed by GFP::ROK accumulation and contraction
were particularly apparent in embryos weakly depleted of profilin (Supplemental Figure S6;
Supplemental Movie S9, left). In more strongly depleted embryos, the dynamics became
increasingly chaotic (Supplemental Figure S6; Supplemental Movie S9, middle and right);
however, the correlation between local tearing and subsequent accumulation and contraction of
GFP::ROK persisted. By contrast, in ani-1(RNAi) embryos, F-actin and myosin IT undergo
cycles of accumulation and rapid disappearance with very little cortical movement (Figure

2.7).

These observations suggest that actomyosin contractility could play different roles in producing
the different spatiotemporal patterns of RhoA excitation in cyk-1(RNAi) and ani-1(RNAi)
embryos. To test this possibility, we compared the effects of depleting formin and anillin in
control [spd-5(RNAi)| embryos and in temperaturesensitive myosin mutant (nmy-2(ts) (Liu

et al. 2010) embryos produced at the restrictive temperature (25°C). Specifically, we compared
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Figure 2.7. Distinct patterns of local contractility underlie the transition to noisy oscillatory
dynamics in formin- and anillin-depleted embryos. (A) Single frames from the TIRF Supplemental
Movies shown in Supplemental Movie S8 of embryos with the indicated perturbations expressing GFP::UTR and
NMY-2::mKate2. Fluorescence intensities are scaled differently across perturbations to highlight actomyosin
structures. (B) Kymographs from the same Supplemental Movies shown in A. Black arrowheads indicate the
vertical position where each kymograph was generated. Paired cyan arrowheads overlaying the kymographs for
cyk-1(RNAi) indicate a sequence of local contractions, each accompanied by accumulation of NMY-2::mKate2
and preceded by local cortical tearing/dilation events (orange asterisks). Cyan arrowheads overlaying the
kymographs for ani-1(RNA3) indicate the recurrent accumulation of GFP::UTR and NMY- 2::mKate2 without
local contraction or dilation. Scale bar is 10 um.

42



the recurrence (excitation frequency and wait time distributions; Figure 2.8, A-F) and spatial
pattern (cumulative area and duration of the largest linked excitation regions; Figure 2.8, G
and H) of RhoA excitation. In nmy-2(ts) embryos observed at 25°C, the recurrence and spatial
pattern of RhoA excitation were similar to those observed in controls (Figure 2.8, A, D, G,
and H). Inhibiting myosin contractility in formin-depleted embryos [cyk-1(RNA1); nmy-2(ts);
25°C]| produced a sharp decrease in the recurrence of RhoA excitation (Figure 2.8, B and
E) and in the cumulative area and duration of linked excitation regions (Figure 2.8, G and
H), indicating a loss of the spatial synchrony of RhoA excitation observed in cyk-1(RNAi)
alone. The resulting dynamics were similar to those observed in nmy-2(ts) alone. In contrast,
inhibiting myosin contractility in anillindepleted embryos [ani-1(RNAi); nmy-2(ts)] produced
dynamics similar to those observed in ani-1(RNAi) alone (Figure 2.8, C, F-H), except for
a small increase in excitation frequency. Thus the shift toward spatially synchronized noisy
oscillatory dynamics produced by depleting formin requires myosin II activity, while the shift
toward noisy oscillations and the spatiotemporal patterns of spreading excitation produced by

depleting anillin do not.

2.3 Discussion

Pulsatile RhoA activity underlies the control of many different cell and tissue behaviors. Here we
asked whether variations in spatial and temporal patterns of pulsatile RhoA activity observed in
different contexts could be recapitulated in the C. elegans zygote by modulating actin network
assembly dynamics, architecture, and contractility. We identified perturbations that induce
variations along two axes: from locally excitable to noisy oscillatory temporal dynamics and from
focal (standing) pulses to traveling waves. In particular, we found that reducing actin assembly
rates by depleting formin/ CYK-1 or profilin/PFN-1 induces a transition to locally oscillatory
dynamics that are synchronized across larger cortical regions, while depleting anillin/ANI-1
induces spatiotemporal activity patterns that are reminiscent of, albeit more irregular than, the
oscillatory propagating waves observed in other cells. Our analysis suggests that these pattern
variants can be understood as a consequence of changes in local F-actin dynamics, leading to

different dynamics of RhoA inhibition.
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Figure 2.8. Contractility is required for the shift from locally excitable to noisy oscillatory
dynamics in embryos depleted of formin but not anillin. (A-C) Distributions of excitation frequencies for
all pixels in embryos with the indicated perturbations. Filled histograms show the data from Figure 3C. Overlaid
blue histograms show the data from nmy-2(ts) embryos alone (A, for comparison with spd-5(RNAi) controls)
or in combination with formin (B) or anillin (C) depletion. (D-F) Distributions of wait times between new
excitations for all new excitation events in embryos with the indicated perturbations. Filled histograms show the
data from Figure 3D. Overlaid blue histograms show the data from nmy-2(ts) embryos alone (D, for comparison
with spd-5(RNAi) controls) or in combination with formin (E) or anillin (F) depletion. (G) Box plots showing
the distribution of cumulative areas of the largest linked groups in embryos with the indicated perturbations. (H)
Box plots showing the duration of the largest linked groups in embryos with the indicated perturbations. The
number of embryos used for analysis in A-H are control/spd-5(RNAi) (6), spd-5(RNAi);cyk-1(RNAi) (n = 8).
spd-5(RNAi);ani- 1(RNAi) (n = 5), nmy-2(ts) (n = 7), nmy-2(ts); cyk-1(RNAi) (n = 5), nmy-2(ts); ani-1(RNAi)
(n=7).
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2.3.1 Reduced levels and faster depletion of F-actin induce a shift from

excitable to noisy oscillatory dynamaics

In simple activator/inhibitor systems, transitions from excitable to oscillatory dynamics can be
induced by decreasing the overall level of inhibition or by enhancing the release of inhibition
following a pulse. Consistent with these possibilities, we find that i) the overall density of
F-actin is reduced in forminand anillin-depleted embryos relative to controls and ii) on average,
local depletion of Factin precedes pulse initiation in forminand anillin-depleted embryos but
not in controls. Thus we propose that in control embryos, higher overall levels of F-actin set a
higher threshold for pulse initiation, making it hard to trigger pulses through local fluctuations
in RhoA activity or F-actin levels. In forminand anillin-depleted embryos, lower overall levels
of F-actin and faster and stronger depletion of F-actin after a pulse drive a shift to locally

oscillatory pulse dynamics.

2.3.2  Distinct mechanisms for local F-actin depletion distinguish different

spatiotemporal pulse dynamaics induced by formin and anillin depletion

In embryos depleted of formin or profilin, local dilation of the cortex precedes the initiation
and spread of RhoA activity; in cyk-1(RNAi) [and likely pfn-1(RNAi)] embryos, these dilations
do not occur in the absence of contractility. We propose that the noisy oscillations induced by
formin or weak profilin depletion are driven by coupling excitable RhoA dynamics with a local
cortical tearing instability. As RhoA, F-actin, and myosin II disappear locally following a pulse,
reduced contractility (and connectivity) relative to neighboring regions induces local dilation,
cortical tearing, and further depletion of Factin, and this in turn leads to rapid RhoA activation
and new pulse initiation. Accumulation of F-actin at the edges of dilated regions may ultimately
limit this spread to produce larger but still spatially restricted pulses of RhoA activity. Whether
RhoA activation is purely a response to local reduction in F-actin levels or involves a more
complicated mechanical response to network tearing, as observed in other contexts (Smith et al.

2010; Sun et al. 2020; Winkelman et al. 2020), remains to be determined.

The instabilities that we observe in forminand profilin-depleted embryos are reminiscent of

cortical tearing instabilities that underlie bleb formation and cell shape oscillations in other cells
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(Paluch et al. 2005; Charras and Paluch 2008). Interestingly, spontaneous local tearing occurs
with low frequency in both wild-type (Mayer et al. 2010) and SPD-5-depleted zygotes (Figure
6B; Supplemental Movies S7 and S8), suggesting that C. elegans zygotes are poised close to
such a tearing instability. Thus we propose that reducing rates of filament assembly by formin
or profilin depletion increases the tendency for local depletion of F-actin after a pulse to trigger

a local contractility instability and re-excitation of RhoA, leading to oscillatory dynamics.

A related behavior occurs in epithelial cells of gastrula stage frog embryos, where local breakage
of tight junctions along contractile cell-cell contacts leads to the production of local RhoA
pulses (called “flares” in this system), which in turn promote local assembly of actomyosin to
repair the break (Reyes et al. 2014; Stephenson et al. 2019). In this system, local depletion
of tight junction components, but not F-actin, precedes spontaneously occurring RhoA flares.
However, reducing F-actin assembly rates by treating embryos with Latrunculin can induce local
tearing instabilities that result in local depletion of both F-actin and tight junction components
and recurrent activation of RhoA flares (Reyes et al. 2014; Stephenson et al. 2019), similar to
what we describe here in C. elegans embryos depleted of formin or profilin. Together these
observations highlight a general route to oscillatory RhoA dynamics in contractile systems
by enhancing the tendency toward tearing instabilities in the presence of a Rho-based repair

mechanism.

By contrast, in anillin-depleted embryos, F-actin and myosin II disappear rapidly after each
pulse in the absence of significant cortical contractions or dilations. Our analysis suggests
that the rapid depletion of F-actin promotes local oscillations in anillin-depleted embryos, but
in the absence of cortical tearing instabilities, these oscillations are not synchronized across
larger cortical regions. Instead, asynchronous oscillations create local zones of F-actin depletion
in neighboring regions, and these appear to serve as channels through which activation can
propagate (Supplemental Movie S6), allowing continuous exploration of the cortex by locally

propagating wavefronts.

What drives the rapid disappearance of F-actin in anillin-depleted embryos? Previous studies
have shown that the rate of F-actin disassembly increases before the initiation of RhoA pulses

in early C. elegans embryos (Michaux et al. 2018). Anillin accumulates locally during individual
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pulses (Tse et al. 2011; Michaux et al. 2018), and studies in C. elegans larvae and in vitro
suggest that anillin can stabilize F-actin by antagonizing the severing activity of cofilin/UNC-60A
Tian2015. If anillin plays a similar role in stabilizing F-actin during individual pulses, then
increased disassembly on its removal could explain the more rapid depletion that we observe.
Anillin has also been shown to promote formin-dependent actin assembly in some contexts
(Watanabe et al. 2010), and thus local reduction in F-actin assembly may also contribute to
the more rapid depletion of F-actin in anillin-depleted embryos. Local measurements of actin
filament assembly/disassembly (Robin et al. 2014) will allow us to distinguish these and other

possibilities in future studies.

2.8.8 A comparison with previous observations of RhoA dynamics in
polarizing zygotes

Nishikawa et al (2017) described pulsatile dynamics of RhoA activation, myosin II accumulation,
and cortical flow in polarizing C. elegans zygotes. They hypothesized that these dynamics arise
through coupling between an autonomous (actomyosin-independent) RhoA oscillator and a form
of contractile instability in which RhoA promotes myosin-dependent contractile flows which
in turn advect and concentrate RhoA. In Nishikawa et al. (2017), oscillatory dynamics were
inferred from cross-correlation analysis at the posterior cortex of polarizing zygotes that are
undergoing long-range pulsatile flows (Munro et al. 2004; Mayer et al. 2010; Nishikawa et al.
2017; Naganathan et al. 2014). In these embryos, posterior RhoA activity is modulated by
signals associated with the sperm-derived centrosomes in addition to negative feedback from
F-actin/RhoGAPs (Cowan and Hyman 2004; Motegi and Sugimoto 2006; Kapoor and Kotak
2019; Zhao et al. 2019; Bolado-Carrancio et al. 2020).

Here we used spd-5(RNAi) to block the centrosome-dependent inhibition of RhoA and the
confounding effects of long-range flows, and we used an alternative approach to analyze pulsatile
dynamics in which we track the local recurrence and propagation of excitation events. Our
current analysis and previous work (Michaux et al. 2018) suggest that in these conditions,
pulsatile RhoA dynamics are intrinsically excitable, not oscillatory, although we cannot exclude
the possible existence of low amplitude oscillations that lie below our threshold for detecting

the rapid rise in RhoA activity during pulse initiation. Moreover, during individual pulses in
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SPD-5-depleted zygotes, or in AB cells that do not polarize, the rapid rising phase of RhoA
activation precedes the onset of local contraction (Michaux et al. 2018), arguing against a
contractile instability in which local contraction concentrates RhoA. Instead, our data reveal
an alternative mechanism by which coupling a cortical tearing instability to excitable RhoA
dynamics through local F-actin depletion can induce oscillatory pulse dynamics. It will be
interesting to see how this mechanism contributes to shaping pulsatile flow dynamics during

polarization.

2.5.4  What controls the initiation and spread of RhoA pulses in control
embryos?

Our data suggest that the higher overall levels of F-actin in control embryos increase the
threshold for initiation of RhoA pulses and reduce the frequency with which they occur. Pulses
still tend to form and spread within “depletion regions” containing lower levels of Factin,
consistent with an inhibitory role for F-actin. However, the relationship between local F-actin
depletion and RhoA excitations is more complex. In some cases, as discussed above, local
depletion of F-actin by cortical tearing appears to trigger RhoA pulses. But in many other cases,
RhoA pulses initiate at the edges of depletion regions near existing RhoA foci in regions where
F-actin levels are persistently high. We hypothesize that these foci serve as local sources of
active RhoA that can diffuse into and trigger pulses in adjacent regions containing lower levels of
F-actin. However, it remains unclear how RhoA activity can persist in and even spread through
regions with high levels of F-actin. One possibility that we will explore in future studies is that
one or more additional positive feedback loops, perhaps involving anillin (Maddox, Lewellyn,

et al. 2007; Budnar et al. 2019), could locally counter the inhibitory effects of F-actin.

It also remains unclear what restricts the spread of active RhoA to produce focal pulses in control
embryos. Simple activator/inhibitor models predict that if active RhoA can freely diffuse while
the inhibitory GAPs RGA-3/4 are immobilized through binding to F-actin, then RhoA pulses
should tend to propagate as waves. In principle, focal pulses could be achieved by reducing the
spread of activation and/or increasing the spread of inhibition. Higher overall levels of F-actin
could limit the speed at which RhoA excitation spreads in control embryos. Alternatively, local

binding of active RhoA to its effectors (e.g., anillin/ANi-1 and formin/CYK-1) could reduce
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its effective mobility. However, these effects are likely to be small, because we observe only
small differences in distribution of speeds at which RhoA activation spreads locally in control
versus forminand anillin-depleted embryos. It is also possible that local differences in F-actin
architecture could shape its ability to inhibit the spread of RhoA (Bement et al. 2015; Michaud,
Swider, et al. 2021). For example, the F-actin bundles that bound depletion regions could in
principle provide more effective inhibition than a more diffuse network. However, pulses remain
focal in nmy-2(ts) embryos that lack robust F-actin bundles. Finally, recent work suggests that
during pulse initiation, active RhoA recruits cytoplasmic formin/CYK-1 in pulsing regions that
subsequently elongate filaments at ~1.5 um/s (Costache et al. 2021; Li and Munro 2021). Thus
in principle, rapid filament elongation could project a zone of F-actin assembly beyond the front
of active RhoA and limit its spread. It will be interesting to test these and other possibilities in

future studies.

2.8.5 Concluding remarks

In conclusion, our work highlights the importance of actomyosin dynamics in shaping spatiotem-
poral patterns of pulsatile RhoA activity. It suggests that some of the different patterns of
activity observed in other cellular or developmental contexts could arise from differences in the
underlying actomyosin dynamics. It also highlights the inadequacy of very simple models for
explaining the rich diversity and heterogeneity of pulsatile dynamics observed in living cells or
more recently in. While deeper understanding may require the identification and characterization
of additional feedback loops, it will likely also require the use of new experimental approaches,
such as the use of cell free cytoplasmic extracts (Landino et al. 2021) and/or more detailed
models that consider the complex and heterogeneous dynamics of the actomyosin cytoskeleton

which forms the physical scaffold on which these dynamics unfold.

2.4 Experimental Procedures

2.4.1 C. elegans culture and strains

We cultured C. elegans strains at 22°C under standard conditions (Brenner 1974). This study

used 3 strains: mc74(GFP::let-502)1; zbls2[pie-1::Lifeact:: mCherry, unc-119(+)], mc74(GFP::let-
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502)I; NMY-2(nel490) I, zuls151[nmy-2::NMY-2:mRFP, unc-119(+)]; mgSi3[cb-UNC-119 (+)
GFP::UtrophinABDIII. The first two strains are created in the study. The last strain is from

Michaux et al., 2018.

2.4.2 RNAi

We performed RNAi using the feeding method as previously described (Timmons et al. 2001).
We obtained bacteria targeting spd5, cyk-1, and pfn-1 from the Kamath feeding library (Kamath
et al. 2003). The bacteria targeting ani-1 is from the Glotzer lab at the University of Chicago.
The RNAi sequence spans residues 40-170 aa and is cloned into the Kpnl site of 1.4440. Briefly,
we grew bacteria to log phase in LB with 50 p g/ml ampicillin and then seeded ~300 p 1 of
these bacteria onto NGM plates supplemented with 50 g g/ml ampicillin and 1 mM IPTG. For
double RNAi treatments, we grew the bacteria for both treatments separately to log phase,
mixed equal volumes of the individual bacteria cultures and then seeded ~300 p 1 of culture
onto NGM plates supplemented with 50 p g/ml ampicillin and 1 mM IPTG. We incubated the
seeded plates at room temperature (21-23°C) for 2 d and then stored them at 4°C for up to
1 wk before use. We transferred L4 larvae to feeding plates and then cultured them at room
temperature (21-23°C) for GFP::ROK; Lifeact::mCherry and GFP::UTR; NMY-2:mRFP and
at 16°C for GFP::ROK; nmy-2(ts). The culture time for feeding strains are 16-22 h, with 3
exceptions. spd-5 (RNAi); cyk-1 (RNAi) is 14-18 h. spd-5 (RNAi); pfn-1 (RNAi) is 822 h.
spd-5 (RNAi); pfn-1 (RNAi) is 8-22 h.

2.4.3 Microscopy

We performed imaging on a Nikon Ti-E inverted microscope equipped with a Yokogawa CSU-X1
spinning disk scan head, a motorized TIRF illuminator, and a Ti-ND6-PFS Perfect Focus Unit.
A laser merge module (Spectral Applied Research) controlled tunable delivery of 481-nm and
561-nm laser excitation from 50 mW solidstate lasers (Coherent Technology) to either the
confocal scanhead or the TIRF illuminator with fast (ms) control of laser power and switching
between lasers. All image acquisition was controlled by Metamorph software. We collected
images using a Nikon CFI Apo 1.45 NA oil immersion objective combined with 1.5x intermediate

magnification onto an Andor iXon3 897 EMCCD camera.
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2.4.4 Imaging conditions

We mounted embryos as described previously (Sailer et al. 2015) in 3-5 u 1 of standard egg salts
(118 mM NaCl, 48 mM KCI, 3 mM CaCl2, 3 mM MgCl2, 5 mM HEPES, pH 7.2) on 3% agarose
pads (3% agarose in standard egg salts) under #1.5 coverslips. For all experiments, we imaged
embryos in early establishment phase (mitotic interphase), during which there is no qualitative
change in pulsatile RhoA dynamics in control [spd-5(RNAi)] embryos. To quantify patterns of
RhoA excitation and correlations with F-actin levels under different RNAi perturbations, we
used a strain coexpressing GFP::ROK (Bell et al. 2020) and Lifeact::mCherry (Pohl et al. 2012).
To quantify patterns of RhoA excitation in a myosin mutant background in response to different
RNAI perturbations, we used a temperature-sensitive myosin mutant strain (myo(ts); (Liu et al.
2010) expressing GFP::ROK. For both experiments, we used spinning disk confocal imaging and
alternated between 488 nm (30% laser power, 300 ms exposure time) and 561 nm (50% laser
power, 300 ms exposure time) excitation. To visualize actomyosin network dynamics in response
to different RNAi perturbations, we imaged worms expressing mKate::NMY-2 and GFP::UTR
with near-TIRF illumination as described previously ( (Li and Munro 2021), alternating between
488 nm (20% laser power, 200 ms exposure time) and 561 nm (30% laser power, 200 ms exposure
time) excitation. To visualize GFP::ROK and F-actin in control [spd-5(RNAi)] embryos, we
used near-TIRF illumination, alternating between 488 nm (30% laser power,300 ms exposure
time) and 561 nm (50% laser power, 300 ms exposure time) excitation. We performed all
imaging experiments at room temperature (21-23°C), except for temperature-sensitive myosin

mutants (myo(ts), which we imaged at 25°C.

2.4.5 Kymograph analysis

To produce the kymographs shown in Figures 1C, 2E, 5B, and 7B and Supplemental Figures
S1, S2, S5A, and S6B, we rotated images so that the anterior—posterior axis of the embryo
coincided with the horizontal (x) image axis. We selected rectangular regions aligned with the
x image axis whose width (in x) coincided with the embryonic ROI and whose height (in y)
was 10 pixels. From the original image stack, we extracted an xyt substack corresponding to
this rectangular region; we resliced this stack with respect to the xt plane, and then we used a

maximum-intensity projection to collapse the individual slices in y to obtain a kymograph in x
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versus t.

2.4.6  Image analysis

We performed all image processing using custom functions written in Python. The code is
available at https://github.com/baixue0/ excitability. We developed custom image segmentation
algorithms to identify regions of RhoA excitation in noisy microscopy images by thresholding
the temporal derivative of smoothed GFP::ROK intensities. This approach transforms ROK
levels to binary masks, allowing us to quantify the temporal recurrence and spatial spread of

RhoA excitation at pixel resolution.

2.4.7 Segmenting regions of RhoA excitation

We performed all analyses described below on data collected within a standard observation
window lasting 120 s. To correct for photobleaching, we measured M1(n), the mean intensity
of ROK::GFP for all pixels in the embryo at frame n over the 120 s observation window (n
=1, 2, ..., 100 frames). We then calculated its temporal trend M2(n) by applying the Scipy
filter savgol filter (window_length = 6 s, polyorder = 1) to M1(n). To calculate the correction
factor C(n), we subtracted M2(n) from its mean value. We then added C(n) to the raw intensity
value for each pixel at frame n. To determine local regions of RhoA excitation within individual
frames, we first smoothed each frame of the image stack in space and time. We smoothed in
space using sequential application of the Scipy functions medianBlur (5 pixels diameter) and
GaussianBlur (19 pixels diameter). We smoothed in time using sequential application of a
5-frame centered moving average, followed by a 2-frame grouped average). We then computed
a pixelwise temporal difference signal using a 5-frame (6s) window centered on the current
frame. We set the derivative time window to be half the duration of the rapid rising phase so
that short-lived intensity fluctuations from other sources were suppressed. Then we scaled the
temporal difference values at each pixel by the standard deviation of the temporal difference,
taken over all pixels in all frames, to obtain the normalized temporal difference. Finally, we
thresholded the normalized temporal difference at each pixel to obtain a binary mask with 1

representing pixels above threshold and 0 representing below threshold.

To determine appropriate threshold values, for each phenotype we measured the average
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normalized temporal difference signal within manually labeled pulsing regions (~25 disks with 1
pm diameter per embryo) over the duration of a pulse. We used 40% of the average peak signal
for all conditions, which captured distinct pulses with different amplitudes while excluding noisy
fluctuations. Using these binary masks, we defined excitation pixels as pixels that are above the
threshold in the current frame and new excitation pixels as pixels that are above threshold in
the current frame, but below the threshold in the previous frame. Similarly, in a given frame, we
defined excitation regions as contiguous groups of excitation pixels and new excitation regions

as contiguous groups of new excitation pixels.

Measuring the distribution of frequency and wait times between successive new excitations We
computed the distribution of frequencies over all pixels by counting the number of excitation
events recorded at each pixel and dividing by the duration of the observation time window.
For each new excitation event at a given pixel, we monitored the pixel’s excitation state over
the following 60 s. If we detected a new excitation event within 60 s, we computed the wait
time as the difference between the first and the second excitation times. We thus report the
fraction of pixels for which the wait time >60 s and the distribution of wait times over all pairs

of excitation events with wait times <60 s.

2.4.8 Linking excitation regions across frames

We considered two excitation regions to be linked across consecutive frames if their area of
overlap was greater than 8 pixels and greater than 10% of the total area of both regions. Note
that this definition allows merging and splitting of excitation regions. We compute linked
excitation regions by extending pairwise linkage recursively, backward and forward in time
using the connected components function from the Python package networkx. To compute the
duration of linked excitation regions, we determined the first frame (f0) and the last frame
(fl) in which an individual excitation region belonging to the linked group appeared. Then we
computed duration = 1.2*(flf0). To plot the cumulative area of linked excitation regions versus
time, for each frame f in the image sequence we computed the total number of unique pixels
belonging to excitation regions appearing in frames preceding f. To determine the total areas,

we computed the total number of unique pixels belonging to all excitation regions.
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2.4.9 Measuring the speed of advance of local excitation fronts

In each frame, we identified the boundaries of excitation regions whose area was larger than
0.04 qu. We identified a set of points spaced at ~0.5 pm intervals along the boundary. We
considered that a boundary point belongs to an excitation front if it lies within a new excitation
region. For every boundary point along an excitation front, we constructed a local displacement
vector extending from that point, outward normal to the boundary, and intersecting the nearest
excitation boundary in the next frame. We then took the instantaneous speed of advance to
be the length of this displacement vector divided by time between frames (1.2 s). We divided
boundary points into “fast” and “slow” groups based on instantaneous velocity using 0.25 pm/s

as a threshold.

2.4.10 Sampling pixels ahead of advancing excitation fronts

At each time point, we selected all boundary points belonging to excitation fronts. For each point,
we defined a rectangular region extending 0.5 pum from the boundary point in the outward normal
direction (i.e., ahead of the advancing front) and extending 0.6 gm in the perpendicular direction
centered on the boundary point. Then we sampled F-actin intensity values or time derivatives
on all pixels within the rectangular region at different times relative to the current time point;
that is, relative to when the advancing front begins to enter the rectangular region—which we
refer to as “time of entry.” We constructed plots of average F-actin intensity or time derivatives
relative to time of entry for “fast” and “slow” advancing fronts by averaging these measurements

over all “fast” or “slow” boundary points.

2.4.11 Measuring the tACF of GFP::ROK intensities

For each pixel in the embryo, we extracted a time series of smoothed ROK intensities measured at
1.2-s intervals over 120 s. Then we computed the standard time autocorrelation function (tACF)
using the Python package statsmodels.tsa.stattools.acf. The tACF shown in Supplemental

Figure S3 is the average over all pixels in embryos of a given phenotype.
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2.4.12  Sitmulating the temporal dynamics of the FHN model with stochastic
forcing

We considered a nonspatial stochastic version of the FHN model (equations shown in Supple-
mental Figure S4A), where £t defines a random sequence of perturbations, each described by a
rectangle function R(h,d) with amplitude h = 0.1 and duration d = 3 s. For each simulation,
we selected seven initiation times randomly from a uniform probability distribution over the
simulation time window (0— 240 s), yielding an average perturbation frequency of 0.03/s. We
fixed values for parameters (I = 0.5, b = 0.6, 7 = 10) and then varied the value of « to tune
the deterministic dynamics of the system from excitable to oscillatory. For each value of «,
we repeated the simulation 16,384 times. For each simulation, we thresholded the temporal
derivative of u to identify individual excitation events. Then we computed frequency and wait

time distributions using the same method described above for RhoA excitations.
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CHAPTER 3

IMAGE ANALYSIS TOOLS

Statement of contribution: I implemented all the data analysis and simulations in Python.
The code is available at https://github.com/baixuel/excitability. A tutorial con-
taining the code and result of each step of image analysis is available at https://baixue0.

github.io/excitability/build/html/Example_jupyter_ notebook.html.

3.1 Pipeline architecture

The goal of this image analysis pipeline is to quantify differences in the local temporal dynamics
and spatial spread of excitation and its relationship with changes in the level of F-actin. The
general approach of detecting rapid changes in noisy signals can be adopted for other systems

exhibiting pulses of activity.

The pipeline architecture is shown in Figure 3.1. First, I identified pixels in the rapid rising phase
of pulsatile ROK::GFP accumulation by calculating its temporal derivative. Second, I assigned
a binary value to each pixel to indicate whether the temporal derivative of a given pixel is above
the threshold value (in the excited state). The threshold value used in the second step depends
on the amplitude of the temporal derivative for all embryos of the same phenotype. Then I used
the binary excitation videos to calculate the frequency and waittime of new excitations as well
as edge velocity and extent of wave-like spread of excitation regions. Using the excitation masks
and F-actin intensities, I calculated the average F-actin intensity of pixels in new excitation

pixels before and after its excitation.

3.2 Using python dictionary to organize data

The intermediate steps in the pipeline generates data, that often needs to be used for later steps
in the pipeline. It can be challenging to keep track of the meaning of each value in the saved
data file. I propose saving the output of each step as python dictionaries. A python dictionary
is composed of multiple items. Each item has a key and a value. The value can be an array or

any custom objects.
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Figure 3.1. Image analysis pipeline. The gray box shows the data and image processing for one embryo.
The texts represent data, with blue indicating input and green indicating output of the pipeline. Red texts
indicate that they are the same data. Purple indicates that calculation of the threshold requires intensity
overtime for all embryos of the same phenotype. Circled numbers represents image processing steps.

Table 3.1: Name of python functions in Figure 3.1

step .
step name functions
number
1 compensate for photobleach over time measure.segmentation.bleach_correction
1 calculate temporal derivative image stack measure.segmentation.group_diff
2 apply threshold to get excitation imagestack measure.segmentation.excitation
3 measure pixel-wise temporal dynamics from new measure.recurrence.frequency
excitation imagestack measure.recurrence.waittime
. e measure.contour.findContours
measure spatial spread from excitation imagestack . .
3 . measure.edgespeed.point_velocity
and new excitation imagestack .
measure.link.connected_components
4 measure pixel intensity at a range of time offsets measure.pixel_intensity.intensity_ts
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For a single embryo, I identified the key variables that communicate between steps and give
them unique and intuitive names. The output variables of each step are packed in a dictionary
with the name of the variable as the dictionary key and the value of the variable as the dictionary
value. Output dictionaries from different steps of the same embryo can be combined to use as
input data for another step. Packing variable in a dictionary is implemented using a python

decorator. The content of the decorator and usage examples are shown in Figure 3.2.

After iterating through all embryos for a given step, output dictionaries from different embryos
can be combined together in a larger dictionary of the format {IDO:{’x’ :x, "y’ :y}, ID1:
{"x":x,"y":y}, ...}. The keys IDO and ID1 represent the unique name of each embryo.

The values x and y are output variables from different steps of the pipeline.

Calculation of the summary statistics require the same output variable from all embryos.
So the previous dictionary needs to be reordered into {’x’ :{ID0O:x,’ID1’ :x},’'vy’:
{IDO:y, "ID1’ :y}, ...}. This conversion is implemented through a single line of code
pandas.DataFrame (dict_to_convert) .transpose () .to_dict (). Each item in
the converted dictionary can be saved as a separate file. To calculate a summary statistic that

depends on x but not y, only the file corresponding to x needs to be loaded.

28



def return_dict(func):
"""convert returned variables to a dictionary, when used as a decorator

Parameters
func : function
the function to decorate

Returns

Results from different functions can be combined by
. code-block:: python

dict(skdictl,*xdict2)

import functools
@functools.wraps(func)
def wrapper(xargs, *xkwargs):
# get the names of the returned variables
import inspect
lines = inspect.getsource(func).replace(' ',"'').split('\n")
lines = list(filter(None, lines))
vnames = lines[-1][len('return'):]l.split(',")

# execute function

value = func(xargs, xxkwargs)

if value is None:
return

if not isinstance(value, tuple):# when a single variable is returned
return {vnames[0]:value}

# construct dictionary of the returned variables
result = dict(zip(vnames,value))
return result

return wrapper

@ return_dict

def func(x):
y = X*x2
return y

func(1)

{uyu: 2}

@ return_dict

def func(xargs):
times2 = [xx2 for x in args]
times3 = [x*3 for x in args]
return times2,times3

func(1,2)

{'"times2': [2, 4], 'times3': [3, 6]}

Figure 3.2. Return result as dictionary. The first gray box contain the source code for the decorator. The
next two gray boxes are usage examples.
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CHAPTER 4

DISCUSSION

4.1 Inhibition from F-actin partially explains the transition from

focal pulses to traveling waves of RhoA activation

4.1.1  Overview

Pulsatile RhoA dynamics exhibits a range of spatiotemporal patterns. Different patterns are
associated with different biological functions. A key question is whether the same pulse circuit
can be tuned to generate the range of observed patterns. Focal pulses and traveling waves are
two common types of RhoA activation patterns. I focused on focal pulses in the C. elegans
zygote (Michaux et al. 2018) and traveling waves in frog and starfish (Bement et al. 2015;
Michaud, Leda, et al. 2022) because they share the same underlying pulse circuit involving
active RhoA and F-actin. The shared circuit is made up of a positive feedback in which active
RhoA promotes its own activation and a delayed negative feedback through F-actin dependent
recruitment of RhoA GAP. Pulsatile RhoA in C. elegans form focal pulses while pulsatile RhoA
in C. elegans form traveling waves. I am interested in how the circuit is tuned differently to

generate focal pulses and traveling waves.

I used the one-cell C. elegans embryo as a model system to reproduce pattern variants and to
study the tuning mechanisms underlying the pattern variants. I found that the knockdown of
formin or anillin generates patterns that resemble synchronous oscillations and traveling waves
respectively. This shows that the same underlying circuit operating in C. elegans embryos can

produce a range of different pattern variants.

I measured the extent to which the observed RhoA activation patterns can be explained by
inhibition from F-actin. The inhibitory rule of F-actin predicts that the average F-actin level
of all excitation regions should decrease before excitation and that reduction in the average
F-actin level of regions near faster spreading fronts should be larger. Thus, inhibition from
F-actin alone could explain traveling waves and synchronous oscillations but not focal pulses of

activation.
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The transition from focal pulses to synchronous oscillations or traveling waves is partially
consistent with the hypothesis that inhibition from F-actin governs RhoA activation pattern. (i)
Consistent with the hypothesis, higher overall F-actin levels reduced the frequency and spread
of RhoA activation. (ii) In wildtype embryos, focal pulses occur in regions with a wide range
of inhibition levels, both in “depletion regions” containing lower levels of F-actin and near
existing actomyosin foci where F-actin levels are persistently high. The second case suggests that
additional positive feedback mechanisms promote RhoA activation. In summary, the initiation
of focal pulses is governed by a strong global inhibition and additional positive feedback from
existing focal pulses. (iii) Activator inhibitor reaction diffusion models predict that traveling
waves involve faster diffusing the activator while focal pulses involve faster diffusing the inhibitor.
The activator active RhoA can diffuse in the membrane or bind immobile effectors. The
inhibitor RGA-3/4 are immobilized through binding to F-actin. The transition from traveling
waves to focal pulses can be achieved through immobilizing active RhoA and/or increasing
the range of inhibition. I will discuss potential mechanisms for each of the three hypothesized

mechanisms.

4.1.2  Additional positive feedback

Anillin is a good candidate for mediating the additional positive feedback. This hypothesis
is supported by three observations. Anillin binds myosin and localizes to the foci (Tse et al.
2011; Maddox, Lewellyn, et al. 2007; Tse et al. 2011; Michaux et al. 2018). The existence of
actomyosin foci depends on anillin. The amplitude of Rho Kinase accumulation is reduced in

anillin KD embryos.

Anillin is required for contractile processes, such as the cytokinetic ring (Field and Alberts
1995; Piekny and Glotzer 2008; Straight et al. 2005) and adherens junctions (Reyes et al. 2014).
Anillin is predicted to bind many targets based on its sequence, including F-actin, myosin,
RhoA, RhoA GEF and RhoA GAP, septins, phospholipids and microtubules. I will discuss
three possible positive feedback mechanisms through recruitment of septins, phospholipids and
RhoA GEF respectively. Genetically modifying anillin sequences to subtract or add binding

sites could disentangle these three potentially interconnected feedbacks.
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The positive feedback could involve anillin directly recruiting RhoA GEF which then activates

more RhoA. Examining whether RhoA GEF localizes to the foci can be an initial test.

Anillin could mediate a positive feedback by crosslinking the actomyosin network to the septins.
Septins are conserved GTP-binding proteins and form hetero-oligomers to serve as scaffolds
to recruit proteins at the plasma membrane and in the cytosol (Spiliotis and Nakos 2021). In
the cytokinetic ring, anillin recruits septins to form dense networks of both actin filaments and
septin hetero-oligomers. This network, in turn, recruits more anillin (Maddox, Lewellyn, et al.
2007). This positive feedback amplifies stochastic fluctuations in the distribution of anillin to
promote the asymmetric closure of the contractile ring in C. elegans. Septin dependent positive

feedback could contribute to the formation and stabilization of the actomyosin foci.

Finally, reducing the cortical dissociation of active RhoA by binding to anillin could serve as a
positive feedback (Budnar et al. 2019). At the molecular level, cycles of the following sequence of
events increase the membrane dwell time of active RhoA. Anillin concentrates phosphoinositide-
4,5-P9 (PIP2). Active RhoA binds anillin temporally, then dissociates from anillin and finally is
retained at the membrane in its free state by PIP2. Dense anillin accumulation in the foci may
retain a pool of active RhoA in PIP2 patches, which could diffuse into neighboring regions to

ignite new pulses.

4.1.8  Immobilizing active RhoA

The effective mobility of active RhoA can be reduced by binding to immobile RhoA effectors,
such as those that also bind the actomyosin cortex. The small difference in the distribution of
local spreading speed for focal pulses and traveling waves suggests that reduction in active RhoA

effective mobility is small. However, additional tests are required to rule out this possibility.

4.1.4 Increasing the range of inhibition

Formin mediated actin assembly could outrun the diffusion of active RhoA to generate focal
pulses. This hypothesis is theoretically plausible because formins elongate actin filaments at
around 1.5 um/s (Costache et al. 2021; Li and Munro 2021) while active RhoA diffuses in the

membrane at around 0.1m?/s. The exact conditions for faster spread of inhibition can be
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solved through modeling. Another test involves reducing the speed of formin mediated actin
assembly through profilin KD. The expectation is that RhoA should form traveling waves when
formins are slow enough. The caveat is that reduced overall F-actin assembly could change more
than the speed of formins. The final test involves measuring whether the time delay between
RhoA activation and F-actin assembly is negatively correlated with the distance to the center
of actomyosin foci. The time delay between RhoA activation and F-actin assembly should be

positive near the initiation region and negative near the boundaries of the pulse.

4.2 Molecularization of pattern formation models in biology

requires balance between abstract models and molecular reality

This project is one of the many studies that try to reduce the gap between minimal theoretical
models and complex molecular circuits involving many feedbacks. The journey often starts with
testing how much of the pattern can be explained with minimal theoretical models. In this
project, the mutant patterns are in general consistent with the model while the wildtype pattern
is only partially consistent. The failure to explain all observations with the minimal theoretical
model is not a surprise. The reason is that the molecular reality likely involves a large network
of molecules and interconnected feedbacks, which can take several decades of collaborative work

to disentangle.

I proposed possible mechanisms that can explain the observations inconsistent with the model.
Adding this additional complexity may improve the accuracy of the model, but testing the new
hypothesis takes time and effort. If the system does not serve important function but has high
probability of being conserved through evolution, one need to decide how much complexity
is appropriate to preserve the ability to generalize to other biological systems. This project
belongs to this category because the active RhoA and GAP RGA-3/4 circuit is conserved in C.
elegans, frog and starfish (Michaud, Leda, et al. 2022). If the system serve important biological
function, one can add as much complexity as necessary until the hypothesized interactions
are sufficient to reproduce the biological patterns. The ultimate test can be reconstitution
experiments using artificial membranes and purified proteins to reproduce the biological pattern

and design genetically modify proteins to reproduce model predicted patterns.
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4.3 Challenges in image collection and analysis

Quantification of dynamic patterns is common in cell and developmental biology. Such projects
often involve the following steps. The protein of interest is labeled with fluorescent tags such
as GFP and RFP. Cells or tissues expressing the fluorescent protein are then imaged using
fluorescent microscopes at evenly spaced time points. In the resulting videos, pixel intensities
represent local concentrations of the protein of interest. Quantifications of spatiotemporal
patterns based on pixel intensity share many technical challenges. I hope what I learned through

trial and error will be helpful for future researchers.

The image analysis goal in my project is to identify robust metrics that distinguish focal
pulses, synchronous oscillations and traveling waves. Segmentation of pixels in the videos into
pulsing and non-pulsing regions is the major challenge and could be generalizable to other
segmentation problems. I will discuss three challenges: selecting the appropriate imaging
conditions, transformations of the videos to amplify signals that best distinguish pulsing pixels

and non-pulsing pixels, and the method to choose the threshold value for each embryo.

I used two imaging conditions. I chose near-TIRF microscopy to start with because of its
relatively high signal to noise ratio and slow photobleaching rate. However, for one mutant
phenotype, the near-TIRF microscopy can not capture the entire cortex at the same time. So I
had to switch to spinning disk microscopy that is not as sensitive to the depth of the sample.
My advice is to sample several imaging conditions and phenotypes before investing a lot of time

collecting data for biological duplicates.

Amplifying the signals of interest in noisy microscopy images often involve many transformation
steps. Each step is defined by hyperparameters such as type, parameters, and order of transfor-
mations. The number of hyperparameters increases very quickly as more transformations are
included in the analysis pipeline. Setting a concrete goal for the quality of segmentation can

help avoid unnecessary optimizations.

Dealing with variations across biological replicates is the largest challenge for me. Due to the low
signal to noise ratio in the data, the segmentation is sensitive to the threshold used. I initially

determined the threshold by manually adjusting the threshold for each embryo so that the
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segmentation seemed reasonable to my eyes. To improve reproducibility and consistency, I came
up with a simple rule to determine the threshold value for biological replicas. I normalized the
signal using summary statistics measured in the same embryo. I confirmed that the normalized
signals in biological replicas have the same distribution so that the same threshold value can be
applied. The thresholds are different across phenotypes because the amplitude of the signal
varies across phenotypes. I estimated the amplitudes for all phenotypes by manually labeling
pulsing regions. The threshold for each phenotype is determined by multiplying its measured

amplitude with a tunable constant.
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