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Rhythms are signatures of life. From the nanoscopic flicker of molecular switches to the metronomic beating 

of the heart, internally generated clocks regulate virtually every aspect of physiology, thereby shaping the 

very essence of living systems. This dissertation addresses two interrelated questions: How can such 

biological rhythms be captured and quantified with sufficient resolution, and do common design principles 

underlie their organization across different biological scales? This work follows a cohesive narrative that 

investigates rhythmic phenomena across progressively smaller spatial and temporal domains, while 

concurrently developing novel analytical tools to advance their characterization. 



 
 
 

We begin with a survey of oscillatory phenomena spanning multiple orders of magnitude, introducing 

multiscale modeling as a unifying framework for integrating diverse biological rhythms. With this broad 

context established, we turn to specific experimental systems, starting with gut motility in an ex vivo crayfish 

model. By isolating central, myogenic, and serotonergic inputs, we find that chemical cues can restore 

contraction strength but reduce spatial synchrony in the absence of central control. These results suggest 

that local sensing mechanisms may be essential for coordinating large-scale motor patterns. 

The focus then shifts to a finer spatial scale: actin dynamics in astrocytes, a type of glial cell. Using a custom 

optical-flow analysis pipeline, we identify recurrent actin "hotspots" whose activity is suppressed by 

engineered nanotopographies but enhanced in the presence of neighboring neurons. These findings 

suggest that the cytoskeleton itself functions as a dynamic sensor of mechanical and biochemical cues. 

Building on this insight into cellular sensing, we next examine how cells interact with their environment 

during development. In growing cortical neurons, actin wave tracks and growth-cone trajectories initially 

align with nanotopographic cues; however, this influence diminishes as axons mature. The observed 

decline points to age-dependent cytoskeletal plasticity as a potential factor limiting regenerative capacity in 

adult neurons. 

In the final part of this work, we extend our analysis from two-dimensional imaging to the three-dimensional 

microenvironments in which cells naturally reside. As most, if not all tissues function in three dimensions, 

spatial depth fundamentally alters how motion is encoded and perceived. To address this complexity, we 

adapt the optical-flow framework to volumetric datasets. Applications to actin dynamics in Dictyostelium 

and axonal growth in Drosophila pupal wings reveal spatial patterns obscured in two-dimensional 

projections. Complementary experiments involving calcium imaging and electrophysiological recordings in 

the gut further link local intracellular activity with large-scale contractions, thereby reinforcing the broader 

theme of wave propagation across scales. 

Overall, this work aims to bridge wave phenomena across diverse spatial and temporal domains, unifying 

them under the central theme of local versus global control in the coordination of biological rhythms. 
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Chapter 1 : The Ubiquitous Language of Cellular Dynamics - 

Spatiotemporal Waves 

 

1.1 The Rhythm of Life: Oscillations Across Biological Scales 

 

Oscillations and wave-like phenomena are dominant features of biological systems, spanning across a 

range of spatial and temporal scales. We observe these changes all around us, all the time, at play in 

various systems. At the molecular level, biochemical reactions are intrinsically associated with assembly-

disassembly or energy activation-deactivation cycles with significant uncertainties that we associate with 

thermal noise (1). Next, organelles within a cell rhythmically interact and reorganize to maintain the cellôs 

internal balance (2). At higher organizational levels, coordinated patterns like heartbeats (3), neural pulses 

(4) and breathing rhythms (5) emerge and these recurring dynamics are essential for proper organ function.  

The extensive range and diversity of these patterns make these phenomena especially noteworthy. Some 

occur over milliseconds, like calcium spikes within neurons (6), while others unfold over hours or days, such 

as circadian rhythms (7). Some are confined within the microscopic boundaries of a single cell, while others 

span tissues or even influence behavior at the level of whole organisms. Fig. 1.1 illustrates the broad range 

of scales at which spatiotemporal rhythms manifest in biological systems. These rhythms appear in several 

forms and play key structural and regulatory roles in various life processes. Notably, rather than displaying 

random or chaotic behavior, many of these processes exhibit a high degree of order and repeatability, 

suggesting the existence of underlying principles that govern dynamic organization.  
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The horizontal axis indicates spatial extent, and the vertical axis shows characteristic timescales. This 

example, focused on cardiac function, illustrates how diverse wave-like processes from rapid electrical 

conduction to slow mechanical remodeling; operate across scales to maintain overall function. Reproduced 

from Quarteroni et al., 2016, with permission from Elsevier. (8) 

 

To advance our understanding of spatiotemporal rhythms, they can be classified according to several 

criteria, including spatial scale, recurrence frequency, duration, and whether they are driven by internal 

feedback mechanisms or external cues. Such classifications offer a systematic framework for interpretation 

of these complex phenomena and their comparison across disparate biological systems. Through this 

perspective, oscillations and waves emerge not as isolated phenomena, but as fundamental motifs involved 

in the organization of biological systems.  

Before drawing further connections, we examine examples of waves across different spatial scales, then 

return to multiscale modelling frameworks (9, 10) to facilitate a deeper understanding of these rhythms.  

Figure 1.1 Biological waves span a wide range of spatial and temporal scales to support physiological 
functions.  
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a) Intracellular level: The intracellular scale presents a complex landscape of oscillatory dynamics. Within 

individual cells, biochemical and mechanical systems coordinate temporally, resulting in the emergence of 

spontaneous rhythmic patterns.  

A well-established example of this are calcium oscillations (9), which act as ubiquitous signaling 

mechanisms across a wide range of cell types, including neurons (10, 11), muscle cells (12), and 

hepatocytes (13). These calcium signals are not random bursts but often occur as repeated pulses or waves 

that travel through the cytoplasm. Their frequency, amplitude, and duration can encode distinct signals, 

enabling cells to regulate responses to both internal states (14) or external stimuli (15). These signals are 

integral to cellular processes such as gene expression (16), metabolic regulation (17), the cell cycle (18), 

and programmed cell death (19). 

In addition to calcium signaling, metabolic processes themselves can exhibit rhythmic behavior. Glycolytic 

oscillations (20), for example, are a well characterized instance of how core biochemical pathways self-

organize into periodic cycles. In yeast cell populations, enzymes involved in glycolysis interact through 

feedback loops, generating regular oscillations in metabolite concentrations such as NADH (21) and ATP 

(22). Remarkably, these oscillations can persist across a broad spectrum of environmental conditions, 

spanning different cell types and organisms. This persistence suggests that the system's internal 

architecture is sufficient to generate rhythmic activity, and also suggests that cells are not just passively 

responding to environmental stimuli, but actively generating internal rhythms as a mechanism of regulation. 

Another notable example of intracellular rhythmicity involves the actin cytoskeleton. Actin waves, which 

primarily propagate within the cellular cortex along the inner surface of the cell membrane, represent 

dynamic patterns of G-actin monomer polymerization and depolymerization (23). These waves are typically 

self-organized and can appear as spiral, circular, or traveling wavefronts. Studies have demonstrated their 

involvement in spatial organization within the cell, coordinating timing and location of protrusion formation  

and shape changes (24). Actin waves have been observed in a wide range of cell types, including immune 

cells (25) and Dictyostelium (26, 27), where they play roles in chemotactic response and guiding polarity. 
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This behavior is governed by an underlying signaling architecture depicted in Fig. 1.2, which links excitable 

signaling networks to actin dynamics.  

 

This framework supports wave-like activity along the cell cortex, facilitating the coordination of migration 

and polarity. Half-arrows indicate substrate-product relationships; solid lines denote direct interactions, 

while dashed lines represent inferred connections. Reproduced from Devreotes et al., 2017, with 

permission from Annual Reviews. (28) 

 

These actin waves exhibit rhythmic patterns of appearance and flow, contributing to the cellôs ability to 

explore its environment (29), respond to  external signals, and migrate in a directed manner (30). 

While essential at the intracellular level, such rhythms often influence collective dynamics at larger scales. 

Groups of cells frequently coordinate their activity in space and time, forming the basis for higher-order 

tissue and organ-level rhythms, which will be discussed in the subsequent sections. 

Figure 1.2  Signal transduction network underlying directed cell migration in Dictyostelium.  
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b) Tissue level: At the tissue level, oscillations assume a distinct functional role. While intracellular rhythms 

primarily regulate processes within individual cells, tissue-scale oscillations often act as synchronizing 

forces, allowing groups of cells to act together. Such synchronization is vital for coherent tissue functions 

including the maintenance of viscoelastic properties (31), control of size and shape (32) and morphogenesis 

(33). A prominent example is found in cardiac tissue. The heartôs rhythmic contractions are driven by 

pacemaker cells located in the sinoatrial node, which generate electrical impulses at regular intervals. 

These impulses propagate through the myocardium as coordinated waves of depolarization (34), triggering 

a tightly regulated sequence of contractions as they travel through cardiac tissue. This ensures that the 

heart pumps blood efficiently and rhythmically, with the entire tissue behaving as a unified structure despite 

being composed of billions of individual cells.  

An example of oscillation operating at faster timescales comes from the nervous system, where the waves 

are central to the brain function. Neuronal oscillations emerge from the interplay between excitatory and 

inhibitory interactions across interconnected neuron populations (35). These oscillations are typically 

categorized into distinct frequency bands (alpha, beta, gamma, and theta), each associated with distinct 

cognitive functions (36). Interestingly, neuronal oscillations reflect large-scale temporal coordination across 

brain regions, enabling efficient communication and integration of information. Through this mechanism, 

the brain leverages rhythmic activity among its different layers not only to process information but also to 

regulate the timing of perception, thought, and action (37). This coordination is especially evident during 

sleep, as shown in Fig. 1.3, where macroscopic brain waves propagate across cortical regions. 
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(a) Slow oscillations propagate as traveling waves from the front (anterior) to the back (posterior) of the 

brain, with measurable delays across regions. (b) Sleep spindles, brief 11 to 15 Hz bursts important for 

memory consolidation, travel across the cortex in a rotating sequence from temporal to parietal to frontal 

areas. These patterns illustrate how rhythmic neural activity coordinates brain regions across time and 

space. Reproduced from Muller et al., 2018, with permission from Nature Reviews Neuroscience. (38)  

 

Tissue-level oscillations extend beyond the heart and brain to other biological systems. In epithelial sheets, 

calcium waves propogate across cells in response to injury, coordinating wound-healing responses over 

large spatial domains (39). In plants, circadian rhythms appear in leaf vasculature and mesophyll gene 

expression levels. In each of these cases, tissue-level oscillations serve function beyond just coordination 

of activity; they provide a shared temporal framework enabling individual cells to operate as a unified 

system, giving rise to emergent properties such as contractility (40), and spatial organization. 

Figure 1.3  Spatiotemporal patterns of brain oscillations during non-REM sleep.  
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c) Organ level: At the organ level, oscillations manifest in structured, large-scale patterns that are essential 

for the regulation of complex physiological functions. A striking example of organ-level rhythms are the 

muscular contraction patters that drive peristalsis in the gastrointestinal tract.  

Peristaltic waves are periodic, mostly unidirectional contractions of circular and longitudinal muscles that 

propel the contents of the intestine through the digestive system. In vertebrates, these waves are 

coordinated by the enteric nervous system (ENS), a dense network of neurons embedded within the 

intestinal wall, that operate semi-autonomously (41) from the central nervous system. Peristaltic activity is 

initiated and sustained through intrinsic neural circuits and mechanosensory feedback mechanisms (42), 

enabling reliable function even in the absence of conscious control. This interplay between muscle layers 

and neural circuits is illustrated in Fig. 1.4, which depicts the structural organization of the intestinal wall 

and the dynamics of peristaltic contractions during fluid filling and discharge. 

 

(a) Organization of circular and longitudinal muscles along with the myenteric and submucosal plexuses. 

(b) Muscle contractions favoring fluid filling with retrograde movement. (c) Contractions promoting droplet 

discharge with anterograde flow. Reproduced from Sasidharan et al., 2023, with permission from Nature 

Communications Biology. (43)  

Figure 1.4  Structure and function of the small intestine.  
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These dynamics reveal that peristalsis is more than a simple mechanical reflex. Its spatial organization 

ensures directional movement, while its temporal patterning prevents reflux and supports efficient nutrient 

absorption. Peristaltic waves emerge from self-organized activity within the tissue (44), rather than as mere 

responses to external stimuli. Their robustness and adaptability point to the broader theme of complex 

internal dynamics. 

Importantly, organ-level oscillations persist in the absence of continuous external cues, sustained instead 

by feedback loops, excitable media, and tightly coupled interactions. Overlapping control systems (42) 

provide localized regulation and resilience to perturbation. In this way, rhythmic activity becomes a 

fundamental strategy for organizing function at the scale of entire organs. 

 

1.2 Waves that Fail: Rhythmic Dysregulation in Health and Disease 

 

As outlined in the previous section, sustained functioning of numerous organ systems depends on the 

continuous propagation of structured, rhythmic activity patterns. Disruption to these patterns, whether 

through desynchronization, mistiming or excessive synchronization, can give rise to a variety of diseased 

states. This underscores that biological function is critically reliant upon the precise temporal and spatial 

coordination of activity across systems.  

A salient example is in cardiac arrhythmias (45), wherein the electrical waveforms driving the heartbeat lose 

their coherence. Such disruptions can lead to irregular cardiac rhythm, compromising the heartôs ability to 

maintain circulatory output.. In severe cases, this dysregulation may even result in heart failure or sudden 

cardiac death. 

In the central nervous system, abnormal oscillatory behavior underpins several major pathological states. 

In epilepsy, excessive synchronization of neuronal activity results in seizures (46), characterized by high-

amplitude, uncontrolled wave propagation across brain regions, in the absence of external stimuli. 

Dysregulation of neural rhythms are also seen in conditions like Parkinsonôs disease and schizophrenia, 

wherein abnormalities in gamma-band activity play a key role (47). In Parkinsonôs disease, such 
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disturbances primarily affect motor circuits, contributing to symptoms such as tremors and stiffness. In 

schizophrenia, it interferes with perception, attention, and working memory, reflecting broader breakdown 

in effective communication between different brain regions. 

Developmental disorders further underscore the importance of rhythmic regulation. The segmentation 

clock, an oscillatory gene expression network orchestrating vertebral development, can be perturbed, 

resulting in spinal malformations such as congenital scoliosis (48). Similarly, during embryogenesis, the 

coordination of mitotic waves is critical for precise tissue patterning and rapid cell division - with 

disturbances leading to irreversible structural defects (49). 

At the cellular level, particularly within the cytoskeleton, poorly coordinated or misaligned waves can impair 

cell behavior. In healthy migrating cells, actin waves form coherent spatiotemporal patterns that guide 

membrane protrusions and directional movement. When these waves become fragmented or irregular, cells 

may lose polarity, exhibit erratic migration, or fail to coordinate with neighboring cells (50). A visual example 

of actin wave disruption and recovery is depicted in Fig. 1.5, where treatment with latrunculin A induces 

global depolymerization of actin in Dictyostelium cells, followed by the gradual reformation of cortical wave 

structures. 
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Actin structures are lost upon depolymerization and gradually reorganize into patches and waves after drug 

washout. Reproduced from Gerisch et al., 2004, with permission from Elsevier. (51)  

 

Similar wave disruptions have been linked to cancer progression (52) and immune dysfunction (53, 54), 

where abnormal cytoskeletal activity contributes to invasive cellular behavior or impaired immune 

responses. These findings demonstrate that coordinated actin wave activity is essential for maintaining 

cellular stability, whereas its dysregulation can promote conditions favorable to metastasis and immune 

evasion. 

Altogether, these examples reveal that disease can arise not only from the absence of rhythmic activity, but 

also from its disorder, mistiming, or spatial miscoordination. Dysfunction may occur within a single cell or 

extend across entire tissues, underscoring a central principle: biological health depends on the presence 

of correctly patterned rhythms, precisely coordinated in space and time.  

Figure 1.5  Disruption and recovery of actin waves in Dictyostelium cells following latrunculin A 
treatment. 
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1.3 Restoring the Wave: Therapeutic Strategies for Rhythmic Dysregulation 

 

If the breakdown of rhythmic activity leads to dysfunction across biological systems, then the restoration of 

proper wave dynamics forms a key therapeutic goal. Given the central role of rhythmic coordination in 

maintaining health, many interventions, including electrical, chemical, and mechanical approaches, are 

designed to reintroduce, stabilize, or reshape wave patterns that have become pathological. 

In cardiology, defibrillation is a classic example. This intervention delivers a strong electrical pulse intended 

to reset the chaotic electrical activity of the heart and restore a stable rhythm. Pacemakers and implantable 

cardioverter defibrillators (ICDs) provide long-term solutions by generating or correcting cardiac rhythms 

when intrinsic wave propagation is impaired. Catheter ablation techniques extend these strategies by 

targeting and disrupting the tissue substrates that support abnormal circuits (55), effectively remodeling the 

architecture through which waves propagate. 

In neurology, deep brain stimulation (DBS) has become an important neurosurgical tool for rhythm 

restoration (56), particularly in disorders such as Parkinsonôs disease. By delivering targeted electrical 

pulses to specific brain regions, DBS can modulate abnormal oscillations and restore motor function. 

Similarly, responsive neurostimulation (RNS) and vagus nerve stimulation (VNS) are being used to disrupt 

epileptic activity, aiming to reduce seizure frequency and severity by intervening directly in pathological 

neural dynamics (57). 

Pharmacological strategies also play a critical role in restoring rhythmic control. Agents that target ion 

channels or modulate neurotransmitter levels can influence oscillatory patterns by altering cellular 

excitability and network connectivity (58, 59). Such approaches are under active investigation across a 

range of systems, including neural circuits, cardiac tissue, and developmental processes where oscillatory 

gene expression is essential for proper function. 

Emerging therapeutic approaches are beginning to move beyond simply restarting rhythms, aiming instead 

to restore their spatial coherence and organization. In some cases, such as cardiac resynchronization 

therapy, aligning wavefronts across tissue has been shown to improve function more effectively than 
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restoration of timing alone. At both the tissue and intracellular level, efforts to modulate wave dynamics 

using tools like optogenetics have shown promise in models of wound healing in cardiomyocytes (60) and 

metastasis in gastric cancer cell lines (61). These strategies reflect a growing understanding that restoring 

healthy rhythms often requires tuning both their temporal and spatial properties. However, many therapeutic 

applications remain in the early stages of development, as ongoing gene knockout studies continue to 

elucidate the underlying regulatory pathways. Developing effective interventions will ultimately depend on 

a deeper mechanistic understanding of these complex regulatory networks. 

 

1.4 From Pixels to Patterns: Quantifying Wave Motion Through Optical Flow 

 

 

Optical flow is a foundational technique in classical computer vision used to estimate motion by analyzing 

the apparent pixel displacement across successive image frames. It provides a dense vector field that 

describes the apparent motion of objects or patterns in the scene. The fundamental assumption behind 

optical flow is that changes in image intensity over time are caused by object motion rather than illumination 

variation. More formally, it assumes that the intensity of a pixel at a given location remains constant as it 

moves within a short time interval ɝὸ. This leads to the brightness constancy constraint (in 2D): 

Ὅὼ ɝὼȟώ ɝώȟὸ ɝὸ  Ὅὼȟώȟὸ 

Expanding the right-hand side using a first-order Taylor approximation yields: 

Ὅὼ ɝὼȟώ ɝώ ȟὸ ɝὸ Ὅὼȟώȟὸ
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(A) Two frames of a representative neutrophil-like HL60 cell taken 8 seconds apart, along with their merged 

image, show changes in dynamics over time. (B) Schematic of the optical flow method: spatial gradients 

(left) and temporal changes (right) are combined to compute the optical flow vector field (center). (C) Optical 

flow analysis applied to the images in A. The spatial gradient (left) and temporal gradient (right) produce 

the resulting flow field (center). In the right panel, blue indicates increasing pixel intensity and red indicates 

decreasing intensity between frames. Scale bars: 5 Õm. Reproduced from Lee et al., 2020, with permission 

from MBoC. (62) 

Figure 1.6 Optical flow captures actin dynamics from timelapse images 
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Applying the assumption of constant brightness, and dividing by ɝὸ, we obtain the optical flow constraint 

equation: 

‬Ὅ

‬ὼ
ό  

‬Ὅ

‬ώ
ὺ  
‬Ὅ

‬ὸ
π 

Here, ό   and ὺ   are the horizontal and vertical components (of x-y plane) of the optical flow vector, 

and Ὅɳ ȟ   represents the spatial intensity gradient. However, this equation alone provides one 

constraint with two unknowns (όȟὺ) making the system underdetermined at each pixel location. The Lucas-

Kanade method (63) addresses this by assuming that the flow vector is constant within a small spatial 

neighborhood around each pixel. We can see a demonstration of this in Fig. 1.6 how the flow vectors within 

a small neighborhood are pretty uniform. This gives us several versions of the optical flow equation, one 

for each pixel in the neighborhood, resulting in a (overdetermined) system with more equations than 

unknowns:  

ὃẗ
ό
ὺ

ὦ π where ὃ is an ὲ  ς matrix of intensity gradients ὍȟὍ  in the neighborhood, and ὦ is a 

ὲ  ρ vector of corresponding temporal gradients Ὅ. The least-squares solution to this system is obtained 

as: 

ό
ὺ

ὃὃ ὃ ὦ  

Pseudo-inverse is calculated to ensure a solution whenever inverses are ill-defined. The same equations 

can be extended to three dimensions for analyzing 3D timelapses. The corresponding optical flow constraint 

equation would be: 
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where ύ   is the vertical component of the 3D flow vector. 

The choice of neighborhood size directly impacts the quality and spatial resolution of the flow estimate. 

Larger neighborhoods improve robustness by aggregating more information, especially in low-texture or 

noisy regions, but can over-smooth and blur fine motion boundaries. In contrast, smaller neighborhoods 

preserve localized motion details but are more sensitive to noise. A Gaussian-weighted neighborhood is 

often preferred to emphasize the center pixel and suppress boundary effects which we have implemented 

in our work here. The choice of the smoothing parameters did not change our results significantly within a 

reasonable range as shown in a demonstrative power spectrum of gut motion over 1-minute (Fig. 1.7).

 

Figure 1.7 Sensitivity of gut motion spectra to optical flow parameters. 

Power spectra of crayfish hindgut motion computed over a 1-minute segment using different optical flow 

neighborhood sizes and Gaussian smoothing widths. The original curve (green) corresponds to ů = 0.5 and 

a 3×3 pixel kernel. The y-axis represents motion power (squared amplitude), and the x-axis shows 

frequency. The similarity across curves indicates that motion estimation is robust to parameter variations 

within a reasonable range. 

 

To improve temporal coherence and suppress random fluctuations, the image sequences used in this 

dissertation were temporally smoothed using a Gaussian filter over 5 consecutive frames (64). This mild 
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temporal smoothing ensures that the computed gradients are not dominated by stochastic noise or abrupt 

local fluctuations, especially important when analyzing dynamic cytoskeletal processes like actin wave 

propagation.  

Preprocessing steps play a crucial role in ensuring the reliability of the optical flow computation. In 

particular, for the actin dynamics analysis in developing neurons, two key corrections were applied: jitter 

correction, to align frames and eliminate sub-pixel motion artifacts caused by mechanical drift or sample 

instability; and bleach correction, to normalize intensity decay over time due to photobleaching, thus 

preserving the validity of the brightness constancy assumption. Additionally, the imaging frame rate must 

be appropriately chosen. A frame rate that is too high risks capturing frame-to-frame noise or redundant 

data with negligible true motion, which can violate the assumptions of smooth spatial and temporal 

transitions. On the other hand, a frame rate that is too low may miss rapid events or result in displacements 

that exceed the small-motion assumption required for the Taylor expansion, thereby breaking the optical 

flow constraint.  

Frame rates in this dissertation were selected based on the characteristic timescale of motion in each 

system. For gut motility experiments, although movies were originally acquired at 30 frames per second 

(FPS), we analyzed them at a reduced rate of 3 FPS to capture motion effectively on the scale of seconds. 

In contrast, for analyzing actin dynamics in developing neurons, we adopted a slower imaging rate of 0.5 

FPS, as actin waves tend to propagate more gradually and require longer timescales to manifest discernible 

motion. Together, the combination of Lucas-Kanade optical flow, Gaussian temporal smoothing, and careful 

preprocessing provides a robust and adaptable framework for quantifying spatiotemporal motion across a 

range of biological systems and is applied throughout all experimental chapters of this thesis. 
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1.5 Dissertation Overview: A Journey Through Diverse Wave Phenomena 

 

The following chapters of this dissertation build upon the conceptual foundation established in the 

introduction. Each chapter examines a distinct biological system in which spatiotemporal waves play a 

crucial role, ranging from multi-organ communication networks to subcellular cytoskeletal dynamics. 

Despite the diversity of systems studied, these investigations share a unifying focus: understanding how 

rhythmic patterns emerge, how they coordinate activity across space and time, and what tools or metrics 

can be employed to quantify such behavior. Each project combines experimental imaging and custom 

computational tools to study the architecture of biological waveforms. Collectively, these studies illustrate 

that waves are not confined to a particular structure, scale, or function. Rather, they represent a flexible and 

robust language through which diverse biological systems communicate and organize themselves. 

Chapter 2 investigates how the central nervous system (CNS) and ENS coordinate peristaltic rhythms in 

the crayfish hindgut, a tractable invertebrate model for communication along the gut-brain axis. Using a 

multimodal approach that combines optical flow analysis, spectral analysis, and electrophysiology, this work 

characterizes gut motility across a range of neurogenic stimuli. The findings uncover previously 

uncharacterized wave regimes with distinct spatiotemporal coherence properties and demonstrate that 

misalignment between ENS and CNS input can disrupt rhythmic coordination. This study provides a 

foundation for understanding how neuromodulation supports healthy gut rhythms and how its breakdown 

may contribute to dysmotility disorders. 

 Chapter 3 investigates actin dynamics in astrocytes, star-shaped glial cells of the central nervous system 

whose complex cytoskeletal behaviors are increasingly recognized as functionally important, particularly 

within tripartite synapses. Focusing on primary rodent astrocytes, this chapter examines actin wave 

behavior and reveals that these waves are highly responsive to environmental cues, exhibiting structured 

and non-random propagation. Using custom optical flow-based analysis, the study demonstrates that 

astrocytes generate bursty and spatially heterogeneous actin waves during environmental sensing. These 

findings suggest that astrocytes may use internal cytoskeletal rhythms to regulate interactions with neurons 
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and other glial cells. Disruptions to these rhythms could contribute to abnormal cellular behavior associated 

with conditions such as gliosis and neuroinflammation. 

Chapter 4 explores two-dimensional actin dynamics in developing neurons, with a focus on neurite tips and 

growth cones. It examines how nanotopographic cues influence actin wave behavior during early neuronal 

development. While actin waves are known to play key roles in growth cone navigation, their interactions 

with environmental physical features remain poorly understood. By integrating clustered optical flow with 

centroid tracking algorithms, our analysis demonstrates that subtle changes in substrate structure can 

significantly alter wave organization and influence neuronal growth across developmental stages. This 

chapter provides a framework for studying how sensitivity to environmental cues evolves throughout 

development. 

Chapter 5 extends the analysis to three-dimensional cytoskeletal dynamics, providing a closer 

approximation of the intracellular environment compared to flat substrates. This chapter compares actin-

driven mechanochemical waves in two developmental systems: Drosophila pupal wings and Dictyostelium 

discoideum. By applying and benchmarking two-dimensional and three-dimensional optical flow algorithms 

on these imaging datasets, the study quantifies how mechanical and cytoskeletal wave behavior contributes 

to morphogenesis and cell migration. The comparison reveals how dimensionality and imaging resolution 

impact our ability to resolve dynamic wave structures.  

Together, these chapters form a cohesive investigation into how biological systems generate and interpret 

rhythmic structure across scales. From organ-level motility to single-cell cytoskeletal remodeling, this 

dissertation posits that healthy function depends not only on the presence of waves, but on their alignment, 

periodicity, and coordination. These insights aim to lay the foundation for future efforts to repair wave 

dysfunction in disease and to engineer new systems with programmable dynamic behavior. 
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Chapter 2 : Spatiotemporal Dynamics of Gut Motility Across the Gut-Brain 

Axis 

 

This chapter is adapted from the publication draft ñInteractions between CNS regulation and serotonergic 

modulation of crayfish hindgut motilityò by Spandan Pathak, Norma Pe¶a-Flores, Phillip Alvarez, Jenna 

Feeley, Reza Ghodssi, Wolfgang Losert and Jens Herberholz, currently under review at Royal Society Open 

Science. My contributions to the work in this chapter involved the development of custom analytical tools 

for gut motility quantification, processing of all imaging datasets, execution of statistical analyses, and 

preparation of the written manuscript. Refer to section 2.7 Acknowledgements for a detailed list of 

contributors responsible for project ideation, experiments, data collection and analysis of the results.  

 

2.1 Overview  

 

This chapter explores the interaction of the central nervous system (CNS) and the enteric nervous system 

(ENS) in our model system of crayfish. Motility is a critical function of the gastrointestinal (GI) system 

governed by neurogenic and myogenic processes. Due to its major role in maintaining homeostasis, 

overlapping mechanisms have evolved for its adaptive operation including modulation by the CNS, ENS, 

and intrinsic pacemaker cells. The complex interplay of modulatory mechanisms of intestinal motility 

remains poorly understood since mammalian species offer limited accessibility.  

Crayfish provide a tractable ex vivo model to study the interplay between CNS and neurochemical 

regulation of GI motor patterns. Our study investigated the effects of CNS denervation and exogenously 

applied serotonin (5-HT) on crayfish hindgut motility. Multiscale spatial measurements showed stable 

motility parameters throughout 90 minutes of control conditions. Denervation, i.e. separating the gut from 

the CNS, resulted in a significant decrease in the magnitude and synchrony of hindgut contractions, while 

preserving the underlying frequency and directional bias of the waves. Subsequent application of 5-HT to 

the denervated preparation enhanced motility but disrupted spatiotemporal coordination. Treatment with 
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TTX (a sodium channel blocker) had minor impacts on motility metrics, indicating a prominent role of 

myogenic mechanisms. Our model provides a multiscale analysis framework to dissect CNS and 

interrelated neurochemistry contributions to GI motor dynamics.  

 

2.2 Introduction 

 

The nervous system is an information-processing system involved in sensing, integrating, and 

controlling all bodily functions. From interpreting internal and external sensory information received through 

afferent neurons to coordinating behavioral responses through muscular activation, the CNS plays an 

integral role as the bodyôs command center. While most bodily functions are controlled by the CNS, many 

aspects of ñday to dayò operation of an organism are only weakly supervised. They are instead regulated 

by local neural populations and associated cellular systems that receive sensory input and coordinate motor 

and neurosecretory output, especially in the GI tract and heart(65).  

 

     Here we investigate GI motility which allows intestinal contents to mix and propel along the GI tract and is 

a critical function of the GI system to maintain homeostasis. Uniquely, the GI system is the only organ 

system to have evolved an independent nervous system, the ENS - which in concert with the CNS and 

local biochemical environment regulates its sensory, motor and secretory functions(66). In mammals, this 

complex phenomenon is modulated by overlapping and cooperating neural systems, namely, the intrinsic 

ENS, extrinsic innervation by the CNS, and pacemaker-like cells (interstitial cells of Cajal (ICCs))(67).  

Disorders that affect GI motility such as Irritable Bowel Syndrome (IBS) have a neuropathic component 

where dysfunctional CNS and ENS neurons lead to intestinal dysmotility(68, 69). Compromised gut motility 

prevents proper nutrient absorption and can be potentially fatal(70). Notably, functional disorders of gut-

brain interaction are prevalent among more than 40% of the global population(71). Despite the pressing 

need to better understand the mechanisms underlying GI dysmotility in various diseases, the 
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neuroanatomical complexity and limited accessibility of mammalian models have limited causal studies of 

GI motor control dynamics. (72)(73) 

Conveniently, basic functions of the GI system such as intestinal motility are highly conserved 

across evolution. The general structure and neurochemistry of the GI tract is found across species as 

diverse as hydra, arthropods, octopuses and humans(74-76). Thus, simpler animal models with more 

tractable and accessible GI systems provide a promising alternative to study the mechanisms regulating 

hindgut motion.  

In particular, decapod crustaceans have a simple, accessible and well-characterized anatomy that 

allows dynamic study of the interplay between the GI tract and the CNS. The posterior segment of their 

digestive system, the hindgut, is located in their abdomen and has a reduced anatomy and physiology 

compared to vertebrates. The hindgut connects to the Abdominal Nerve Cord (ANC), which is part of the 

CNS, via a single nerve (ñNerve 7ò) in crayfish (77) or a paired nerve (ñPaired Intestinal Nerveò) in 

lobsters(78). The crayfish hindgut is innervated by two nerve plexuses, an outer plexus originating from the 

terminal abdominal ganglion and an inner plexus that runs in between the circular and longitudinal muscle 

layers. While the outer plexus arises from the nerves projecting from the terminal abdominal ganglion, 

whether the inner plexus has an extrinsic or intrinsic origin is yet unknown, even though groundwork on 

these animal models was laid almost a century ago (79). Moreover, innervation from the ANC may be 

ethologically useful as it contains well-characterized neuronal circuits that control important behaviors like 

escape and swimming(80).  

Moreover, crayfish, a group of inexpensive, wildly available freshwater crustaceans, are particularly 

well suited for ex vivo imaging of hindgut motility. Like the mammalian GI tract, even without external 

stimulation or CNS innervation, the crayfish hindgut spontaneously manifests wave-like movement caused 

by the contraction of circular and longitudinal muscles(81). These rhythmic contractions are produced by 

putative myogenic pacemakers(82), and hypothesized to be modulated by the CNS (78) via several 

neurotransmitters including serotonin(83), dopamine(84), glutamate (85) and neuropeptides(86, 87). 

Moreover, the crayfish preparation is particularly robust as the hindgut and connected ANC can remain 
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active for several hours when pinned down in a dish filled with crayfish saline, allowing ex vivo real-time 

study of hindgut motility through direct imaging. 

Among the most important mechanisms affecting hindgut motility is serotonergic modulation(88). 

5-HT, a common neurotransmitter, is an abundant neurotransmitter found in the GI system of mammals(89, 

90), and is known to regulate gut motility in crayfish(83). It is the most abundant neuromodulator of the 

mammalian GI tract produced endogenously by enterochromaffin cells  in the intestinal wall (91) and 

exogenously supplied by extrinsic neural processes(92). This combination of endogenous and exogenous 

5-HT has complex effects on a vast array of differentially localized 5-HT receptors including 5-HT1, 5-HT3, 

5-HT4, and 5-HT7(88, 93). In crayfish, exogenous serotonergic modulation of hindgut motility and 

serotonergic innervation of the hindgut have been partially characterized(83, 94). Particularly, 5-HT 

receptors 5-HT1Ŭ and 5-HT2ɓ are differentially expressed along the crayfish hindgut(94). Moreover, bath 

application of 5-HT has been shown to modulate hindgut motor activity, increasing power and frequency, in 

an isolated crayfish hindgut (19)(30). Thus, 5-HT receptors may have spatially differentiated and 

concentration-dependent effects on crayfish hindgut motility, as observed in mammals. Despite the potential 

for understanding gut motor dynamics using a crayfish model, the invasive and low-resolution nature of 

traditionally used methods (e.g., force transducers) have rendered dynamic changes in the physical 

properties of the hindgut and their corresponding motility patterns largely unknown. 

In this study, we used neuropharmacology combined with optical flow analysis - a non-invasive 

machine vision technique that extracts pixel level (ɛm) spatiotemporal flow fields - to investigate the effects 

of hindgut denervation and subsequent 5-HT application on hindgut motility. We predicted both CNS and 

5-HT would impact different aspects of hindgut motility revealing CNS serotonergic modulation of hindgut 

motor control as well as parallel mechanisms intrinsic to the hindgut and independent of CNS control. To 

extract multiscale motility parameters related to hindgut motion, we applied Fourier analysis to our 

spatiotemporal flow fields to better understand the underlying time scales as well as the overall strength of 

hindgut motion. Previous work has shown that these dynamics can be combined to track cellular or tissue 

movement across different spatial and temporal scales(62, 95). By providing a multiscale analysis 

framework, our study lays the groundwork for the real-time investigation of the cellular-molecular 
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mechanisms governing CNS and serotonergic modulation of gut motility in a crayfish model. In addition, 

our results will inform studies in other organisms and improve our limited understanding of the complex 

mechanisms underlying GI motility control. 

 

2.3 Experimental Methods 

 

2.3.1. Animals 

 

All animals used for the 5-HT experiments were adult male crayfish (Procambarus clarkii, N=30 obtained 

from commercial suppliers (Niles Biological Inc. or Carolina Biological Supply Co.) of similar weight and 

size and length (17.1 +/- 8.2 g, 8.0 +/- 1.2 cm). Animals were housed in communal tanks (30 gallons; 76 x 

30 x 30 cm; Length: Width: Height) with 3-10 other crayfish and kept on a 12-hour light: dark cycle at 22 +/- 

1.5 ÁC. They were fed 2 shrimp pellets (Ocean Nutrition Formula One Marine Pellets) twice a week per 

animal in the communal tanks. 

To ensure feeding was uniform and the animalsô hindguts would be empty before dissection, crayfish were 

taken from communal tanks 3-4 days after their last communal feeding and individually isolated in smaller 

tanks (2 litres; 20 x 12 x 13 cm; L: W: H). They were fed one shrimp pellet on the day of isolation and kept 

isolated for 4 days without further feeding before experiments. 

 

2.3.2 Dissection 

 

Animals were anaesthetized on ice for 15-25 minutes before their abdomens were removed. To 

expose the nerve cord, the ventral carapace was first cut bilaterally to sever the lateral nerves projecting 

from the nerve cord and lifted away with forceps stopping at the anus. To expose the hindgut, the dorsal 

carapace was cut bilaterally down to the tail fan and removed down to the most posterior abdominal 
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segment. The dorsal artery that runs along the hindgut tract was then exposed and pulled away from the 

hindgut. To remove the nerve cord from the animals, the ventral carapace was lifted, and the nerve cord 

was pulled away from it, carefully cutting the lateral nerves projecting from the terminal ganglion except 

for nerves 5, 6, and 7 that project to the telson, anal, and hindgut musculature, respectively. The anus was 

then detached from the tail cuticle and all abdominal muscle was removed. The hindgut attached to the 

nerve cord by N7 was taken out and placed in crayfish saline(96). Next, all remaining muscles, arteries, 

as well as nerves 5 and 6 were cut away. All nerves projecting from the terminal ganglion, except for N7, 

were trimmed as close to the ganglion as possible. Finally, the hindgut-nerve cord preparation was pinned 

out in a sylgard-lined petri dish with new crayfish saline. Insect pins were inserted at the hindgut's most 

posterior and anterior ends and at the nerve cordôs most anterior ganglion, while thinner pins were used 

to tether the lateral nerves projecting from each abdominal ganglion of the nerve cord (Fig. 2.1). 

 

2.3.3 Physiology 

 

Video recordings of the preparation were taken at 30 frames per second for 90 minutes using a 

monochrome CMOS camera attached to a dissecting microscope (10x magnification). Control experiments 

continuously superfused the intact preparation with crayfish saline at a rate of 5 ml per minute (Thermo 

Scientific, FH100 Peristaltic Pump) to assess viability during the total duration of the experiment. 

Superfusion rate was recalibrated weekly. All other experiments (other than TTX) included 3 sequential 

conditions (30 minutes each): 1. Intact preparation superfused with crayfish saline (baseline), 2. Hindgut 

isolated from the CNS by severing the intestinal nerve (N7) with microscissors while perfusing with crayfish 

saline, and 3. Isolated hindgut superfused with crayfish saline (control) or 3 different 5-HT concentrations 

(1, 10 or 100 ɛM).  

To determine the separate contribution of neurogenic vs myogenic components to gut motility, 

electrophysiology experiments using 10^-7 M TTX (tetrodotoxin, a sodium channel blocker) diluted in 

crayfish saline were performed on a denervated hindgut (N=1) and on intact hindgut-nerve cord 

preparations ( (N=5)) while stimulating the anterior nerve cord connectives with silver-wire electrodes or  
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Figure 2.1 Schematic of experimental setup and image analysis workflow. 

(a)The hindgut-nerve cord preparation was dissected from the crayfish abdomen (illustration used with 

permission(83))  For the 5-HT experiments, a set of 30 individual experiments was collected and analyzed 

from 30 individual animals. Each animal was only used once. The average weights and sizes for each 

condition (N=6 per condition) were: saline on intact preparation 17.9g Ñ 10.2g/ 8.2 cm Ñ 1.4cm; saline with 

N7 neurectomy 19.7g Ñ 10.1g/ 8.2cm Ñ 1.6cm; 1 ɛM 5-HT 16.7g Ñ 6.5g/ 8.0cm Ñ 0.9cm; 10 ɛM 5-HT 17.0g 

Ñ 5.0g/ 8.0cm Ñ 1.0cm; 100 ɛM 5-HT 16.5g Ñ 8.4g/ 7.9cm Ñ 1.1cm. Average animal weights and sizes for 

the TTX experiments were: 14.7g Ñ 1.9g/ 8.1 cm Ñ 0.3cm (b) The ex-vivo hindgut-nerve cord preparation 

was pinned on a sylgard-lined petri dish and video recorded at 10x magnification under 3 sequential 

conditions (30 minutes each) (other than TTX): 1. perfusion of crayfish saline (baseline) on intact 

preparation; 2. perfusion of crayfish saline on hindgut isolated from CNS by N7 neurectomy; 3. perfusion 

of crayfish saline (control) or perfusion of 5-HT at 1, 10 or 100 ÕM. A second control experiment video 

recorded the intact preparation superfused with saline throughout 90 minutes. (c) Pixel intensity-based 

thresholding was used to binarize the movies, extracting the hindgut outline in the process. Optical flow 

analysis was performed on the temporally smoothed time-lapses to capture movement of the hindgut. Arrow 

lengths quantify the magnitude of motion at different spatial locations while different directions are 

represented by color-coded arrows on a circular map. Finally, all dorsal-ventral (DV) movements 

(perpendicular to the central axis of the gut) were averaged along the DV axis to obtain mean instantaneous 

velocities. Their changes in time were captured from the resultant spatiotemporal plots with blue and red 
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bands indicating periodic DV movement along two directions. Further, motility parameters like wave speed, 

spatial span and directionality were extracted from the bands. Detailed description of the image analysis 

pipeline can be found in Methods.   

 

with no electrical stimulation. Experiments included the following sequential conditions: 1. superfusion with 

saline (30 mins baseline), 2. superfusion with TTX or saline (30 minutes) and 3. washout with crayfish saline 

(1 or 3 hours). 

 

2.3.4. Spike Counting 

 

Action potentials (spikes) evoked in the ANC and N7 by placing silver-wire electrodes on the anterior ANC 

were recorded by a second set of electrodes placed on the posterior Ventral Nerve Cord (VNC) or by a 

suction electrode on N7. Spontaneous activity was recorded with the same electrode arrangement but 

without any stimulation. Clampfit software (Molecular Devices) was used for spike counting in TTX 

experiments and controls. The event detection tool was selected, and a threshold search was performed. 

For experiments with episodic sweep settings, thresholds (positive or negative) were set manually above 

baseline noise (+/- 0.5 mV or higher). After level markers for re-arming and trigger were set, a detection 

window of 30 msec was selected with placement of cursors at defined time points. The first cursor was set 

on the baseline level immediately following the stimulus artifact, and the second cursor 30 msec after the 

first cursor. Threshold rejection was used sparsely and only if large artifacts were present in the recorded 

traces. 

To match our video analysis, the last 15 minutes of each phase (saline, TTX, washout) were analyzed. The 

number of events (i.e., action potentials) detected by the program for each phase was displayed in the 

event viewer and recorded in the results. For episodic recordings without stimulation, a 200-ms window was 

used to count spontaneous spikes. When using gap free recording mode without electrical stimulation 

(control), spontaneously occurring spikes were counted during time intervals that matched the 

episodic and video recordings of the saline and TTX phases as well as a later time point (i.e., 15-30 min, 
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45-60 min, 75-90 min). The same procedure was applied for spike counting in both the VNC and N7 

recordings. 

2.3.5. Image Analysis Workflow 

 

a) Post-processing of images 

 

The raw time-lapses were cropped using ImageJ to zoom in on the entire hindgut region. Transition frames 

accounting for denervation and 5-HT application were removed. The mean time elapsed for these cropped 

transition phases was 29s (denervation) and 8s (5-HT) respectively. We found hindgut movements 

happened at relatively long timescales, and hence, for our analysis purposes, reduced the frames per 

second (f.p.s) of raw images from 30 to 3 by skipping every 9 frames. All down-sampled movies were 

smoothed in time using the Simoncelli (5 consecutive frames with the weights 0.036, 0.249, 0.431, 0.249, 

0.036) smoothing filter(64). Results were not considerably sensitive to the exact smoothing parameters, 

given that 5-frame smoothing only affects the power spectrum at higher frequencies, and our characteristic 

motion occurred at much lower frequencies. Spatial smoothing was avoided to retain sharp features for 

optical flow analysis. 

 

b) Identifying hindgut outline and spatiotemporal flow fields using Optical Flow 

 

The hindgut outline for each timeframe was extracted from raw cropped images using ñstrelò and ñimerodeò 

in MATLAB. The median pixel intensity of every image was used for the binarization threshold. Optical flow 

analysis was performed on the smoothed and cropped time-lapses by the Lucas-Kanade method(63). The 

optical flow weight matrix around each image location was a Gaussian with a standard deviation of 2 pixels. 

A reliability threshold of 0.01 was also imposed to ensure movements only within the gut region were 

considered. Sub-threshold flow vectors were rendered zero. We confirmed that the size and shape of the 

Gaussian filter did not significantly alter motion capture and downstream analysis. Subsequently, all lateral 

optical flow vectors within the extracted hindgut region were averaged along the dorsal-ventral axis of that 
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frame. As a result, we obtained dorsal-ventral motility plots (Fig. 2.1), i.e. averaged lateral motion along the 

length of the hindgut as a function of time. For visualization, we used Gaussian smoothing on the raw flow 

vectors to obtain movement directions and magnitude at a larger spatial scale and ignore spurious localized 

effects due to random fluctuations in pixel intensity. A threshold was also applied to the resultant vector 

magnitudes to avoid background noise.  

 

c) Power analysis of flow fields 

 

Applying Fast Fourier Transform (FFT) on the dorsal-ventral motility plots against the time axis, we obtained 

2-D power spectral density (PSD) of lateral hindgut motion. Averaging along the spatial axis we derived the 

squared amplitude corresponding to all frequency components below the Nyquist frequency of 1.5Hz 

(sampling frequency is 3Hz). In signal processing terms, power is the sum of these squared amplitudes of 

all time-domain or frequency-domain samples divided by the signal length. We could identify characteristic 

frequency peaks (corresponding to the highest power value) and harmonics for different phases of each 

experiment. Similarly, using FFT against the spatial axis of motility plots led to instantaneous power. Here, 

the sum of the squared amplitude of all frequency components has been interchangeably used with the 

term ópowerô as higher amplitudes of the input signal (i.e. the spatiotemporal flow field) correspond to higher 

mechanical power of movement.  

 

d) Frequency peak of PSD 

 

The overall power embedded in a signal has contributions from a regular, periodic component (rhythmic 

power) and an irregular, noise-like component of the signal. Relative rhythmic power (rhythmic power 

divided by total power) from power spectral density quantifies the contribution of the peak frequency band 

to the overall power. It is regarded as a measure of temporal coordination in the signal. For pure white 

noise, the PSD should be a flat horizontal line whereas for a signal with a purely single frequency, the PSD 

would be a Dirac-delta function, and thus the relative rhythmic power near the peak should be 1. Based on 
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this, we quantified the coordination of hindgut movement with the metric, relative rhythmic power. To define 

a frequency band near the peak, we used a window of 0.04 Hz symmetrically on both sides. We noted that 

the resulting analysis does not change qualitatively based on the chosen peak width within a reasonable 

range. 

e) Lateral hindgut wave identification 

 

From DV flow fields, we applied area, length, and speed thresholds to extract individual lateral waves. First, 

we applied a Gaussian filter with a standard deviation of 2 pixels to extract regions having instantaneous 

speed above a chosen threshold (top 30% speed value, pooled across all movies). Then we used 

ñbwareaopenò and ñbwlabelnò (from MATLAB) to find and label all connected components (above the area 

threshold of 100 pixels) within our identified region. Finally, we extracted individual regions having a spatial 

span of more than 1/5th of hindgut length, separating large-scale (spatial and magnitude) movements from 

small, local fluctuations in the process. Upon identification, we used ñbwskelò (from MATLAB) to extract the 

central axis of the wave regions. The spatial span divided by the temporal span (i.e. slope of the extracted 

bands) provided us with the lateral speed of the wave. A wave without any ótemporal spanô indicated parts 

of the hindgut moving in synchrony without any waveform passing through. We used the term ómixed waveô 

to refer to these motility patterns. We also identified the directionality of these lateral waves by labeling all 

anterior-posterior (AP) movements with positive wave speed and posterior-anterior (PA) movements with a 

negative wave speed, respectively.  

 

f) Statistical testing for inter- and intra- treatment effects on hindgut motility parameters 

 

Shapiro-Wilks normality tests were performed to test the distribution of motility parameters corresponding 

to each kind of treatment (N = 6). Thereafter, Friedman and Wilcoxonôs (on those passing Friedman with p 

< 0.05) signed-rank tests were performed for pairwise comparisons between different phases (baseline vs 

2nd phase, baseline vs 3rd phase, 2nd phase vs 3rd phase), for each unique treatment (see supplementary 

tables 1, 2). All saline + N7 cut movies (N = 24) were pooled together to test the effects of the N7 cut on 
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the baseline. Similarly, all saline + N7 cut + 5-HT movies (N = 18) were pooled together to test the effects 

of 5-HT application on the baseline as well as the N7 cut phase. For TTX experiments, the number of 

repeats was too low for feasible statistical analysis among multiple treatment groups. p-values are reported 

in figures for 0.1 > p > 0.05, * for 0.01 < p Ò 0.05, ** for 0.001 < p Ò 0.01, *** for 0 < p Ò 0.001. 

 

2.4 Results 

 

2.4.1 Image analysis workflow captures complex dynamics of hindgut movement in crayfish and 

quantifies motility parameters. 

 

To investigate the complex hindgut motion observed in crayfish, we developed an image analysis workflow 

that captures and quantifies motility parameters from brightfield images (as shown in Fig. 2.2). We used 

óoptical flowô, a widely used machine vision technique(62), to detect movements at an individual pixel level, 

constructed spatiotemporal flow fields to obtain averaged movement along the DV direction, and applied 

Fourier transformation to reduce the complex motion down to a few meaningful motility parameters. The 

workflow is further described in Materials and Methods.  

Fig. 2.2a shows a representative crayfish hindgut image. The principal or AP crayfish gut axis has the nerve 

cord N7 attached near the posterior (P) end (pointed at by the red arrow). Thereafter, through a sequence 

of timeframes, optical flow analysis demonstrates wavelike motion at different regions of the gut. The length 

and direction of the arrows quantify the magnitude and direction of instantaneous motion at each spatial 

location.  
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Figure 2.2  Optical flow calculations capture the dynamics of hindgut movement. 

(a) Demonstration of motion capture workflow from isolated crayfish hindgut movies. Subsequently, a series 

of timeframes overlaid with optical flow vectors indicate wave-like propagation of local DV movements. (b) 

DV motility plot depicting different kinds of lateral waves (c) Representative DV motility plot (saline 

treatment) for 30s of gut movement under saline treatment. (Lower gut position values correspond to the 

anterior end.) The color axis represents the velocities, with positive and negative values indicating 

movements towards the ventral and dorsal direction, respectively. (d) Local gut diameter as a function of 

time for the same gut movie as c. (e) Power spectral density of the motility plot from (c) averaged along the 

spatial axis.(f) Identification of lateral gut waves based on instantaneous DV speed and spatial span 

threshold. Wave speed is calculated using the slope of the extracted wavebands. The color axis represents 

the wave velocities with positive values indicating movements from the Anterior to the Posterior direction, 

i.e., AP waves (g) Probability distribution of lateral wave velocities from a saline treatment of 15 min (same 

movie as c-f). (h) Lateral wave velocities of individual waves vs time from c. 

  

 Most movements occurred in the DV direction, and very few flow vectors were aligned with the AP axis, 

indicating a much prominent role of longitudinal muscle contractions. In successive timeframes we 

observed a wavelike progression of localized movements along the AP axis, which is perpendicular to the 

direction of instantaneous velocities. In this representative case, we noted a localized downward waveform 

traveling from the posterior to the anterior end (shown in the form of the dashed green line) in a period of 

3s. We denoted these lateral wave-like movements along the AP axis as ólateral waves.ô  Fig. 2.2b 
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demonstrates a variety of these long and short-range wave patterns. We found waves traveling along both 

directions (AP and PA), waves without any clear directionality (ómixed wavesô), two successive waves 

merging, and waves changing directions at the midpoint of the gut. In Fig. 2.2c we constructed a 

spatiotemporal VNC motility plot from 30s of baseline (saline) treatment, that captured the wavelike 

progressions of mean DV movement along the length of the gut. We observed slanted alternate blue and 

red bands in this chosen time-window, indicating gut movement in a coordinated and periodic manner. Fig. 

2.2d shows no major periodic changes in local gut diameter, indicating minimal circular contractions. To 

quantify and characterize this complex motion, next, we applied 2-D Fast Fourier transformation to the ST 

motility plots and in Fourier space, averaged the contributions from all gut locations. The PSD from Fig. 

2.2e demonstrates how different frequencies contributed to the rhythmic nature of the gut movement. The 

total area under this PSD curve (power) quantifies the extent of gut movement and is characteristic of the 

mechanical power of the system undergoing motion. We observed a sharp peak in the resulting PSD close 

to a characteristic frequency of 0.2 Hz (shown by the brown dashed line). The normalized area around the 

peak is a measure of the temporal coordination of movement. To extract further information about lateral 

waves, we measured the speed of the waves from the space-time motility plots. The slope of the extracted 

bands provides us with the traveling wave speeds (Fig. 2.2f), where we can notice different directions of 

waves travel within the given time window (AP movement is denoted by positive velocity values). Using a 

longer period of gut motion (15 min of saline treatment on the hindgut preparation) we found a bimodal 

distribution of velocities (Fig. 2.2g) with a clear preference for PA movement. Fig. 2.2h highlights the large 

number of lateral waves observed in a typical experiment and points towards the infrequent directional 

switching of these waves.  
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2.4.2 Temporal variation of motility power in experimental runs  

 

 

Figure 2.3  Average power comparisons for the first and last 15-minute windows of different treatments. 

Variation of average power across two different intervals (first 15 min vs last 15 min) within a phase for all 

treatments. (a) All movies with N7 cut were pooled together for testing of statistical significance (N=24) (b). 

All movies with N7 cut + 5-HT were pooled. (N=18) Each dot represents the corresponding power values 

for the chosen 15 min interval of a unique movie. p-values were obtained using Friedman and Wilcoxonôs 

signed rank test criteria. For N7 cut experiments, the two intervals had a significant difference (p = 0.028) 

in power during the N7 cut phase. For all N7 cut + 5-HT movies, the two intervals had significant differences 

during the N7 cut (p = 0.025) and the 5-HT phase (p = 0.005). Boxes indicate the 25th-75th percentiles of 

the sample data, and the solid black line indicates the median value.  

 

In an experimental run, we only considered the last 15 minutes of the first two phases and the first 15 

minutes of the third phase for our analysis (15-30 minutes, 45-60 minutes, and 60-75 minutes from the start 

respectively), as we aimed to capture the response of the hindgut upon serotonergic excitation. We 

observed that any increase in power is short-term and thus, for quantification, the hindgut motility was 
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analyzed immediately before and after the application of 5-HT. We also ran statistical tests to find 

differences between 15-minute intervals among the treatments, which supported our rationale for choosing 

such discrete time intervals (Fig. 2.3).  

For the TTX experiments, we again analyzed the final 15 minutes of the first two phases (Baseline saline: 

15-30 minutes, TTX: 45-60 minutes). However, for the crayfish saline wash phase, we used the final 15 

minutes of the phase (105-120 minutes), as TTX is known to require a longer duration to be fully washed 

out. 

 

 

2.4.3 Hindgut movement decreases upon denervation and increases after 5-HT application. 

 

Next, we studied the characteristic power of gut movement throughout an entire experiment (90 min). We 

averaged instantaneous power using 1-minute windows and obtained a time track for each experimental 

run. Since the first 30 min was always the saline treatment, we defined it as the baseline for each experiment 

(Fig. 2.4a). To avoid variance in power due to animal variation, we scaled each time track using the mean 

baseline power. We denoted the rescaled dimensionless quantity as ónormalized powerô. Overlaying 6 

individual time-tracks (N=6 for each treatment; Fig. 2.4b-f) with the medians in the center (given by the 

black horizontal lines), revealed large-scale temporal variations. In the saline control, there were no distinct 

changes in power levels throughout, suggesting steady dynamics over 90 min. (Fig. 2.4a-b). In serotonergic 

modulation experiments, we observed that after denervation in phase 2, power decreased slightly, which 

was again regained after the application of 5-HT (Fig. 2.4d-f).  
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(a-b) Combined power and normalized power vs time for the 6 controls without denervation (The first 30 

min are regarded as the baseline of each experiment. (c) Normalized power vs time for the 6 saline + N7 

cut controls. (d-f) Normalized power vs time for all experimental runs. N = 6 for each of the saline + N7 cut 

+ 5-HT concentrations. Blue, red and yellow correspond to 3 different phases of an experiment. Each dot 

represents the characteristic power of lateral motion (averaged over 1 min) normalized by the mean 

baseline power for that experiment. Black lines show the median normalized power tracks across all 

experiments with similar treatment. The N7 neurectomy and 5-HT application were performed at 30 min 

and 60 min from the start, respectively (g) Average power during 3 different phases of an experiment for 

individual treatments (N=6). Values for baseline, N7 neurectomy and 5-HT phases taken from the 2nd, 2nd, 

and 1st 15 min of each phase, respectively. p-values were obtained using Friedman and Wilcoxonôs signed 

Figure 2.4 Hindgut movement for varying treatments and all experimental repeats. 
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rank test criteria. Boxplot edges indicate the 25th-75th percentiles of the sample data, and solid black 

horizontal lines indicate median values.  

 

However, this peak in mechanical response was not sustained, and for the two higher 5-HT concentrations 

(10ɛM and 100ɛM), power eventually dropped close to baseline levels again. For the lowest concentration 

of 1ɛM, we observed a delayed rise in power after the application of 5-HT. Interestingly, we also noticed 

that there was much variability in intra-experiment power levels once the nerve cord was cut, and this was 

maintained even after 5-HT was added (indicated by a much wider distribution of the red and yellow dots). 

In the first phase, this variability in power was minimal. In Fig. 2.4g, we show that application of 5-HT drove 

power past baseline levels in a dose-dependent manner. The experiments with the highest concentration 

of 5-HT (100ɛM) led to power levels that were significantly higher than both the baseline (p=0.046) and N7 

cut phase (p=0.028). In the medium concentration (10ɛM), power levels were slightly higher than the 

baseline (but statistically non-significant, p=0.075) and significantly higher than the N7 cut phase (p=0.028). 

For the lowest concentration of 1ɛM 5-HT, such changes were not significant.   

 

 

2.4.4 Hindgut motility is influenced by both CNS coordination and abundance of 5-HT 

 

In the absence of circular contractions, tracking the central axis provides a good basis for studying the 

power of overall gut motility (Fig. 2.5a). However, total power (Fig. 2.5b) does not fully capture the intricate 

spatiotemporal patterns of movement observed. We found that different regions of the hindgut can exhibit 

varying frequencies of movement, leading to standing wave patterns due to the fixed endpoints. A regular, 

periodic motion is characterized by a sharp peak in the PSD curve at a specific frequency (rhythmic 

component) with minimal contributions from other frequencies (non-rhythmic component). Conversely, a 

PSD with multiple broad peaks indicates irregular, arrhythmic motion. With this reasoning, we used the 

dimensionless metric ñrelative rhythmic powerò (interchangeably used with ñrhythmic powerò), to quantify 

the temporal coordination of motion (Fig. 2.5b).  Fig. 2.5c illustrates examples of motility patterns associated 

with different levels of power and rhythmic power. Next, we pooled movies with similar treatments and 
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performed pairwise statistical tests to identify significant differences in motility parameters. For 5-HT 

experiments, we found a significant difference in overall power between all three phases (Fig. 2.5d). As 

shown previously in Fig. 2.4, we noticed that power decreased upon denervation (p = 0.0061) and then 

increased again upon 5-HT application (p=0.00023), which was higher even than the baseline (p=0.0043). 

Similarly, we observed the fraction of rhythmic power decreasing upon denervation in a statistically 

significant manner (p=0.007). However, unlike overall power, it stayed significantly lower (p=0.005) than 

baseline levels even after the application of 5-HT.   
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(a) Depicting the temporal evolution of gut motility patterns over a 3-second window, with color intensity 

representing the progression of time. (b) Defining power and relative rhythmic power from a demonstrative 

PSD curve. (c) Demonstrating representative examples of motility patterns that correspond to different 

degrees of power and rhythmic power (d) Boxplots showing variation in total power and relative rhythmic 

power with different treatments. Movies with similar treatments were pooled together for testing statistical 

significance. Number of repeats for 5-HT experiments: Baseline vs N7 cut (N=24), N7 cut vs 5-HT (N=18), 

Baseline vs 5-HT (N=18). Each dot represents the corresponding power or relative rhythmic power values 

for the chosen 15-minute interval of a unique movie. Relative Rhythmic Power = Area under the PSD at 

Figure 2.5  Dorsal-ventral motility and lateral waves after denervation, and serotonergic modulation. 
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peak frequency Ñ 0.04Hz/ Total Power. (e) No. of AP vs PA waves during 3 different phases of the 5-HT 

experiments (baseline, N7 cut, 5-HT), pooling together all movies with similar treatments (N=30, 24 and 18, 

respectively). (f) Boxplots showing variation in the no. of AP, PA, all waves, and directional switching events 

across different treatments (N=24, 18, and 18, respectively). p-values were obtained using Friedman and 

Wilcoxonôs signed rank test criteria. Total number of waves = No. of AP waves + No. of PA waves + No. of 

Mixed waves. Boxes indicate the interpolated 25th-75th percentiles of the sample data, and the horizontal 

solid black line indicates the median value.  

 

Relative rhythmic power is a characteristic of coordinated movement in the frequency or time domain. In 

Fig. 2.2, we observed spatial coordination of the gut, resulting in wave-like motility patterns. To capture this 

coherence and further augment our frequency-space analysis, we applied our wave-identification workflow 

to all motility plots. With the instantaneous DV speed and spatial wave-span thresholds, we extracted lateral 

gut waves travelling in both directions. We also studied the directional switching events for such waves and 

the potential effects of external perturbations on them. For the 5-HT experiments, we observed a strong 

preference for PA (posterior-anterior) over AP (anterior-posterior) movement irrespective of the treatment 

(Fig. 2.5e); (p=0.00042) for baseline, (p=0.019) upon denervation and (p=0.0012) after the application of 

5-HT. The total number of waves (p = 0.022) and the number of PA waves (p = 0.04) both decreased upon 

N7 cut (Fig. 2.5f) but did not rise back up by a significant amount upon application of 5-HT. We also noted, 

upon the application of 5-HT, the number of directional switching of lateral waves (AP Ÿ PA and PA Ÿ AP, 

combined) increased significantly (p=0.01) concerning the baseline (Fig. 2.5f) and slightly (but statistically 

non-significant, p=0.053) compared to the N7 cut phase. N7 cut did not result in any significant change in 

switching wave directions compared to the baseline. The number of AP waves was not affected by any 

treatment. 
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2.4.5 Frequency of dorsoventral movement is unperturbed by both CNS coordination and 

abundance of 5-HT 

 

 

Figure 2.6  Peak Frequency under denervation, serotonergic and TTX modulation. 

(a) Peak frequency during 3 different phases of an experiment for all controls and 5-HT experiments (N=6 

for each) (b) Boxplots showing variation in peak frequency values pooling together all 5-HT experiments 

with similar treatments: Baseline vs N7 cut (N=24), N7 cut vs 5-HT (N=18) and Baseline vs 5-HT (N=18). 

(c) Boxplots showing variation in peak frequency values pooling together all TTX experiments with similar 

treatments: N=6 for Baseline vs TTX, N=5 for TTX vs Saline Wash and Baseline vs Saline Wash. Each dot 

represents the corresponding frequency values for the chosen 15-minute interval of a unique movie. No 

two groups passed Friedman and Wilcoxonôs signed rank test criteria. Boxes indicate the interpolated 25th-

75th percentiles of the sample data, and the solid black line indicates the median value.  
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We observed that across both control conditions (saline and saline + N7 cut) and experimental conditions 

(Serotonergic: saline + N7 cut + 5-HT; Neurotoxic: saline + TTX + saline), there were no statistically 

significant changes in the frequency of hindgut dorsoventral movements. While individual experiments 

showed some fluctuations in peak frequency across different phases, none of the test groups met the 

criteria for significance in Friedmanôs test when analyzed collectively (Fig. 2 .6) 

 

2.4.6 Temporal coordination of hindgut motility in individual treatment groups 

 

Although pooling all movies with similar treatment sequences revealed an overall trend, we did not observe 

a significant dose-dependent effect of 5-HT on rhythmic power (Fig. 2.7), unlike the clear trend seen for 

motility power. We note that the low number of experimental runs per group (N=6) made it challenging to 

detect a clear statistical trend. 
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Relative rhythmic power during 3 different phases of an experiment for all treatments (N=6 for each): (a) 

Controls (Saline and Saline + N7 cut) and (b) Experiments. (Saline + N7 cut + 5-HT) Each dot represents 

the corresponding relative rhythmic power values for the chosen 15-minute interval of a unique movie. No 

two groups passed Friedman and Wilcoxonôs signed rank test criteria. Boxes indicate the 25th-75th 

percentiles of the sample data, and the solid black line indicates the median value.  

 

 

2.4.7 TTX blocks electrophysiological activity but does not fully suppress mechanical activity. 

 

To investigate the relative contributions of neural and myogenic components to hindgut motility, we 

performed experiments with TTX, a potent blocker of voltage-gated Na+ channels. Thus, changes in gut 

motility after TTX treatment would indicate involvement of neurogenic mechanisms rather than intrinsic 

myogenic control.  As expected, TTX treatment significantly reduced neuronal activity, as evidenced by a 

Figure 2.7  Rhythmic Power under different treatments. 
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dramatic decrease in spike counts, which could not be recovered after saline wash (Fig. 2.8a). Despite 

blocking neural activity, we observed a persistent level of coherent gut motility after TTX and saline wash, 

as indicated by non-zero power and relative rhythmic power values (Fig. 2.8b-e). Furthermore, analysis of 

lateral wave propagation revealed that the dominant directionality (posterior to anterior) was maintained 

even after TTX treatment (Fig. 2.8f). The number of PA waves and total number of waves decreased slightly 

(Fig. 2.8i and 2.8h). The application of TTX did not induce a substantial change in the frequency of 

directional switching events (Fig. 2.8j).  
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(a) Number of spikes recorded during 15-minute time windows (15-30 min, 45-60 min, 105-120 min). 

Number of repeats for TTX + Saline Wash experiments: N = 4. The recordings were performed either in the 

ANC or N7. One experiment was without external stimulation. (b, c) Normalized power vs time for all TTX 

experimental runs.  N = 6 for saline + TTX and N = 5 for saline+TTX+wash. TTX and saline profusion were 

administered at 30 min and 60 min from the start, respectively. (d, e) Boxplots showing variation in total 

power and relative rhythmic power with TTX experiments. (f) No. of AP vs PA waves during 3 different 

phases of the TTX experiments (baseline, TTX, Saline Wash) (g, h). Boxplots showing variation in the no. 

Figure 2.8  Effects of TTX modulation in hindgut motility metrics 
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of AP, and total waves with TTX treatments. (i, j) Boxplots depicting the number of PA waves and the number 

of directional switching events across TTX experiments. Total number of waves = No. of AP waves + No. 

of PA waves + No. of Mixed waves. Boxes indicate the interpolated 25th-75th percentiles of the sample 

data, and the solid black line indicates the median value.  

 

For the control condition, we observed sustained neurophysiological activity at VNC (Ventral Nerve Cord) 

and N7 throughout 90 minutes, showing the viability of the preparation (Fig. 2.9). 

 

 

Spike counts from the ANC (Abdominal Nerve Cord) and N7 for three 15-minute intervals (15-30 min, 45-

60 min, 75-90 min) in the absence of any external stimulation. 

 

 

 

 

 

Figure 2.9  Spike counts recorded from the control experiment. 
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2.5 Discussion 

 

The crayfish ex vivo hindgut-nerve cord preparation and analysis framework we developed offers a useful 

model to advance our understanding of CNS regulation and interrelated neurochemical modulation of GI 

motility. The hindgut displayed steady power dynamics during 90 minutes of saline perfusion, allowing us 

to investigate transient changes after denervation and subsequent application of 5-HT. Moreover, our 

analysis framework was non-invasive, solely using brightfield images to study lateral movements of the 

hindgut. Using optical flow analysis allowed us to detect and quantify movement at pixel (equivalent to ɛm-

scale) resolution along a significant length of the hindgut (24.2 Ñ 0.93 mm, or ~50% total hindgut). This 

method, coupled with Fourier transformation, further provided us with the tools to distinguish between 

different regimes of lateral hindgut motility, such as rhythmic, regular movement and more uncoordinated, 

irregular motion. Using multiple parameters to characterize gut motility - such as frequency, total power, 

rhythmic power and wave direction - we were able to discriminate among the different modulating systems 

of hindgut motility - including the motion driven by intrinsic putative myogenic pacemakers of the 

hindgut(82), the CNS, and associated serotonergic effects.  

While previous work in animal models has focused extensively on wave behaviors in short intestinal 

segments innervated by the ENS, few methods exist for directly tracking whole gut motility in concert with 

CNS regulation and serotonergic modulation, while providing continuous spatial localization of these 

movements(95, 97-99). Our model provides a simpler anatomical platform than traditional vertebrate 

models for analyzing this interplay continuously across organ systems (100) Moreover, unlike existing 

techniques such as force transducers or motion analysis of short intestinal segments, this platform 

aggregates data across multiple scales, allowing detection of local effects and visualization of global 

behaviors. In the future, concurrent electrophysiology of N7 neurons could be combined with 

neuropharmacology and optical flow video analysis to expand the modalities of our multiscale analysis 

framework. Our studyôs bath application of 5-HT after CNS denervation most closely mimicked the 

physiological effects of in vivo neuro-hormonal 5-HT release that reaches the crayfish hindgut via the dorsal 

abdominal artery that runs along it(83, 101). While the concentrations of 5-HT (1-100 ɛM) and rate of 
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application (5ml/min) used for this study were chosen based on their reported excitatory effects on crayfish 

lateral giant neurons (102) and increased power of the middle and caudal hindgut pulsatile contractions(94), 

the physiological concentration of 5-HT in the hemolymph of live crayfish may be lower(100, 103). Tonic 

levels of 5-HT have been measured in the hemolymph of similar organisms, such as American lobsters 

(104) and green crabs (105) at 1nM and 0.5nM respectively. However, systemic measurements may differ 

from local release concentrations, and other possible sources of 5-HT may exist in the hindgut. Interestingly, 

crayfish hindgut neurons have been shown to lack the ability to synthesize 5-HT and have been posited to 

borrow 5-HT through uptake from the extracellular medium(83). Moreover, other sources of 5-HT, like the 

mammalian enterochromaffin cells in the gut epithelium that produce more than 90% of 5-HT in the body 

(91) may be present in the crayfish hindgut, but this remains to be further studied. 

Notably, changes in hindgut power after 5-HT application showed dose-dependent effects. Hindgut motility 

power increased linearly with 5-HT concentration and returned close to CNS-regulated baseline levels 

depending on the 5-HT concentration. This result indicates that CNS control of hindgut motility may be 

partly serotonergic. Particularly, hindgut motility power was the parameter notably potentiated by application 

of serotonin at higher doses, while decreasing after prolonged application (Fig. 2.4), possibly as a result of 

synaptic desensitization, or related to differences in binding affinity of different 5-HT receptors(106, 107). 

However, bath application of 5-HT did not reflect the fine-tuned actions of serotonergic hindgut neurons that 

originate in the abdominal ganglion and target spatially differentiated 5-HT1Ŭ and 5-HT2ɓ receptors along 

the hindgut(94). Furthermore, the longitudinal and circular muscles producing lateral waves might also 

respond differently to 5-HT, as reported for neuropeptides in crayfish(86). Thus, failure to recover 

spatiotemporal coordination after ñneurohormonalò bath application of 5-HT points to the absence of 

coordination in sequential activation of these 5-HT receptors.  

Our results suggest an active role of neurohormonal 5-HT in modulating hindgut motility power in 

a linearly dose-dependent manner, while the CNS ensures overarching coordination of movement in space 

and time. This is supported by our findings that both N7 denervation and 5-HT application caused significant 

changes in temporal regularity (rhythmic power) and the number of lateral waves. However, other 

neurotransmitters released upon denervation may likely also have affected these parameters, and further 
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pharmacology experiments are needed to discern their contribution. Our TTX experiments suggest a more 

prominent and intricate involvement of myogenic components in regulating gut motility compared to the 

neurogenic components. Despite its neurotoxic potency, there was no significant difference observed in the 

overall extent as well as spatiotemporal coordination (Fig. 2.6) of gut motility before and after the addition 

of TTX. These findings suggest that while neuronal input plays a significant role in regulating hindgut 

motility, intrinsic myogenic mechanisms can generate and sustain rhythmic contractions, even in the 

absence of neural activity. Moreover, intrinsic mechanisms such as myogenic pacemakers likely control the 

parameters that did not show changes after denervation, namely wave directional preference and 

frequency, the latter staying within the previously reported (83, 94) range of 0.2-0.4 Hz (Fig. 2.6). 

 These intrinsically controlled parameters are likely determined by the animalsô internal states, such 

as feeding status (all animals were food deprived 3-4 days before experiments). In most experiments, we 

observed a directional preference for hindgut lateral waves traveling from Posterior to Anterior (PA) rather 

than the reverse direction. This is supported by previous work in crayfish that reported mostly PA or 

ñantiperistalticò waves in the denervated, empty hindgut, while AP or peristaltic contractions were only 

observed by introducing a small wax bead into the gut lumen (94) or in lobster, by supplying central input 

from the terminal abdominal ganglion to initiate the defecation reflex(78). Like antegrade peristalsis, which 

has also been reported in intestinal segments of vertebrates, crayfish hindgut antiperistalsis may play 

similar roles in content mixing, osmoregulation, and gut microbiota regulation(108-112). Further studies of 

crayfish hindgut motility may improve our understanding of bidirectional wave propagation and its interplay 

with CNS regulation.  

Finally, our study provides an especially simple anatomical model to study the bidirectional interplay 

between the CNS and intestinal motility(108, 113). Moreover, in recent years, there has been a high level 

of interest in the general health effects of the gut microbiome in modulating the brain(114, 115). Particularly, 

the interplay of the gut microbiome-brain axis and intestinal motility is an exciting avenue for future research 

in the crayfish model(116-118). 
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2.6 Summary 

 

A summary of our findings is presented in Fig. 2.10. In brief, severing the N7 connection between the CNS 

and ENS reduces both the magnitude and spatiotemporal coherence of gut motility. Exogenous application 

of serotonin restores motility but fails to regain coordination in movements. TTX treatment shows a lack of 

neuronal activity, yet motility persists, suggesting the presence of independent myogenic pathways. 

 

Figure 2.10  Graphical abstract showing effects of N7 denervation and serotonergic excitation on crayfish 
hindgut 
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Chapter 3 : Detection of Actin Dynamics Hotspots in Primary Cortical 

Astrocytes 

 

This chapter is adapted from the publication ñDecoding Natural Astrocyte Rhythms: Dynamic Actin Waves 

Result from Environmental Sensing by Primary Rodent Astrocytesò by Kate M. O'Neill, Emanuela 

Saracino, Barbara Barile, Nicholas J. Mennona, Maria Grazia Mola, Spandan Pathak, Tamara 

Posati, Roberto Zamboni, Grazia P. Nicchia, Valentina Benfenati, and Wolfgang Losert in Advanced 

Biology. In this work, I developed the optical flow-based analysis used in the identification of regions of 

elevated actin activity along the boundaries of astrocyte cells (óhotspotsô). My contributions included 

implementing the computational framework, mapping the spatial locations of these hotspots, performing 

initial exploratory analyses, and writing the chapter. Refer to section 3.5 Acknowledgements for a detailed 

list of contributors responsible for the project.  

 

3.1 Overview  

 

This chapter highlights recent findings on the spatio-temporal organization of actin dynamics in primary 

rodent astrocytes, a type of glial cell essential for maintaining neural homeostasis. Although astrocytes have 

traditionally been viewed as passive support cells, emerging evidence indicates that they exhibit rhythmic 

cytoskeletal behaviors, suggesting a more active role in sensing and responding to environmental changes. 

In this study, we investigated whether actin dynamics in astrocytes exhibit structured, wave-like patterns 

that are sensitive to external cues such as substrate topography and the presence of neighboring neurons. 

Using time-lapse fluorescence microscopy, we observed that actin-GFP-labeled astrocytes display 

localized, recurrent bursts of activity near their periphery. These dynamic hotspots varied in their spatial 

distribution and frequency depending on the environmental context. For example, hotspot activity was 

suppressed on engineered substrates with defined topographies but enhanced in the presence of neurons. 

https://advanced.onlinelibrary.wiley.com/doi/10.1002/adbi.202200269
https://advanced.onlinelibrary.wiley.com/doi/10.1002/adbi.202200269
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These findidings indicate that astrocytes actively modulate their cytoskeletal organization in response to 

both physical and biochemical signals. 

To detect and quantify these hotspots, I developed an optical flow-based analysis pipeline during the early 

phase of the project. This computational approach enable the generation of fine-scale maps of actin motion 

and the identification of regions exhibiting sustained dynamic activity across both space and time.  

Collectively, these findings suggest that astrocytic actin functions not merely a passive structural scaffold 

but also an active medium for spatial sensing and signal integration. This study contributes to the broader 

theme of the chapter: the mechanisms by which cells across biological employ wave-like and rhythmic 

cytoskeletal dynamics to acquire environmental information and guide their behavior.  

 

3.2 Introduction  

 

Spatio-temporal waves represent a recurring organizational principle across biological systems, enabling 

cells and tissues to coordinate activity across both time and space. In the previous chapter, we examined 

gut motility waves, which propagate over timescales of minutes and distances on the order of millimeters. 

In this chapter, we shift to a finer scale, investigating actin-based dynamic patterns within individual cells -  

specifically astrocytes - where fluctuations occur over seconds and micrometer distances. 

The actin cytoskeleton is a central component of cellular structure and function. Together with microtubules 

and intermediate filaments, actin networks confer mechanical integrity by balancing stiffness and elasticity, 

enabling cells to withstand external forces while preserving their shape (119, 120). Beyond structural 

support, actin dynamics are critical to numerous cellular processes, including migration, morphogenesis, 

axonal growth, organelle transport, and homeostasis (121, 122). Localized polymerization and myosin-

driven contractions generate the protrusive and contractile forces necessary for cells to modulate their 

morphology and interact with their microenvironment (123). Disruption of actin organization can lead to 

pathological outcomes, including cancer progression and impaired tissue function (124). 
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Despite substantial progress, understanding how actin networks are organized spatially and temporally 

within non-motile or weakly motile cells remains a significant challenge. In non-neuronal cells such as 

neutrophils (125), fibroblasts (31), epithelial cells (62), keratinocytes , yeast cells (126), and Dictyostelium 

discoideum, traveling actin waves often span broad regions of the cortex and fluctuate over timescales of 

minutes. These dynamics support large-scale structural reorganization and environmental sensing. 

Hotspots of actin activity typically emerge every 1 to 5 minutes depending on the stimulus and cell state, 

reflecting slower and more persistent dynamics compared to the gut motility waves discussed previously. 

In contrast, actin dynamics in neuronal cell types are more localized and transient, often restricted to the 

periphery of growth cones and operating on the time scales of tens of seconds. This high degree of spatial 

localization and rapid turnover is critical for dynamic environmental exploration during processes such as 

neuronal growth and guidance. However, the small spatial footprint and fast kinetics of pose significant 

challenges for conventional imaging and analysis techniques. Accurately identifying regions of elevated 

actin activity and linking them to functional outcomes requires new approaches capable of capturing the 

complex, multiscale nature of cytoskeletal behavior. This limitation motivates the development of 

specialized computational tools, such as the optical flow-based methods presented later in this work. 

Astrocytes provide an ideal model system to investigate these questions. As the most abundant glial cells 

in the central nervous system, they play key roles in maintaining homeostasis, regulating neurotransmitter 

uptake (Fig. 3.1), modulating synaptic plasticity, and controlling cerebral blood flow (127, 128).  
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BBB: blood-brain barrier. Reproduced from Escalada et al., 2024, with permission from International Journal 

of Molecular Sciences. (129)  

 

Recent studies suggest that beyond their traditional supportive roles, astrocytes actively participate in 

information processing and modulation of neural networks (130, 131). Given their dynamic interactions with 

neurons and their unique capacity for rapid volume change, astrocytes are a powerful model to investigate 

how the actin cytoskeleton supports local sensing and adaptive responses. 

While astrocyte calcium signaling has been extensively characterized, with numerous studies 

demonstrating that neurotransmitters such as glutamate can elicit intracellular calcium oscillations and 

intracellular calcium waves propagating across hundreds of microns over tens of seconds (132-134), the 

spatial and temporal organization of actin dynamics in astrocytes has remained relatively understudied. 

Understanding how cytoskeletal remodeling contributes to environmental sensing represents an important 

but underexplored dimension of astrocyte function.  

Recent observations from the Losert lab suggest that actin activity in astrocytes organizes into localized, 

structured patterns that fluctuate over timescales ranging from seconds to minutes. These dynamic patterns 

Figure 3.1  Schematic illustrating the diverse supportive and neuroprotective functions of astrocytes under 
normal physiological conditions.  
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are sensitive to chemical cues, substrate topography, and interactions with neighboring cells, often 

concentrating near the cell periphery ï an area critical to environmental sensing. 

In this chapter, we explore how actin dynamics contribute to local environment sensing in astrocytes. 

Specifically, we investigate whether the actin cytoskeleton generates wave-like patterns of activity, how 

these patterns are modulated by external stimuli, and how they relate to broader biological wave 

phenomena across scales. This work provides a conceptual bridge between tissue-scale motility waves 

and subcellular cytoskeletal organization, thereby setting the stage for the next chapterôs focus on the faster 

actin waves observed in neurons.  

 

 

 

3.3 Methods 

 

3.3.1 Cell Culture and Imaging 

 

Primary neocortical astrocytes were isolated from postnatal day 1-2 rats and cultured under standard 

conditions. Coverslips were coated with either poly-D-lysine (PDL) or Zn-Al hydrotalcite nanoparticles 

(HTlc) to create different substrate conditions for astrocyte growth. Astrocytes cultured on PDL or HTlc 

surfaces were imaged three to seven days after replating, while astrocyte-neuron cocultures were imaged 

after two to three days. These surface environments were later used to assess how physical cues influence 

actin dynamics. 

Cells were transduced with CellLight Actin-GFP BacMam 2.0 to visualize actin cytoskeletal dynamics. For 

imaging, cells were maintained in an incubator at 37ÁC with 5% CO2 and appropriate humidity for up to two 

weeks. Time-lapse fluorescence microscopy was performed using spinning disk confocal microscopes with 

two 40x objectives, one oil immersion and one water immersion, acquiring images every 2 seconds. 

Experimental conditions included baseline imaging as well as chemical stimulation with either high 

potassium solution (40 mM KCl) or hypoosmotic solution (260 mOsm Lϖĭ), prepared by omitting mannitol 
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from the standard control medium, to perturb the cellular environment. Further details regarding imaging 

parameters and experimental controls can be found in (29) 

 

3.3.2 Optical Flow Analysis  

 

To quantify actin dynamics, an optical flow-based computational pipeline was developed and applied to 

smoothed and jitter-corrected fluorescent time-lapse sequences. Optical flow was calculated using a 

weighted Lucas-Kanade method (63) implemented in Python. For most datasets, a 19 Ĭ 19-pixel Gaussian 

weight matrix with a standard deviation of 3 pixels (corresponding to 1.1 Õm) was used. A subset of HTlc 

time-lapses acquired by the collaborators used a larger 41 Ĭ 41-pixel Gaussian weight matrix with a 

standard deviation of 6.75 pixels, with a consistent Gaussian truncation value of 3 across all experiments. 

Our custom optical flow code outputs a "reliability score," providing a measure of the trustworthiness of flow 

vectors at each pixel location for a given time point. Because astrocyte actin dynamics are subtler than 

those observed in highly motile cells, strict selection criteria were applied. Only the optical flow vectors 

within the top 1% of magnitude inside the dilated cell boundary and exceeding 33% of the mean reliability 

for the time-lapse, were retained for further analysis. This ensured that only strong, reliable actin 

movements were considered, minimizing background noise contributions. 

Dynamic parameters such as flow strength, probability, persistence, and relative activity between hotspot 

and non-hotspot regions were computed from the thresholded velocity fields. To identify hotspots, 

thresholded data were further refined through morphological operations involving erosion and dilation in x, 

y, and time dimensions using a 3 Ĭ 3 Ĭ 2 kernel. Hotspots were defined as regions where actin dynamics 

were sustained for at least 10% of the total imaging time and exceeded a minimum size threshold of 20 

pixels (including time dimension), ensuring that transient or isolated fluctuations were excluded. Hotspot 

properties, including number, area, and spatial localization relative to the cell periphery, were quantified and 

compared across experimental conditions. 
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3.4 Results 

 

3.4.1 Actin Dynamics in astrocytes are localized and sensitive to environmental cues 

 

Time-lapse imaging of Actin-GFPïlabeled astrocytes revealed that actin remains dynamic under both 

control and triggering conditions on different surfaces (Fig. 3.2, 3.3). Although actin activity was consistently 

observed, dynamic events were highly localized, occurring predominantly along the cell periphery. 

Representative overlays of Actin-GFP timelapses demonstrate that high K+ stimulation on PDL-coated glass 

surfaces (Fig. 3.2a-3.2b), elicit a visibly stronger actin response compared to the corresponding control. In 

contrast, exposure to a hypotonic solution on the same substrate (Fig. 3.2c-d) does not produce a marked 

difference in actin activity relative to control conditions. In all cases, dynamic changes were concentrated 

near the membrane, suggesting that peripheral actin remodeling may play an important role in 

environmental sensing. Actin activity on HTlc films (Fig. 3.3) was noticeably reduced compared to PDL-

coated glass surfaces (Fig. 3.2), as reflected in the timelapses by the more limited range of color intensity. 
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a-b) Control and high potassium solution on PDL-coated glass (10-minute duration). c-d) Control and 

hypotonic solution on PDL-coated glass (5-minute duration). Images were acquired at 2-second intervals. 

Colorbars indicate elapsed time. Insets show zoomed-in views of selected cytoskeletal regions (same 

region for each condition pair). Scale bar: 50 ɛm. 

Figure 3.2  Representative overlays of Actin-GFP timelapses illustrating astrocyte actin dynamics under 
different conditions. 
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a-b) Control and high potassium solution on HTlc films (2-minute duration). c-d) Control and hypotonic 

solution on HTlc films (5-minute duration). Images were acquired at 2-second intervals. Colorbars indicate 

elapsed time. Insets show zoomed-in views of selected cytoskeletal regions (same region for each condition 

pair). Scale bar: 50 ɛm. 

 

 

Figure 3.3  Representative overlays of Actin-GFP timelapses illustrating astrocyte actin dynamics under 
different conditions. 
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3.4.2 Quantification of localized actin hotspots using optical flow analysis 

a) Cells grown under control and high Kϕ solutions on PDL-coated glass, b) Cells grown under control and 

high Kϕ solutions on HTlc films, c) Cells grown under control and hypotonic solutions on PDL-coated glass, 

d) Cells grown under control and hypotonic solutions on HTlc films. For each panel, the same cell is shown 

under control and stimulated (pathophysiological) conditions. Colorbars indicate the average number of 

above-threshold flow vectors per frame in the corresponding Actin-GFP time-lapse. Brighter regions 

correspond to areas of higher actin activity. Scale bar: 50 ɛm. 

Figure 3.4  Representative heatmaps from optical flow depicting "hotspots" of actin dynamics in primary 
astrocytes under different conditions. 
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To map the spatial distribution of actin dynamics in astrocytes, we quantified the localized motion intensity 

across individual cells. Dynamic activity was frequently concentrated near the cell periphery, suggesting 

the presence of spatially restricted regions of enhanced actin remodeling. To systematically define these 

active zones, we selected high-reliability optical flow vectors and cumulatively summed their appearance 

counts over time-lapse sequences. For each pixel location, we calculated the average number of flow 

vectors per frame, generating spatial maps that highlight areas of persistent, high-magnitude motion (Fig. 

3.3). Actin-rich regions were segmented using combined thresholds based on flow strength, probability of 

occurrence, and minimum spatial extent, resulting in the identification of discrete dynamic hotspots. 

Across both PDL-coated glass surfaces and HTlc films, pathophysiological conditions such as high 

potassium and hypotonic treatment elicited greater actin activity compared to their respective controls. 

Notably, the magnitude of activity varied between cells, with some exhibiting markedly elevated dynamics. 

In addition, substantial heterogeneity was observed in the spatial organization of hotspots across time-laps 

recordings: in some cells, hotspots were spatially discontinuous and isolated, whereas in others, they were 

more uniformly distributed along the cell periphery. 

 

3.4.3 Spatial and temporal mapping of boundary-localized actin dynamics 

 

Following the identification of localized actin hotspots, we next aimed to quantify the spatial organization of 

actin dynamics within the cellular cytoskeleton, as illustrated in the representative actin-GFP timelapse in 

Fig. 3.5b. To achieve this, we established pairwise functional masks of the astrocyte boundary (Fig. 3.5c), 

which allowed us to distinguish pixels located within the cell interior from those outside the cell. 
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a) Maximum projection of a representative Actin-GFP movie acquired on PDL-coated glass under control 

conditions. b) Corresponding Actin-GFP timelapse with frames acquired at 2-second intervals. 

c) Binarized mask of the astrocyte used to define inner bulk, boundary, and outer bulk regions based on 

proximity to the cell edge. d) Representative kymographs showing the locally averaged flow vector 

magnitude, vector count, and mean vector orientation along the cell boundary over time. Multiple nearby 

flow vectors within 20 pixels (7.2 ɛm) contributed to each boundary location at each time frame. 

e) Distribution of the number of flow vectors per frame as a function of vector magnitude (values below 0.1 

pixels/frame or 1.08 ɛm/min excluded). f) Log-distribution of the number of flow vectors per frame as a 

function of distance from the cell boundary. Colorbar in panel b indicate elapsed time. Scale bar: 50 ɛm. 

Figure 3.5  Analysis of spatiotemporal organization of actin dynamics along the astrocyte cell boundary. 
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Based on their proximity to the boundary, above-threshold flow vectors were categorized into three zones: 

(a) inner bulk (located more than 20 pixels, or 7.2 ɛm, from the boundary), (b) boundary region (within 20 

pixels of the boundary), and (c) outer bulk. Flow vectors in the outer bulk were excluded from further 

analysis, as they were likely associated with background noise. Focusing on boundary-associated vectors, 

we constructed space-time kymographs (Fig. 3.5d) to visualize changes in flow magnitude, vector count, 

and mean orientation along the perimeter over time. These kymographs revealed sharp, localized peaks in 

flow magnitude and vector counts at specific time points, indicating temporal bursts of actin dynamics. 

To further investigate the distribution of actin motion, we plotted the number of flow vectors per frame as a 

function of their magnitude (Fig. 3.5e), excluding vectors below 0.1 pixels/frame (1.08 ɛm/min) to avoid 

small-magnitude background fluctuations. In the representative time-lapses, cells under high K+ stimulation, 

exhibited higher-magnitude flow vectors compared to control conditions. Finally, we examined the spatial 

distribution of flow vectors relative to the cell boundary (Fig. 3.5f). Consistent with prior observations (Fig. 

3.4), the number of flow vectors decreased as the distance from the boundary increased. Importantly, the 

high K+ condition consistently showed a greater number of vectors across all distances compared to the 

control, suggesting that the pathological stimulus enhanced both the strength and spatial extent of actin 

activity. 

All observations from individual time-lapse pairs were subsequently confirmed and extended by Dr. Kate 

OôNeill in a follow-up publication (29). In this process, the image analysis framework was further refined 

through iterative spatial and temporal erosion and dilation steps, as well as additional size and duration 

thresholds, enabling robustly identification of "hotspot" regions (Fig. 3.6 A1-A3).  
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A) Hotspot regions identified from optical flow results by applying spatial and temporal erosion, dilation, and 

thresholding. Colorbar indicates average probability. B) Quantification of hotspot dynamics: average 

strength (ɛm/min), relative strength, and persistence compared between control, high K+, and hypotonic 

conditions. Paired t-tests were used for statistical comparisons; solid lines indicate means and gray boxes 

indicate 95% confidence intervals. C) Kymographs of normalized actin fluorescence (C1) and normalized 

optical flow strength (C2) for the three largest hotspot regions. Colorbars indicate normalized values. n = 

15 cells for control and Kϕ, and n = 8 cells for control and hypo. Reproduced from OôNeill et al., 2023, with 

permission from Advanced Biology. (29) 

 

Extensive statistical analyses were conducted on hotspot quantification metrics across the entire dataset, 

which included astrocytes cultured on PDL-coated glass, HTlc films, under different triggering conditions 

Figure 3.6  Identification and characterization of actin dynamics hotspots.  
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(high Kϕ and hypotonic), as well as astrocyte-neuron co-cultures. Fig. 3.6 presents a compilation of several 

key quantifications from these analyses.  

In this figure, we analyze how actin dynamics within hotspot regions respond to chemical stimulation, with 

measurements separated between the boundary and bulk regions. Within hotspot regions, actin dynamics 

were significantly stronger at the boundary following high K+ stimulation compared to controls (p = 0.006), 

but no significant differences were observed following hypotonic treatment (Fig. 3.6 B1). No changes in 

hotspot dynamics were detected in the bulk regions for either condition. Normalization of hotspot strength 

relative to whole-cell dynamics (Fig. 3.6 B2) revealed a significant increase in relative strength following 

high K+ stimulation (p = 0.006), but no change after hypotonic treatment. These findings suggest that K+ 

stimulation disproportionately enhanced hotspot activity relative to the overall cytoskeleton. 

The persistence of actin dynamics within hotspots (Fig. 3.6 B3) exhibited a slight trend toward longer 

durations following high K+ stimulation (p = 0.056), though differences were not statistically significant. 

Representative kymographs of normalized actin fluorescence and optical flow strength (Fig. 3.6 C1-C2) 

further illustrate enhanced dynamics within hotspots following K+ stimulation.  

Together, these findings indicate that hotspots exhibit selective sensitivity to chemical stimulation. High 

potassium preferentially increases the strength and spatial extent of actin dynamics within hotspots, while 

having little effect on the overall frequency of dynamic events. 
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Chapter 4 : Nanotopography-Guided Actin Dynamics and Growth Cone 

Navigation in Developing Neurons 

 

This chapter is adapted from the publication draft ñNanotopographic Control of Actin Waves and Growth 

Cone Navigation in Developing Neuronsò by Spandan Pathak, Kate M. OôNeill, Emily K. Robinson, Matt 

Hourwitz, John Fourkas, Edward Giniger, and Wolfgang Losert, currently under preparation for submission. 

In this chapter, I developed the tools used to analyze the actin wave patterns in neurons. My work included 

processing the imaging data, measuring the properties of the waves over time and space, performing 

statistical tests, and writing the manuscript draft.ШRefer to section 4.7 Acknowledgements for a detailed list 

of contributors responsible for project ideation, experiments, data collection and analysis of the results.  

 

4.1 Overview  

 

This chapter examines how developing neurons use their actin cytoskeleton to sense and respond to their 

physical environment, and how this sensitivity evolves across different stages of growth and exposure to 

varying microenvironments. Axonal development relies on the dynamic interplay of cytoskeletal 

components, especially actin, and the integration of diverse environmental cues. Actin dynamics, including 

polymerization, treadmilling, and myosin II-driven contractility, are key drivers of motility and force 

generation. Although the growth cone, a highly motile structure at the axon tip, guides pathfinding through 

dynamic actin remodeling, the actin dynamics in other neurite tips remains less explored. Building on prior 

work that actin dynamics can serve as a primary sensor of physical guidance cues from the environment, 

this work investigates the role of nanotopography in modulating and guiding actin waves and axonal tips 

during multiple (early) axonal developmental stages. We find that while actin-wave speed does not change 

significantly in the first two weeks of axonal development on flat substrates, wave speeds decrease on 

nanoridges with increasing neuronal maturity. Additionally, the ability of nanotopography to guide actin 

waves and the growth-cone direction diminishes in later developmental stages. This change in sensitivity 
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to physical guidance cues with neuronal development may play a role in limiting the regenerative capacity 

of mature neurons, and highlights the potential benefit of targeted therapeutic interventions into cytoskeletal 

dynamics at specific development stages. 

 

 

4.2 Introduction  

 

The development of a functional nervous system is a marvel of biological engineering, relying on the precise 

navigation and connection of countless neurons. This intricate process of neural circuit formation relies on 

the dynamic behavior of developing neurons as they extend neuritesðprojections that will ultimately 

become axons and dendrites(135, 136).  Initially, these neurites appear similar, posing a key question: how 

does a neuron specify which neurite will become the single axon and which will become the multiple 

dendrites? Changes in cytoskeletal dynamics through complex crosstalk of the underlying molecular 

machinery have been proposed as one determining factor(137, 138). This process of neuronal polarization, 

establishing distinct axonal and dendritic identities, varies across neuronal types(139, 140). Once neuronal 

polarity is established, the growth cone, a highly motile structure at the tip of the extending axon, is proposed 

to guide its path(141). Growth cone point contacts act as clutches(142), locally regulating actin retrograde 

flow (RF) and influencing axon outgrowth. Periodic "waves" of growth cone-like structures travel along 

neurites, causing retractions followed by growth spurts. In axons, these waves result in net growth, while in 

slower-growing dendrites, retractions are larger, leading to less net growth. (143)The underlying sensory 

and motor apparatus constantly probes the microenvironment for guidance cues, translating them into 

directed movement(144). This remarkable navigation depends critically on the dynamic and tightly 

regulated remodeling of the actin cytoskeleton(145, 146). In particular, the dynamic and interconnected 

interactions of actin filaments (F-actin) and microtubules(147, 148), underlie the processes of axon 

extension, steering, and synapse formation(149).  
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Studies on growth cones in vitro have identified microtubule protrusions and actin retrograde flow as key 

drivers of neurite extension(150). Actin polymerization drives the formation of sensory filopodia and 

lamellipodia, which adhere to surfaces, stabilizing protrusions and generating traction(151). Guidance cues 

and adhesive ligands activate signaling pathways that modulate actin-binding proteins, ultimately steering 

the growth cone by locally regulating actin dynamics and force transduction(152). Both F-actin treadmilling 

(the addition of G-actin monomers to the barbed end and removal from the pointed end of F-actin filaments) 

and F-actin retrograde flow (the transport of F-actin filaments towards the growth cone's center) provide the 

necessary force (153) essential for neurite advancement(154, 155). F-actin retrograde flow is powered by 

non-muscle myosin II contractility (hereafter, myosin II) in the growth cone's central region, coupled with F-

actin polymerization at the leading edge(156, 157). Myosin II can also indirectly promote F-actin 

polymerization (158) by initially inducing F-actin depolymerization (159) at the barbed end, which allows for 

G-actin monomer recycling(158). Additionally, actin-binding proteins like cofilin (160) and Drebrin E (147) 

facilitate rapid cytoskeletal remodeling and coordinating interactions between F-actin and microtubules to 

promote axon elongation during neuronal development. Thus, proper growth cone motility and accurate 

axonal targeting depend on the coordinated activity of numerous cytoskeletal proteins. The growth cone 

integrates attractive and repulsive guidance signals across space and time, allowing it to navigate its 

designated path. 

However, not all perspectives align with this traditional view of growth cone-led axonal development. 

Internal cytoskeletal dynamics may direct growth even without the growth coneôs active guidance(155, 161). 

Recent work, for example, has demonstrated that in the Drosophila wing disc, the growth cone of the 

pioneer neuron TSM1 is almost exclusively filopodial (162) Moreover, genes such as Abelson tyrosine 

kinase regulate actin organization and, therefore, the advance of the growth cone (162, 163) Differential 

neurite growth, including the selection of a single axon during initial polarization and the alternating growth 

of axon branches, has been shown to occur even in the absence of cone motility by applying cytochalasin 

E(164). This suggests that neurons possess mechanisms for locally regulating neurite elongation and at 

places other than growth cones. Further conflicting views emerge regarding the precise role of actin waves 

in promoting neurite outgrowth. (165)shows that neurite elongation, which may reach hundreds of microns, 
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can occur independently of actin waves. Whereas other studies have shown (166) that, during early 

neuronal development, actin waves drive fluctuations in neurite outgrowth by controlling microtubule 

transport. In such studies(167), competition between neurites, mediated by actin waves, is proposed to 

allow the neuron to explore its environment until external cues specify the axon. These findings suggest 

that actin waves act more as passive responders to stochastic internal forces than as active drivers of axon 

extension and growth cone formation. 

Beyond the dynamic cellular cytoskeleton, studies have shown extreme sensitivity of axonal guidance to 

chemo-attractants(168-171), where varying gradients of stimuli can induce different modes of axonal 

growth. Neurotrophins also influence this process by directly stimulating axon growth via positive feedback 

loops in the signaling pathways (172) or by suppressing axon formation to favor dendritic 

development(173). Beyond chemical cues, the physical properties of the microenvironment, such as 

substrate stiffness (174) and topography, also profoundly influence neuronal growth behavior across 

different stages of development(175, 176). Specific topographic cues can direct neuronal polarization by 

attracting key markers, resulting in axons growing preferentially along the patterned features(177). In 

slightly later stages, growth cones on micropatterned substrates developed distinct morphologies of being 

more elongated and oriented with respect to the neurite shaft(178). These findings highlight the importance 

of considering the three-dimensional complexity of the in vivo environment when studying the role of actin 

dynamics in axonal guidance and growth cone navigation. 

This work investigates the role of nanotopographic surfaces (nanoridges) in modulating actin waves in 

neurites and growth cones during neuronal development. We demonstrate that, on flat surfaces, actin wave 

speed remains relatively constant across developmental stages but decreases on nanoridges with 

increasing neuronal maturity. In middle-stage neurons, the guidance of actin by nanoridges is reduced, with 

the underlying cytoskeletal orientation appearing to be the primary driver of the direction of actin wave 

propagation throughout development. Additionally, growth cone guidance by nanoridges diminishes in later 

developmental stages. This work shows that during development, as neurons adopt more branched 

structures, actin waves are hindered by underlying nanotopography. These findings are particularly 

significant given the critical role of actin dynamics in neuroregenerative properties. Recent studies have 
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shown that promoting actin dynamics can enhance axon regeneration in the adult nervous system, 

particularly through the regulation of specific actin-binding proteins such as ADF/Cofilin (149). 

Understanding how nanotopography influences actin dynamics during development may provide valuable 

insights into potential strategies for promoting axon regeneration after injury. By elucidating the interplay 

between physical cues and cytoskeletal reorganization(179), this research contributes to our understanding 

of neuronal plasticity and may inform the development of novel therapeutic approaches for 

neuroregeneration and the treatment of neurodegenerative diseases(180). 

 

4.3 Materials and Methods 

 

4.3.1 Primary neuronal dissections and cell culture 

 

Primary neurons were obtained from Sprague Dawley rats housed at the University of Maryland (with 

approval by the University of Maryland Institutional Animal Care and Use Committee; protocols R-JAN-18-

05 and R-FEB-21-04). On embryonic day of gestation 18 (E18), primary cortical neurons were obtained via 

dissection and cultured as previously described(29). We did not distinguish between cortices from male 

and female embryos. Briefly, hippocampi and cortices were dissected from decapitated embryos. Cortices 

from all embryos were combined, triturated manually, and counted via hemacytometer. A monolayer of 

cortical neurons was plated in 35 mm imaging dishes with glass centers (cat. no. P35G-1.5-20-C, MATTEK) 

at a density of 5 x 105 cells per dish (520 cells/mm2). Before plating, imaging dishes were coated with 

0.1 mg/mL poly-D-lysine (PDL; cat. no. P0899, MilliporeSigma) for at least 1 hr at 37 ÁC and washed thrice 

with phosphate-buffered saline (PBS; cat. no. SH30256.01, Cytiva). A subset of monolayers was plated on 

nanoridges, which received the same PDL coating and an additional coating layer of 10 g/ml laminin for 

20 min at 37 ÁC (cat. no. L2020, MilliporeSigma). Cultures were maintained in NbActiv4 medium (cat. no. 
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Nb4-500, BrainBits) supplemented with 1% penicillin-streptomycin (P/S; cat. no. 15070063, Thermo Fisher 

Scientific) at 37 ÁC, 5% CO2. Half the media was changed twice per week. 

 

4.3.2 Transduction with Actin-GFP 

 

For visualization of actin dynamics within primary cortical neurons, we used CellLight Actin-GFP, BacMam 

2.0 (cat. no. C10506, ThermoFisher Scientific). We chose this viral vector because of its low toxicity and 

because it sparsely labels cells. Given that neurons have complex morphological structures even early in 

development, the latter feature is particularly helpful for analysis of single-cell actin dynamics. At 48-72 hr 

prior to imaging, 5-10 ɛL of CellLight was mixed with cell culture media (1-2 particles per cell; PPC). Media 

was fully changed at approximately 20 hr after transduction, and imaging was performed 24-48 hr after the 

full media change.  

 

4.3.3 Confocal imaging 

 

Live imaging of primary cortical actin dynamics was performed at the University of Maryland Imaging Core 

with a PerkinElmer spinning disk confocal microscope. For all experiments, we used an oil immersion 40Ĭ 

objective (1.30 NA; 0.36 ɛm per pixel) and kept live cultures under temperature, humidity, and CO2 control. 

We recorded 16-bit images using a Hamamatsu ImagEM X2 EM-CCD camera (C9100-23B) and acquired 

timelapses through PerkinElmerôs Volocity software (version 6.4.0). We identified transduced neurons by a 

positive signal in the 488 nm laser channel. We performed imaging in growth media and acquired images 

every 2 s on the 488 channel for 5-10 min. We ensured a consistent z-plane with Perfect Focus (Nikon 

PFS). 
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4.3.4 Preparation of nanotopographic surfaces (nanoridges) 

 

Nanotopographic surfaces (ñnanoridgesò) are fabricated to include ridges that are spaced 3.2 Õm apart with 

a 1 Õm height. Individual surfaces are fabricated using a master surface and multiphoton absorption 

polymerization, as described previously(181). Briefly, a small amount of acrylic resin is placed between a 

PDMS mold and the acrylate-functionalized cover glass and then is photocured for 5 min. The replica that 

results from this process is complementary to the master and is used to produce the surfaces on which 

neurons are cultured(182).  

 

4.3.5 Image Analysis 

 

a) Vector fields using Optical Flow  

 

Image registration and intensity adjustment functions within the scikit-image module (Python) were used to 

correct jitter and photobleaching in the raw movies. To get rid of random background noise, processed 

movies were smoothed in time using a Gaussian-like smoothing filter across 5 successive timeframes(64). 

The smoothing timescale was chosen to be considerably less than the timescale at which actin waves 

become discernible. Subsequently, optical flow was performed on the smoothed image frames using Lucas-

Kanade method (63). A Gaussian weighting matrix (ů = 2 pixels or 0.72Õm) was applied around each pixel 

location to extract local flow vectors. A reliability threshold of 0.1 was used to remove sub-threshold vectors 

due to ill-defined least-squared calculations or noise. Critically, we validated that the choice of Gaussian 

filter parameters (size and shape) and reliability threshold did not significantly influence motion capture or 

downstream analysis.  

 

b) Neuronal Masking 

Scikit-image (Python) functions were used to generate and refine binary masks iteratively. First, mean 

frames were generated, and low-contrast frames were processed using contrast-limited adaptive histogram 
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equalization (CLAHE). A white top-hat filter (with disk-shaped structuring element of radius = 15 pixels or 

5.4Õm) was applied to highlight darker neuronal processes. Adaptive local thresholding (Niblack method) 

(183) yielded an initial binary mask. The initial binary mask was refined by multiple morphological opening 

steps, retaining the n largest connected components after manual review and background noise exclusion. 

Subsequently, a region corresponding to the cell body was manually selected, allowing for the isolation of 

neuronal processes from the larger cell mask. Neuronal process orientation was calculated using a rotating 

Laplacian of Gaussian filter on the mean image frame(184).  

 

c) Clustering of Flow Vectors 

 

Optical flow vectors were clustered locally by spatially averaging the flow vectors. A Gaussian neighborhood 

(11Ĭ11 matrix with ů = 5 pixels or 1.8Õm) was used to assess vector alignment by calculating the dot product 

between vectors and their corresponding neighborhood(185). Cluster peaks were detected in trackpy 

(Python) module using an approximate detection diameter of 5 pixels or 1.81Õm and a minimum separation 

of 15 pixels or 5.4Õm between two closest peaks. Detected particle positions for each frame were stored 

and subsequently linked across frames into trajectories with a search range of 5 pixels (1.8Õm) between 

successive frames and a memory of 1 frame (2s) to enable cluster track analysis. To emphasize longer-

scale actin flows, only tracks persisting for at least 8 frames (14 seconds) were analyzed. We calculated 

and stored per-frame and per-track metrics, including instantaneous shifts, displacement, velocity, 

movement angle, track length, duration, net distance, average velocity, average speed and sinuosity. To 

exclude static clusters, tracks with an average instantaneous speed greater than 0.5 pixels/frame 

(approximately 5.4 Õm/min) were retained. 

 

d) Growth Cone Orientation 

 

Growth cone boundaries were manually identified and extracted using ImageJ. The orientation of the central 

shaft was then determined by identifying its major axis. 
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e) Anisotropy 

 

To quantify the anisotropy of actin track trajectories, we first shifted all trajectories to a common origin (0,0). 

Principal Component Analysis (PCA) was then applied to the shifted x and y coordinates of each trajectory, 

yielding the principal components and their corresponding eigenvalues. The fractional anisotropy factor for 

each trajectory was calculated as the ratio of the smaller eigenvalue to the larger eigenvalue, providing a 

measure of the track's shape asymmetry. 

 

f) Burstiness 

 

To assess the burstiness of actin track initiation, we calculated the number of new actin tracks appearing in 

each frame. Since existing tracks persist across multiple frames, we focused exclusively on new tracks to 

avoid overcounting. The resulting time series of new track counts was coarse-grained by summing the 

number of new tracks within non-overlapping 10-frame windows. This yielded a time series of track counts 

in discrete time intervals. The burstiness was then quantified as the coefficient of variation (CV), calculated 

by dividing the standard deviation of these summed counts by their mean (CV = standard deviation / mean). 

A high CV value would thus indicate high variation in new track appearance times and more burstiness.  

 

g) Wasserstein Distance  

 

The Wasserstein distance (Wϛ) was used to quantify the dissimilarity between two probability distribution 

functions (PDF) (186). This metric represents the area between the corresponding cumulative distribution 

functions (CDFs). Mathematically, for two probability measures ɛ and ɜ on the real line with CDFs F and G, 

respectively, the Wasserstein distance (Wϛ) is defined as Wϛ(ɛ, ɜ) = Ú |F(x) - G(x)| dx. The Wasserstein 

distance is a useful tool for quantifying modest changes in broad distributions. 
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h) Spatial Recurrence Analysis of Actin Track Initiation 

To quantify the spatial recurrence of actin track initiation sites over time, we first identified the starting 

timepoint of each track as the earliest frame associated with each particle ID. These track initiation points 

were grouped into consecutive, non-overlapping time windows of fixed length (typically 10 frames). For 

each pair of adjacent windows, we computed the fraction of new track starts in the second window that 

occurred within a defined search radius (typically 5 Õm) of any initiation site from the preceding window. 

This was implemented using a fast nearest-neighbor search (cKDTree from scipy module) to efficiently 

identify spatial matches. The recurrence fraction thus captures the extent to which new actin activity 

reappears in previously active regions.  

 

i) Pooling of DIV (days in vitro after plating) videos and statistical testing 

 

On flat surfaces, we categorized videos from DIV 2 to 5 as óearlyô (N = 17), DIV 7 to 12 as ómiddleô (N = 21), 

and DIV 14 to 23 as ólateô (N = 17) developmental stages. On nanoridges, DIV 2 to 4 were grouped as 

óearly-stageô (N = 9), and DIV 7 to 8 as ómiddle-stageô (N = 6). To compare multiple independent test groups, 

we first performed the Shapiro-Wilk (187) test to assess normality. If the data met the assumption of 

normality, we conducted a one-way ANOVA to test for overall group differences, followed by Tukeyôs post-

hoc (188) test to determine which group means differed significantly. If the data did not meet normality 

assumptions, we used the Kruskal-Wallis (189) test instead, followed by Dunnôs post-hoc test (190) for 

pairwise comparisons. For comparisons between two groups, we used the t-test when both groups passed 

the normality test, and the Mann-Whitney U test (191) when they did not.Significance levels are reported 

as follows: 0.1 > p > 0.05, * for 0.01 < p Ò 0.05, ** for 0.001 < p Ò 0.01, *** for 0.0001 < p Ò 0.001, and **** 

for 0 < p Ò 0.0001. For statistical testing, we pooled movies together. On flat surfaces, we categorized 

movies from DIV 2-5 as óEarlyô, DIV 7-12 as óMiddleô, and DIV 14-23 as óLateô developmental stages. On 

nanoridges, DIV 2-4 was grouped as óEarly-stageô, and DIV 7-8 as óMiddle-stageô. 
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4.4 Results 
4.4.1 Actin dynamics is persistent throughout different stages of microenvironment 

(a) Mean image of a representative DIV 7 neuron cultured on a flat surface. The green box indicates a 

region of interest, which is shown in a magnified version in (b). (b) The trajectory of an actin wave (orange 

arrows) moving along a neuronal process. Actin tracks overlaid from representative videos, color-coded by 

individual track, for each developmental stage on (c) flat surfaces and (d) 3.2-Õm-spaced nanoridges. On 

flat surfaces, the imaging durations were 5 min, 4 min 10 s and 8 min, respectively, for the representative 

videos from early, middle and late developmental stages. On nanoridges, the imaging durations were 5 

min, 5 min, 10 min and 10 min, respectively, for the representative videos from early, early, middle and 

middle developmental stages. The orange lines indicate the nanoridge alignment. 

Figure 4.1  Actin waves in primary rat cortical neurons in different DIV stages on flat and nanoridged 
surfaces. 
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Figure 4.1 elucidates the cluster tracking workflow's capacity to capture localized actin wave dynamics 

across a spectrum of neuronal developmental stages (DIV) and microenvironmental conditions. A 

representative mean image frame derived from a flat surface movie (Fig. 4.1a-b) visually depicts perceptible 

actin flow, characterized by a moving bright spot (orange). The transient nature of these actin movements 

is further substantiated by the cluster tracks presented in Fig. 4.1c-d. Notably, these tracks exhibit a 

predominantly localized spatial distribution (Fig. 4.2 - 4.3), and frequently display back-and-forth motion, 

lacking a clear, sustained directional bias. Furthermore, a discernible correlation is observed between track 

orientation and the underlying neuronal processes, suggesting a potential guidance mechanism. These 

dynamic actin tracks are consistently observed across early, middle, and late-stage neurons cultured on 

flat surfaces (Fig. 4.1c), as well as in early and middle-stage neurons cultured on nanoridged surfaces (Fig. 

4.1d). This consistent observation of localized, dynamic actin movements across diverse developmental 

stages and microenvironments underscores the persistent and adaptable nature of actin dynamics in 

neuronal development. 
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(a) Representative image frame with optical-flow vectors for a DIV2 neuron cultured on a flat surface. (b) 

Actin tracks observed over a 5-min interval from the same video as in (a). The circle illustrates the 10ɛm 

search radius used to compute mean recurrence values shown in panels (d) and (e). (c-d) Mean recurrence 

quantifies the fraction of new actin tracks originating within a circular region during each time window. Mean 

recurrence as a function of (c) radius (with a 1-min time window) and (d) time window (at a fixed search 

radius of 10ɛm) for two representative early-stage videos on flat and nanoridged substrates. (e) The mean 

recurrence for early (N = 17), middle (N = 21), and late (N = 17) videos, respectively, on a flat substrate and 

for early (N = 9) and middle (N = 6) videos, respectively, on nanoridged substrates. (f) Tracks/min plotted 

as a function of the neuronal mask area (excluding the cell body) with linear fits (through origin) for flat (N 

= 55) and nanoridged substrates (N = 15). (g) Normalized track counts at different developmental stages. 

For (e)-(g), each scatter point corresponds to a unique video. Statistical tests were performed on pooled 

data. Significance is reported as p-value for 0.1 > p > 0.05, * for p Ò 0.05, ** for p Ò 0.01, *** for p Ò 0.001, 

and **** for p Ò 0.0001. 

 

 

Figure 4.2 quantifies the total number as well as the spatial distribution of localized actin tracks within 

neuronal processes. Initially, F-actin intensities were quantified, and binary masks of cellular processes 

Figure 4.2  Actin track dynamics and recurrence behavior depending on microenvironment. 
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were generated, effectively excluding cell bodies due to their inherent lack of consistent alignment. This 

exclusion ensured that subsequent analyses focused on the dynamic behavior of actin within the neurites. 

Fig. 4.2a shows demonstrative optical flow vectors from a selected time frame. These flow vectors were 

clustered in space and time to form robust actin tracks (Fig. 4.2b). Mean recurrence was defined as the 

fraction of actin tracks that originated in the same spatial region across successive time windows. Fig. 4.2c 

and 4.2d explore how mean recurrence varies as a function of spatial search radius and temporal window 

size, respectively. Fig. 4.2e shows mean recurrence values compared across microenvironments. Shapiro-

Wilk tests indicated that all groups followed a normal distribution except for the early-stage Flat group (p = 

0.0293), so non-parametric tests were used. Mann-Whitney U tests showed that Ridge samples had 

significantly lower mean recurrence than Flat samples at both the early (p = 0.00222) and middle (p = 2.7 

Ĭ 10-5) stages. However, comparisons across developmental time within each substrate revealed no 

significant differences (Flat: p = 0.70; Ridge: p = 0.271).  

Fig. 4.2f shows a linear relationship between the number of tracks per minute and neuronal mask size, with 

Ridge movies exhibiting a shallower slope (0.005) compared to pooled Flat movies (0.013). Shapiro-Wilk 

tests confirmed that all groups exhibited normal distributions except for the late-stage Flat group (p = 0.008), 

which deviated from normality (Fig. 4.2g). Mann-Whitney U tests showed that Ridge groups had significantly 

lower normalized track counts compared to Flat groups at both early (p = 6.7 Ĭ 10-5) and middle (p = 1.1 Ĭ 

10-5) stages. However, within-substrate comparisons across developmental time (Flat: early vs. middle vs. 

late; Ridge: early vs. middle) revealed no significant differences (p = 0.67 and p = 0.088, respectively), 

again suggesting that topographical cues exert a stronger influence on actin dynamics than developmental 

age.  

Taken together, these results demonstrate both less frequent initiation of actin waves and less overall actin 

activity on the nanoridges. Next, we examined whether wave speed is also affected by the nature of the 

substrate. 
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(a) Early and (b) Middle developmental stages. Distributions are computed using N = 20 bins. Error bars 

represent the interquartile range (IQR) of the probability density function (PDF) at each bin across all videos 

for each condition, while markers indicate the corresponding median values. The early stage includes 17 

flat and 9 ridge movies; the middle stage includes 21 flat and 6 ridge movies. 

 

The predominantly localized nature of these actin waves in both space and time is evident from Fig. 4.3 

and Fig. 4.4. On both flat and nanoridged surfaces, the waves typically persist for less than 30 seconds and 

extend no more than 15 ɛm. 

 

 

 

 

Figure 4.3 Histograms of above-threshold track durations 
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Track length is defined as the total distance traveled by a particle calculated by summing frame-to-frame 

displacements. (a) Early and (b) Middle developmental stages. Distributions are calculated using N = 20 

bins. Error bars represent the interquartile range (IQR) of the probability density function (PDF) at each bin 

across all videos for each condition, and markers indicate the corresponding median values. The early 

stage includes 17 flat and 9 ridge movies; the middle stage includes 21 flat and 6 ridge movies. 

 

 

4.4.2 Actin Wave Speed Dynamics: Consistent on Flat, Decreasing on Nanoridges in Mid-Stage 

Neurons 

 

Figure 4.5 illustrates how the distribution of actin-wave speeds depends on the developmental stage and 

on flat vs. nanoridged substrates. Figure 4.5a is a representative actin time-lapse image for a DIV8 neuron 

on a nanoridged surface. The inset highlights an active growth cone, with brightly colored regions indicating 

intense actin activity over a 10 min period. Figures 4.5b captures the growth coneôs retraction, which is 

followed by a slower forward extension. This alternating motion is characteristic of growth-cone-guided actin 

waves. In this example, the growth cone moves parallel to the underlying ridges. To examine localized 

dynamics on short time scales, we analyzed instantaneous actin speeds. On flat surfaces (Fig. 4.5c), the 

Figure 4.4 Histograms of above-threshold track lengths 
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speed distributions were similar for the early, middle, and late developmental stages, with a mean speed of 

roughly 21ɛm/min. However, on nanoridged surfaces (Fig. 4.5d), a ~10% decrease in wave speed was 

observed when going from the early to the middle developmental stage. We quantified differences between 

individual experiments using the Wasserstein distance (Wϛ). We found that the Wϛ metric between median 

CDFs was higher for the early vs. the middle stage on nanoridges as compared to on flat surfaces between 

any two developmental stages. These findings indicate that neuronal maturation slows actin-wave 

propagation to some extent on nanoridged substrates, but has little effect on flat surfaces. It is possible that 

the differential effects on speed observed on flat vs. nanoridged substrates are related to the more 

physiologically relevant environment of the nanoridged substrates. 

 

 

 

 

 



ΥΠ 
 
 

 

(a) A representative actin time-lapse image of a DIV8 neuron on a nanoridged surface. The inset shows a 

highly active growth cone over a 10-min period. The orange line indicates the nanoridge alignment. (b) The 

growth-cone trajectory from the same time-lapse image, showing alternating retraction and forward 

extension along the ridge direction. We applied the AI-based model ZS-DeconvNet (40) to denoise 

individual frames, exclusively for visualization purposes. (c) CDF of the average wave speed for neurons 

cultured on flat surfaces for the three different developmental stages (N = 17, 21, 17 for the early, middle 

and late stages, respectively). (d) CDF of the average wave speed for neurons cultured on nanoridged 

surfaces for the early (N = 9) and middle (N = 6) developmental stages. In (c) and (d), the insets show the 

corresponding probability distribution function (PDF) near the peak. Number of bins = 20. The arrows in (d) 

point to the corresponding distributions' median values. The error bars represent the interquartile range of 

the CDF at each bin across all videos for each condition, and the markers indicate the corresponding 

median values. For each pair of conditions, we calculated the Wasserstein Distance (Wϛ) between the 

median CDFs, as well as the maximum and minimum distances among all combinations of 25th and 75th 

percentile CDFs. These are reported in the format: median (minimum to maximum). On flat surfaces, the 

Wϛ values were 0.53 (0.43 to 2.56) for early vs. middle, 0.54 (0.61 to 2.84) for middle vs. late, and 0.82 

Figure 4.5  Actin Wave Speed Across Developmental Stages and Microenvironments 
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(0.66 to 2.91) for early vs. late stages. On nanoridges, the Wϛ value between early and middle-stage 

neurons was 1.59 (0.76 to 3.36). 

 

4.4.3 Actin alignment is greater along cellular processes compared to nanoridges. 

 

In Figure 4.6 we analyze the influence of nanoridges and neuronal processes on actin-track alignment at 

different developmental stages. In Figure 4.6a, tracks of actin clusters accumulated over 10 min indicate 

the propensity of the tracks to follow the nanoridge direction. Zoomed-in views of selected regions (Fig. 

4.6b) further indicate the linearity of tracks and show that the neuronal processes also tend to be aligned 

with the nanoridges. The bias towards actin-track alignment with the nanoridges is quantified in Fig. 4.6c. 

Although we find most of the tracks to be aligned with the nanoridges, there is also a developmental-stage 

effect on this alignment: there is less alignment in the representative video at the middle stage than in the 

representative video in the early stage. 
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Figure 4.6  Actin Track Alignment: Influence of Nanotopography and Development 

(a) Actin-cluster tracks accumulated for 10 min for a DIV2 neuron on nanoridges. The orange line indicates 

the nanoridge alignment. (b) Zoomed-in view of selected regions with actin tracks. (c) Alignment of actin 

tracks with respect to the nanoridges for two representative videos from early (DIV 2) and middle (DIV 8) 

developmental stages. The dashed line represents a uniform distribution of track alignments for the same 

bin size. There are 20 bins. (d, e) Fraction of track segments aligned at various angles with respect to 

neuronal processes on flat and nanoridged surfaces, at the (d) early and (e) middle developmental stages. 

(f) Relative alignment of track segments on nanoridges with respect to neuronal processes and the 

nanoridge for the early and middle developmental stages. The error bars represent the interquartile range 

of the PDF at each bin across all videos for each condition, and the markers indicate the corresponding 

median values. From (d-f), the insets show the corresponding CDF. For each pair of conditions, we 

calculated the Wasserstein Distance (Wϛ) between the median CDFs and the maximum and minimum 

distances among all combinations of 25th and 75th percentile CDFs. These values are reported in the 

format: median (minimum to maximum). For early (c) and middle (d) stage neurons, the Wϛ value between 

flat and ridge surface movies were 3.91 (1.42 to 7.07) and 1.39 (1.34 to 7.03) respectively. On nanoridges, 

for early and middle stage neurons, Wϛ value between ridge and process guidance CDFs were 6.80 (3.0 

to 13.5) and 12.07 (6.12 to 20.45) respectively. For process and ridge guidance comparisons, in early vs 

middle stage movies, the Wϛ values were 2.12 (1.16 to 5.96) and 7.23 (1.64 to 14.83), respectively.   
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We next explore the alignment of actin tracks with respect to the direction of the neural process in which 

they reside. At the early (Fig. 4.6d) and middle (Fig. 4.6e) developmental stages, actin tracks remain 

strongly aligned with their respective processes, regardless of whether the neurons are cultured on flat or 

nanoridged substrates. A comparison of early and middle developmental stage videos on nanoridges (Fig. 

4.6f) shows a clear decrease in the alignment of actin tracks on nanoridges as development progresses, 

whereas the alignment with the processes remains relatively unchanged. Moreover, the inset in Fig. 4.6f 

shows that alignment with the neuronal processes consistently exceeds alignment with the nanoridges, 

suggesting the idea that dynamic intracellular cues, such as membrane tension or cytoskeletal 

reorganization, play a more dominant role in steering actin dynamics over time than does static external 

topography.  

It is important to note that at early stages of development, the neuronal processes themselves are closely 

aligned with the nanoridges. This initial bias could give the impression that nanoridges directly guide actin 

dynamics, when in fact the processes may serve as the intermediate conduit. As development progresses, 

and the processes start diverging from the ridge direction, the decreasing alignment between actin tracks 

and nanoridges becomes more apparent. This observation raises a fundamental question: to what extent 

is actin guidance influenced by the internal architecture of the cell versus the external physical 

environment? Or is it the physical environment that guides the intracellular cues, and thus the actin 

dynamics of growing neurite tips, in a self-evolving feedback loop? 

 

4.4.4 Impact of Nano-Ridges on Growth Cone Orientation and Neuronal Development 

 

To explore the contributions of internal vs. external physical cues to cytoskeletal guidance, we next consider 

the structural features of developing growth cones. Specifically, we analyzed how the growth-cone 

alignment is related to nanoridge orientation throughout development. Figures 4.7a and 4.7b show 

representative examples of growth cones oriented parallel (at DIV 2) and perpendicular (at DIV 8) to the 

nanoridges. Notably, the perpendicular growth cone in Fig. 4.7b (green box) originates from a neighboring 

neuron outside the field of view, and appears at the end of a neurite that spans multiple ridges. Figure 4.7c  
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Figure 4.7  Growth cone orientation on neurons of varying DIV stages plated on nano-ridges 

Representative growth cones oriented (a) parallel to (DIV 2) and (b) perpendicular to (DIV 8) the 

nanoridges. The nanoridge directions are indicated by orange lines, and the growth-cone orientations by 

blue arrows. (c) The distribution of growth-cone alignment angles with respect to the nanoridge as a function 

of the growth-cone width. Darker to brighter colors indicate neuronal development stages from DIV 2 to DIV 

8. (d) The average number of growth cones as a function of the alignment angle with respect to the 

nanoridges for early- and middle-stage neurons. Growth cones at angles between 0Áand 15Á are considered 

to be parallel, whereas growth cones at angles between 75Á and 90Á are considered to be perpendicular. 

(e) The relationship between the cross-sectional area and width of the growth cones, color-coded for 

developmental stage. Videos with at least one growth cone were considered for analysis. N = 7, 4, 1, 4, 3 

for DIV 2, 3, 4, 7, and 8, respectively. Due to low N, we did not run statistical tests on the average number 

of growth cones across DIV stages and alignment angles. 
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shows the growth-cone alignment as a function of growth-cone width, and reveals a developmental trend. 

Early-stage neurons (shown in darker shades) exhibit a strong preference for alignment with the 

nanoridges. This preference diminishes at later stages. 

 

We also observe that growth cones rarely adopt orientations around 45Á, instead favoring directions either 

roughly parallel or perpendicular to the nanoridges (Fig. 4.7d). Although the fraction of parallel growth cones 

remains relatively stable from the early to the middle stage, the fraction of growth cones aligned 

perpendicularly increases substantially with development. These results suggest a potential shift in how 

neurons interact with the substrate over time. One possible interpretation is that at early stages, growth 

cones follow the nanoridges directly, as physical guides. As development proceeds, the surface becomes 

increasingly populated with existing neurites that span across multiple ridges, forming a complex internal 

landscape. New growth cones encountering this topography must navigate these pre-existing structures, 

leading to more perpendicular orientations as they fill in the gaps between ridge-aligned processes. This 

change could reflect a transition from external to internal guidance mechanisms, in which cell-cell 

interactions and tension along neurites begin to override substrate cues. 

Finally, Figure 4.7e shows that the growth-cone cross-sectional area is correlated positively with the growth-

cone width. However, there is no significant change in either the area or the width of the growth cone as a 

function of  developmental stage, suggesting that growth-cone are alone does not determine alignment or 

guidance behavior. Rather, it is the interplay between internal and external structural constraints that shapes 

the evolving trajectories of neurites. 
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4.4.5 Microenvironment impact temporal bursts and directional preference of actin waves. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a, b) Actin track displacements from a DIV 2 neuron grown on flat (a) and nanoridged (b) surfaces, with 

coordinates shifted to origin (0, 0). Purple and green arrows represent the principal component vectors, 

scaled by their corresponding eigenvalues. (c, d) Distribution of anisotropy factors across early and middle 

developmental stages for neurons grown on flat (c) and nanoridged (d) surfaces. Insets show the 

corresponding CDFs. (e, f) Heatmaps representing mean anisotropy values at pixel locations within the 

image frame (same movies as a, b, respectively). Red and blue colors indicate symmetric and straight-line 

motion, respectively. (g) Number of new actin tracks over time for representative movies from each condition 

(surface and developmental stage), with corresponding coefficients of variation (CV). (h) Boxplot 

distributions of CV values across all conditions, with corresponding p-values from t-tests. (c, d) Error bars 

represent the interquartile range across movies for each condition. Markers indicate median values. 

Figure 4.8  Directional preference and temporal burstiness of actin waves. 
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Fig. 4.8 details the directional preference and temporal burstiness of actin waves across various 

developmental stages and surface topographies. Actin tracks from a representative movie on flat surface 

and nanoridges, with coordinates shifted to the origin, are shown in Fig. 4.8a and 4.8b, respectively, along 

with the principal vectors scaled by their eigenvalues. Visual inspection of Fig. 4.8b reveals a strong 

alignment of tracks along the nanoridges, indicating a directional preference. The linearity of actin tracks, 

quantified by anisotropy factor distributions, is presented in Fig. 4.8c and Fig. 4.8d for flat and nanoridged 

surfaces across early and middle developmental stages. In Fig. 4.8c (early stage), tracks on nanoridged 

surfaces demonstrate increased linearity, resulting in lower anisotropy factor values. In contrast, at the 

middle stage (Fig. 4.8d), anisotropy does not significantly differ between the flat and nanoridged surfaces. 

Across developmental stages, anisotropy on flat surfaces remains relatively stable, while on nanoridged 

surfaces, a decrease in anisotropy from early to middle stage suggests a reduction in track directionality. 

Fig. 4.8e and Fig. 4.8f illustrate the spatial distribution of anisotropy factors across neuronal processes, 

revealing that most process ends exhibit highly linear protrusion dynamics. Fig. 4.8g presents the number 

of new tracks versus time for representative movies from each condition, with corresponding coefficient of 

variation (CV) values, illustrating temporal burstiness. Sudden peaks in track appearance, indicative of high 

burstiness, correlate with higher CV values. Statistical analysis using t-tests revealed significant differences 

in burstiness among varying microenvironment and developmental conditions (Fig. 4.8h). Early-stage 

neurons on nanoridged surfaces showed significantly higher burstiness than those on flat surfaces (p = 

0.0009). Similarly, middle-stage neurons on nanoridged surfaces exhibited significantly higher burstiness 

than those on flat surfaces (p = 0.0019). Within the flat surface group, a significant decrease in burstiness 

was observed from early to middle stages (p = 0.0047). On nanoridged surfaces, a significant decrease in 

burstiness was also observed from early to middle (p = 0.0012). No significant difference was observed 

between Early and Late (Flat) (p = 0.119) or Middle and Late (Flat) (p = 0.281) stages. 
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4.5 Discussion 

 

In this work, we characterize actin dynamics in primary rat cortical neurons, ranging from DIV 2 (early stage) 

to DIV 23 (late stage), and quantify these dynamics using an optical flow-based technique. Since actin 

dynamics can serve as the primary sensor of physical signals(26, 29, 192), we assess how a well-studied 

physical guidance cue, nanoridges, affects actin dynamics and axon tips. Our work is the first to examine 

the dynamics of actin fast enough (0.5 Hz) to capture actin polymerization and depolymerization waves in 

primary neurons. Most previous studies (154, 162, 163, 166, 193, 194) have investigated how minute-scale 

actin dynamics contribute to growth cone development, neuronal maturation, and pioneer axon targeting, 

but what was missing is what happens to actin dynamics in the interim. Recent studies in the field of cell 

motility have shown that actin dynamics can have bursts and waves (195) Our study is the first to examine 

such second-scale actin dynamics within neuronal processes. We show how, when examined on a faster 

timescale, the dynamics of actin are not smooth but rather are characterized by disordered trajectories and 

burstiness.  

This investigation into the interplay between nanotopography and developmental stage-specific dynamics 

in developing neurons elucidates the complex influence of environmental cues on neurite tips and growth 

cone development. Consistent with previous findings (196) that physical constraints significantly influence 

actin wave properties, we aimed to further explore the relationship between geometry and actin wave 

dynamics. Our analysis of actin tracks revealed a predominantly localized movement pattern, characterized 

by linear trajectories. Notably, neurons cultured on nanoridged surfaces exhibited a higher prevalence of 

these linear tracks compared to flat substrates, suggesting a potential constraint imposed by the aligned 

topography on actin-driven motility. While linear track prevalence remained relatively consistent across 

developmental stages on flat surfaces, a discernible decrease was observed from early to middle 

developmental stages on nanoridged surfaces, indicating a decrease in sensitivity to physical signals with 

increasing development. 
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Furthermore, the temporal distribution of actin track initiation demonstrated burst characteristics, reflecting 

actin polymerization's dynamic and stochastic nature. This temporal heterogeneity, or burstiness, was 

markedly more pronounced on nanoridged surfaces, particularly during early developmental stages, and 

exhibited a reduction from early to middle stages. Specifically, early and middle-stage neurons showed 

significantly lower burstiness on nanoridged surfaces compared to flat surfaces. On flat surfaces, we 

observed a significant increase in burstiness from early to middle and from early to late stages, but no 

significant difference was found between middle and late stages. These findings suggest that 

nanotopography not only influences the spatial characteristics of actin dynamics but also modulates their 

temporal organization, highlighting the complex interplay between environmental cues and intrinsic 

developmental programs in shaping neuronal morphogenesis. 

Additionally, we found that actin wave speeds decreased on nanoridged surfaces from early to middle 

developmental stages, while remaining unchanged on flat surfaces. Actin guidance was prominently 

dominated by cellular processes compared to nanoridges. On nanoridges, ridge guidance weakened from 

the early to middle stages, but process guidance remained relatively stable. On flat surfaces, process 

guidance remained consistent across all developmental stages. Finally, growth cone orientation along 

nanoridges was more pronounced in early compared to middle developmental stages.  

Studies show that actin waves exhibit notable burstiness during developmental stages, particularly in early 

neuronal development(166). This phenomenon is characterized by stochastic triggering and transient 

effects, resulting in pulsatile delivery of cargo to growth cones. The burstiness of actin waves leads to 

growth spurts in neurites, with approximately 90% of neurite outgrowth in the first day in vitro (DIV1) 

coinciding with actin wave arrival(166). This stochastic nature creates large fluctuations, allowing neurites 

to alternate between "winning" and "losing" states as they explore their surroundings. Importantly, the 

burstiness of actin waves is more pronounced in early neurons compared to mature ones, with a decrease 

in wave-dependent growth observed in later developmental stages (DIV2+). This dynamic process plays a 

crucial role in neurite outgrowth and axon specification, promoting competition between neurites and 

facilitating environmental exploration during early neuronal development. 
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In sum, our study provides a glimpse into the second-scale nature of actin dynamics that exist within 

neuronal processes, both within axons and within dendrites since we do not attempt to differentiate between 

the two. Our results suggest that neuronal processes are even more dynamic than previously thought, and 

we expect future studies will uncover how the motion of other cytoskeletal proteins affects neuronal 

development and function.  
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Chapter 5 : Advancing Spatiotemporal Wave Analysis with 3D Optical Flow 

and Future Directions 

 

For all research presented in this chapter, I contributed to the development of wave analysis tools and the 

statistical evaluation of exploratory findings. In the N7 fluorescence imaging experiments, I participated in 

both the conceptualization and execution of imaging alongside collaborators. A detailed account of 

individual contributions is provided in Section 5.4 Acknowledgements. 

 

5.1 Overview 

 

In the previous chapters, we primarily used two-dimensional (2D) optical flow as a motion detection tool to 

capture spatiotemporal waves in biological systems imaged through 2D timelapses. While this approach 

revealed important patterns, it inevitably left out some aspects of the true biological dynamics, since many 

of the systems were studied on flat surfaces rather than in their natural three-dimensional (3D) 

environments. In this chapter, I introduce three-dimensional optical flow as an extension of the previous 2D 

analysis pipelines and discuss how it can offer a richer view of cellular and tissue dynamics. I focus on 

examples from two systems: actin wave behavior in the slime mold Dictyostelium and axonal growth in 

developing Drosophila pupal wings. By comparing 2D and 3D optical flow analyses on Drosophila actin 

dynamics, we will see how dimensionality shapes our understanding of wave organization and motion. 

The chapter then shifts toward a collection of partially explored projects that grew out of the work in earlier 

chapters. I describe initial approaches to simplifying complex gut shapes into fundamental building blocks 

and better understanding these evolving structures. Beyond cytoskeletal dynamics, I share results from 

early-stage two-photon imaging of calcium fluxes in the crayfish hindgut nerve N7, aimed at linking 

intracellular signaling with large-scale gut motility. Finally, I present quantification of gut movements during 

external electrophysiological stimulation. 
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Through these examples, this chapter serves as both a continuation and an outlook, offering new tools and 

perspectives for tracking motion and quantifying spatiotemporal waves across a wide range of biological 

systems. 

 

5.2 Introduction 

 

The integration of three-dimensional (3D) optical flow analysis with advanced 3D fluorescence microscopy 

represents a major step forward in studying actin dynamics, addressing longstanding limitations of 

conventional two-dimensional (2D) approaches. Traditional 2D imaging often fails to capture the 

physiologically relevant organization of the actin cytoskeleton, as cells in 3D environments exhibit distinct 

mechanical and biochemical behaviors compared to those cultured on flat substrates(197). These 

differences arise from cues such as extracellular matrix curvature and spatial confinement along the third 

plane, which are altered in 2D systems but critical for processes like cell migration, polarization, and 

signalingыΝΦΤЯШΝΦΥь. 

Recent advances in imaging technologies, particularly lattice light-sheet microscopy, have enabled high-

speed volumetric imaging (200 to 1,000 planes per second depending on the number of channels) (199)with 

minimal phototoxicity. This capability is crucial for resolving rapid, transient cytoskeletal dynamics in three 

dimensions. On the computational side, 3D optical flow algorithms, adapted from 2D methods such as the 

Lucas-Kanade(63), and Horn-Schunck(200), allow submicron-scale velocity field estimation even in low-

contrast images, overcoming the directional biases inherent to traditional 2D analyses. Before applying 3D 

optical flow analysis, it is important to first consider how cellular geometry varies between 2D and 3D 

environments. Fig. 5.1 illustrates examples where the dimensional structure of cells directly impacts the 

choice of analysis methods. 
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(A) Live confocal imaging of an embryonic Drosophila macrophage expressing Lifeact-GFP, shown in top 

view (left) and side view (right). The lamella is largely planar and amenable to 2D analysis, whereas the 

spherical cell body requires 3D methods for accurate quantification. (B) Live structured illumination 

microscopy of a HeLa cell expressing Lifeact-GFP embedded in a 3D collagen matrix, shown in top and 

side views. Full 3D analysis is necessary to capture the complexity of the actin network. Scale bars: 10 ɛm. 

Reproduced from Phillips et al., 2024, with permission from Journal of Cell Science. (197) 

Figure 5.1  Geometrical constraints in actin imaging 2D analysis.  






































