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Synopsis

The nervous system is a remarkably complex network that enables the body to
sense, respond, and adapt to the world around it [1]. At the heart of this system
are neurons and glial cells [2], with neurons responsible for receiving, process-
ing and transmitting electrical signals and glial cells providing critical support.
Among the most essential parts of a neuron are its axons, long slender projections
that carry signals across long distances within the body. These axons, along with
dendrites, are constantly subjected to mechanical forces, not only during trau-
matic events like brain injuries [3,4] but also during everyday normal physical
activities involving limb movements [5, 6], such as walking, running, jumping,
and playing contact sports [7], as well as during processes like tissue growth [8,9].
Brain injuries, particularly traumatic brain injuries (TBI), can cause serious me-
chanical deformation of axons and their cytoskeleton [4], leading to structural
damage, disrupted communication between neurons, and long-term cognitive and
behavioral impairments. Thus, understanding how axons and their cytoskeleton

respond to these forces, both in injury and in normal function is crucial.

As part of this thesis, we build upon micro-extensional rheometer (MER) origi-
nally developed by Giri et al. [10], which we subsequently modified and employed
in our previous studies [11-13], along with additional refinements presented in

this thesis. In addition to these experimental advancements, this thesis focuses
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on studying axon mechanics and exploring the underlying cytoskeletal responses.
Furthermore, we develop mathematical models of axonal mechanics, solving them
numerically and some analytically, to complement our experimental findings. Fi-
nally, we investigate the axonal cytoskeleton’s structural response to mechanical
perturbations, using a home-built stretcher device designed for this purpose and

STED nanoscopy.

Advancements in the Micro-Extensional Rheometer

The MER was further refined to meet the evolving needs of axonal experiments.
Several LabVIEW programs were refined and developed to implement differ-
ent rheological protocols in feedback mode, including step strain, successive step
strains, and cyclic ramp loading. Additionally, the elastic modulus of the optical
fiber was re-calibrated by fixing one end in a horizontal position and hanging a
weight at the other end. These values were then used to estimate the force con-
stant of the cantilever. We also enhanced our setup to be capable of simultaneous

force measurements and fluorescence imaging while stretching axons.

Exploring axonal strain relaxation, tension responses and

cytoskeletal dynamics

To study axonal strain relaxation, we stretched axons cultured on glass cover-
slips using the MER and monitored their relaxation back to the initial state after
release. We observed that axons exhibit viscoelastic strain relaxation behavior.
To investigate the effect of time-dependent processes such as stress relaxation
and potential cytoskeletal rearrangements on strain relaxation, we carried out
experiments where axons were first stretched and released immediately, allowing
them to relax. After the relaxation was complete, the axons were stretched again
and held in the stretched position for 10 minutes, during which both stresses and
the cytoskeleton adjusted toward a new steady state before being released. We

found that axon strain relaxation is slower when axons are held in the stretched
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position for 10 minutes before release, compared to immediate release, an effect
of waiting time that can be linked to underlying cytoskeletal rearrangements.
Additionally, we performed cytoskeleton perturbation experiments by altering
the stability of microtubules, actin filaments, to examine how these cytoskele-
tal elements influence the strain relaxation behavior. Our results indicate that
microtubule stabilization slows down while microtubule destabilization increases
the strain relaxation rate. Moreover, actin destabilization also slows down strain
relaxation rate. Our experiments also suggest that strain relaxation in thicker
axons is slower than in thinner axons, showing a possible dependence of relax-
ation dynamics on axonal diameter. This difference could be due to variations in
the number of or an altered ratio of cytoskeletal filaments, which can influence
the relaxation behavior. This thesis also discusses tension measurements under
cyclic ramp and step strain conditions, which are anticipated to further enhance

our understanding of axonal mechanical responses.

Investigation of axonal buckling behavior

In this part of the thesis, we investigate the buckling behavior of axons following
stretch and release. A striking feature observed in the stretch-and-release experi-
ments is that axons commonly develop waviness upon release from the cantilever
after imposing a 20% strain. This buckling is significantly more pronounced when
axons are released after a 10-minute waiting period, compared to immediate re-
lease. Over time, buckling gradually subsides, suggesting dynamic structural
rearrangements within the axon. This behavior indicates that the waiting period
before release may allow internal stresses to relax and redistribute, and the cy-
toskeleton to rearrange thereby amplifying the buckling response. Notably, the
characteristic wavelengths of the axonal buckling decreases monotonically as the
relaxation progresses. We also observed that microtubule stability affects the
characteristic wavelengths of axonal buckling. For instance, when we stabilized
microtubules using Taxol, a microtubule-stabilizing drug, axons exhibited buck-

ling with relatively longer wavelengths. This suggests that microtubule stability,
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as well as the number of microtubules within the bundle, can influence the axonal

buckling behavior and its characteristic wavelengths.

Modeling axonal response to mechanical stimuli

We have developed simplified trial models to capture the mechanical responses
of axons, specifically initially focusing on strain and tension relaxation behav-
ior. Our results suggest that the passive mechanical behavior of axons can be
understood by considering a parallel combination of two types of viscoelastic el-
ements: one behaving like a viscoelastic solid and the other like a viscoelastic
liquid. Motivated by this observation, we first explored a parallel combination of
the Kelvin-Voigt and Maxwell models, where the Kelvin-Voigt model represents
a viscoelastic solid, and the Maxwell model represents a viscoelastic liquid. One
limitation of this combination is that it does not allow for step strain application,
whereas step strain experiments were performed on axons. To address this limita-
tion, we also considered a parallel combination of the Zener and Maxwell models.
In these models, all mechanical parameters (elastic and viscous moduli) were
assumed to be linear (strain-independent), which is a further simplification com-
pared to the potential nonlinear mechanical behavior of axons. To better align
with axonal cytoskeleton dynamics and overcome the limitations mentioned, we
are also developing extended models by incorporating protein-based mechanisms,
such as folding-unfolding dynamics (e.g., spectrin [12]) and binding-unbinding
behaviors (e.g., tau proteins interacting with microtubules). We also developed a
simplified model for the buckling behavior of the axons, treating the microtubule
core as a viscoelastic rod that behaves like a fluid at long timescales, embedded
in an elastic medium. This model captures key features of the buckling behavior,
including the emergence of short-wavelength buckling due to compression from

cortical relaxation.
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Exploring cytoskeletal structural changes in axons follow-

ing mechanical stimuli

In this part of the thesis, we explore the structural rearrangements and changes
in the axonal cytoskeleton following mechanical perturbation. For example, we
explore how the actin-spectrin membrane periodic skeleton (MPS) reorganizes
following mechanical perturbations. To investigate this, cells are cultured on
PDMS sheets, stretched using a home-built stretcher, fixed and stained, and

then imaged using STED nanoscopy.

Summary

In this thesis, I will first describe the improvements made to the MER setup.
Building upon this, I present experiments on axonal strain relaxation and buckling
under mechanical loading, providing insights into the viscoelastic nature of axons.
I also will discuss tension measurements performed under ramp and step strain
conditions to probe the axonal mechanical responses further. Subsequently, I will
introduce modeling aimed at capturing axonal behavior, starting with simplified
viscoelastic models and moving toward extended models incorporating protein-
based mechanisms such as spectrin folding-unfolding and tau binding-unbinding
dynamics. A simplified model to describe axonal buckling behavior observed in
the experiments will also be presented. Finally, I will present structural responses

of cytoskeletal filaments in axons under mechanical perturbations.
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Chapter 1

Introduction

The nervous system is a highly intricate and an essential network responsible
for processing, transmitting, storing information, and regulating the activities of
many organs throughout the body [1]. In this system, neurons and glial cells play
central roles, serving as the primary contributors to brain functionality [2], while
vascular and extracellular matrix also provide critical structural and regulatory
support [14,15]. Neurons are essential for receiving, integrating, and transmitting
electrical impulses, as well as forming the networks that store and process mem-
ories, while glial cells provide nourishment, insulation, waste removal, immune
defense, and overall maintenance that support neuronal function. Neurons receive
signals through their dendrites, integrate them in the cell body, and transmit the
processed information via their axons to terminals, where they communicate with
other neurons or target tissues. Axons and dendrites vary significantly in size.
For instance, in humans, dendrites typically extend from a few micrometers to a
few millimeters [16] in length, while axons can range from several micrometers to
over a meter [17]. The elongated geometry of axons makes them highly special-
ized for long-range signal transmission but also uniquely vulnerable to mechanical
perturbations, underscoring the need to understand their mechanical properties.
Disruptions to axonal signal conduction, whether due to injury or neurodegen-

erative disease—can severely compromise nervous system function. Although
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significant progress has been made in neuroscience, the mechanical behavior of
axons and the role of individual cytoskeletal components in shaping this response

remain incompletely understood, motivating further investigations.

1.1 Neuronal cells

Neurons, also known as neuronal cells, are fundamental building blocks of the
nervous system. They are highly specialized cells responsible for receiving, trans-
mitting and processing information throughout the entire nervous system. These
cells play a crucial role in enabling communication between different parts of
the body, allowing us to perceive and respond to the external environment and

regulate various physiological processes.

1.2 Morphology of neurons

Neurons have a unique morphology (Figure 1.1) that distinguishes them from
other cells in the body. They are composed of distinct structures, such as den-
drites, the cell body (soma), an axon, and either a growth cone during develop-

ment or axon terminals in mature neurons.

1.2.1 Dendrites

Dendrites are branched extensions that extend from the cell body [18,19]. These
structures primarily receive signals from other neurons or sensory receptors through
specialized junctions called synapses. At chemical synapses, neurotransmitters
bind to ligand-gated ion channels on the dendritic membrane, triggering signal
transmission toward the cell body [20]. In addition, electrical synapses allow di-
rect ionic current flow between neurons via gap junctions, providing faster and

often bidirectional communication [21].
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1.2.2 Cell body (soma)

The cell body is the central part of the neuron, containing the nucleus and other
essential organelles [18,19]. It maintains metabolic functions, produces many

proteins and sends processed information via the axon [22].

1.2.3 Axon

Axons are thin, cylindrical projections that extend from cell bodies and can reach
lengths of up to 1 m in humans [9] and up to 30 m in whales [23] and diameters
varying between 0.1 and 20 um [24,25]. They conduct electrical impulses, known
as action potentials, away from the cell body to their terminals, where they

transmit them to other neurons or target cells.

1.2.4 Growth cone and axon terminal

The growth cone is a dynamic palm like structure at the tip of a developing
axon that guides it toward its target. Once the axon reaches its destination,
the growth cone disassembles, and the axon terminal forms, allowing release of
neurotransmitters to facilitate communication with other neurons, muscles, or

glands [26].

Dendrites Axon terminals

Figure 1.1: A simplified schematic showing the main morphological compo-
nents of a neuron. The schematic shows dendrites that receive incoming signals, the
cell body (soma) containing the nucleus, and an axon — a thin, tubular process that
can extend from a few hundred microns to up to a meter in humans — which transmits
electrical impulses to the axon terminals, relaying signals to other neurons or target
cells.
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1.3 Neuron types and and functions

In both the Central Nervous System (CNS) and Peripheral Nervous System
(PNS), various types of neurons exist, each serving specific functions within the
neural network. Neurons can be divided based on their structure and function,

providing a framework for understanding their diverse roles in the nervous system.

1.3.1 Based on function

Based on function neurons can be classified into sensory neurons, motor neu-
rons, and interneurons [27]. Sensory neurons transmit sensory information from
specialized receptor cells, such as photoreceptors in the retina, hair cells in the
ear, and mechanoreceptors in the skin, to the CNS for processing. Motor neu-
rons carry signals from the CNS to muscles and glands, controlling voluntary
and involuntary actions. Interneurons are connectors between sensory and motor

neurons.

1.3.2 Based on structure or morphology

Based on structure, neurons can be classified into unipolar, bipolar, multipolar,
and pseudounipolar [28] (Figure 1.2). Unipolar neurons have a single neurite
extending from the cell body. They are commonly found in sensory pathways
of invertebrates. Bipolar neurons have two distinct processes, one dendrite and
one axon, extending from opposite sides of the cell body. These neurons are
specialized for sensory functions and are found in the retina, olfactory epithelium,
and inner ear. Multipolar neurons, the most common type in the central nervous
system, have one axon and multiple dendrites, allowing them to integrate large
amounts of information. They play key roles in motor control and associative
functions. Pseudounipolar neurons initially develop as bipolar neurons. However,

their two processes fuse into a single projection that later splits into two branches.
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They are primarily found in sensory neurons of the peripheral nervous system.
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Figure 1.2: Morphological classification of neurons based on the number of
neuronal processes. Neurons are classified as unipolar, bipolar, pseudounipolar, or
multipolar based on their processes. Unipolar neurons have a single process and are
common in invertebrates. Bipolar neurons have one axon and one dendrite, typically
found in sensory organs. Pseudounipolar neurons have a single process that splits into
two branches and are found in the dorsal root ganglia. Multipolar neurons, the most
common type in the CNS, have one axon and multiple dendrites.

1.4 Neuronal cytoskeleton

The neuronal cytoskeleton is a complex and dynamic network of protein filaments
that provides structural support, maintains cell shape, and facilitates intracellu-
lar transport. It plays a crucial role in various neuronal processes, including
axonal and dendritic growth, synaptic plasticity, and the overall maintenance of
neuronal function. The three main components of the neuronal cytoskeleton are
microtubules, microfilaments (actin filaments), and neurofilaments. The organi-

zation of the neuronal cytoskeleton within the axon is illustrated in Figure 1.3.
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Figure 1.3: Schematic of axon and axonal cytoskeleton. The axonal cy-
toskeleton contains a polarized array of microtubules, stabilized and cross-linked by
microtubule-associated proteins such as Tau. These microtubules, with their plus ends
directed toward the growth cone, serve as tracks for molecular motor—driven transport
and are surrounded by neurofilaments that provide structural stability. Neurofilaments
are also interspersed within the microtubule bundle. Surrounding this core is a cortical
scaffold composed of periodic filamentous actin (F-actin) rings, interconnected by of-
spectrin tetramers aligned along the axonal shaft. The spacing of these actin—spectrin
units, approximately 190 nm, reflects the length of a spectrin tetramer. Additional
actin structures, such as waves and trails, and numerous crosslinking proteins further
integrate the cytoskeleton with the plasma membrane.

1.4.1 Microtubules and microtubule associated proteins

(MAPs)

Microtubules, the largest cytoskeletal elements in neurons, are hollow cylindrical
structures with an inner diameter of about ~15 nm, an outer diameter of about
~25 nm [29], and lengths ranging from a few micrometers (pm) to hundreds of
micrometers [30-33]. They are composed of @- and S-tubulin protein subunits
that first form a@f-dimers. During microtubule assembly, tubulin dimers poly-

merize into protofilaments that interact laterally with one another, and about
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13 protofilaments together form the characteristic hollow microtubule cylinder.
Microtubules are the most rigid filaments in the cytoskeleton, with a persis-
tence length of approximately ~2 mm [29], which is defined via the decay of the
tangent—tangent correlation along the filament contour, (t(s)-t(0)) = exp(—s/fp),
where t(s) denotes the unit tangent vector at contour length s and ¢, is the persis-
tence length. Microtubules being inherently polar structures, are organized into
distinct polarity patterns that support their structural and functional roles. In
mature axons, microtubules are organized with uniform polarity, with plus ends
directed toward the distal end. In contrast, dendrites generally have a mixed
microtubule organization, with both plus- and minus-end-out orientations [34].
Here, polarity refers to the structural and dynamic asymmetry of microtubules,
with the plus end being more dynamic and the minus end relatively stable [35].
Microtubules provide essential structural support and serve as railway tracks for
motor proteins, such as kinesins and dyneins, which transport cellular organelles
and cargo along them, facilitating efficient anterograde and retrograde trans-
port [34,36]. In axons, microtubules assemble into bundle-like structures that
fill the axonal core, while MAPs, along with molecular motors such as kinesins
and dyneins, help cross-link, regulate, and interact with microtubules in various
ways. This organization is shown in in-vitro preparations, where microtubules
polymerized in the presence of tau form tightly packed bundles cross-linked by
tau proteins [37] (Figure 1.4). Similarly, microtubules in dendrites also form bun-
dles, although the organization, the associated MAPs and the interacting motor
proteins may differ between axons and dendrites. For example, tau is primar-
ily associated with axonal microtubules, while MAP2, which is more abundant
in dendrites, contributes to microtubule spacing and structural organization in
axons and dendrites, respectively [38]. The differential association of MAPs in
axons and dendrites reflects their distinct structural and functional requirements.
Notably, microtubule organization is not same across all neurons; variations in
microtubule arrangement and spacing are observed among different axonal types

and across species [39].
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Figure 1.4: Higher-magnification electron micrographs of quick-frozen, deep-etched
microtubule pellets polymerized in the presence of tau. The microtubules are organized
into tightly packed bundles, with cross-bridges formed by tau proteins clearly visible
(indicated by arrows). Scale bar = 100 nm. Adapted from Hirokawa et al., 1988 [37].

1.4.2 Actin filaments and spectrin

Actin filaments are thin, semi-flexible filaments with a persistence length of about
10-17 um and a diameter of approximately ~7 nm [40]. These polar biopolymers,
known as filamentous actin (F-actin), are composed of globular actin (G-actin)
monomers arranged into a double-stranded helical structure. F-actin is predomi-
nantly found in the axonal cortical mesh beneath the plasma membrane, provid-
ing structural support, and forms dense bundles in neuronal filopodia. In the cell
body, F-actin is organized into a dynamic network that facilitates intracellular
trafficking and maintains cellular architecture. Additionally, actin filaments form
dynamic structures inside axons: actin trails, which originate from actin hotspots
and are short, filamentous extensions that grow locally, and actin waves, which are
propagating accumulations of F-actin moving along the axon [41,42]. Together
with neuronal spectrin, also known as brain spectrin, a specialized cytoskeletal
protein found in neurons, actin forms a one-dimensional membrane periodic struc-

ture (MPS) in axons [43,44]. This MPS is characterized by a repeating pattern
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of actin rings bridged by spectrin tetramers, with an average periodicity of ~180
nm (Figure 1.5). In dendrites, periodic structures similar to the MPS are also

formed but are less prevalent and less well-defined than those in axons [45].

Figure 1.5: Representative super-resolution (STED) image of an axon from the DMSO
vehicle control group, immunolabeled with a primary anti-gBII-spectrin antibody and an
Alexa Fluor 488-conjugated anti-mouse secondary antibody. The periodic spectrin ring
pattern along the axon is clearly visible. Scale bar = 2 um. The boxed region highlights
a segment where the spectrin lattice is more clearly visible. Figure adapted from Dubey
et al. [12].

Actin filaments play a crucial role in maintaining the neuron’s shape, providing
mechanical strength, and facilitating cell movement and motility. They are in-
volved in growth cone motility during neurite outgrowth and the formation and
stabilization of dendritic spines, which are small protrusions on dendrites where
synapses form. These structures are essential for synaptic plasticity, the process
by which synaptic connections between neurons are strengthened or weakened in

response to activity and experience.

1.4.3 Neurofilaments

Neurofilaments (NFs) are intermediate filaments specific to neurons. They have a
diameter of about ~10 nm and persistence length about ~100 nm [46]. They are
composed of different subunits, including neurofilament light (NF-L), neurofila-
ment medium (NF-M), and neurofilament heavy (NF-H) [47]. The assembly ratio
of neurofilament subunits is primarily influenced by neuron type [48], develop-
mental stage [49], age [50], and neurodegenerative diseases [51]. Neurofilaments
are typically organized in parallel along the axon (Figure 1.6), with higher densi-

ties observed in thicker, more myelinated axons [52]. In smaller or unmyelinated
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Figure 1.6: Electron micrographs showing axonal neurofilaments isolated from Triton-
extracted spinal cord tissue. Samples were incubated with nonimmune IgG followed by
a secondary IgG, and subsequently processed for visualization using the quick-freeze,
deep-etch electron microscopy technique. Arrows indicate cross-bridges linking adjacent
neurofilaments, formed by their extended sidearms. Scale bar 0.1 um. Adapted from
Hirokawa et al., 1984 [56].

axons, the neurofilament organization may be less structured. In vertebrate neu-
rons, they form a dense meshwork that supports and maintains the shape of the
axon, helping preserve its diameter and structural integrity during mechanical
stresses [53], and also contributing to overall axonal stability during electrical
signal (action potentials) propagation [54]. Neurofilaments, in coordination with
microtubules, form a dynamic and integrated cytoskeletal network. The three
cytoskeletal filaments-actin, neurofilaments, and microtubules are interconnected
by specialized linker proteins known as plakins, which help maintain structural

integrity and enable interaction between these components [46,55].

Beyond these primary cytoskeletal filaments, neurons rely on several other key
components to maintain their structural integrity and functionality. Molecular
motor proteins, such as kinesins and dyneins, drive intracellular transport along
microtubules, ensuring the efficient movement of organelles, vesicles, and other

cargo within the neuron [57]. Myosin motors interact with actin filaments, play-
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ing essential roles in axonal transport, growth cone motility, and synaptic func-
tion [58]. Additionally, cross-linking proteins, including spectraplakins, plectin,
and filamin, facilitate the interaction between different cytoskeletal elements, en-
hancing mechanical stability and cytoskeletal organization [59]. Linker proteins
such as ankyrins and plastin further contribute to cytoskeletal coordination in
neurons: ankyrins tether membrane components to the actin—spectrin network,
while plastin cross-links actin filaments into bundles, together promoting mechan-
ical resilience [60,61]. Together, these components create a highly composite and
dynamic and interconnected cytoskeletal network essential for neuronal structure,

transport, and function.

1.5 Motivation for studying axonal mechanics

The brain, as the central nervous system organ, plays a pivotal role regulating
bodily functions, and empowering us to think, learn, and make decisions. Dur-
ing brain injuries, which are conditions that can result from sudden impact or
acceleration-deceleration forces applied to the head, the brain is mechanically de-
formed [3,4]. Additionally, brain also endure deformation during activities like
contact sports [7] (e.g., boxing), where strain can vary depending on the impact.
Axons in the brain can experience stretching, shear, compressive, and bending
deformations due to mechanical forces during these conditions [62], potentially
resulting in damage to their structure and function. Such injuries are common in
traumatic brain injury (TBI), where axonal damage is a major pathological hall-
mark [62]. This damage can lead to immediate effects like axonal breakage and
swelling, which results from both cytoskeletal disruption and cargo accumulation
due to interrupted axonal transport [62]. Over time, it may lead to neuronal
death [63] and the release of neurotoxins [64], which can also harm neighbouring
healthy neurons. These kinds of changes following traumatic injury can tem-
porarily or permanently disrupt neural communication, causing symptoms like

loss of consciousness [65], confusion [66] and motor deficits [67] with more severe
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cases leading to coma [68]. Over time, progressive damage impairs intracellular
signaling and synaptic function, leading to cognitive decline [69], sensory and
motor dysfunction [70], and behavioral changes [71]. In severe cases, this dam-
age may contribute to neurodegenerative conditions such as chronic traumatic

encephalopathy (CTE) and Alzheimer’s disease [69].

Axonal injury is not limited to the brain; axons in the peripheral nervous sys-
tem are also vulnerable to mechanical stress. Stretch or traction on periph-
eral nerves—for example during dislocations, limb over-extension, or violent limb
movements—can exceed their elastic limits, leading to structural damage and
rupture of axons [72]. This stretch-induced deformation of peripheral nerve ax-
ons leads to structural damage and functional impairment, resulting in motor
and sensory deficits [73]. Although peripheral axons possess the capacity for
regeneration, recovery following stretch-induced damage is often slow and incom-

plete [74,75].

Interestingly, axons are subjected to mechanical forces not only during injuries
but also during normal physiological activities involving limb movements, such
as walking, running and jumping [5,6]. For example, the mammalian sciatic and
median nerves can experience localized strains of up to 30% during these activities
[6], while strains in the brain during similar physical activities are generally in
the range of 2-5%. In extreme cases, axons in nerves running along the mouth
floor of certain species, such as baleen whales, can elongate up to 160% during

feeding [76].

Since axons are largely irreplaceable [77-79] and difficult to regenerate, partic-
ularly in the CNS [78-80], studying axonal mechanics is important for under-
standing how axons respond to mechanical forces and for guiding strategies to
prevent or reduce axonal damage in both normal and pathological conditions.
Axons are known to exhibit viscoelastic properties when subjected to mechanical
perturbations [12,81,82]. This dual response allows axons to resist deformation

(elastic response) and dissipate excess energy over time (viscous response), which
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plays a crucial role in their ability to regulate axonal tension, ensuring proper
electrical signal transmission. If tension is not adequately maintained, it can lead
to neuronal misfire or complete failure to fire [83], disrupting regular neural ac-
tivity and impairing overall nervous system function. Moreover, this viscoelastic
behavior supports the axon’s ability to return to its original length once me-
chanical forces are removed [12], thereby preserving the structural integrity and
dimensions of the axon. In the context of neuronal injuries, these viscoelastic
properties influence how axons deform under stress and how they recover, affect-
ing their susceptibility to injury and their potential for repair. Despite significant
advances, our understanding of axon mechanics and the dynamics of the axonal
cytoskeleton remains incomplete. While we know that axons exhibit complex
mechanical behaviors and are influenced by various forces, the full scope of how
they respond to these forces under different conditions is still not fully understood.
This knowledge is pivotal for designing strategies that prevent or reduce axonal
damage, both in traumatic conditions like TBI and during everyday physiological
loading. Furthermore, insights into axon mechanics can inspire the development
of biomimetic materials and neural interface technologies [84], highlighting axons

as intrinsically interesting biomaterials to study.

1.6 Mechanical behavior of axons

There have been several experimental attempts to study and quantify the me-
chanical behavior of axons. For instance, early work by Steven Heidmann and
Dennis Bray, using calibrated glass microneedles to stretch axons in cultured
PC12 cells and chick dorsal root ganglion (DRG) neurons, demonstrated that ax-
ons behave like viscoelastic materials, responding with both immediate elastic re-
coil and slower, adaptive deformation while maintaining internal tension [85—-87].
When the base of a flexible microneedle, placed in contact with an axon, was
suddenly displaced (Figure 1.7A) , the axon exhibited an immediate increase in

strain, followed by a slower, gradual deformation that leveled off over about few
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minutes (Figure 1.7B curve a). During this period, the internal tension relaxed
from a peak value to a stable resting level of approximately 30 micro dynes (0.3
nN) (Figure 1.7C). Upon release of the applied force, the axon recovered its orig-
inal length within roughly a minute. Interestingly, when higher stretching forces
were applied, axons not only resisted the tension but also grew in response to it
(Figure 1.7B curve b), suggesting a link between mechanical tension and axonal
growth [87,88]. This axonal growth in response to applied force is known as towed
growth. Moreover, a linear relationship between the applied tension and the axon
elongation resulting from towed growth was observed. Taher Saif’s team applied
controlled stretching to Drosophila axons using micromechanical force sensors.
The axons were loaded to a predetermined level of stretch (typically less than
50% of their length) within 1-2 minutes [89]. After reaching the target stretch,
the force sensors were held fixed, and the evolution of force and axonal strain was
recorded. The experiment concluded by unloading the axon through the removal
of the applied force (Figure 1.7D). In the initial phase of loading, corresponding
to the high loading rate, axons behaved like elastic springs, exhibiting a linear
force-deformation relationship (Figure 1.7E). During the hold phase, the force in
the axon relaxed over time, while the axon simultaneously elongated, reflecting
the viscoelastic response as axon length and probe deflection are coupled (Fig-
ure 1.7F). After release, axons actively regulated their tension, indicating intrinsic
mechanical feedback mechanisms that help preserve structural stability. The vis-
coelastic behavior of PC12 neurites has also been demonstrated by examining

their response to externally applied drag forces [90].

In addition to stretch-based studies, local mechanical properties of axons, such as
stiffness, viscoelasticity, and relaxation behavior, have been quantitatively char-
acterized using techniques like Atomic-Force-Microscope (AFM) [91,92] and mag-
netic tweezers [93]. For instance, using AFM to apply local compression, Ouyang
et al. [91] demonstrated that axonal stiffness is highly dependent on cytoskele-
tal integrity, particularly microtubules and neurofilaments and that mechanical

stiffness was reduced when these filaments are depolymerized. Similarly, Gong
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Figure 1.7: Viscoelastic response of axons. (A) Movement of the base of the
microneedle to apply extension to the axon. (B) Axonal length evolution following
stretching. The curve shows an initial rapid elastic extension, followed by slower vis-
coelastic stretching where strain levels off over time (curve a). Curve b illustrates
axonal towed growth in response to applied tension exceeding 100 microdynes. (C)
Force relaxation in the axon. The force decreases over time as the axon undergoes
viscoelastic deformation, corresponding to the elongation behavior shown B (curve a).
(D) Loading protocol for Drosophila axons: axons were stretched to less than 50% of
their original length over 1-2 minutes, after which the micromechanical force sensors
was held fixed before unloading. (E) Axon displays a linear relationship between force
and extension during the fast-loading phase. (F) Axon exhibits viscoelastic elongation
(curve a) and force relaxation (curve b) during the hold phase of the experiment.

et al. [92] revealed distinct relaxation timescales in neurites, indicating complex
viscoelastic behavior that varies with loading rate. Magnetic tweezer studies re-
ported that neuronal microcompartments exhibit distinct mechanical behaviors,
with the soma being soft and solid-like due to the nucleus, and neurites stiffer

and viscous-like due to neurofilaments [93].
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1.7 Cytoskeletal dynamics and contribution un-
der mechanical perturbations

Following axonal deformation, a cascade of events occurs within the axon, involv-
ing cytoskeletal remodeling and rearrangement as part of the cellular response to
mechanical strain. Such changes contribute to restoring axonal integrity, allow-
ing the axon to adapt to the mechanical perturbation and potentially facilitate
recovery mechanisms. However, when deformation is rapid or exceeds physiolog-
ical tolerance, the cytoskeleton can instead undergo structural failure, leading to

cellular dysfunction and impaired axonal transport.

1.7.1 Microtubule and M APs response to mechanical per-

turbations

Microtubules (MTs) and their associated proteins undergo distinct structural and
functional changes upon axonal stretch. Rapid mechanical stretching can lead to
direct breakage of microtubules [94] at specific points, disrupting cytoskeletal in-
tegrity and potentially initiating axonal degeneration. During sudden stretch,
cross-linking proteins such as tau are thought to exert forces on microtubules,
potentially contributing to their breakage [95] (Figure 1.8A). Other microtubule-
associated or motor proteins may play similar roles, though their contributions
remain less well understood. This mechanical damage often results in a partial in-
terruption of axonal transport, where cargo movement along broken microtubules
is impaired but may continue via intact microtubules [94]. However, when mi-
crotubules move slowly in response to stretch, MAPs such as tau dynamically
unbinds and rebinds, allowing microtubules to slide against each other without
breaking and facilitating cytoskeletal reorganization and adaptation to mechani-

cal stress [96] (Figure 1.8B).
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Figure 1.8: Mechanical responses of axonal microtubules to stretch. (A)
Rapid axonal stretch can lead to direct breakage of microtubules at specific points.
Cross-linking proteins, such as Tau, may exert forces on microtubules, contributing to
their breakage. (B) During slower axonal stretch, microtubules can slide past each
other as MAPs like tau dynamically unbind and rebind. This allows cytoskeletal reor-
ganization and adaptation to mechanical stress without microtubule breakage.

1.7.2 Contribution of actin-spectrin periodic skeleton to

axonal responses

The structural role of spectrin was highlighted by findings that the absence of
B-spectrin leads to axonal breakage during locomotion in C. elegans [97]. Fur-
ther work showed that B-spectrin contributes not only to axonal stability but
also to touch sensation [98]. For example, anterior ventral microtubule (AVM)
touch receptor neurons can detect gentle mechanical stimuli and accommodate
length changes during body bending without damage, whereas mutations in the
tetramerization domain of B-spectrin result in sensory neuron defects under com-
pressive stress. More recently, optical fibre-based force measurements demon-
strated that actin and spectrin are major determinants of the axonal elastic mod-

ulus under stretch. The resulting tension—extension curves revealed a buffering
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Figure 1.9: Mechanical response of the MPS. The top panel shows the MPS
under resting conditions, with an arrow indicating the direction of applied stretch.
The bottom panel illustrates the MPS during stretch, highlighting partial unfolding of
spectrin domains. This unfolding allows the MPS to dissipate mechanical tension and
adapt to axonal deformation, contributing to cytoskeletal resilience.

effect, where tension plateaued after an initial increase [12]. This behavior arises
from the unfolding of spectrin proteins, enabling the membrane-associated peri-
odic skeleton (MPS) to dissipate mechanical tension and adapt to deformation
(Figure 1.9). In addition, the MPS has been shown to regulate axonal diame-
ter [99, 100], a property essential for efficient action potential propagation and

axonal transport [100].



Chapter 1. Introduction 19

1.7.3 Neurofilament reorganization and mechanical adap-

tation

Under mechanical deformation, such as stretching or compression, NFs exhibit
remarkable adaptability. Individual neurofilaments can elongate up to 3.4 times
their original length under axial tension before breaking [101] and simultaneously
exhibit significant thinning, likely due to partial unraveling of their filamentous
structure [102]. Magnetic tweezer creep tests and related studies reveal that while
neurofilaments contribute to cell body stiffness and enhance axonal viscoelastic-
ity, microtubules play a more dominant role in supporting the axon’s elastic and
structural properties [91,93]. NFs also interact synergistically with other cy-
toskeletal components, including microtubules [103] and actin filaments [54, 104].
This interplay facilitates a coordinated response to mechanical forces [105], allow-
ing the neuron to adapt its cytoskeletal architecture as needed. Such interactions
are essential for distributing mechanical loads and preserving the functional per-
formance of neurons. In pathological conditions, disruptions in NF organization
or function can lead to compromised axonal mechanics. For instance, neurodegen-
erative diseases often feature NF aggregation, which impairs their normal spacing

and interactions, leading to axonal rigidity and dysfunction [46,51].

Beyond these primary cytoskeletal elements, other proteins also contribute to
the mechanical properties of neurons. Cross-linking proteins, including spec-
traplakins, plectin, and filamin, help distribute mechanical stress across cytoskele-
tal networks, enhancing structural stability [59,106,107]. Adaptor proteins, such
as ankyrins, link the cytoskeleton to membrane components, supporting axonal
integrity under mechanical perturbations [108]. Cell adhesion molecules, in-
cluding L1 cell adhesion molecule (LICAM) and neural cell adhesion molecule
(NCAM), contribute to force distribution by mediating interactions with the ex-
tracellular matrix and neighboring cells, playing roles in axon-glia interactions
and nerve regeneration [109]. Together, these proteins play essential roles in

reinforcing axonal mechanics and ensuring the neuron’s ability to withstand me-
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chanical challenges.

1.8 Active contraction of the axon

Active contraction of an axon involves a dynamic process in which the axonal
length diminishes over time [81,110,111] driven by a series of internal cellular
mechanisms. This phenomenon occurs in response to various chemical [112,113],
threshold-dependent mechanical [114], or pathological stimuli [115, 116], trigger-
ing a cascade of molecular events within the axon. Contractile forces generated
primarily by actin—myosin interactions [110, 111, 117], coupled with the disas-
sembly [118] or reconfiguration [112] of microtubules, drive axonal shortening,
while molecular motors such as dynein and kinesin modulate this process by
cross-linking filaments, coordinating cytoskeletal organization [119,120], and, in
the case of certain kinesin isoforms, generating extensional forces along micro-
tubules [121] (Figure 1.10). These axonal contraction processes are integral to
cellular dynamics during developmental remodeling, synaptic pruning, and in
response to injury, neurodegenerative conditions, or physiological signaling path-
ways that regulate axonal morphology and functionality. Understanding these
mechanisms provides insights into neuronal plasticity and adaptation in both

physiological and pathological contexts.

1.9 Contributions of this study to understand-
ing axonal mechanics

This study advances our understanding of axonal mechanics by integrating ex-
perimental innovations, systematic experiments, and theoretical modeling, and
provides insights into how the axonal cytoskeleton responds to mechanical stress.
Refinement of the micro-extensional rheometer, enabled precise measurements of
strain relaxation, tension dynamics, and buckling behavior in axons. These ex-

periments uncovered the viscoelastic nature of axons, the critical influence of cy-
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Figure 1.10: Schematic representation of active axonal contraction mech-
anisms. This schematic illustrates the cytoskeletal components and molecular ma-
chinery involved in active contraction in axons. Bipolar non-muscle myosin II (NMIT)
filaments interact with the cortical actin cytoskeleton to generate contractile forces,
while microtubules, cross-linked by MAPs and molecular motors, provide structural
resistance to contraction. Short microtubules can be transported by molecular motors
and may generate either extensional or contractile forces depending on their relative
position with respect to long stationary microtubules and the type of motor involved.

toskeletal elements such as microtubules, actin, and spectrin, and the dependence
of relaxation dynamics on axonal geometry. Theoretical models further provided
mechanistic insight by linking observed behaviors to protein-based processes like
spectrin unfolding and tau-microtubule interactions. Finally, super-resolution
imaging established direct evidence of cytoskeletal rearrangements under me-
chanical perturbation. Together, these findings not only provide a comprehen-
sive framework for axonal mechanics but also highlight mechanisms by which
neurons withstand and adapt to mechanical stress, with broader implications for

understanding neuronal resilience and vulnerability in health and disease.
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Chapter 2

Instrumentation

2.1 Introduction

This chapter describes the modifications made to a home-built force apparatus
known as the Micro-Extension Rheometer (MER) [10]. The MER is primarily
designed to study the mechanical behavior of biological or synthetic materials
under controlled extension at microscopic scale [11,12,122]. It can also be used
the investigation of active fluctuations, such as those observed in bacterial sus-
pensions serving as an active bath [13]. Additionally, the MER can assist in
the calibration of a biaxial stretching device [123]. In order to implement new
extensional rheological protocols like cyclic ramp strain, several key components
of the system—such as the optical fiber cantilever, piezo actuator, and position-
sensitive detector (PSD)—were systematically calibrated to ensure accurate force
and displacement measurements. Once the hardware calibration was established,
LabVIEW programs were optimized and subsequently tested with mock sam-
ples to validate them in executing rheological protocols, with a feedback control

mechanism ensuring correct protocol application.

Furthermore, the experimental setup was upgraded to allow force measurement

and fluorescence imaging to be performed simultaneously. This integration pro-

23
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vides the possibility of combining controlled stretching and force quantification
with the visualization of cytoskeletal dynamics during mechanical loading. This
chapter presents the design principles, calibration procedures, and validation tests

of the MER.

2.2 Operating principle and technical details of
the Micro-Extensional Rheometer (MER)

The MER is designed by integrating optical fiber—based force sensing with piezo-
electric actuation, position-sensitive detection, and optical imaging. A schematic
of the MER is shown in Figure 2.1A, and a photograph of the setup is presented
in Figure 2.2. The force-sensing cantilevers were prepared from single-mode op-
tical fibers (P1-630A-FC, Thorlabs Inc.) with a uniform cylindrical geometry,
having an initial outer cladding diameter of 125 ym and a core diameter of ap-
proximately 4.3 um, designed for 632.2 nm wavelength operation. Cantilever
preparation, including diameter tuning and measurement methods, is described
in detail in section 2.8. The force constant k of the cantilever is obtained by

modeling it as an ideal cylindrical cantilever beam:

4

k= % I= ”6%, (2.1)
where E is the Young’s modulus of the fiber and I is the area moment of iner-
tia. The base of the cantilever is mounted on a piezoelectric actuator (P-841.60,
Physik Instrumente GmbH, Germany) with a travel range of 94 um, providing
displacement with a precision of 210 nm. The piezo actuator is operated in closed-
loop mode via its built-in strain-gauge sensor and controlled using a piezo servo
controller (E-625.SR, Physik Instrumente, USA). The piezo-actuated cantilever is
positioned on a Zeiss AxioObserver D1 microscope (Carl Zeiss GmbH, Germany)

using a joystick-controlled XYZ motorised micromanipulator (XenoWorks, Sutter

Instruments), allowing precise positioning. One end of the optical fiber is coupled
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to a 17-mW TEMg, He-Ne laser (25-LHR-925, CVI Melles-Griot, USA) using an
fiber connector (F240FC-B, Thorlab Inc., USA).

The sample is illuminated using green light, and both the illumination light and
the red laser light emerging from the free end of the fiber cantilever are collected
by the microscope objective. The collected light passes through a beam splitter
located below the objective, which divides the light into two optical paths: one
directed to a PSD mounted at the microscope’s side port for force detection, and
the other routed to a charge-coupled device (CCD) camera (Andor Luca R604,
Andor Technology, Ireland) for real-time imaging. A band-pass filter (FL632.8-
10, Thorlabs Inc., USA) placed in front of the PSD blocks the green illumination
light, allowing only the red He-Ne laser light from the cantilever tip to reach
the detector, whereas a 550 nm short-pass filter (FES0550, Thorlabs Inc., USA)

placed in front of the camera transmits only the green illumination light.

The PSD used in this setup is a two-dimensional area detector that provides
the centroid position of an incident laser spot in real time. During measure-
ments, the spot was maintained within the linear response region of the device
to ensure accurate readout. The PSD is operated under a reverse bias, which
establishes an electric field across the depletion region. Absorption of photons
generates electron—hole pairs that drift through the resistive silicon layer toward
the collection electrodes. Due to the high spatial uniformity of the doped layers,
the photocurrent measured at each electrode depends on the distance between
that electrode and the centroid of the incident light spot. Ratios of these pho-
tocurrents, computed using a dedicated PSD signal-processing circuit (C-9069,

Hamamatsu Photonics, Japan), enable tracking of the cantilever tip displacement.

The cantilever deflection during measurement is calculated as:

§=D-d, (2.2)

where D is the displacement of the cantilever base applied by the piezo actuator
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Figure 2.1: Schematic of the setup. (A) A schematic of the MER setup. This
device uses an optical fiber as a force sensing cantilever. One end of the optical fiber is
connected to a 17mW He-Ne laser (632.8 nm) and the other end is used as a cantilever.
The base of the cantilever is attached to a closed loop piezoelectric drive. The tip of the
cantilever that stretches the sample is tracked by imaging the laser light exiting from
the tip on to a PSD. The sample is illuminated using green light. A beam splitter is
used to split the light collected by the objective between a CCD camera and the PSD.
Appropriate filters are used in front of camera and PSD to separate the illumination
and the laser lights. (B) Sample is stretched by moving the piezoelectric actuator
by a distance D, producing a sample extension d. The force applied to the sample is
calculated from the cantilever deflection 6, using the relation F = —k(D — d) = —ko,
where k is the cantilever spring constant. Schematic adapted from our published work
(Dubey et al., 2020) [13].

and d is the measured tip displacement or sample extension obtained from the

PSD (Figure 2.1B). The force F experienced by the cantilever is then:

F = —ké. (2.3)

For extension experiments, the cantilever tip is brought into contact with the sam-
ple placed at the objective’s focal plane, and the piezo actuator, regulated by a

LabVIEW-based closed-loop feedback system-controls the deformation while the
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Figure 2.2: Photograph of the force device. Labels indicating: 1-He-Ne laser,
2-fiber coupler, 3-optical fiber, 4, 5-piezo and piezo controller, 6,7-PSD and electronics,
8-CCD camera, 9- XYZ positioning system, 10-sample incubator, 11-green/excitation
filter, 12-cantilever holder.

resulting force is measured. In cases where the sample is fixed at both ends—such
as axonal stretching (Figure 2.3A), the cantilever applies displacement perpen-
dicular to the sample at its midpoint to produce extension. The sample strain is

determined geometrically from its initial length Ly and midpoint displacement d:

1,L(2) + 4d? - Ly

Ly

Y= (2.4)

The tension in the sample is calculated from the measured force and geometry as

(Figure 2.3B):

Fo) ing= ——9 (2.5)

T o S .
2siné V&2 + (Lo/2)?

To enable simultaneous imaging, image sequences from the CCD camera are

T@) =

recorded. This integrated optical configuration provides both quantitative force
measurements and real-time imaging, making the MER a versatile platform for

probing the rheological behavior of soft materials and biological systems.
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Figure 2.3: Schematic of the axonal stretching setup and tension calculation
geometry. (A) An axon anchored at both ends—at the cell body and the growth
cone—is stretched by applying a perpendicular displacement at its midpoint using
the fiber cantilever. (B) Illustration of the stretching protocol and the geometric
parameters used to determine axonal strain and tension T from the initial length Ly,
cantilever tip displacement d, and force on the cantilever F. Adapted from Dubey et
al., 2020 [13]

2.2.1 Fluorescence imaging mode

We made the MER capable of observing structural changes using fluorescence
imaging in a sample while simultaneously measuring the forces it experiences
during stretching. To implement this, the epifluorescence filter cube of the mi-
croscope, which is normally positioned below the objective, is used. The emission
filter from this cube is removed and placed in front of the CCD camera to ensure
that it does not interfere with detection of the laser light from the cantilever tip
by the PSD. This configuration allows accurate tracking of cantilever deflection
while enabling fluorescence imaging of the sample (Figure 2.4A). To demonstrate
this capability, we used neuronal cells genetically modified to express soluble
green fluorescent protein (GFP) in their cytoplasm. The axon, which is the
tubular extension of the neuron, was stretched using an etched optical fiber as
the cantilever, shown schematically in (Figure 2.4B). A fluorescence image of the
stretched axon along with the laser spot from the cantilever tip is presented in
(Figure 2.4C), illustrating the simultaneous measurement of mechanical response

and structural visualization.
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Figure 2.4: Fluorescence imaging during axonal stretching. (A) Fluorescence
imaging is performed using a short-arc mercury lamp (HBO) and the epifluorescence
filter module of the Zeiss AxioObserver D1 microscope (filter set 13: Ex. BP 470/20,
dichroic FT 495, Em. 505-530). The emission filter is removed from the filter cube
and placed in front of the CCD camera so that the laser light from the cantilever
tip can reach PSD. (B) Schematic illustrating the stretching of a genetically labeled
axon. (C) Fluorescence image of a stretched axon expressing soluble GFP. The green
fluorescence signal from the axon and the red laser spot at the cantilever tip are captured
simultaneously using a monochrome CCD camera. Figure adapted from our previously
published work, Dubey et al., 2020 [13].

2.3 Calibration of the optical fiber

The average elastic modulus of the optical fibre material (inner and outer glass
cores) is obtained by using the one end fixed in horizontal position and hanging
weight at another end. A small piece of optical fibre (few mm in length) is inserted
in a syringe needle, and the base of the fibre is glued and mounted on a micro-
manipulator stage in a horizontal position, as shown in Figure (2.5). Care was
taken to avoid the spread of glue along the fiber, which could otherwise alter its
mechanical response. A hook of a thin metal wire (about 100 um dia.) is glued to
the tip of the cantilever as shown in the inset of figure (2.5). The force constant

of this optical fibre acting as a cantilever is obtained by loading it with small
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pieces of thin metal wires of known weights. The deflection of the cantilever is
measured using a microscope consisting of a 20x objective, 125 mm focal length
tube lens placed horizontally and a complementary metal-oxide semiconductor
camera (DCC1545MGL, Thorlabs Inc., United States). The force constant (k) of

the cantilever is obtained by the formula

e

micrometer stage

Syringe needle
/ /unetched fiber
-8

microscope camera

Figure 2.5: Cantilever calibration setup. A piece of unetched optical fiber is
inserted into a syringe needle and is glued at the base using superglue. Then the
syringe needle is mounted on a micrometer stage. The free end of the cantilever is
imaged using a 20 x objective, a tube lens and a camera. A tiny hook made of metal
wire is glued at the free end of the optical fiber and is loaded with pieces of metal wires
of known weight (see inset) and the corresponding deflections are recorded

k = (2.6)

F
0
where F = mg is the force exerted by the load m, which is the mass of the hanging

wire and ¢ is the deflection of the tip of the cantilever. For a cylindrical cantilever

with a load suspended at the tip, the Young’s modulus of the material is given

by [124]

_FD?
315
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where L is the length and I is the area moment of inertia of the cantilever and is

givne by
I=— (2.8)

where R is the radius of cantilever. The expression for the force constant can be

obtained using equation 2.6, 2.7 and 2.8, and is given by

B 37rER*

k
413

(2.9)

For a fixed length (unetched) cantilever, we have used different weights and cal-
culated the value of k from each loading, to obtain an average value of k. We
repeated this procedure for different lengths of cantilevers to obtain the plot
shown in Figure (2.6). The slope of the plot gives the Young’s modulus of the
cantilever which is found to be 58.9 GPa with a confidence level of 95%.

In addition to the statistical uncertainty from the fit, the accuracy of the calibra-
tion was estimated from the measurement precision of the individual quantities:
the applied force (mass) was measured with a balance having 0.1 mg resolution,
the cantilever length was measured using a micrometer screw gauge (precision
~ 0.01 mm), the tip deflection was measured with a 20x objective for which the
optical resolution is ~ 1 um, and the fiber radius was measured with a 40x ob-
jective (diffraction-limited resolution ~ 0.86 um). Propagating these independent
uncertainties through the expression for Young’s modulus yields a combined rel-
ative uncertainty of approximately 3.1%, representing the overall accuracy of the
cantilever calibration for typical cantilever lengths and applied loads used in the

experiment.
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Figure 2.6: Cantilever calibration plot. Dependence of the cantilever force con-
stant on its radius R and length L. Unetched fibers of different lengths were loaded with
different known weights. The data were fitted to a straight line, and the resulting fit is
shown on log—log axes for clarity. The slope gives the Young’s modulus of the cantilever
material. Fach data point is averaged over minimum ten measurements using different
weights for the same cantilever. The error bars are the standard errors from the mean
(SEM).

-9

2.4 Calibration of one-dimensional piezo actua-
tor

To calibrate the one-dimensional piezo actuator, a pre-calibrated CCD camera
was used as a reference. The spatial resolution of the camera, in microns per pixel,
was determined using a microscope calibration slide (AX0001, OB-M, Olympus
Corp., Japan) with a least count of 10 pm. For piezo calibration, a short length
(< 1 mm) of an unetched fiber is used as a rigid cantilever so that the piezo

displacement D can be tracked using the PSD or camera.

The fiber was mounted on the piezo actuator, with one end coupled to the laser via

a fiber coupler. The laser light exiting the fiber was focused onto the camera. The
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actuator, equipped with an integrated strain gauge for feedback, was controlled

in closed-loop mode using a single-axis piezo servo controller via USB.

For calibration, the piezo was moved in discrete steps. At each position, images
were recorded, and the motion of the laser spot was tracked using a MATLAB
script that computed the intensity weighted centroid of the laser spot on recorded
images by the camera. The measured positions were then plotted against the
commanded displacements to generate the calibration curve. The measured po-
sitions from the CCD camera plotted against the corresponding displacements
recorded by the piezo’s integrated strain gauge are shown in Figure 2.7. The

results demonstrate that 10 nm steps are clearly resolved at 40X magnification.
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Figure 2.7: Piezo actuator displacement (orange circle) recorded using strain gauge
sensor and corresponding laser spot position on the camera (blue circles) plotted as a
function of time, during stepwise motion with 10 nm increments.

Next, to evaluate the linearity of the piezo actuator across its full range, the av-
erage positions measured from the camera at each step were plotted against the
corresponding readings from the piezo’s strain gauge. Larger steps of 5 ym were
applied to cover the full travel range of the piezo actuator quickly, thereby mini-
mizing the effects of drift. Raw data from the camera and the piezo strain gauge
were each averaged over a 2 s interval to reduce detector noise. For the camera
signal, this averaging also helps suppress possible vibration-induced fluctuations.

A linear fit to the data yielded a slope close to unity, indicating correspondence
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between the two measurement methods (Figure 2.8). This analysis confirms the
accuracy and linearity of the combined piezo—camera system over the operational

range.
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Figure 2.8: Linearity of the piezo actuator. The plot shows the relationship
between the commanded piezo displacement (um) and the corresponding laser spot
displacement measured from the camera (um). The linear dependence with a slope
close to 1 indicates that the piezo actuator performs accurately, with the measured
motion matching the expected displacement.

2.5 Spatial resolution of the PSD

Data from the PSD was acquired through the signal-processing circuit, which
uses a 12-bit acquisition card. Given the 5.7 mm resistive length of the PSD, the
theoretical digitization-limited spatial resolution at the detector plane is obtained
by dividing this length by the 2! output levels, yielding approximately 1.39 um
per count. Without magnification, this represents the smallest resolvable dis-
placement. When imaged through an objective of magnification My, the effective
resolution at the sample plane becomes 1.39 um/M,, giving about 34.8 nm at 40x

magnification.

To determine the actual noise level of the PSD system, we recorded the position
of a rigid fiber tip using the same procedure as in the camera calibration. Since

the fiber does not move, any fluctuation in the measured position reflects system
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noise or digitization limits. The PSD time trace at 40X magnification shows that
the observed fluctuations are consistent with the expected digitization-limited res-
olution (approximately 35 nm) (Figure 2.9A), confirming that electronic noise is
negligible compared to quantization noise. Furthermore, when the piezo actuator
was aligned with the PSD x-axis and driven in discrete 35 nm steps, the steps were
clearly resolved after temporal averaging of the PSD position data (Figure 2.9B),

providing an independent verification of the effective spatial resolution.
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Figure 2.9: Spatial noise estimation and effective resolution of the PSD. (A)
Time trace of the PSD signal at 40x magnification showing fluctuations consistent with
the digitization-limited spatial resolution (approximately 35 nm). (B) PSD response
when the piezo actuator is aligned with the PSD x-axis and moved in discrete 35 nm
steps. After temporal averaging of the PSD signal, the individual steps are clearly
resolved.
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2.6 Feedback control and experimental software

Strain-controlled experiments in the MER are implemented through custom Lab-
VIEW programming based softwares that operates through a closed-loop feedback
algorithm. A representative front panel corresponding to one strain-controlled
protocol is shown in Figure 2.10. The interfaces for other implemented proto-
cols differ in their specific control logic but are similar in overall structure and

operation.

At the beginning of an experiment, the user provides the geometric parameters
of the cantilever, including its length and diameter. These parameters are used
to calculate the cantilever spring constant, which is required to convert measured
cantilever deflection into force. For samples that are stretched from the midpoint
and fixed at both ends, such as axons and silk filaments, the initial end-to-end
length of the sample is also specified and is used to determine the cantilever tip
displacement corresponding to the prescribed strain protocol. The PSD and piezo
actuator are then initialized, and their current positions are recorded as reference

values.

Following initialization, the piezo actuator is incrementally displaced toward the
target strain setpoint. After each adjustment, the instantaneous strain is calcu-
lated from the measured PSD signal and piezo position and compared with the
desired value. If a discrepancy is detected, the feedback loop updates the piezo
position to reduce the error. Once the target strain is reached, the algorithm con-
tinues to monitor the system and compensates for deviations arising from sample

relaxation, thereby maintaining the selected strain over time.
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Screenshot of the MER controller software for a linear loading—unloading

protocol. The software uses a feedback-loop algorithm to control strain

Figure 2.10
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A schematic flowchart summarizing the sequence of operations and decision steps

implemented in the feedback algorithm is shown in Figure 2.11.

Open the LabVIEW program corresponding
to the desired protocol

]
Enter cantilever length and diameter, protocol related
parameters and initial sample length (if required)

¥

I Run LabVIEW program |

¥
/Piezo and PSD within valid operating ranges?/
]

No (error message Yes (no error
displayed) message)
Reset piezo and PSD to operating range and
restart program

—
_//Initialize PSD and piezo actuator,”
¥

Move piezo to apply the desired
strain (or strain rate)

Is current strain = Feedback
desired strain?
| Maintain current strain |—

Figure 2.11: Flowchart of the closed-loop feedback algorithm used for strain-
controlled MER experiments, showing user input, system initialization, automated
range checking, and feedback-based adjustment of piezo displacement to reach and
maintain the prescribed strain.

Feedback

2.7 Development and validation of rheological

protocols

This section describes the general procedure used to test and validate strain-
controlled protocols. Before applying these methods to actual samples, validation

measurements were performed on a short piece of the optical fiber as mock sample



Chapter 2. Instrumentation 39

with similar stiffnes to assess the performance and reliability of the protocols
under controlled conditions (Figure 2.12). Optical fiber piece was positioned on
a glass coverslip, with one end immobilized using adhesive while the opposite
end remained free. The coverslip was mounted at the base of a plastic cylinder
containing a central aperture, such that the free end of the fiber extended into the
dish chamber. The cantilever was brought into contact with this free end of the
mock sample and used to impose controlled displacements. The dish was filled
with cell culture medium to replicate the refractive index and viscous environment

present during axonal measurements.

I

optical fiber— petri dish

cantilever
mock sample

coverslip super glue

Figure 2.12: Deflecting of the mock sample (a separate optical fiber seg-
ment) using a cantilever. A cantilever was used to apply mechanical deformation
to a mock sample, which consisted of another segment of optical fiber affixed to a cov-
erslip. All mechanical testing was performed on this setup. The piezo actuator was
programmed to execute a range of strain protocols, including multi-step stretching,
combined step-and-oscillation inputs, and linear loading-unloading.

Both tip-displacement—controlled and strain-controlled rheological protocols were
implemented in our setup, including step loading, step loading with superim-
posed oscillations, square-wave loading, and ramp protocols. In tip-displacement—
controlled protocols, the cantilever tip follows the prescribed waveform directly,
whereas in strain-controlled protocols the sample strain is defined and the corre-

sponding cantilever displacement is computed accordingly. As an example, for
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samples fixed at both ends, the cantilever displacement required to achieve a
given strain is obtained from the geometric relation in equation 2.4. Since the
validation procedure is common to all of these methods, only a protocol consisting
of initial step displacement followed by a ramp protocol, implemented at fixed
amplitude with varying frequency, is presented here as a representative example
(Figure 2.13). Ramp protocol can be used to perform loading—unloading cycles,

from which the hysteresis and energy dissipation can be calculated.

Next, to further confirm that the applied displacement signal corresponds to a
true ramp, the signal at 0.01 Hz was analyzed in the frequency domain using a
fast Fourier transform (FFT). Prior to the FFT, the DC component was removed
to eliminate any offset. The FFT of the 0.01 Hz ramp shows a primary peak
at 0.01 Hz, followed by smaller peaks at 0.03, 0.05, 0.07, .. Hz with decreasing
amplitude (Figure 2.14). This pattern of odd harmonics (1f, 3f, 5f, ..) with
decreasing amplitude is characteristic of a ramp waveform, confirming that the

applied signal closely follows the intended ramp profile.
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Figure 2.13: Step-strain followed by ramp protocol. The figure shows a series of
initial step strains (black) followed by a ramp applied at fixed amplitude with varying
frequency (0.01, 0.02 and 0.03 Hz).
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Figure 2.14: Frequency response of the 0.01 Hz ramp protocol. The frequency
spectrum of the ramp signal shows a primary peak at 0.01 Hz, followed by smaller peaks
at 0.03, 0.05, 0.07, ... Hz with decreasing amplitude. This pattern of odd harmonics (1f,
3f, 5f, ...) is characteristic of a ramp waveform, confirming that the applied displacement
signal closely follows the intended ramp profile.

2.8 Preparation of the Cantilever

Optical fibers with their original diameter (~ 125 yum) are not sufficiently sensitive
to measure the forces exerted by axons, which are on the order of nanonewtons.
To enhance the force sensitivity of the cantilever, the optical fiber was etched
down to a diameter of approximately 10 um. Cantilevers with diameters of ~

10 ym and lengths of 6-7 mm are sufficiently compliant to measure these forces.

To prepare an etched cantilever suitable for pulling axons, 48% and 24% hy-
drofluoric acid (HF) solutions were used in small plastic cylindrical containers
with stable bases. The 24% solution was prepared by diluting the commercially
available 48% HF. One end of a single-mode optical fiber was used to create
the cantilever: the outer jacket was stripped with a blade and the inner plas-
tic coating was burned off to expose the glass fiber (Figure 2.15A). The base
of the bare fiber was coated with nail polish (Figure 2.15B) to prevent etching,

since HF reacts strongly with silica but only weakly with the organic polymer
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matrix of nail polish. This left approximately 1 ¢m of exposed glass for etching.
The fiber was secured to a long plastic rod and immersed in 48% HF up to the
nail-polish barrier, with gentle stirring to promote uniform etching. It was then
transferred to 24% HF for further etching; the lower concentration helps prevent

rapid dissolution of the fiber.

Each etching step typically lasts about 30 minutes, but the required duration
can vary depending on the amount of fiber material already dissolved in the
acid—since we reuse the solutions, the effective HF concentration decreases over
time. After the expected etching period, the cantilever was positioned horizon-
tally above a 40x microscope objective and imaged using a camera and ImagelJ.
ImageJ was further used to measure the diameter of the cantilever from the ac-

quired images. Figure 2.15C shows the fiber before and after etching.

The fiber diameter was then measured at multiple positions to assess whether
the cantilever had been etched uniformly and had reached the desired diameter.
If not, the fiber was returned to the acid for additional etching. After etching
was complete, the unetched end which, has a factory installed fiber coupler (FC)
was connected to the laser, and the symmetry of the laser spot emitted from
the etched tip was inspected. If the spot was asymmetric, the cantilever end
was trimmed with a sharp scalpel until a nearly symmetric spot was obtained
(Figure 2.15D). Finally, the cantilever length was measured with a vernier scale,
and the optical fiber was mounted vertically on the piezoelectric drive, which was

in turn fixed to an XYZ micromanipulation stage.
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Figure 2.15: Preparation of the optical fiber cantilever (A) An optical fiber
with portions of the inner plastic sheath and the bare glass fiber exposed. (B) The
white plastic sheath is burnt off till where the outer sheath ends and then nail polish
is applied at the base of the fiber before etching. Nail polish protects the fiber during
HF etching, as its organic components do not react with HF. (C) A comparison of
the unetched and etched optical fiber. (D) Laser spot at the fiber tip imaged on a
camera, showing a Gaussian intensity profile used as a criterion for selecting fibers for
experiments.
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2.9 Comparison of cantilever and axonal force
responses in a viscous medium.

For accurate calculation of forces exerted by axons (or other biological samples),
the mechanical response of the etched optical-fiber cantilever should be char-
acterized in a fluid environment. Hydrodynamic drag acting on the cantilever
can introduce additional forces that contribute to the measured deflection and
therefore must be quantified. For this purpose, the cantilever was displaced by a
few micrometers—comparable to the displacements used to apply approximately
1% strain to axons—using the piezo actuator in an aqueous medium, and the
resulting force was recorded over time. These measurements provided two key
quantities: the hydrodynamic drag force acting on the cantilever and the can-
tilever relaxation dynamics following step displacements. The drag force obtained
in this controlled setting was very small in magnitude, substantially lower than

the forces measured during axonal stretching in step strain protocol (Figure 2.16).
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Figure 2.16: Force response of the cantilever in a viscous medium compared
with axonal forces. The black curve represent the cantilever drag force in the absence
of an axon, while each colored trace corresponds to an individual axon subjected to
a 1% step strain. The cantilever drag force is small relative to the forces measured
during axonal stretching, indicating that the measured responses are dominated by
axonal mechanics. The inset shows a zoomed view of the cantilever force over time,
highlighting its rapid relaxation following displacement.
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Conclusion

This chapter presented the operating principles and technical implementation
of the MER, followed by the calibration of its key components, including the
optical fiber cantilever, piezo actuator, and PSD, to enable accurate force and
displacement measurements. LabVIEW programs incorporating feedback control
were then developed to implement strain- and displacement-controlled rheological
protocols, and these routines were tested and validated using mock optical-fiber
samples. Finally, the force response of the cantilever in a viscous medium was
compared with that measured during axonal stretching, showing that cantilever—
fluid interactions are negligible compared to axonal forces. Together, these results
establish the MER as a reliable and well-characterized platform for mechanical

measurements on biological samples axon in particular.
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Chapter 3

Experimental analysis of axonal
strain relaxation and cytoskeletal

contributions

3.1 Introduction

Strain relaxation in axons serves as a key indicator of their viscoelastic behavior
and mechanical integrity, providing insight into their ability to recover from defor-
mation once external forces are removed. Following mechanical stretching, axons
do not instantaneously return to their original length once the applied force is
removed, but instead undergo gradual strain relaxation over time [85,89,125,126].
This time-dependent response reflects the complex viscoelastic nature of the ax-
onal cytoskeleton, shaped primarily by microtubules, neurofilaments, the actin—
spectrin lattice, and molecular motors. Together, these components enable ax-
ons to redistribute and regulate mechanical stresses over time, leading to the
gradual relaxation observed in experiments. Such viscoelastic recovery is crucial
in everyday physiological contexts, where axons routinely experience transient
and sustained deformations during normal head and body movements, locomo-

tion [5,6], and even during minor impacts or sports-related mechanical loads [7].
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Understanding these dynamics is also important for injury biomechanics, where
abnormal or excessive strain can exceed the normal relaxation capacity and lead

to cytoskeletal damage.

In this chapter, we examine axonal strain relaxation under both immediate and
delayed stretch—release protocols, enabling us to probe rapid responses and adap-
tive behavior under sustained stretch, similar to the prolonged deformation ex-
perienced during activities such as bending or sitting. To further understand the
cytoskeletal contributions to this mechanical response, we also investigate the
effect of cytoskeletal perturbing agents. By selectively perturbing components
such as microtubules or actin filaments, we assess how these cytoskeletal element

influences axonal relaxation dynamics.

3.2 Method

3.2.1 Axonal strain relaxation protocol

To examine the temporal and structural dependencies of axonal strain relaxation,
we subjected axons of chick Dorsal Root Ganglia (DRG) neurons grown on plain
glass surfaces for four days in-vitro (4DIV) to stretch deformations and then
allowed them to relax back to their initial state as shown in Figure 3.1 (see Ap-
pendix A for cell culture details). Four DIV axons are chosen because it has been
shown that MPS takes at least four days to form along the entire axon in chick
DRG neurons [12]. The stretching was performed in a controlled manner using the
custom-designed MER [10, 13] which is discussed in detail in Chapter 2 (Instru-
mentation). In order to minimize active contractile responses and probe passive
viscoelastic responses, we perform experiments at room temperature (25+1 °C).
The activity of molecular motors is known to decrease exponentially with tem-
perature, following an Arrhenius-type dependence [127]. To stretch an axon, the
tip of a rigid cylindrical glass cantilever, a few millimeters in length and ~10 um

in diameter, is placed in contact with the mid-point of a floating axonal segment
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Figure 3.1: Axonal response to stretch-and-release vs. stretch-wait-release
experiments. (A) Image sequence showing the strain relaxation of an initially straight
axons which is stretched to a strain of ~#20% using a cantilever (dark circle) and then
immediately released from the cantilever. Time is indicated in min:sec. (B) Image
sequence showing the same axon as above when it is stretched by the same amount and
released after maintaining the stretch for 10 min.

which is firmly anchored to the surface at two ends (Figure 3.1A). To check
whether the axon is floating between fixed boundaries, the side of the microscope
is tapped to observe if the axon vibrates. The initial length of the axon is mea-
sured to determine the maximum tip displacement. The tip is then displaced
laterally at a strain rate of ~1%/s to stretch the axon to a final imposed strain of
~20%. The cantilever is then moved vertically (perpendicular to the plane of the
axon) to release the axon and let it relax back to its initial conformation. The
strain relaxation process that occurs after release is quantified by tracking the

contour length of the axon by performing image analysis on the recorded video
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microscopy images as shown in Figure 3.2. A brief description of the tracking and
strain calculation is provided in the next subsection. Two types of experiments
are performed. First, axon are pulled and released immediately. This immediate
release phase offers insights into the immediate effects of stretch, observing how
axons respond to rapid deformation and subsequent relaxation. After comple-
tion of the initial strain relaxation, the same axon is stretched once more and
maintained in this extended state for a duration of about ten minutes and then
released. The axon was held in the stretched state for ten minutes to allow suf-
ficient relaxation before release. This duration was chosen because even a small
strain step (1%) relaxes on the order of minutes [12]. The relaxation time varies
with the applied strain—it initially increases with strain and then decreases-and
thus a ten-minute hold ensures complete relaxation across all strain levels. Un-
like immediate release, this prolonged stretch phase allows us to understand the

adaptive mechanisms of axons over time.

3.2.2 Axonal tracking and strain relaxation calculation

Axonal contour lengths during relaxation experiments were quantified using a
custom-written MATLAB program. Phase-contrast images acquired during stretch-
ing and release were processed to identify axonal contours (Figure 3.2). From
the contour length [ of the axon, strain is calculated using the formula &(r) =
(I(t) — ly) /1y, where &(¢) is the amount of strain at any given time and [, is the is
the contour length of the axon in the relaxed configuration. In practice, this value
is close to the corresponding end-to-end (straight-line) distance, with small devi-
ations arising from tracking noise. The full tracking workflow, including image-

processing steps and algorithm implementation, is provided in Appendix B.
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Figure 3.2: Representative images of a single axon with overlaid tracking
results. Frame-by-frame tracking was obtained using custom MATLAB program.
Tracked positions along the axon are shown in red color which is used for further
analysis. Details of the tracking method are provided in the Appendix B.

3.2.3 Modifications to the cytoskeleton

Various cytoskeleton-disrupting drugs, including Nocodazole (M1404, Sigma-Aldrich),
Latrunculin-A (L5163, Sigma-Aldrich), and Paclitaxel (Taxol) (T7402, Sigma-
Aldrich), were solubilized in dimethyl sulfoxide (DMSO). Throughout the exper-
iments, the final concentration of DMSO was maintained below 1%, and DMSO
alone was used as the vehicle control. The specific concentrations of these agents

used in each experiment are detailed in the corresponding sections.

3.3 Results

3.3.1 Axonal strain relaxation after stretch and release

Axonal strain relaxation for multiple individual axons following release after
stretch is shown in Figure 3.3. In both experimental conditions—immediate
release (Figure 3.3A) and release after a 10-minutes (Figure 3.3B) hold—axons
exhibited a characteristic response where strain decreased sharply at first and
then relaxed more gradually over time, reflecting the viscoelastic behavior of the
axons and their cytoskeleton. These observations confirm that axons exhibit vis-

coelastic strain relaxation regardless of whether the release occurs immediately (0
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min) or after a prolonged holding period (10 min). Quantitative analysis of the

relaxation dynamics for both conditions is presented in the following subsection.
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Figure 3.3: Axon exhibit viscoelastic strain relaxation. Strain relaxation pro-
files of same axons are shown under two experimental conditions: (A) immediate release
after stretching and (B) release after maintaining the axons in a stretched state for 10
minutes. Each colored curve represents an individual axon, with matching colors in A
and B corresponding to the same axon across both conditions. Both plots demonstrate
that axons exhibit viscoelastic relaxation behavior.

3.3.2 Effect of waiting time on axonal strain relaxation

To investigate the influence of the adaptive response on axonal mechanical be-
havior, strain relaxation was compared between axons released immediately after
stretch and those released following a 10-minute hold, as shown in Figure 3.4.

Axons released after the prolonged stretch exhibited slower relaxation relative
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to immediate-release, indicating a temporal modulation of viscoelastic behavior.
Analysis of the strain—time curves revealed that the data were adequately fitted
by the sum of two exponential functions of the form ae /% + be™"/™ + ¢ as shown
in the inset of Figure 3.4. This suggests that axonal relaxation occurs in at least
two distinct phases—an initial faster decay followed by a slower, more gradual

relaxation—captured respectively by the fast and slow time constants 7, and 7.

0.2 T T 0.2 I - I —1
0.15
£
0.15 g 0.1 N
n
£
S o041
0
0.05

Time (s)

Figure 3.4: Axons exhibit slower strain relaxation after prolonged stretch.
Plots showing the strain relaxation response of axons after they are stretched and
released immediately (red symbols) or after a wait time of 10 min (black symbols). The
solid lines are averages (for n=14 axons) and the shaded regions indicate the standard
error of mean (SEM). Note that the strain relaxation for the stretch-wait-release case
is significantly slower compared to immediate release. The inset shows the plots of the
averaged data fitted to double exponential functions of the form ae™/™ + be™/™s + .

Although the fit displayed in the Figure 3.4 represents the average strain-relaxation
curve, the relaxation time constants 7, and 7, were extracted from fits to individ-
ual axons. The average values obtained were 7, = 0.19£0.03 s and 7, = 5.02+£0.57 s
before the 10-minute hold, and 7, = 0.88 £ 0.25s and 7, = 14.41 £ 1.92s after-
ward (error bars are the standard error of mean (SEM)). Notably, both 7, and
7, increased following the prolonged stretch (Figure 3.5), indicating a slowing of
both relaxation phases. These results demonstrate that while axons retain their
inherent viscoelastic properties, the rate of strain relaxation is influenced by the

duration of applied stretch, highlighting the dynamic and time-dependent nature
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of axonal mechanics and suggesting that the underlying viscoelastic parameters
may be modulated during the waiting period, potentially due to cytoskeletal

dynamics or structural reorganization.
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Figure 3.5: Relaxation time constants before and after prolonged stretch.
Bar plots showing the fast (1) and slow (7,) relaxation time constants extracted from
biexponential fits of individual axonal (n = 14) strain-relaxation curves. Both relax-
ation time constants increased after the 10-minute hold, indicating a slowing of fast
and slow viscoelastic phases (error bars represent SEM).

3.4 The role of different cytoskeletal filaments
in axonal strain relaxation

After characterizing the strain relaxation response of normal neurons in cul-
ture, we examined the relaxation behavior of axons treated with cytoskeleton-
perturbing drugs to determine how different cytoskeletal components contribute
to the observed mechanical response. The axonal cytoskeleton is primarily com-
posed of three major filament systems: microtubules, filamentous actin (F-actin),
and neurofilaments. In this study, we focus specifically on microtubules and F-
actin, as these networks are closely associated with axonal mechanical behavior
and are expected to play central roles. To probe their role in axonal strain re-
laxation, we selectively stabilized or disrupted microtubules and actin filaments

using pharmacological agents and compared the resulting relaxation dynamics.
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By quantifying the changes in strain relaxation across these perturbations, we as-
sessed how modifying each component influences the axonal response to stretch.
In each case, axons were incubated at 37 °C for 30 min, and experiments were

then performed at 25+1 °C.

We first investigated the role of microtubules by disrupting them using Noco-
dazole (16 uM), which depolymerizes microtubules and reduces the overall mi-
crotubule mass. Faster axonal retraction compared to control after nocodazole
treatment has been reported in Drosophila axons [110]. Therefore, weakening the
microtubule network is expected to alter axonal strain relaxation. As shown in
Figure 3.6, axons treated with Nocodazole also exhibited clear viscoelastic strain
relaxation following stretch release, with a characteristic biphasic profile (shown

in the inset of Figure 3.6) similar to that observed in control axons.
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Figure 3.6: Strain relaxation of axons treated with Nocodazole under im-
mediate and delayed release conditions. Strain relaxation profiles of axons shown
as mean responses (n = 10 axons) pretreated with 16 uM Nocodazole (microtubule-
disrupting agent) for 30 min. Symbols corresponding to immediate release are high-
lighted in red, and those for delayed release after 10 min hold time are highlighted in
black. Error bars (SEM) are shown. The inset shows representative average data fitted
to a double-exponential function.

Next, we examined the effect of microtubule stabilization by treating axons with
Paclitaxel (Taxol, 10 uM), a drug known to enhance microtubule stability and

increase microtubule mass in axons [128,129]. As shown in Figure 3.7, Taxol-



Chapter 3. Experimental analysis of axonal strain relaxation and cytoskeletal
contributions 56

treated axons similarly exhibited biphasic viscoelastic strain relaxation following

release.
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Figure 3.7: Effect of microtubule stabilization by Taxol on axonal strain
relaxation. Mean strain relaxation profiles for axons (n = 10) treated with 10 uM
Paclitaxel (Taxol) for 30 min under immediate (red) and delayed (black symbol) release
protocols. Inset shows double-exponential fits to the average data.

To investigate the role of actin filament-based structures such as MPS, cells
were first pre-treated with Taxol (10 M for 30 min) followed by treatment
with the actin-disrupting drug Latrunculin-A (Lat-A, 1 gM for 30 min). This
sequential treatment was used because previous studies have shown that dis-
rupting actin structures can also destabilize microtubules due to cytoskeletal
crosstalk [130,131]. Figure 3.8 shows the relaxation response after actin disruption
following prior microtubule stabilization. Across all pharmacological conditions,
axons continued to display viscoelastic, biphasic relaxation, and the 10-minute
hold consistently slowed the relaxation phase, indicating that this slowing is not

abolished by disrupting either microtubules or actin.
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Figure 3.8: Influence of actin disruption on strain relaxation following mi-
crotubule stabilization. Axons (n = 7) were first treated with 10 uM Taxol for
30 min to stabilize microtubules, followed by 1 uM Latrunculin-A for 30 min to desta-
bilize actin filaments. Strain relaxation curves for immediate (red) and delayed (black)
release reveal additional slowing associated with actin disruption. Inset shows double-
exponential fits to the average data.

To evaluate how cytoskeletal perturbations influence the dynamics of axonal
strain recovery, and to determine whether these treatments alter any aspect of the
strain relaxation behavior beyond the robust viscoelastic and biphasic response
observed in all conditions, we compared the raw averaged strain—time curves for
immediate (0 min.) and delayed (10 min.) release across all treatments (Fig-
ure 3.9). This comparison enables us to assess how modifying microtubule or
actin organization affects the rate and extent of relaxation under both rapid and

sustained stretch conditions.

For the immediate release condition (0 min.), Nocodazole-treated axons do not
exhibit any major deviation in their relaxation profile relative to untreated con-
trols (Figure 3.9A). In contrast, microtubule stabilization with Taxol leads to a
noticeably slower relaxation response, and the combined Taxol + Lat-A treatment
produces the slowest relaxation among all conditions. This progressive slowing
with actin disruption following microtubule stabilization points to an important
contribution of cortical actin structures in facilitating efficient strain recovery,

particularly under rapid release.
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Figure 3.9: Comparison of strain relaxation dynamics across cytoskeletal
perturbations. Raw averaged strain-time curves for axons subjected to immediate
release (A, 0 min) and delayed release (B, 10 min) following stretch, plotted for all
experimental conditions (Control, Nocodazole, Taxol, and Taxol 4+ Lat-A). The curves
highlight differences in relaxation rate under each perturbation, with minimal deviation
from control for Nocodazole at 0 min, and progressively slower relaxation for Taxol and
Taxol + Lat-A, particularly under the 10-min delayed release condition. Sample sizes:
Control (n=14), Nocodazole (n=10), Taxol (n=10), and Taxol + Lat-A (n=7) axons.

Under the 10-min delayed release condition, a clearer distinction between treat-
ments emerges. Nocodazole-treated axons relax faster than control, whereas
Taxol-treated axons exhibit considerably slower relaxation (Figure 3.9B). The
combined Taxol + Lat-A treatment remains the slowest case, suggesting that
both microtubules and cortical actin contribute to maintaining axonal mechani-
cal resistance and regulating the adaptive response that develops during sustained

stretch.
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The corresponding relaxation time constants, 7, and 7,, extracted from the

double-exponential fits, are presented in Figure 3.10 and Table 3.1.

Table 3.1: Fast and slow relaxation times obtained from biexponential fits under
immediate (0 min) and delayed (10 min) release conditions for different drug treatments.
Values are reported as mean = SEM.

o 0 min release 10 min release
Condition
75 () 7y (8) s (3) 7 (s)
Control 0.19+0.03 5.02+0.57 0.88+0.26 14.41+1.92
Nocodazole 020+0.02 573+134 038=+0.11 10.02+1.47
Taxol 0.64+0.17 21.23+7.85 1.64+0.62 47.88 +6.80

Taxol + Lat-A 396 +1.70 23.71+2.44 430+141 59.28+20.70

Consistent with the raw strain trends, when microtubules are disrupted using
Nocodazole, both 7 and 7, remain largely unchanged under the immediate release
condition. However, for the delayed release condition, both time constants tend
to decrease, suggesting that Nocodazole-treated axons may relax more rapidly.
In contrast, microtubule stabilization with Taxol leads to increases in both 7, and
7, for immediate as well as delayed release. The combined treatment of Taxol
followed by Lat-A produces the largest increase in relaxation times across both

conditions.

Together, these results highlight that axonal relaxation dynamics arise from coor-
dinated interactions between microtubules and cortical actin, motivating future

investigations into the mechanisms underlying this adaptive viscoelastic response.
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Figure 3.10: Comparison of strain relaxation times for control and drug
treated axons. The strain relaxation curves are fitted to a double exponential fit to
obtain a fast relaxation time 7 and a slow relaxation time 7. (A) Plot showing the
differences in the fast relaxation timescale (t¢) for control and drug treated axons, with
and without a 10 min wait time before release. (B) Slow relaxation timescale () for
control and drug treated axons, with and without a 10 min wait time before release.
Control (n=14), Nocodazole (n=10), Taxol (n=10), and Taxol+Lat-A (n=6) axons.

3.5 Role of the Axonal Diameter in Axonal Strain
Relaxation

The diameter of axons is regulated by the amount and organization of various
cytoskeletal components, including the membrane-associated periodic skeleton

composed of actin rings interconnected by spectrin cross-bridges and stabilized
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by adducin, neurofilaments, and microtubules [25,132-136]. Accurate determi-
nation of axonal diameter is challenging with conventional light microscopy so
to examine whether relaxation behavior depends on thickness, we divided axons
in our experiments into just two groups based on their measured diameters: thin
azons (diameter < 1.5 um) and thick azons (diameter > 1.5 ym) (Figure 3.11).
Thick axons tended to relax more slowly than thin axons overall, suggesting that
axonal diameter may modestly influence the rate of strain recovery following
stretch. This slower relaxation might be related to an altered composition or

ratio of cytoskeletal elements in thicker axons [137].
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Figure 3.11: Dependence of strain relaxation on axonal diameter. Axons
were categorised into two bins in order to investigate the effect of diameter on strain
response. (A) Strain relaxation of thin (< 1.5um) and thick (> 1.5um) axons when
subjected to immediate release. (B) Strain response of thin and thick axons when a
wait time of 10 min is introduced before release. Note that thicker axons have notably
slower strain relaxation in comparison to thinner axons.
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Quantitatively, for thick axons (diameter > 1.5 um), the fast and slow relaxation
timescales in the immediate release condition are 7y = 0.42 s and 7, =~ 8.95 s,
compared to 7, ~ 0.52 s and 7, ~ 6.85 s for thin axons (diameter < 1.5 um),
corresponding to a ~20% decrease in 7, and a ~30% increase in 7,. In the de-
layed (10 min) release condition, thick axons show 7, ~ 0.93 s and 7, = 30.66 s,
compared to 7, = 0.76 s and 7, = 18.99 s for thin axons, corresponding to an
increase of ~22% in 7, and ~60% in 7,. Overall, the more consistent trend is ob-
served in the slow relaxation timescale, which tends to increase for thicker axons,
while changes in the fast timescale are smaller and less systematic. More precise
measurements of axonal diameter would be required to establish this trend more

conclusively.

3.6 Discussion and possible explanation

Based on the experimental results presented in this chapter, we approximated
the axon as a parallel arrangement of structural components with two distinct
mechanical responses (Figure 3.12). One component is the membrane—periodic
skeleton (MPS). This lattice behaves as a tension-buffering viscoelastic solid,
where energy dissipation and delayed relaxation arise after stretching due to the
unfolding and refolding dynamics of spectrin repeat domains, with stress reaching
a nonzero steady-state value [12]. This stress stored in the MPS during stretch
forms a mechanical “stress memory,” allowing it to recover its original configura-

tion through the reversible refolding of spectrin domains upon subsequent release.
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Figure 3.12: Schematic diagram showing the distinct mechanical behaviors
of actin and microtubule based axonal scaffolds. Based on the experiments
presented here, the axon can be approximated by a parallel arrangement of two struc-
tural elements with very different mechanical responses. The periodically arranged
actin rings which are interconnected by a/B-spectrin tetramers act as a tension buffer-
ing viscoelastic solid. The tension buffering property and dissipation arises from the
unfolding/refolding dynamics of the repeat domains of spectrins [12]. Owing to the
periodic nature of this lattice, and assuming that annealing of the structure takes long
times (> 10 min), this scaffold act as a solid at long times. The microtubule bun-
dle, on the other hand act as a solid to fast stretch—-when MAPs do not have time
to unbind—and as a fluid at long times. The fluid behavior arises due to microtubule
sliding mediated by transient unbinding of crosslinks [96]. Note that when subjected to
a step-strain, stresses in the periodic lattice relaxes to a finite value as seen in earlier
experiments [12], while stresses in the microtubule bundle can relax all the way to zero
due to sliding.

Another component is the microtubule bundle cross linked by MAPs, which be-
haves as a solid under rapid stretching—when MAPs do not have sufficient time
to unbind—and as a fluid over longer timescales. The fluid-like response arises
from microtubule sliding enabled by the transient unbinding of MAPs. Since
the axons in our experiments were stretched at a relatively slow rate (approx-
imately 1%s™!), the likelihood of MAPs unbinding increases, permitting stress
relaxation through microtubule rearrangement and sliding. Previous studies have
also shown that when the microtubule-MAPs bundle is stretched at a rate of ap-
proximately 1% s™!, tau proteins detach at a small strain of about 4% [96]. This
implies that in our case, where axons are stretched by about 20%, most of the

crosslink connections are likely to break, although some new ones may reform
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during stretching.

Upon immediate release after stretch (i.e., without a hold period), the MPS
doesn’t get sufficient time to relax and therefore carries the majority of the resid-
ual stress, effectively exhibiting a higher apparent elastic modulus and relaxing
more rapidly after unloading. In contrast, the microtubule bundle, once MAPs
have detached, loses mechanical stress memory and can slide freely, offering min-
imal resistance. The combined response of these two elements—one long-term
solid-like and the other long-term fluid-like can accounts for the biphasic relax-

ation pattern observed experimentally.

When axons are released after a prolonged stretch, the MPS can soften due to
its tension-buffering ability, leading to a decrease in its effective elastic modulus.
During this period, microtubule cross-linkers can reform, and upon release, the
MPS will relaxes slowly relative to immediate release while the microtubule bun-
dle provides greater resistance, as microtubule sliding becomes more restricted,
which can account for the slower strain relaxation observed in this case. This
adaptive behavior suggests that axons actively remodel under sustained deforma-

tion, which may represent a protective mechanism against mechanical damage.

Pharmacological perturbations provide additional context for this interpretation.
When microtubules are disrupted using Nocodazole, depolymerization reduces
microtubule mass [138] and shortens filament length [129], and can result in the
fewer cross link bridges per microtubule. Short microtubules have been shown
to move more freely within the axon [139,140]. Consequently, axons can exhibit
faster strain relaxation compared to control, as seen in the case of axons released
after prolonged stretch, consistent with increased microtubule mobility. Notably,
this does not explain the lack of a pronounced effect in the immediate-release case,
and the origin of this discrepancy remains unclear. In contrast, treatment with
Taxol increases microtubule mass and decreases the rate of microtubule breakage
by suppressing depolymerization, thereby limiting the capacity for microtubule

sliding. Taxol does this by reducing the effective rate at which MAP crosslinkers
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detach, since the loss of lattice binding sites caused by microtubule shortening
is minimized. Thus, the crosslink bridges between adjacent microtubules remain
intact for longer durations, increasing resistance to sliding and prolonging relax-
ation. The combined effect is a significantly larger resistance during recovery,
resulting in longer relaxation times compared to both control and Nocodazole-

treated axons.

Disruption of the actin—spectrin lattice by Latrunculin-A reduces the elasticity of
the MPS [12], weakening its ability to exert restoring forces on the microtubule
bundle. This diminished strength of the MPS can results in slower strain relax-
ation through a mechanism distinct from microtubule stabilization: rather than
restricting microtubule sliding, it reduces the restoring force that drives recov-
ery. Together, these results indicate that microtubules predominantly regulate
the magnitude of resistance to strain recovery—accelerated by depolymerization
and slowed by stabilization—whereas the MPS acts as a stress-memory unit via
reversible folding. Overall, the findings highlight that axonal strain relaxation
is not governed by a single cytoskeletal element, but instead emerges from the
coordinated interaction between the MPS and microtubule bundles. This synergy
enables axons to maintain mechanical resilience while adapting dynamically to
sustained loads, which may be essential for normal physiological processes such

as growth and movement, as well as protection during mechanical injury.

3.7 Conclusion and summary

In this chapter, we investigated how axons relax mechanical strain following
stretch and release. Axons consistently exhibited biphasic viscoelastic relax-
ation, and recovery slowed markedly when release occurred after a 10-minute
sustained stretch, indicating a time-dependent structural response. Pharmaco-
logical perturbations further showed that microtubule stabilization (Taxol) and
actin disruption (Latrunculin A) both slow relaxation, whereas microtubule de-

polymerization (Nocodazole) has little effect under immediate release but accel-
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erates recovery after delayed release.

Collectively, the findings establish that axonal strain recovery reflects the inte-
grated behavior of multiple cytoskeletal elements and evolves over sustained load-
ing. This work provides a mechanical basis for understanding axonal resilience
and motivates future studies aimed at identifying the molecular mechanisms that
underlie these time-dependent processes and how they influence physiological

function and injury response.



Chapter 4

Theoretical modeling of axonal

strain relaxation dynamics

4.1 Introduction and motivation

Understanding the mechanical behavior of axons requires not only experimental
characterization but also theoretical modeling that captures the underlying physi-
cal mechanisms governing their response to deformation. In the previous chapter,
we demonstrated through stretch-release experiments that axons exhibit a dis-
tinct biphasic viscoelastic relaxation, with fast and slow timescales, and that this
response is modulated in very specific ways by specific cytoskeletal perturbations,
the duration for which the stretch is applied, and to a lesser extent by axonal
thickness. The existence of two characteristic time scales suggests that multiple
viscoelastic processes act in parallel, likely associated with distinct cytoskeletal

subsystems, as discussed in the previous chapter.

Several theoretical models have been used to describe axonal mechanical re-
sponses, beginning with classical viscoelastic formulations based on combinations
of springs and dashpots [81, 85,141, 142]. However, these models have not been

systematically evaluated against the experimental strain—relaxation curves, in-
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cluding the fast and slow relaxation times observed in our measurements, nor
have they been examined in the context of cytoskeletal perturbations such as mi-
crotubule stabilization or actin disruption. This gap motivates the development
of an improved mechanical description capable of explaining the experimentally

observed dynamics.

In this chapter, we first extend previously used spectrin folding—refolding based
models, originally developed to understand axonal tension buffering [12]. We then
evaluate a parallel combination of Maxwell and Kelvin—Voigt elements, followed
by a Zener—Maxwell parallel configuration. Each model is introduced as a pro-
gression from the previous one, highlighting the limitations of simpler descriptions
and demonstrating how additional mechanical elements are needed to account for
features such as changes in the strain relaxation rate and the two relaxation time
scales observed experimentally, as well as how these timescales depend on the
underlying material parameters. This modeling approach provides a mechanistic
perspective on the coordinated contributions of the microtubule bundle and the
actin—spectrin cortex to axonal mechanics, and offers a foundation for future in-
vestigation of nonlinear and active force-generating elements such as molecular
motors in neurons. By systematically varying viscoelastic parameters, we aim
to gain mechanistic insight into how different cytoskeletal structures may shape
axonal viscoelastic behavior and influence adaptive responses under prolonged

stretch.

4.2 Analytical models previously used to describe
axonal viscoelasticity

To better understand the viscoelastic behavior of axons observed in this study, it
is useful to briefly revisit the analytical models that have been previously devel-
oped to describe axonal mechanical responses. Previous studies have shown that

when a step displacement is applied at the base of a cantilever probe, with its
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tip in contact with the axon to impose deformation, the axon elongates and the
resulting force relaxes to a steady-state level (Figure 4.1A). Early models, such
as those proposed by Dennerll et al. [85], treated axons as passive viscoelastic
materials and used a combination of springs and dashpot to explain force re-
laxation during mechanical stretching. This approach included a spring (k) in
series with Kelvin-Voigt element which have a spring (k) in parallel with a dash-
pot (11) (Figure 4.1B). The former represents the rapid elastic response, whereas
the latter captures a slower, solid-like viscoelastic relaxation that manifests over
extended timescales. While these passive models capture the viscoelastic behavior
of axons, they do not account for towed growth, which occurs when the applied
force exceeds a certain threshold, [85,88,143]. O'Toole et al. [141,144] suggested
that axons can elongate either by tip growth or by stretching, depending on the
force generated at the growth cone, the intrinsic viscosity of the axon, and the
level of adhesions along its length. Building on the model proposed by Dennerll
et al. [85], O'Toole and colleagues extended the framework to the entire axon
(Figure 4.1D). In this model, an additional dashpot is introduced in series with
the existing spring and Kelvin—Voigt elements, modeling the time-dependent, ir-
reversible lengthening of the axon under sustained tension. Forces applied at
the growth cone are partially dissipated by adhesions along the axon, capturing
both local elongation and the effect of tension propagation throughout the axon
(Figure 4.2). This approach provides a mechanistic explanation of how tension at
the growth cone can drive axonal stretching while accounting for the dissipative

effects of substrate adhesion.

Furthermore, axons can undergo active contraction, a phenomenon where their
length decreases over time [81,110,111] due to the activity of molecular motors
such as myosin [111]. To incorporate this behavior, an active contractile element
is added in parallel with the Kelvin—Voigt section of the model (Figure 4.1C), rep-
resenting internally generated forces that actively shorten the axon independently
of external loads [81]. The modified model provides a consistent framework for

describing the active tension generated in axons.



Chapter 4. Theoretical modeling of axonal strain relaxation dynamics 70

>

9 k>
oc

v O

g_)E

28

;.E.o. n
3

n e

= en—
£

L]

S ~(©)

>

@

c

L2

1]

s rest tensnon

c JWV\.Q&
e}

x

©

time

Figure 4.1: (A) Schematic depicting a step-like displacement of the micro-needle
base, with its tip in contact with the axon, and the resulting axonal strain over time
predicted by three different viscoelastic models (B—-D). The strain responses of the three
models are shown: the solid black curve for model B, the long green dashed line for
model C, and the fine blue dotted line for model D. The tension response of model B is
also included, indicating that axonal tension relaxes to a non-zero value after prolonged
stretching. (B) Representation of the spring-dashpot model used in early studies to
capture the viscoelastic behavior observed in micro-needle experiments. The spring k;
responds instantaneously, while the Voigt element—comprising a spring k, in parallel
with a dashpot n;—accounts for the time-dependent response of both axonal strain
and tension [85]. (C) Model describing the active contractile behavior of the axon.
The non-linear element M, positioned in parallel with the Voigt element, represents
the contribution of molecular motors, enabling the axon to generate contractile forces
at low deformation rates [81]. (D) At extended timescales, stretched axons display
growth-associated elongation that can resemble a flow-like response. To capture this
behavior, a second dashpot 1, was incorporated into the passive model, allowing it to
represent the short-term elastic, intermediate viscoelastic, and long-term growth-driven
deformation of the axon [85]. Adapted from Ghose and Pullarkat, Seminars in Cell &
Developmental Biology (2022), ©Elsevier [145]. Used with permission.

In another study, De Rooij et al. modeled the axon as an active viscoelastic
continuum by integrating passive mechanical components with force-generating
elements [142], as shown in Figure 4.3. In their formulation Maxwell unit captures
the time-dependent mechanical response of specific proteins like dynein, tau, or

myosin. In addition, motor elements were incorporated to represent the internally
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generated forces actively produced by cytoskeletal motors. The comprehensive
model further integrates viscoelastic elements representing cross-links between
actin and microtubules. Using this framework, the authors showed that treatment
with taxol, which stabilizes microtubules, markedly increased the axon’s effective

viscosity and reduced its elongation rate.
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Figure 4.2: Schematic representation of a towed neurite modeled as a series
of dashpots. (A) The axon is conceptualized as a series of Burgers elements, where
each element includes two elastic components and a free dashpot (with constant G)
representing towed growth. (B) Illustration of a neurite during towing: the distal
portion is detached from the substrate, while multiple adhesions in the proximal region
keep the neurite anchored. (C) Under a constant applied tension (Fj), the free dashpot
dominates the response of a Burgers element. The neurite under constant tension is thus
modeled as a series of dashpots, with substrate attachments represented by frictional
dashpots (constant n). Tension remains uniform in the distal region but is dissipated
by adhesions in the proximal region. (Adapted from O’Toole et al. [141])
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Figure 4.3: Schematic of the analytical axon model. The simplest model (bottom)
treats actin and microtubule networks in parallel, each represented by one or two
Maxwell viscoelastic elements with an internally generated force. Each Maxwell el-
ement captures the elastic and viscous behavior of proteins such as dynein, tau, or
myosin. The full model (top) includes cross-links between actin and microtubules
through additional Maxwell elements. Interaction with the growth cone is modeled
by a spring of stiffness Egc. Adapted from De Rooij et al., 2018 [142], ©Elsevier.

4.3 Computational models for viscoelastic be-
havior of axons

While the previous section highlighted how analytical models contribute to our
understanding of axonal mechanics through simplified frameworks and theoreti-
cal insights, more complex biological scenarios often require additional modeling
approaches. To address factors such as intricate geometries, heterogeneous mate-
rial properties, and localized deformations, researchers have increasingly turned
to computational methods-including finite element methods (FEM), molecular
dynamics (MD), and coarse-grained simulations. These models enable detailed
investigation of axonal behavior under a variety of loading and physiological con-

ditions, complementing analytical approaches and offering a more comprehensive
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view of axonal mechanics. At the molecular level, de Rooij et al.(2017) [146]
developed a continuum model of the axon composed of parallel microtubule sys-
tems interconnected by motor proteins and passive cross-linkers. In their axonal
cross-section model, they considered 19 potential microtubule sites, of which only
half were occupied by microtubules. Each microtubule was connected to neigh-
boring microtubules via 12 cross-linkers, representing passive or motor-mediated
interactions. Their model used Maxwell elements to capture axonal viscoelastic-
ity, showing that stiffness and viscosity scale with cross-link density and depend
on cross-link binding and unbinding kinetics. Active cross-linking by molecular
motors (e.g., dynein) generates internal stresses via cyclic detachment and reat-
tachment, causing contraction or elongation depending on motor configuration,
and producing emergent behaviors typical of active viscoelastic materials. In a
subsequent study, the same authors investigated how dynamic cross-link behavior
and microtubule polymerization affect axonal stiffness and mechanical failure un-
der different loading conditions [147]. Their work builds on earlier computational
efforts that demonstrated how the viscoelastic properties of tau, along with strain
rate sensitivity and transient cross-link dynamics, critically influence microtubule
integrity under mechanical stress [95,96]. These earlier models revealed that high
strain rates (on the order of 22-44% s™!) can outpace the ability of tau proteins
to dissipate stress, leading to localized force concentration and ultimately mi-
crotubule breakage, especially when cross-links cannot detach rapidly enough.
Building on these insights, they showed that under slow loading, axonal soften-
ing occurs due to progressive cross-link detachment, whereas rapid loading leads
to abrupt failure as cross-links bear the majority of the mechanical load [147].
Additionally, they found that polymerization delays cross-link reformation be-
cause new tubulin subunits must first be added before new binding sites become
available, whereas existing microtubule segments allow reattachment without this
delay. In contrast, depolymerization causes immediate detachment, reducing the
system’s effective viscosity. Together, these diverse computational frameworks

highlight how key axonal mechanical properties—including viscoelastic relax-
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ation, tension generation, fatigue response, and bending mechanics—emerge from
complex interactions between cytoskeletal architecture, cross-link dynamics, and
tissue-level coupling. These models provide critical insights into both normal ax-
onal function and mechanical vulnerability, offering predictive tools for studying

growth, remodeling, and injury.

4.4 Modeling the mechanical responses of the
actin—spectrin scaffold

Recent advances in experimental biophysics have revealed that axonal mechanical
resilience is strongly influenced by the MPS which lies just beneath the axonal
membrane. High-resolution force measurements using optical fiber—based sys-
tem [13] (see Chapter 2 for details) have demonstrated that the MPS contributes
significantly to the axonal elastic modulus measured at steady state (zero fre-
quency) during stretching [12]. Tension—-extension measurements performed un-
der multiple step-strain protocols display a characteristic tension-buffering be-
havior, in which tension saturates after an initial rise (Figure 4.4). Concurrently,
the effective Young’s modulus decreases with increasing strain, reflecting a strain-
softening response. This behavior contrasts sharply with the well-known strain
stiffening of conventional biopolymer networks as well as in cells, where the elastic
modulus typically increases with deformation due to entropic elasticity and fila-
ment alignment effects [148,149]. Such unexpected softening responses cannot be
explained within the framework of classical viscoelastic models discussed earlier,
which treat the axon as a combination of linear springs and dashpots. These sim-
plified representations fail to capture the non-monotonic variation of tension and
stress relaxation time observed experimentally. To account for these observations,
a new theoretical framework was proposed in which the spectrin molecules—
forming the periodic links between actin rings—undergo force-dependent and

reversible unfolding of their tandem-repeat domains.
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A axon strain

axon tension

stretch

Figure 4.4: Viscoelastic tension response and proposed molecular origin
of tension buffering in axons (A) Schematic representation of the axonal tension
response to successive step increases in strain. Each strain increment produces an im-
mediate rise in tension followed by viscoelastic relaxation toward a steady-state level
within a few minutes. The steady-state tension initially increases with strain but even-
tually saturates, indicating an intrinsic tension-buffering mechanism. (B) Illustration
of a possible microscopic mechanism for this buffering behavior, in which reversible
unfolding and refolding of spectrin repeats within the axonal cytoskeleton modulate
the effective contour length of the network, allowing it to accommodate strain while
buffering tension. Adapted from Ghose and Pullarkat, Seminars in Cell & Develop-
mental Biology (2022), ©Elsevier [145]. Used with permission.

Each unfolding event locally releases stored hidden length, allowing the structure
to dissipate energy and buffer applied tension. This mechanism enables the scaf-
fold to act as a molecular shock absorber, reducing the likelihood of structural
failure during large deformations. The spectrin tetramer is modeled as a worm-
like chain (WLC), where the tension—extension relationship captures the entropic

elasticity of the molecule under applied strain [150,151] and is given by
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where ¢ is the contour length, ¢’ is the end-to-end length, and [, is the persistence
length of the spectrin. The parameter 8 = (kgT)~', where kp is the Boltzmann
constant and T is the absolute temperature. Ty denotes the tension in the spectrin

molecule.

Generally tension not only promotes the unfolding of spectrin repeats but also
suppresses their re-folding, making it a central factor in the mechanical response of
the molecule. At the molecular level, each spectrin repeat is viewed as transition-
ing between two adjacent minima on an effective energy landscape (Figure 4.5A).
When mechanical tension is applied, this landscape becomes asymmetrically tilted
toward the unfolded configuration, effectively lowering the energy barrier for un-
folding while raising it for re-folding. In a first-order approximation [152], the

corresponding unfolding and folding rates can therefore are given by
Vi = v (0)ePTs2r (4.2)

v = v(0)e P (4.3)

Here, v, and v; denote the tension-dependent unfolding and refolding rates of a
spectrin repeat, respectively. v,(0) and v(0) represent the corresponding zero-
force rate constants. The parameters Axy, and Ax,, describe the distances along
the reaction coordinate from the folded and unfolded states, respectively, to the
transition state (x;). That is, Axy, = x, — x; for unfolding and Ax,r = x, — x,
for refolding. These quantities determine how mechanical tension modulates the

activation barriers for spectrin domain unfolding and refolding.

The tension-dependent unfolding and refolding rates determine how the contour
length of a spectrin tetramer evolves over time. As domains unfold, the contour

length increases, whereas refolding decreases it. This dynamic can be described
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Figure 4.5: (A) Schematic representation of axon extension. An axon initially of
length Ly is stretched to (1 + y)Ly, imposing strain y on crosslinking proteins bridging
cytoskeletal filaments. These crosslinkers can vary their contour length £;(f) through
repeat unfolding and refolding, modeled by a double-well energy landscape. Increasing
tension T; tilts the landscape toward the unfolded state, where the subscript i denotes
the i-th crosslinking element. (B) Model response of a single crosslinking element
under multi-step strain input. Each strain increment (red) produces a rapid rise in
tension (purple), followed by relaxation to a steady value (gray dots) that approaches
the equilibrium tension—extension relation (gray curve). This relaxation corresponds
to progressive repeat unfolding, reflected in the increasing rest length £(¢) (inset).

by a first-order kinetic equation:

de
== (=€) + vl = O, (4.4)

where ¢ is the instantaneous contour length, and ¢y and ¢, are the fully folded
and unfolded lengths, respectively. Here, £ — €; represents the available length
for folding, while €, — € represents the available length for unfolding at any given
time. Model calculations in this model are done using the following parameters
for spectrin: 1, = 20 nm [153], Ly = 170 nm [43], xp, = 2.5 nm, x, = 12
nm, ¢, = 1200nm, £, = 200 nm, v/0) = 100571, v,(0) = 107571 [154], and
k,T= 4 pN.nm. Model calculations for tension-buffering behavior as shown in
Figure 4.5B are performed by applying a step strain, setting L = Ly(1 +7y), where
y is the applied strain step, as described in detail in Dubey et al. [12].

Beyond capturing tension buffering and relaxation dynamics, this framework also
predicts a nonlinear elastic response characterized by an initial strain-softening

regime followed by strain stiffening (Figure 4.6). The strain softening arises from
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stress relaxation associated with spectrin domain unfolding, which effectively in-
creases the contour length and reduces the incremental stiffness at low to inter-
mediate strains. Such softening behavior has been observed experimentally in
axons and was previously reported in axonal stretch-relaxation experiments [12].
At larger strains, as an increasing fraction of domains becomes unfolded, the
mechanical response transitions to strain stiffening, dominated by the nonlinear
elasticity of the extended polymer backbone modeled as a worm-like chain. A
similar crossover from strain softening to strain stiffening has been reported in
spider silk [11], suggesting that domain unfolding followed by entropic stiffening

constitutes a general mechanical motif in protein-based load-bearing structures.
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Figure 4.6: Elastic modulus as a function of applied strain. The effective
elastic modulus initially decreases with increasing strain, reflecting strain-induced soft-
ening due to progressive domain unfolding. At larger strains, the modulus increases,
indicating strain stiffening as the response becomes dominated by extended, unfolded
spectrin domains.

Building on the framework described above, we next investigate the time-dependent
strain relaxation behavior of spectrin. While the tension-buffering model captures
the tension response of the molecule under an applied strain, the relaxation anal-
ysis focuses on how the contour length and end-to-end extension evolve over time
when the applied tension is suddenly released. To model strain relaxation, the

system is first subjected to a 20% strain and obtain the corresponding steady-
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state contour length and tension. At steady state (%f = 0), the effective contour
length is given by
_ fof +v,t,

by = ——. 4.5
Vit Vy ( )

This steady-state contour length is then used to calculate the corresponding
steady-state tension. These quantities serve as the initial conditions for the re-
laxation process. The steady-state tension, T, can be expressed as the sum of
a baseline (rest) tension Ty of an initial straight axon and an additional compo-
nent AT arising from the applied stretch, such that T = Ty + AT. To understand
strain relaxation, the additional applied tension AT is removed, and the subse-
quent evolution of strain is computed. In reality, axonal tension is expected to
decrease more gradually because parallel structures such as the microtubule bun-
dle share the load, but this simplified approach isolates the contribution of the

actin—spectrin scaffold.

After quenching the applied tension from T to T, the rate equation governing
the evolution of the contour length given by equation (4.4), after substituting
the expressions for the tension-dependent unfolding and refolding rates given by

equations (4.2) and (4.3), can be expressed as

dt
=5 = O e PIOMI (L —€5) +v,(0) PTOM0(C, ~ 0) (4.6)

Equation (4.6) is numerically solved in MATLAB (R2023b) to obtain the time
evolution of the contour length, as shown in Figure 4.7. The results capture how
the spectrin molecule gradually refolds and returns toward its folded contour

length following the sudden release of excess tension.

Following the contour length relaxation, the corresponding strain relaxation of
the spectrin molecule is obtained using the WLC tension—extension relationship
(equation (4.1)). The time-dependent contour length, £(¢), obtained from equa-
tion (4.6), is used to compute the instantaneous strain response. The boundary

condition T = Ty + AT at t = 0 represents the pre-quench state, while T = T for
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Figure 4.7: Contour length relaxation of spectrin following a tension quench.
Time evolution of the spectrin contour length £(¢) after a sudden reduction of the applied
tension from 7 to the quenched (rest) value Ty. The contour length decreases towards its
new steady state value as spectrin repeats refold. Results were obtained by numerically
solving equation (4.6) in MATLAB (R2023b).

t > 0 corresponds to the configuration after the sudden release of tension. The
resulting strain—time profile, shown in Figure 4.8, illustrates the decay of strain as
spectrin repeats refold and the system approaches its new steady configuration.
As evident from the figure, the strain profile exhibits an initial rapid drop due to
elastic recoil, followed by a slower relaxation phase driven by the refolding of spec-
trin domains toward their steady-state configuration. This type of behavior—an
initial elastic recovery followed by slower protein-mediated strain relaxation—
shares qualitative similarities with experimental observations, although the grad-

ual relaxation phase in experiments often shows slightly different kinetics [155].

The strain relaxation, following the initial elastic recoil, exhibits a clear single-
exponential decay. This behavior is evident from Figure 4.9, which shows the
strain relaxation data fitted to a single-exponential function of the form a e~/ +b.

Here, 7 represents the characteristic timescale associated with the refolding of
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spectrin repeats and the gradual recovery of the system toward its new steady-

state configuration.
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Figure 4.8: Strain relaxation in spectrin after tension is quenched to rest
tension. After the applied tension corresponding to 20% strain, is quenched to the
rest tension, the spectrin network exhibits an initial rapid drop in strain due to elastic
recoil, followed by a gradual recovery driven by the refolding of spectrin domains toward
their new steady state configuration.
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Figure 4.9: Single-exponential fit to spectrin strain relaxation data. A single-
exponential function fits the relaxation data well, except for the first point, which lies
outside the slow relaxation trend and reflects the rapid elastic recovery described in the
previous figure. The fitted curve provides an estimate of the characteristic time scale
of spectrin strain relaxation.

It is important to note that the experimentally measured strain relaxation of ax-
ons exhibits a double-exponential behavior, indicating the presence of at least two
distinct timescales. In contrast, the strain relaxation predicted by the spectrin-
based model captures only a single timescale, corresponding to the refolding of
spectrin repeats, and therefore cannot fully account for the multi-timescale be-

havior observed experimentally.

4.5 Axon as Kelvin—Voigt and Maxwell models
in parallel

In this section, we consider a viscoelastic model consisting of a Kelvin—Voigt el-
ement in parallel with a Maxwell element (Figure 4.10) to understand the strain
relaxation behaviour observed experimentally in axons. This choice is guided
by biological insights into the distinct roles of cytoskeletal components: the
actin—spectrin lattice, with its folding—unfolding dynamics, provides a long-term

solid-like response, whereas the microtubule bundle, regulated by MAPs binding
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and unbinding, can contribute to a long-term fluid-like behavior. In the earlier
spectrin-only model, the contribution of the microtubule bundle was neglected,
which may explain the discrepancy between the model predictions and the ex-
perimental observations. In the present model, we aim to incorporate both types
of behavior—solid-like and fluid-like—simultaneously, reflecting the distinct con-
tributions of different cytoskeletal components within the axon. Although our
previous work demonstrated strain-softening behavior, with the effective elastic
modulus decreasing with increasing strain, here for simplicity, we adopt a lin-
ear viscoelastic model in which the elastic and viscous parameters are assumed
independent of strain, to start with. In this framework, the Kelvin—Voigt ele-
ment represents the spectrin-driven solid-like contribution that resists deforma-
tion over time, while the Maxwell element captures the fluid-like relaxation of the
microtubule bundle. Together, this parallel combination provides a minimal yet
biologically meaningful model that can reproduce the dual viscoelastic behaviors
observed in axonal strain relaxation experiments. The dynamics of the system

are governed by the following representative differential equation:

M . MmEr) . Tl ..
+—0=Exy+|m+n,+ + 4.7
o Emo- %% (nk n E )y E y (4.7)

Where vy is the strain and o is the applied stress in the system. E,, and 7, are the
elastic and viscous moduli of the Maxwell element, and E; and n; are the elastic
and viscous moduli of the Kelvin—Voigt element. For a detailed derivation of the

equation (4.7), see Appendix E.1.
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Figure 4.10: The Kelvin-Maxwell model in parallel configuration. The model
consists of a Kelvin-Voigt element—a spring and dashpot in parallel— arranged in
parallel with a Maxwell element, which contains a spring and dashpot in series.

4.5.1 Creep and recovery response of the Kelvin-Voigt

and Maxwell models in parallel

To understand the dynamics of strain relaxation in the Kelvin—Voigt and Maxwell
elements arranged in parallel, we consider a simple creep test and observe the
resulting time-dependent strain response. In this test a constant stress is applied
at time t = f;,,¢ until the strain reaches saturation and removed at time ¢ = ¢,,;.
Following removal of the applied stress also, the strain relaxation is computed.

The applied stress is defined as

o (t) = oo(H(t = tipaa) — H(t — 1)) (4.8)

where o is the magnitude of the applied stress and H(f) denotes the Heaviside

step function. From equation (4.7) and (4.8) we get

o nk’]m;}.’

m )
(H(t - tload) - H(t - trel.) + Z._ (5(t - tload) - 5(t - trel.))) o= Eky + (nk + N+ 7 k)y

E
(4.9)

m

To obtain representative parameter values for the Kelvin—Voigt and Maxwell el-

ements, we estimate elastic and viscous properties based on spectrin and tau

E,
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proteins, which are known to contribute significantly to axonal mechanical re-
sponse. Using an average axonal modulus E.., & 100 kPa for 4 div axons, an
estimated spectrin number of approximately Nypecrin = 300 molecules for an axon
of 1 um diameter [12], and a spectrin cross sectional radius of around 5nm [156],
the spectrin area fraction is fipecuin = Aspecirin/Aaxon = 0.03 which yields an effective
elastic modulus Epecirin ® Eaxon/ fspecrin ® 3 MPa which is consistent in order of
magnitude with values reported in simulation studies [157], although the exact
numbers vary. It should be noted that the spectrin backbone, with a diameter
of approximately 1.2nm, is known to fold into a structure with a diameter of
about 10nm [156]. Accordingly, for simplicity, a spectrin radius of Snm is con-
sidered to obtain an estimate of the spectrin area fraction and the effective elastic
modulus of spectrin. A more accurate calculation would require explicit consid-
eration of the detailed folded geometry and the complex interactions within the
spectrin lattice. Taking an average relaxation time of Teecrin & 20 s [12] gives
Nspectriin = 60 MPa -s. We assign these values to the Kelvin branch (Ex & Espectrin,
Mk & Tspectrin)- For the Maxwell branch, we use reported values for tau proteins,
taking E. ~ 5 MPa [158-160] and a dwell time 7, ~ 4 s [161], giving a viscosity
n. = E;t, = 20 MPa - s, and therefore set E,, ~ E., n,, = n,. Microtubules, al-
though abundant, are much stiffer in the longitudinal direction (order of GPa) and
are therefore assumed not to deform appreciably under the small strains consid-
ered here. These values are order-of-magnitude estimates and represent simplified
effective parameters for single elements. Since real axons contain many spectrin
and tau molecules arranged in a specific manner, as well as additional cytoskele-
tal components, accurate parameter values should consider the combined effects
of these multiple, interacting elements. Since the objective of the model at this
stage is to explore qualitative relaxation behaviour rather than to provide ex-
act quantitative predictions, such approximations are sufficient for the present

analysis.

Using these estimated parameter values, equation (4.9) was initially solved in

MATLAB (R2023a) using Laplace and inverse Laplace transforms to obtain the
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strain evolution under the creep test, and the result is shown in Figure 4.11.
In response to the applied stress, the strain increases gradually and approaches
a steady-state value. Once the stress is removed, the strain relaxes smoothly
back toward zero, showing viscoelastic behaviour. The second part of the re-
sponse mimics the axonal relaxation after release. This solution also served as a
cross-check for the subsequent analytical solution, which is presented in the next

subsection, ensuring consistency and minimizing the likelihood of errors.
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Figure 4.11: Creep and recovery response of the Kelvin—Voigt and Maxwell
models in parallel (solution obtained using MATLAB 2023b). This combined
model exhibits time-dependent strain evolution during creep, saturating after some
time, and strain recovery occurring once the stress is removed, influenced by both
Kelvin-Voigt and Maxwell elements.

4.5.2 Analytical solution for the parallel combination of

Kelvin-Voigt and Maxwell models:

For simplicity, we first consider the loading phase, where a step stress of the form

o =0,H(1); (4.10)

is applied. Re-writing equation (4.7)

oc+Ac =Eyy+By+Cy (4.11)
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where A = 2+, B=ny + 1, + "25" and C="%I. From equation (4.10) and (4.11) we

get

(H(1) + AS(1)og = Exy + By + Cy (4.12)

By solving equation (4.12) using Laplace and inverse Laplace transforms, the

following expression for the strain is obtained (see Appendix E.2 for the full

derivation)
Tt ()
Ey B2 —4E,C \\-B+ /B2 - 4E,C

B2

2 -B- \/132745 c
- ( ¢ + A) P f] (4.13)
-B- —4E,C

Let 74 and 7, represent the relaxation times. Then, equation (4.13) can be written

as:
Y@ = fi — fre '™ = fre7!T, t>0,
with
_ 90
fi E’
2
== 7o ( ¢ +A],
\/Bz - 4EkC -B + VBZ - 4EkC

2C
f= 70 [ + A),
B2 —-4E,C \-B - /B> -4E,C

where fi, f> and f; are constants determined from the equilibrium conditions and

7¢ and 7, are given by

2C
Tsof = ( ] (414)
BF \B?-4E,C
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After substituting values of B and C we obtain

5 MWlln
E"l
Tsof = - - = (415)
M+ N + 254 F \/(Uk + N+ )P -
Factoring out E,, in both the numerator and denominator, we obtain:
2
Top= il (4.16)

En(k + 1) + MEx F AEn@k + 1) + M Er)? = 4ELE i

Similarly, for the stress-release phase at time t = t,, the strain evolution (See

Appendix E.2 for derivation.) can be expressed as:
Y = b)) = fre T eI > gy, (4.17)

By combining the loading and release phases, the complete time-dependent strain

response of the system can be expressed as:

fl - f2e_t/n - f})e_l/rf’ I < e,
y(t) = (4.18)

fre /T 4 fromte)/Ty g > g

The analytical expression given in equation (4.18) was used to plot the time-
dependent strain evolution during loading and relaxation as shown in the Fig-
ure 4.12. The first term describes strain accumulation under applied stress
(t < tw1), while the second captures exponential strain recovery after stress re-
moval (¢ > t,). This analytical solution illustrates the characteristic creep and
recovery behavior of the combined Kelvin—Voigt and Maxwell model, and the
results are consistent with those obtained previously using Laplace and inverse
Laplace transforms in MATLAB.

Importantly, the model predicts a double-exponential relaxation, characterized
by fast and slow relaxation times 7, and 7y, which is in qualitative agreement

with experimentally measured axonal strain-relaxation dynamics. This similar-
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ity supports the hypothesis that axonal viscoelasticity arises from two distinct
viscoelastic processes operating together over different timescales, with one act-

ing solid-like and the other exhibiting fluid-like behavior over longer durations.
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Figure 4.12: Creep and recovery response of the Kelvin—Voigt and Maxwell elements
in parallel, plotted using the analytical solution given in equation (4.18). The analytical
result reproduces the characteristic time-dependent strain evolution previously obtained
using Laplace and inverse Laplace transforms in MATLAB, demonstrating consistency
between the approaches.

4.5.3 Influence of model parameters on strain relaxation

and characteristic time scales

In this subsection, we investigate how variations in the model parameters—the
elastic and viscous moduli of the Kelvin—Voigt and Maxwell elements—affect the
strain relaxation behavior of the axonal model. The time-dependent strain re-
sponses are plotted for different parameter values to facilitate a direct comparison
of relaxation dynamics. In addition, the corresponding characteristic relaxation
time scales (7, and 7,) are evaluated to quantify how changes in elasticity and vis-
cosity influence the rate and pattern of strain recovery. This analysis is motivated
by the fact that cytoskeleton-perturbing drugs can modulate these mechanical

parameters, thereby altering axonal relaxation behavior.

Treatment with Taxol, which stabilizes microtubules (MTs), was found to increase
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the relaxation times in axons, as discussed earlier in this chapter. Taxol has been
shown to increase axonal viscosity [142], likely due to changes in microtubule mass
or number [128] within the axon, which can contribute to the increased viscosity
of microtubule-MAPs bundles. Conversely, actin destabilization disrupts the
actin—spectrin lattice, leading to decreased axonal elasticity [12], which can be
attributed to reduced stiffness of the MPS. Variation of strain relaxation with
increasing Maxwell viscosity (related to microtubule-MAPs bundle viscosity) and
decreasing Kelvin elasticity (related to MPS elasticity) is shown in Figure 4.13.
Corresponding changes in the characteristic relaxation times (7, and 7,) are shown
in Figures 4.14A and 4.14B, respectively. As shown in the figures, increasing the
Maxwell viscosity slows down strain relaxation, with both characteristic times, 7
and 7y, increasing. Decreasing the Kelvin elasticity further slows strain relaxation
and also results in increased values of 7, and 7,. Overall, the observed pattern
of strain relaxation and changes in characteristic time scales is similar to the

relaxation behavior reported in chapter 3.
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Figure 4.13: Comparison of strain evolution for varying model parameters.
Increasing the Maxwell viscosity (dashed orange line) or decreasing the Kelvin—Voigt
elasticity (dotted orange line) slows down strain evolution. The applied stress is normal-
ized when reducing Kelvin—Voigt elasticity to ensure that the maximum strain remains
the same across all runs.
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Figure 4.14: Dependence of the strain relaxation time scales on material
parameters. Variation of the fast relaxation time 7, and the slow relaxation time
75 for the parallel combination of the Kelvin—Voigt and Maxwell models: (A) with
increasing Maxwell viscosity and (B) with decreasing Kelvin—Voigt elasticity. Both
time scales are calculated using the analytical expression given by equation (4.16).
Figures (A) and (B) show that increasing Maxwell viscosity or decreasing Kelvin—Voigt
elasticity leads to a systematic increase in both relaxation times, indicating slower
overall strain relaxation.

In addition, experimental evidence indicates that Taxol enhances the steady-state
(zero-frequency) elastic modulus of axons [12], which can similarly be attributed
to an increase in microtubule content. This suggests that Taxol can increase both
the elastic and viscous moduli of microtubule bundles, motivating an analysis of
how variations in these parameters affect axonal strain relaxation. As discussed
earlier, actin destabilization disrupts the MPS, thereby reducing its elasticity.
Since spectrin contributes to the MPS elasticity and the unfolding of spectrin
repeats gives rise to tension-buffering behavior similar to a viscous response,
such disruption is also expected to lower the effective viscosity of the MPS. To
mimic these conditions in the model, both the elastic and viscous moduli of the
Maxwell element were increased to simulate Taxol treatment. Similarly, both the
elastic and viscous moduli of the Kelvin element were decreased to simulate actin—
spectrin lattice disruption. In both cases, the two moduli were scaled by the same
ratio for simplicity, as the precise scaling of individual parameters following drug
treatment remains unknown. The effects of these parameter changes on strain
relaxation are illustrated in Figure 4.15, showing the impact of increasing the

Maxwell moduli and decreasing the Kelvin moduli (both elasticity and viscosity).
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Figure 4.15: Effect of varying elasticity and viscosity simultaneously on
strain relaxation. The plot illustrates the strain evolution for different values of
model parameters. Increasing Maxwell viscosity and elasticity slows strain relaxation,
resulting in longer recovery times (dashed line). Similarly, decreasing Kelvin elasticity
and viscosity also slows the relaxation process (dotted line). In both cases, the overall
strain returns to baseline more gradually, demonstrating that higher Maxwell param-
eters or lower Kelvin parameters lead to slower strain recovery.

The corresponding variations in the characteristic relaxation times (v, and 7)
are presented in Figures 4.16A and 4.16B, respectively. Overall, the strain re-
laxation becomes slower (Figure 4.15) with these parameter changes, similar to
the experimental trends. However, in both cases, 7, increases while 7, decreases,

which differs from the experimental observations discussed in chapter 3.
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Figure 4.16: Dependence of the strain relaxation time scales on material
parameters. Panels (A) and (B) illustrate the effect of proportionally scaling both
the viscosity and elasticity within each viscoelastic element of the model. In panel (A),
both the viscosity and elasticity of the Maxwell branch are increased by the same ratio,
whereas in panel (B), both the viscosity and elasticity of the Kelvin—Voigt branch are
decreased by the same ratio. In both cases, 7y decreases while 7, increases, demonstrat-
ing that the fast and slow relaxation modes respond differently to coordinated changes
within each viscoelastic element. This simplified parameter scaling is used because the
exact changes in viscosity and elasticity after cytoskeletal drug perturbation are not
known.

4.6 Motivation for the Zener—Maxwell model

The previous results using the Kelvin—Voigt and Maxwell elements in parallel
highlight key aspects of axonal strain relaxation, but also reveal some limitations.
While the overall strain relaxation pattern slows down, similar to experimental
observations, the characteristic relaxation times (r, and 7,) do not fully match
in the more plausible scenario where both moduli are varied simultaneously, in-
dicating that the current model cannot capture all aspects of axon mechanics
observed experimentally. An important physical feature not captured by the
model is the ability of cytoskeletal proteins to undergo rapid extension through
backbone stretching, allowing them to accommodate sudden strains. However, a
pure Kelvin element cannot respond instantaneously, as the dashpot in parallel
with the spring resists sudden deformation. To address these limitations, we con-
sider a Zener (standard linear solid) element in parallel with a Maxwell element

(Figure 4.17). The Zener element consists of an elastic spring E.; in series with

a Kelvin—Voigt branch. Notably, a previous study has successfully applied the
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Zener model to MPS, demonstrating its relevance for capturing complex axonal
mechanical responses [162]. Under a fast stretch, the first spring E,; responds
quickly, analogous to the immediate extension of the protein backbone. At the
larger timescales the parallel combination of spring E,,, representing the elasticity
of protein domains that can refold, and dashpot 7n,, representing dissipation due
to unfolding, governs the time-dependent response. This configuration allows the
model to reproduce both the immediate elastic response during fast stretches and
the relaxation under slower loading. Figure 4.17 illustrates a cartoon of a protein
under fast and slow stretch, along with the corresponding responses predicted by

the Zener model.

s s "N o
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Figure 4.17: Similarity between molecular stretching behavior and Zener
viscoelastic model. Schematic illustration showing how the rate-dependent mechan-
ical response of a modular protein can be captured by a Zener (standard linear solid)
model. Under fast stretch, folded domains do not have time to unfold, so the re-
sponse is dominated by the elastic backbone—analogous to the first spring (E;;) in the
Zener model. Under slow stretch, domains gradually unfold and refold, allowing stress
relaxation through the viscous element, producing a softer, time-dependent response
consistent with viscoelastic behavior.



Chapter 4. Theoretical modeling of axonal strain relaxation dynamics 95

4.7 Zener and maxwell models in parallel com-
bination

This model integrates the Zener and Maxwell models in a parallel configuration as
shown in Figure (4.18). The dynamics of the system are governed by the following

representative differential equation (See Appendix F.1 for detailed derivation):

E E m m ..
(1+—Z2)a+(nz+(1+—zz)n—)(f+ Telm_ 5
Ezl Ezl Ezl Em EzlEm

E, Eonw\ . (Mltm | M0\ ..
=Eoy+(n.+ |1+ = |n,+— +=" + = 4.19
2Y (772 ( Ezl)n E )7 ( £ "E, | (4.19)

Where v is the strain and o is the stress in the system. Let A =1 + , B=L +

E..

(1+ Ez)"’" = "lrg’ , D=n, + (1 + —) N + Ez"’” and E = % 4 Ll then equation
(4.19) can be written as

Ao+ Bo +Co = Epy+ Dy +Ey (4.20)

Em nm

Figure 4.18: The Zener-Maxwell model in parallel configuration. This model
combines the Zener model, consisting of two springs (spring constant E;; and E;) and
dashpot (viscosity n;) in parallel, with the Maxwell model, which comprises a spring
(spring constant E,) and dashpot (viscosity n,) in series.
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4.7.1 Stretching and releasing (strain relaxation)

Let us consider a stress of the form
g = O-O(H(t - tload) - H(t - trel.)); (421>

is applied to the system then from equation (4.20) and (4.21) we get

(A(H(t_tload)_H(t_trel.))+B(6(t_tload)_5(t_trel.)))+C(5(t_tload))_S(I_trel.)))o-o = E127+D’)‘/+E"y
(4.22)

4.7.2 Analytical solution for the parallel combination of

Zener and Maxwell models:

For simplicity a stress of the form
o =o0,H(); (4.23)
is applied. From equation (4.20) and (4.23) we get
(AH(t) + BS(1) + C5(t))org = Eay + Dy + E (4.24)

By solving equation (4.24) using Laplace transform we get (See Appendix F.2 for

detailed derivation):

Y(@0) = fi— fre™™ = freT, 1>0, (4.25)
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with
Ao
fi= z 2
2
2AE C(-D - \/D?> —4E,E
fr=— 0o [ + B+ ( 2 )),
D?> —4E,E \-D — \[D? —4E,E
£ oo [ 2AE g, CED+ D2 - 4EZ2E)]
3 = >
JD? —4E,E \-D + /D> - 4E,E 2E

where 77 and 7, are the relaxation times and are given by

Top= [D . 2k ) (4.26)

VD> —4EE

Finally, the relaxation time constants can be written explicitly by substituting

their definitions as;

2(Ezl + Em)

Tsf =

m

(4.27)

2
E»n, Enny —_ Eon Exn, Nz nzn
(5 + 52 g + ) \/(Tf"+#+’7x+%) — A (B + )

Similarly, during the stress-release phase at time f = t,, the strain evolution (full

derivation in Appendix F.2) can be expressed as:
Yt = te) = fre TV 4 eI > gy, (4.28)

where f5, f3, 75, and 7, are the same coefficients and time constants defined in
the loading case. Combining the two cases, the full response can be written

compactly as

fi = fe v = e, I < lrel,
- (4.29)
ﬁe_(f_trel)/T.s + f})e_(t_trel)/Tf’ t> trel-

Equation (4.29) describes a double-exponential response, consistent with the ex-
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perimental data, and was used to plot the strain evolution during both loading
and recovery (Figure 4.19). The parameters for the Maxwell element, E, and
Nm, Were chosen identical to those in the Kelvin-Maxwell model. For the Zener
element, the viscosity was taken to match the Kelvin viscosity, while the spring
constants E,; and E, were set equal and twice the value of the Kelvin spring.
This ensures that the effective elasticity of the two-series Zener springs is equiva-
lent to that of the single Kelvin spring. Although E,; and E,, were taken equal for
simplicity, they could differ in principle. In Figure 4.19, the model first exhibits
an initial elastic jump in strain, followed by a gradual increase until reaching a
steady state during the loading phase. During the unloading phase, it shows an
initial elastic recovery, followed by a gradual relaxation of strain back toward
zero. In our experiments, this elastic response is not clearly visible, likely due to
the relatively slow imaging frame rate (5 fps), which limits the ability to capture
rapid initial deformation. However, previous studies have reported the elastic

response of axons under loading conditions [81,85].
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Figure 4.19: Creep and recovery response of the Zener and Maxwell mod-
els in parallel. The combined Zener—Maxwell parallel model exhibits an immediate
elastic strain upon stress application, followed by time-dependent creep that gradually
saturates. Upon stress removal, a portion of the strain recovers instantly due to the
elastic elements, while the remaining strain gradually recovers over time through vis-
coelastic relaxation governed by both the Zener and Maxwell components.
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4.7.3 Strain relaxation vs model parameters (varying elas-

tic and viscus modulus)

To investigate the effects of microtubule stabilization and MPS disruption within
the Zener—-Maxwell framework, we adapted the model parameters following the
approach described for the Kelvin-Maxwell combination (see above). Taxol treat-
ment was simulated by increasing both the elastic (E,) and viscous (1,,) moduli
of the Maxwell element. Conversely, actin—spectrin lattice disruption was mim-
icked by reducing the corresponding moduli of the Zener element, representing
the decreased elasticity (E,; and Ej) and viscosity (n,) due to MPS destabiliza-
tion. In both cases, the elastic and viscous moduli were scaled by the same ratio
for simplicity. Figure 4.20 illustrates the resulting effects on strain relaxation (we
also tested increasing only the Maxwell viscosity and decreasing Zener elasticity,
which gave qualitatively similar results), showing that increasing the Maxwell
parameters slows strain evolution, while further decreasing the Zener parameters

leads to an additional slowdown, consistent with experimental observations.
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Figure 4.20: Effect of Maxwell and Zener parameter variation on creep and
recovery behavior. This figure highlights the influence of viscoelastic parameters on
the creep and recovery response of the Zener—-Maxwell parallel model. First, Maxwell
parameters are increased (dashed line) to demonstrate their effect on delayed strain
recovery. Then, Zener parameters are decreased (dotted line) to illustrate their role
in controlling creep saturation and the rate of viscoelastic relaxation. While varying
Zener parameters, the applied stress is adjusted to ensure that the steady-state strain
remains comparable across all cases. The control case is shown as a solid line.

The variation in relaxation time scales with changing model parameters is shown
in Figure 4.21. As illustrated, increasing the microtubule viscosity (Figure 4.21
A) or decresing Zener elasticity (Figure 4.21B) leads to longer relaxation times.
Similarly, simultaneously increasing both Maxwell moduli (Figure 4.21C) and
decreasing both Zener moduli (Figure 4.21D) also results in an increase in the
relaxation time scales. These trends highlight how modifications to the elastic
and viscous elements of the model can quantitatively tune the rate of strain relax-
ation, providing further consistency with the experimental observations described

earlier.
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Figure 4.21: Dependence of the strain relaxation time scales on viscoelastic
material parameters. Variation of the fast (1) and slow (7y) relaxation time scales
for the parallel Zener-Maxwell model. Panels (A) and (B) show the effect of changing
a single material parameter: in (A) the Maxwell viscosity is increased, and in (B) the
Zener elasticity is decreased. Panels (C) and (D) show the effect of simultaneously
scaling both viscosity and elasticity within each branch: in (C) both parameters in
the Maxwell element are increased, and in (D) both parameters in the Zener element
are decreased. In all cases, both 7/ and 7, increase, indicating a slower overall strain
relaxation as model parameters are modified.

4.8 Conclusion and summary

In this chapter, we developed viscoelastic models to understand the strain re-
laxation behavior of axons and to understand how different cytoskeletal compo-
nents contribute to the fast and slow relaxation time scales. We first examined
a spectrin-based membrane periodic skeleton (MPS) model, motivated by the
known unfolding and refolding dynamics of spectrin repeats. This model could
not reproduce the biexponential relaxation observed experimentally and therefore

was insufficient to explain the presence of two distinct relaxation time constants.



Chapter 4. Theoretical modeling of axonal strain relaxation dynamics 102

To address this limitation, we then considered classical viscoelastic elements and
explored parallel combinations of Kelvin—Voigt and Maxwell components to re-
produce the experimentally observed biphasic behavior. Although this model
captured some qualitative trends when elastic and viscous parameters were var-
ied independently, it could not reproduce the full range of changes observed across
different perturbation conditions, demonstrating its limited ability to represent

coupled cytoskeletal behavior.

We next implemented a parallel Zener-Maxwell framework, which incorporates
two elastic elements and a viscous element in the Zener branch alongside a
Maxwell element. This model successfully reproduced the experimentally ob-
served trends in both relaxation time constants (7, and 7,). The parameter de-
pendence revealed that increasing the Maxwell viscosity and decreasing the Zener
elasticity both lead to slower relaxation, consistent with the effects of cytoskeletal
perturbations and prolonged stretching observed experimentally. These results
suggest that the microtubule-MAPs bundle behaves as a viscoelastic liquid on
long timescales, contributing to axonal recovery once external forces are removed,

potentially through microtubule sliding dynamics.

Together, these modeling results suggest that the axonal cytoskeleton can be
approximated as two viscoelastic subsystems acting in parallel: a microtubule—
MAPs bundle that does not exhibit long-term mechanical memory, and an actin—
spectrin lattice that retains long-term mechanical memory. The Zener—Maxwell
model provides a mechanistic framework linking macroscopic strain responses to
underlying cytoskeletal organization and offers a foundation for future efforts to

incorporate nonlinear, adaptive, or active elements relevant to living neurons.



Chapter 5

Buckling response of axons to

mechanical stimuli

5.1 Introduction

One important mechanical response of axons under perturbation is buckling,
which manifests as a lateral instability along the axon. Unlike strain relax-
ation, which involves a monotonic recovery of axial strain, buckling appears as
a wavy deformation that initially grows and then gradually diminishes and dis-
appears over time. This behavior likely occurs when compressive forces—either
externally applied or internally generated—exceed a critical threshold, leading to
structural instability and, in some cases, localized cytoskeletal damage or remod-
eling [94,112,125]. In axons, buckling is particularly relevant because it can signal
localized failure or reorganization of the underlying cytoskeleton, especially the
microtubule bundles. Such behavior has been reported in stretch-injury models
and is believed to play a critical role in the early mechanical response to traumatic
loading [62]. Understanding buckling, together with viscoelastic relaxation, offers
valuable insight into axonal resilience and the mechanisms that govern structural

failure under mechanical stress.

103
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In this chapter, our focus is on axonal buckling behavior following a stretch-and-
release protocol and examine how the characteristic buckling wavelength evolves
over time. To achieve this, we employed the micro-extensional rheometer setup
for mechanical loading—unloading with simultaneous imaging. We also study the
effect of microtubule stability on the buckling wavelength. We then develop me-
chanical models that capture the interaction between the microtubule core and
the surrounding cortical layer, enabling interpretation of wavelength selection and
its dependence on axonal material properties. These analyses establish a frame-
work for understanding transient mechanical instability in axons and motivate

exploration of the factors governing buckling dynamics.

5.2 Earlier studies on axonal buckling

Axonal buckling has been observed in a range of experimental and pathological
contexts as shown in Figure (5.1), reflecting axonal deformation in response to
stress or chemically driven perturbations. In-vitro experiments that mimic stretch
injury have been particularly useful in demonstrating this phenomenon. For ex-
ample, axons cultured on compliant Polydimethylsiloxane (PDMS) membranes
were rapidly stretched using a controlled pressure pulse, after which the PDMS
membrane returned to its original position upon release [62,94,125]. Although
the membrane recovered immediately, the axons exhibited a transient buckling
response, initially forming pronounced wavy deformations whose amplitude grad-
ually diminished over time. The applied strain was delivered at a high stretch rate
of 44% s~!, emphasizing the rapid mechanical loading. Immunolabeling for BIII-
tubulin highlighted the altered cytoskeletal organization, with axons displaying
characteristic buckling patterns along their length (Figure 5.1A) [62]. These con-
trolled in vitro findings have striking parallels in human pathology. For example,
in the corpus callosum of an 18-year-old male examined 10 h after fatal trau-
matic brain injury caused by blunt force trauma, axons displayed characteristic

buckling with pronounced undulations (Figure 5.1B) [62]. Immunohistochemistry
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specific for amyloid precursor protein (APP), the gold-standard marker for axonal
injury [163,164], confirmed the presence of damaged axons. APP accumulation
possibly arises from disrupted axonal transport, making it a sensitive indicator
of injury. The resemblance between these in vivo and in vitro patterns strongly
suggests that buckling represents a fundamental response of axons to mechanical

loading.

Beyond stretch and release injury, axonal buckling can also emerge during chem-
ically induced retraction (Figure 5.1C). Nitric oxide, which is well known to
drive axonal retraction during vertebrate nervous system development [165,166],
was applied in the form of the donor compound NOC-7 (1 mM) to cultures of
chick sensory neurons, where it caused significant retraction within the first 30
min [112]. During this process, axons developed pronounced undulations and
bends, underscoring that buckling can arise not only from mechanical insults but

also from molecular perturbations that hamper cytoskeletal integrity.

A different line of experimental work has highlighted axonal buckling in response
to localized injury. When individual axons were subjected to targeted full or par-
tial laser ablation (Figure 5.1D-E), they underwent retraction. In full ablation,
the axon was transected into two independent segments, whereas in partial abla-
tion, the cytoskeleton was locally disrupted but the membrane remained intact,
forming a tether between the two ends. Retraction was accompanied by buckling
deformations along the axonal length. These findings emphasize that even highly
localized perturbations can trigger global mechanical responses within axons, re-
vealing the interplay between localized damage and the broader cytoskeletal ar-

chitecture.

Taken together, these earlier studies converge on the finding that axonal buckling
is a robust and reproducible morphological response to diverse stimuli, whether
mechanical, biochemical, or direct physical disruption. The occurance of buckling
across such varied experimental paradigms emphasizes its importance as a hall-

mark of axonal vulnerability and a useful indicator for probing the biomechanical
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and structural resilience of neurons. We next describe our experimental methods

and observations.

Figure 5.1: Axonal buckling phenomena reported in previous studies. Dif-
ferent examples of axonal buckling are shown in panels (A-E), each corresponding to a
distinct case reported in the literature. (A) Multiple axons exhibiting undulating mor-
phologies immediately (<2 min) after dynamic stretch on a PDMS substrate, labeled
for B-III-tubulin (scale bar =5 um) [62]. (B) In the corpus callosum of an 18-year-old
male 10 h after acute severe traumatic brain injury (blunt force trauma), axons show
undulating morphologies reminiscent of in vitro stretch-induced buckling, labeled for
APP (scale bar: 25 um) [62]. (C) Cultures of chick sensory neurons treated with 1 mM
NOC-T7 (nitric oxide donor) exhibit pronounced axon retraction and undulations within
the first 30 min [112]. (D-E) Axons respond to targeted full (D) and partial (E) laser
ablation with buckling and retraction occurring during viscoelastic relaxation. Pan-
els (A-B): Adapted from Tang-Schomer et al., 2012, Experimental Neurology, 233(1),
364-372. ©2012 Elsevier. Used with permission. Panel (C): Adapted from He et al.,
2002, J. Neurosci., 22(14), 5982-5991. ©2002 Society for Neuroscience. Used with per-
mission. Panels (D—E): Representative images provided by Ashish Kumar Mishra,
Raman Research Institute. Used with permission.

5.3 Method

The experimental procedures used in this study are the same as those described
in detail in Chapter 3 and are only summarized here briefly. Axons were cul-
tured and subjected to controlled stretch—release protocols using a cantilever-
based setup, following the same conditions as in the strain-relaxation experi-
ments. Axons were stretched up to approximately 20% strain and released either
immediately or after a prolonged hold period (typically 10 minutes). Time-lapse

imaging was performed throughout the stretch and release process to capture the
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evolution of axonal morphology. Axonal tracking methodology, used to quan-
tify deformation and buckling patterns, is described in Chapter 3, while details

regarding the mechanical setup and its calibration are provided in Chapter 2.

5.4 Axonal buckling under mechanical stretch
and release

A noticeable feature of the stretch-release experiments is that axons develop
waviness when they are released from the cantilever after being stretched to ap-
proximately 20% strain, as shown in Figure 5.2A. To quantify this behavior, the
axonal contour was analyzed by comparing the total contour length with the
length of its smoothed mean conformation obtained via a moving-average proce-
dure (Figure 5.2B). This smoothed contour represents an estimate of the underly-
ing axonal shape in the absence of buckling—dominated only by the largest-scale
curvature imposed by cantilever deflection—and therefore serves as a reference
configuration against which the emergence of shorter-wavelength undulations can
be measured. The difference between these two lengths, termed the “extent of
buckling” provides a quantitative indicator of buckling following release. The
temporal evolution of this extent of buckling for both immediate and delayed re-
leases is presented in Figure 5.2C, with additional examples shown in Figure 5.3.
Interestingly, the extent of buckling is significantly greater when axons are re-
leased after a 10-minute hold period compared to those released immediately after

stretching.

Even though the overall axonal strain decreases monotonically following release,
the extent of buckling first increases before decaying over time, particularly in
the case of the 10-minute hold experiments. This suggests a transient amplifica-
tion of structural undulations before the system gradually relaxes to a straighter
configuration. Furthermore, the characteristic wavelength of the buckling pattern

decreases monotonically with time, as shown in Figure 5.2A and also quantified
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by the spatial autocorrelation of the transverse displacement along the axonal
contour, which provides an estimate of the dominant wavelength of the buckling
pattern (Figure 5.2D). This progressive shortening of the buckling wavelength
highlights the dynamic nature of axonal structural rearrangements as internal

stresses relax.
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Figure 5.2: Analysis of axon buckling response. (A) A sequence of images show-
ing axonal buckling after the axon is released from the cantilever following a 10-minute
wait period. This images is obtained by subtracting images of different time points
from the first frame and adding these subtracted images. (B) Axonal contour obtained
through image analysis (blue curves), together with its smoothed mean position (red
curves) computed using a moving-average procedure applied to the contour. For clar-
ity, both the contour and its smoothed representation are shown only for a subset of
time points. (C) Curves showing the extent of buckling for the same axon when it was
subjected to immediate release (Orange) and when it was released after a 10 min wait
time (blue). The extent of buckling is quantified by taking the difference between the
lengths of the blue and red lines for each time point shown in B. Note that buckling
is much more prominent in the wait-and-release cases, where it first increases after
release, reaches a maximum, and then decreases with time. The colored arrows shows
the time points corresponding to the images shown in A. (D) Time evolution of the
position-position autocorrelation of the examples shown in A shows that the buckling
wavelength decreases with time after the axon is released with color coding matching
the arrows indicating the corresponding time points in the composite image in A. The
inset shows the variation of “height” of the axon contour with respect to its “mean
position” as defined in B which is used to calculate the autocorrelation functions.
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Figure 5.3: Curves illustrating the extent of buckling for the same axon subjected to
immediate release (orange) and release after a 10-minute hold period (blue), shown for
four different axons (A-D). In all cases, buckling is noticeably more pronounced in the
wait-and-release condition, where the extent of buckling initially increases immediately
after release and subsequently decreases over time.

5.5 Effect of microtubule stabilization on buck-
ling wavelength

To investigate how microtubule stability and number density influence axonal
buckling, we employed Taxol, a microtubule-stabilizing agent. When cells are
treated with Taxol (10 uM), axons exhibit buckling patterns with noticeably
longer wavelengths compared to controls. Representative examples of control
and Taxol-treated axons are shown in Figure 5.4, illustrating this difference in
post-release morphology. The temporal evolution of the “extend of buckling” for
Taxol-treated axons is shown in Figure 5.5, illustrating the buckling dynamics
following release under microtubule-stabilized conditions. The position—position
autocorrelation functions for control and Taxol-treated axons (Figures 5.6A and
5.6B, respectively) further confirm this observation and demonstrate that Taxol
treatment consistently increases the characteristic wavelength of axonal buckling.

Taken together, both the raw images and quantitative analyses demonstrate that
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microtubule stabilization by Taxol leads to the formation of longer-wavelength
buckling modes and slower relaxation dynamics, hinting at increased bending

stiffness.

Figure 5.4: Effect of microtubule stabilization on axonal buckling wave-
length. Post-release axons after a 10-minute hold: (A) controls, (B) Taxol-treated.
Taxol-treated axons display longer buckling wavelengths than controls.
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Figure 5.5: Plots showing the evolution of buckling for four Taxol-treated axons (A—
D), each subjected to immediate release (orange) and release after a 10-minute hold
period.
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Figure 5.6: Effect of Microtubule Stabilization on Axonal Buckling Wave-
length. (A) Position—position autocorrelation functions of axonal contours after re-
lease for three control axons and (B) Autocorrelation functions for Taxol-treated axons.
This analysis focuses on experiments where axons were released following a 10-minute
wait. Compared to control, Taxol treatment results in a consistently longer buckling
wavelength. The autocorrelation functions are calculated at the time point where buck-
ling reaches its maximum, defined by the difference between the axonal contour length
and its smoothed mean length.

5.6 Previous modeling approaches to axonal buck-
ling

Previous modeling efforts have sought to understand the mechanical stability of
axons under loading, with particular attention to their susceptibility to buckling.
Several approaches have been proposed, motivated by the recognition that buck-

ling is a key failure mode in axons, especially in the context of traumatic brain
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injury. Soheilypour et al. [159] focused on bundled microtubules as the primary
load-bearing elements, analyzing their susceptibility to Euler-type buckling while
accounting for the mechanical support of the surrounding cytoplasmic environ-
ment. Their simulations showed that the surrounding viscous medium suppresses
classical long-wavelength Euler modes and instead promotes short-wavelength,
tip-localized buckling with exponentially decaying amplitude. Crosslinking be-
tween filaments (e.g., via tau) further increases the effective compressive load they
can withstand and alters how forces are distributed within the bundle, leading to

unequal buckling onset among individual filaments.

In this context, Lang et al. (2017) [167] developed a continuum model of axonal
buckling following stretch injury, in which the axon is idealized as a planar Euler
beam resting on an elastic foundation representing the viscoelastic support of the
surrounding brain tissue (Figure 5.7). A key assumption in their model is that
immediately after a rapid stretch-and-release, the surrounding foundation returns
to its original length much faster than the axon itself. Because the axon recov-
ers more slowly, it temporarily remains longer than the supporting foundation,
leading to a compressive state within the axon. As a result, transient buckling
and undulations can emerge, offering a mechanistic explanation for post-stretch

instabilities observed experimentally.

Beyond simplified elastic rod theories, recent coarse-grained molecular dynamics
models have incorporated the composite architecture of the axonal cytoskeleton—
comprising bundled microtubules, spectrin tetramers, and periodic actin rings
[168]. These models demonstrate that actin rings significantly increase the criti-
cal buckling force of the microtubule bundle and that the characteristic buckling
wavelength is strongly dependent on loading rate and surrounding viscosity. In
these simulations, buckling adopts short-wavelength modes rather than classical
long-wavelength Euler modes, and this behavior is attributed to spectrin rein-
forcement, which enhances lateral support and allows the bundle to bear larger

compressive forces before buckling.
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Figure 5.7: Schematic of the model: the axonal core is idealized as an Euler beam
supported by an elastic foundation, where the foundation represents the surrounding
brain tissue. Reproduced with permission from Lang et al., Journal of Elasticity, 2017,
© Springer Nature [167].

In addition to axon-scale modeling, studies on individual microtubules embedded
in elastic media have provided insight into how mechanical coupling to the sur-
rounding cytoskeleton modifies buckling behavior. Whereas a freely suspended
microtubule behaves as a classical Euler beam exhibiting long-wavelength buck-
ling at relatively low critical loads, microtubules constrained within an elastic
network (e.g., an actin-rich cytoskeletal matrix) display significantly shorter buck-
ling wavelengths and enhanced load-bearing capacity. Brangwynne et al. [169]
showed that these differences arise from lateral reinforcement by the surrounding
network, which resists transverse displacements and alters the energetics of de-
formation. In their formulation, the total energy of a compressed microtubule is
expressed as a sum of bending energy, energy released by axial compression, and

energy stored in the deformed matrix,

B(du\' T, (du\ K
E= [ |2(24) - 22 4 2|4
fz(de) 2(dx)+2u ®

where B is the bending rigidity of the microtubule, T, is the compressive load,

u(x) is the transverse displacement, and K represents the effective stiffness of the
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embedding network. Minimization of this energy predicts a preferred buckling
wavelength that decreases with increasing matrix stiffness, providing a mech-
anistic explanation for the short-wavelength undulations observed in embedded
filaments. These findings are relevant for axons, as the axonal microtubule core is
similarly constrained by surrounding cytoskeletal and extracellular components,
motivating models in which the microtubules bundle is treated as an Euler beam
supported by a surrounding foundation that provides lateral reinforcement. In
our experiments, axonal undulations emerged at relatively short wavelengths.
This behavior contrasts with classical Euler buckling of a free slender rod, which
favors deformation at the longest possible wavelength [124]. The discrepancy in-
dicates that the surrounding material plays an active mechanical role in selecting

the buckling wavelength.

5.7 Model of axonal buckling

Motivated by recent experimental and theoretical evidence that axonal micro-
tubules are mechanically reinforced by their surrounding environment, we con-
struct an analytical framework for axonal buckling in which the microtubule bun-
dle is approximated as a slender filament laterally reinforced by the actin—spectrin
cortical lattice. This reduced description focuses on the dominant load-bearing
elements and allows us to examine how elastic and viscoelastic cortical coupling
influences the onset of buckling, the selection of a characteristic wavelength, and

the evolution of undulation patterns during relaxation.

To motivate these models, we first summarize the main features of axonal buckling

observed in our experiments:

e An axon is stretched by cantilever deflection. Upon release, axon buckles

with an initial wavelength which is much shorter then axonal length.
e Over time, this wavelength decreases.

o Taxol treatment, which stabilizes microtubules (MTs), leads to increased
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buckling wavelength.
We propose the following model:

o We model the MT core as a viscoelastic fluid: it behaves as an elastic rod at
short times, but crosslink turnover enables microtubules within the bundle
to slide past one another, allowing bending stresses to relax and giving the

core fluid-like behavior at long times.

e The mechanism of buckling is taken as follows: axon stretching results
in tension in the axonal cortex, whereas the MT core remains effectively
stress-free just before release. Upon release, the cortex relaxes and exerts
compression on the MT core. This compression triggers buckling. Short
wavelength buckling (as opposed to classic long wavelength Euler buckling)
occurs because bending of the MT core is opposed by elastic resistance of

the surrounding cytoskeleton.

o We simplify the above mechanism as follows: we consider a viscoelastic fluid
rod subject to uniform, axial compression, and bathed in an infinite elastic
medium. This simplification will be found to recapitulate the observation

of short wavelength buckling.

5.8 Model details

5.8.1 Model geometry

The MT core is modeled as an inextensible viscoelastic rod bending in a plane.
The coordinate along its length is denoted by s, and the rod is assumed to bend
in the plane (Figure 5.8). The local unit tangent and normal vectors are #(s) and

fi(s). The curvature C(s) of the rod is defined as:

C(s)=i-0,f = - d,n. (5.1)
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The second equality follows from the condition 7.4 = 0
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Figure 5.8: Schematic representation of the axonal shaft and coordinate sys-
tem used for the theoretical description of buckling. (A) Cross-sectional view
of the axon showing the outer actin-spectrin cortex (pink) that provides membrane-
cytoskeleton support, and the inner microtubule (MT) core (green) formed by bundled
MTs associated with MAPs. Axial compressive forces T act at both ends of the MT
bundle. (B) Side view illustrating the continuum representation of the axonal shaft.
The arc length coordinate s parameterizes the centerline, with tangent vector 7, normal
vector 71, and bending moment m(s, t) describing the local mechanics during deformation
and buckling, with the normal force component denoted by N(s, f).

5.8.2 Force balance along the rod

We denote by f(s) the internal force acting along a rod cross-section whose normal

is 7. This force will have tangential and normal components:

iy

(s) = T(s)f + N(s)i, (5.2)
The force balance on an element of rod between s and s + ds is given by
O,f + Foy = 0. (5.3)

Here, F. is the external force per unit length acting along the MT core. Note
that we have neglected inertia in the above force balance. Using the definition
of curvature given by equation 5.1, the above equation can be projected along

tangent and normal directions:

8T — CN = —F oy (5.4)

0N + CT = —F oy n. (5.5)
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In general the tangent and normal components Fey, and Fex, are non-zero and
spatially distributed. We make the simplifying assumption that the compressive
force exerted on the MT core by the relaxing cortex can be approximated as a
concentrated (Dirac delta) at the ends of the core. In this case the right-hand side
in equation 5.4 is zero except at the ends. Furthermore, for small deformations of
an initially stress-free, straight rod, the term CN is negligible. From equation 5.4
we find that, to leading order,

T=T,, (5.6)

where Ty < 0 is the uniform compressive force on the rod.

Next, we consider equation 5.5. We denote u(s) the transverse defection of the
microtubule bundle due to buckling relative to its undeformed (straight) configu-
ration (Figure 5.9). Then, the normal component of the external force is assumed

to be given by Hooke’s law as
Fext,n = —Kl/t, (57)

where K is an elastic constant of the medium surrounding the MT core (Fig-

ure 5.9).

= u(f)f é =

Figure 5.9: Elastic coupling between the microtubule core and the surround-
ing axonal cortex during buckling. A large initial strain mismatch suggests that
the microtubule (MT) core undergoes buckling. The deflection between the MT bun-
dle and the outer axonal scaffold—separated by intermediate protein filaments (e.g.,
actin—spectrin links or cross-linking MAPs)—generates a restoring force. In the model,
this restoring effect is represented as a distributed spring density K, which couples the
MT bundle to the outer axonal structure.
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Noting that in the small defection approximation C ~ d%u, equation 5.5 can be
written as

OsN + Tyd’u = Ku. (5.8)

5.8.3 Torque balance and moment-curvature Relation

The normal force N(s) appearing in equation 5.8 is related to the net bending
moment acting on a rod element between s and s + ds. We denote the vector
moment by m = m(s)f x 2. The net torque balance acting on the rod element

between s and s+ ds about an origin passing through s is given by

dm+ N =0, (5.9)

5.8.4 Moment-Curvature relation

To complete the description we require a relation between the internal moment
m(s) and the deformed shape of the rod. We model this as a Maxwell-type

viscoelastic constitutive relation for a viscoelastic rod:
(1 4+ 70,)m = B19,C, (5.10)

In this relation 7 is the relaxation time and B is the bending elastic modulus of
the rod. Note that at short times equation 5.10 yields m =~ BC i.e., the usual
elastic relation for rod bending; whereas at long times it yields m ~ n,,0,C, where
N, = Bt is the viscosity of the Maxwell viscoelastic rod. Physically, this reflects
elastic bending of a crosslinked microtubule bundle at short times, followed at
longer times by relaxation of bending stresses through crosslink turnover and
microtubule sliding. These limiting behaviors are consistent with a Maxwell-type

constitutive response.
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5.8.5 Linear stability analysis

We next perform a linear stability analysis relative to the straight configuration
of the rod (N = m = u = C = 0), under uniform compressive prestress Ty. To
identify the characteristic buckling wavelength we perturb u and m around their

zero values in the straight core configuration:

{m,u) ~ 45", (5.11)

Combining equation 5.8, 5.9, 5.10, and 5.11 we obtain the dispersion relation
(Derivation provided in Appendix G.1) for the wavevector dependent growth

rate w(q):
T()q2 + K
Bg* + Tog? + K~

Wt = (5.12)

In the above recall that Ty < 0, as required for buckling.

5.8.6 Marginal stability and cutoff wavelength

The marginal (cutoff) condition is obtained by setting the growth rate to zero

(w =0). From equation 5.12 we obtain the critical value
K

Tog>+K=0 = q>=-—.

Ty

Hence the critical wavenumber and wavelength are

K K 2 T
qC = - = T 12 AC = _ﬂ = 27r __O.
N To N |7l qc K

Therefore modes with
S B K
q qc \/ Tl

have w > 0 and are expected to grow (unstable); buckling modes with longer

wavelengths (i.e. ¢ < g.) are suppressed. Having established the cutoff condition
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above, we next investigate whether there exists a most dominant (i.e. maximally
growing) mode among the unstable wavenumbers. This requires analyzing the

extrema of the dispersion relation itself. Let x = ¢? then equation 5.12 becomes

Let N(x) = —=(Tox + K) and D(x) = Bx* + Tox + K. Then

do ND-ND' =\ 1 D'=2Bx+T
_ = s = — s = X .
dx D? 0 0
Simplifying,

do  Bx(Tox+2K)

dx — (Bx®+Tox + K)*

For identifying a maximum or minimum of the growth rate, we set %’ = 2q‘2—‘; =0.

Since buckling requires real nonzero wavenumbers, we assume x = g> > 0. which

2K 2K
T()x + 2K = 0 = Xy = —— (== q* = T
T T

which is real only if Ty < 0 (compressive prestress) and

gives

d*w

—1 <0
2
dq “

(See Appendix G.1 for details) so the stationary point . = V=2K/Tj is a local

maximum of w(q), corresponding to the most-dominant (most unstable) mode.

Dimensionless formulation

Since the exact values of the parameters are not known, and moreover they can
vary from axon to axon, we nondimensionalize them with respect to character-
istic reference values T, B*, K*, and ;. While this procedure sets the reference
scale of each parameter to 1, in reality the physical parameters may differ from

one another and need not be equal. Since the primary aim of this work is to
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understand the qualitative behavior and scaling properties of the buckling re-
sponse rather than to reproduce specific numerical values, this nondimensional
formulation provides a minimal yet general description. Moreover, the resulting
equations remain sufficiently flexible to allow parameter variation and contrast
to be investigated. After nondimensionalization, we vary the nondimensional pa-
rameters to examine how changes in material properties influence the predicted

buckling behavior. In particular, we define

K -~ B - T m
s B = e TO = _Oa ~m = n_’

q

K = )
qret

q:

=

Here g.¢ denotes a reference wavenumber used for nondimensionalization. With

these definitions, the dispersion relation can be written in the dimensionless form

T()qz +K
B + T3> + K

wT = (5.13)
From this expression we plot the growth rate w(g) as a function of ¢ for decreasing
values of Ty (Figure 5.10A). Only modes with § > . (w(§) > 0) grow dynamically,
corresponding to shorter wavelengths (1 = 27/g), whereas modes with § < G,
(w(g) < 0) remain stable and correspond to longer wavelengths, and therefore do
not contribute to buckling. As the magnitude of the prestress decreases (i.e., as Ty
becomes less negative), the threshold wavevector for instability increases, leading
to shorter buckling wavelengths. This trend matches experimental observations,
where relaxation of cortical tension after release drives the dynamic shortening

of the buckling wavelength over time.
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Figure 5.10: Growth rate w versus wavevector § with decreasing compres-
sive stress. Only modes with § > §. become unstable and grow dynamically, while
long-wavelength modes (§ < §.) remain stable. As the magnitude of the compressive
stress decreases (i.e. Tp becomes less negative), both the cutoff wavevector §. and the
most unstable wavevector g, shift to higher values, corresponding to shorter-wavelength
buckling modes.

5.8.7 Effect of bending rigidity and viscosity in the Maxwell

model with elastic foundation

Taxol treatment, which stabilizes microtubules (MTs), leads to an increased buck-
ling wavelength in our experiments. Taxol stabilizes microtubules (MTs), and is
reported to increase MT mass and structural stability [128]. An increase in MT
content and stabilization is expected to enhance the effective bending modulus B
of the axonal MT bundle, thereby raising the energetic cost of curvature. Con-
sistent with this expectation, Taxol-treated axons in laser-ablation experiments
behave nearly as rigid rods and do not exhibit the post-ablation short-wavelength
buckling (Figure 5.11) [170] observed in untreated axons as shown earlier in this
chapter (Figure 5.1E). This suppression of buckling following Taxol treatment
provides direct experimental evidence that B might be increase after Taxol treat-

ment.

In addition to bending rigidity, stabilizing agents such as Taxol have been re-

ported to increase the effective viscosity of microtubule networks [142]. An in-
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Figure 5.11: Laser ablation response of Taxol-treated axons. Representative
time sequence showing the mechanical response of axons subjected to laser ablation
after Taxol treatment. Taxol-treated axons behave as nearly rigid rods and do not ex-
hibit post-release buckling, indicating a substantial increase in bending stiffness and /or
effective viscosity of the microtubule bundle. Images adapted from Mishra (2025) [170].
Used with permission.

creased microtubule viscosity 17, provides additional damping, resisting rapid
shape changes and can modifying the growth rates of unstable modes during
axonal relaxation. Our strain-relaxation experiments and the modelling results
presented in earlier chapters also support the interpretation that Taxol treatment

increases axonal viscosity.

To examine these effects, we explore how variations in the nondimensional bend-

ing modulus B and viscosity #,, influence the growth rate w(§) and the dominant
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unstable wavelength predicted by the dispersion relation (Figure 5.12). The plot
shows that both the cut-off wavelength and the dominant wavelength are unaf-
fected by changes in B and #,,. This absence of a dependence of the most unstable
mode on B and 7j,, is surprising, and so we re-examined the basis of our model.
We thus realized an important ingredient was missing, namely the viscoelasticity
of the actin—spectrin cortex. In order to account for the Taxol experiments, we
therefore modify the model by incorporating these cortical viscoelastic effects in

the next section.
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Figure 5.12: Growth rate w as a function of wavevector ¢ for increasing values of the
nondimensional bending modulus B and viscosity #,,. Increasing B and #,, progressively
suppresses the growth rate of unstable modes, reducing the maximum amplification
rate while leaving both the cutoff wavevector §. and the dominant unstable mode §
unchanged. Thus, although enhanced bending rigidity and increased viscosity slow the
buckling dynamics, they do not modify the characteristic buckling wavelength.

5.9 Effect of the axonal cortex as a viscoelastic

solid

Although the previous section explains how axonal buckling evolves from long to
short wavelengths as the internal tension relaxes over time, it does not account
for the observed dependence of buckling wavelength on axonal bending rigidity
and internal viscosity. This limitation motivates the next modeling approach,

which explicitly incorporates the viscoelastic properties of the axonal outer cor-



Chapter 5. Buckling response of axons to mechanical stimuli 125

tex surrounding the microtubule core, allowing us to investigate how interactions

between the core and its surrounding cortex influence transient buckling dynam-

R

ics.

Figure 5.13: Kelvin—Voigt viscoelastic coupling during axonal buckling. The
coupling between the microtubule (MT) core and surrounding axonal scaffold is mod-
eled by a Kelvin—Voigt element, where a distributed spring density K and dashpot
viscosity n act in parallel. This formulation captures both elastic resistance and vis-
cous relaxation of the axon—-MT system under buckling.

Since the outer layer of the axon behaves like a viscoelastic solid, we model the
normal force exerted by the cortex on the microtubule core using a Kelvin—Voigt

viscoelastic foundation. In this framework, the restoring force is

Fext,n = —(KM + ncatu)’ (514)

where 7, is the viscosity of kelvin-voigt element. If we follow the same procedure
and carry out a linear stability analysis (See Appendix G.2 for details), we obtain

the following dispersion relation (in dimensionless form):

2+B%514+T0%52+Kf+ﬁcw+Toq2+f<:0

o o (5.15)

w

Let w; and w, be the roots of the equation, given by

| (Btg + Totq® + RE+7.\ 1 |(Beg + Totq + K% + 7. ? JDod? + K
Wiy =—= + — - :

2T it 2 it 7.t
(5.16)

If the roots are real and distinct (with at least one root expected to be positive

for buckling to occur), the time variation of the transverse displacement u(f) can
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be written as

u(t) ~ u e + upe™”’ (5.17)

where u; and u, are constants determined from the initial conditions. The vari-
ation of w; and w, with § for decreasing T is shown in Figure 5.14. Figure 5.14
shows that w; is positive over a certain range of wavevector g, leading to buckling
in this regime. As T, decreases (i.e., To becomes less negative), both the cutoff and
most unstable wave vector increase (or corresponding wavelength decreases), con-

sistent with the experimentally observed temporal decrease in wavelength during

relaxation.
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Figure 5.14: Roots of growth rate w as a function of wavenumber § obtained from
dispersion relation: (A) first root and (B) second root.

5.9.1 Influence of bending rigidity and viscosity in the

Maxwell model with Kelvin—Voigt foundation

The growth rate w(q) for increasing values of the nondimensional bending mod-
ulus B and viscosity 7, is shown in Figure 5.15. The plot demonstrates that the
most dominant unstable wavevector §, shifts toward lower values as B and 7,
increase. This trend is consistent with the experimentally observed increase in
buckling wavelength following Taxol treatment. In addition, the overall magni-
tude of the growth rate decreases for larger B and #,,, indicating slower buckling
dynamics, which also aligns with the experimentally measured slower relaxation in

Taxol-stabilized axons. Together, these results suggest that increases in bending



Chapter 5. Buckling response of axons to mechanical stimuli 127

rigidity and cytoskeletal viscosity act to suppress short-wavelength instabilities

and delay the relaxation process.
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Figure 5.15: Dominant growth rate (max(w,w,)) as a function of wavenumber g for
increasing values of the nondimensional bending modulus B and viscosity #,,. Increasing
B and 7, shifts the most unstable mode toward lower wavevectors and reduces the
overall growth rate.

5.10 Conclusion

Experiments on axonal relaxation following dynamic stretch demonstrate that
short-wavelength buckling undulations appear after release, undergo a transient
amplification, and then decay as internal tension relaxes. The buckling wave-
length decreases as axonal relaxation proceeds. In addition, Taxol treatment,

which stabilizes microtubules, results in longer-wavelength buckling.

To interpret these behaviors, we first developed an analytical model treating the
microtubule core as an Euler beam on an elastic foundation. This framework suc-
cessfully captures the temporal evolution from long- to short-wavelength buckling
as tension relaxes, consistent with experiments. However, because the dominant
unstable wavelength in this formulation is independent of bending rigidity, addi-
tional mechanisms are required to account for the increased wavelength observed

following Taxol treatment.

We therefore extended the analysis by incorporating a Kelvin—Voigt viscoelastic
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foundation to represent the axonal cortical layer surrounding the microtubule
core. In addition to capturing the experimentally observed progression toward
shorter wavelengths as tension decrease, the viscoelastic extension predicts that
higher bending rigidity and viscosity favor longer-wavelength instabilities. These
predictions are consistent with experimental observations and suggest that ax-
onal buckling is governed by the coupled viscoelastic interaction between the

microtubule core and its surrounding cortex, rather than internal tension alone.



Chapter 6

Investigating cytoskeletal
structural changes in the axons

after mechanical stimuli

6.1 Introduction

In the previous chapters, we described stretch and release experiments on axons
and presented a model to understand these based on how cytoskeletal components—
such as the MPS, microtubules, and MAPs—may respond to mechanical pertur-
bations. Building on this framework, the present chapter focuses specifically on
the MPS, whose organized architecture is thought to confer elasticity and buffer
tension [12]. While its periodic organization in axons is well established [43,44],
the extent to which the MPS structure adapts, deforms, or recovers after mechani-
cal stretch remains unclear. Here, we examine how the MPS reorganizes following
mechanical stretch by comparing its structure in unstretched and stretched axons
using a home-built stretching device combining with super-resolution imaging, in

collaboration with Dr. Aurnab Ghose and Dr. Shivani Bodas (IISER, Pune).
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6.2 Device design and stretching protocol

We developed a home-built stretching device (Figure 6.1A) compatible with
STED super-resolution imaging [171,172]. While its design can be adapted to
investigate other cytoskeletal components, in the present work this device was
used to study the effect of mechanical stretch on MPS organization. The device
enables controlled equibiaxial strain to be applied to neurons cultured on circular
PDMS substrates. In this configuration, the PDMS membrane is mounted on
the top of the device and fixed in place by clamping it between a central cylin-
drical post and the surrounding outer ring. The assembled device is shown in
Figure 6.1A, and the corresponding schematic geometry is shown in Figure 6.1C.
The device supports two modes of applying stretch: vacuum-based loading and
indenter-based loading. The indenter component of the device is shown in Fig-
ure 6.1B, and schematic representations of both loading modes are shown in
Figure 6.1D and E. In the vacuum-based configuration, negative pressure applied
within the chamber pulls the PDMS membrane downward, thereby imposing me-
chanical strain on neurons adhered to its surface. This mode also enables in-situ
stretching during live microscopic imaging. In the indenter-based configuration,
stretch is generated by pressing a cylindrical indenter downward, which pushes
the PDMS membrane into the annular region between the central post and the
outer cylinder, producing controlled deformation of the substrate.(Figure 6.1E).
In this mode, the resulting strain is determined by the imposed indentation depth.
The indenter can be mechanically secured to the lower base using clamping screws
to maintain a constant strain, making the setup compatible with long-term and
super-resolution imaging (e.g., STED). In the present work, this indenter-based
configuration was used for axonal stretching and subsequent MPS analysis using

STED nanoscopy.
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Figure 6.1: Mechanical stretching device and loading configurations. (A)
Photograph of the lower base component showing the central cylindrical post and sur-
rounding outer ring used to clamp the PDMS membrane. Neurons are cultured on the
PDMS surface mounted across the top opening. The annular gap between the post
and outer ring defines the region into which the membrane is pushed; a vacuum port
enables optional vacuum-based loading. (B) Photograph of the cylindrical indenter
used to displace the membrane downward during indentation-based stretching. (C—E)
Schematic representation of the membrane clamping and loading steps. (C) PDMS
membrane clamped between the central post and outer ring (a thin layer of vacuum
grease on the central post is applied to improves sealing and reduces friction). (D)
Vacuum loading, in which suction applied via the vacuum port pulls the membrane

downward to generate tensile strain. (E) Indentation loading, in which the indenter
displaces the membrane into the annular region to produce tensile strain.

6.3 Strain measurement in PDMS sheet

To estimate the mechanical strain applied to the PDMS substrate during stretch-
ing, strain measurements were performed using soda-lime glass beads (500 pm
diameter) dipped in glycerol to promote adhesion and placed at random loca-
tions on the PDMS surface as positional reference points. The region of interest

above the central cylindrical post was first imaged using a 10X objective prior to
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stretching. Multiple images were acquired and stitched to produce a single image

covering the full area of interest.

The PDMS substrate was then stretched using the indenter-based configuration,
and the same region was imaged again under identical acquisition conditions. Dis-
tances between identical pairs of beads were measured before and after stretching,
and the relative change in separation was used to calculate the substrate strain.
As shown in Figure 6.2, the PDMS membrane experienced an average equibiaxial
strain of approximately 35% when stretch was applied by setting the cylindrical
indenter such that it was 6 mm away from the lower surface of the device. The
same indenter position were used for all axonal stretching and subsequent imag-
ing experiments. The strain measurements showed modest scatter, likely due to
thickness variations in the PDMS sheets, which were cast manually by pouring
the PDMS—curing agent mixture into petri dishes. Using spin coating to prepare
PDMS sheets could yield more uniform thickness and help determine whether

thickness non-uniformity contributes to the observed scatter [173].
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Figure 6.2: Graph depicting strain measurements of the PDMS substrate obtained
using multiple bead pairs as positional reference markers in indenter-based stretching.
Strain was calculated from the relative change in inter-bead distances measured before
and after stretching, providing an estimate of the substrate strain applied during ex-
periments.
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6.4 Immunostaining and super-resolution imag-
ing protocol

Neurons cultured on PDMS substrates (see Appendix D for PDMS functionaliza-
tion protocols and Appendix A for neuronal cell culture procedures) were fixed
using 1 ml of 4% (v/v) paraformaldehyde (PFA) prepared in 1x PHEM /PBS for
10 minutes at room temperature. Following fixation, excess fixative was removed
by three washes with 1 ml of PHEM /PBS, each lasting 5 minutes. Unless other-
wise stated, all subsequent washing steps were performed 3-4 times with 1 ml of

PHEM/PBS, with each wash lasting approximately 5 minutes.

To permeabilize the cells, samples were incubated with 1 ml of 0.1% Triton X-100
(v/v) in PHEM/PBS for 5 minutes at room temperature, followed by thorough
washing with PHEM /PBS to remove residual detergent. Blocking was performed
by incubating samples in 1 ml of 3% (w/v) bovine serum albumin (BSA) in
PHEM/PBS for 1 hour at room temperature to minimize nonspecific antibody

binding.

For primary labeling, cells were incubated with 500 ul of anti-BII spectrin mouse
monoclonal antibody (BD Biosciences, 612563), diluted 1:700 in blocking buffer,
for 3 hours at 37 °C. After washing to remove unbound antibody, samples were
incubated with 500 ul of Alexa Fluor 488—conjugated anti-mouse secondary an-
tibody (Invitrogen, A-11001), diluted 1:500 in 3% BSA, for 1 hour at room tem-
perature, followed by additional washes in PHEM/PBS.

After the final wash, buffer was removed and a drop of ProLong™ Glass Antifade
Mountant (Thermo Fisher, P36982) was applied directly to the sample. A 1.5 mm
thick square coverslip (Corning, 2870-18) was carefully placed on top, and samples

were allowed to cure at room temperature for 24 hours prior to imaging.

Super-resolution imaging was performed at IISER Pune, imaging facility on a

Leica TCS SP8 STED 3x system (Leica Microsystems). Because optical imaging
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through the PDMS substrate is not feasible due to working-distance constraints
and optical aberrations introduced by the PDMS thickness, the stretching device
was inverted and mounted onto a custom stage adaptor, allowing imaging from
the coverslip side. Samples were imaged using an HC PL APO CS2 100x/1.4
NA STED oil immersion objective in both confocal and STED modes. Image
acquisition was performed with 16X line averaging and time-gated detection en-
abled on a Leica Hybrid Detector (HyD), using a gating window of 0.3-8 ns to
reduce background fluorescence. A 6x digital zoom was applied, resulting in a
final pixel size of approximately 20 nm. Fluorescence depletion was achieved us-
ing a 592 nm STED laser, and all imaging parameters were kept constant across
experiments. Raw image stacks were subsequently deconvolved using Huygens
Professional software to enhance signal-to-noise ratio prior to quantitative analy-
sis. A representative STED image of B-1I spectrin in unstretched axons cultured

on PDMS substrates is shown in Figure 6.3.

Figure 6.3: Representative STED image of Bll-spectrin in control axons cultured on
PDMS substrates.

6.5 Assessment of MPS spacing reproducibility

To quantify MPS spacing, a line was drawn along one edge of the axon in the
STED images, and the corresponding fluorescence intensity profile was extracted
(Figure 6.4). Only the axonal region that remained in focus within the field of
view was used for analysis, generally corresponding to the imaged axonal segment
and not exceeding 20 um in length. Here, MPS spacing refers to the axial
distance between successive repeats of the MPS pattern along the axon. The

fluorescence intensity profiles were analyzed in MATLAB to identify spectrin-
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ring peak positions using a custom MATLAB (2023b) script. The separation

between consecutive peaks was then calculated to obtain peak-to-peak distance.
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Figure 6.4: (A) Super-resolution (STED) image of BII-spectrin in an unstretched
4 DIV axon. A line was drawn along one edge of the axon over the region that re-
mained in focus within the field of view for quantitative analysis. (B) Corresponding

fluorescence intensity profile extracted from the line in (A), used for spectrin peak de-
tection and spacing analysis.

To assess reproducibility across independent neuronal cultures, MPS spacing was
compared between two control datasets obtained from unstretched axons. Peak-
to-peak spacing distributions from both control sets exhibited comparable mean
values (Figure 6.5), suggesting that MPS spacing values were similar across inde-
pendent neuronal cultures and imaging sessions. The similarity between control
datasets indicates reproducibility of the measured MPS spacing across indepen-
dent experiments. While peak-to-peak analysis captures local spacing variations
along individual axons, it is sensitive to local irregularities. Autocorrelation anal-

ysis was therefore employed to quantify changes in MPS periodicity between

unstretched and stretched conditions.
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Figure 6.5: Comparison of MPS spacing distributions in two independent
control datasets. Histograms show MPS spacing measured from unstretched axons
cultured and imaged in independent experiments (dataset 1: n = 7 axons, outlined in
blue; dataset 2: n = 11 axons, outlined in red). The substantial overlap between the two
distributions, together with their comparable mean spacing, indicates reproducibility
of MPS spacing measurements across independent culture preparations and imaging
sessions, suggesting minimal day-to-day variability under control conditions.

6.6 Quantitative analysis of MPS periodicity in
control and stretched axons

To qualitatively assess the effect of mechanical stretch on the MPS organization,
STED images were also acquired from stretched axons. In these experiments,
axons were stretched to approximately 35% strain over the course of about one
minute. The periodic BII spectrin pattern remained visible along stretched axons

as shown in Figure 6.6.

Figure 6.6: Representative STED image of Bll-spectrin in stretched axons cultured
on PDMS substrates.
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For autocorrelation analysis, fluorescence intensity profiles were extracted from
multiple 1 pm-long segments along one edge of each axon. For both unstretched
and stretched conditions, these intensity profiles were used to compute the one-
dimensional autocorrelation function for each segment, providing a measure of
repeating periodic patterns within the MPS (Figure 6.7A). The observation of
clear autocorrelation peaks suggests the presence of an underlying periodic orga-
nization in stretched axons, consistent with the qualitative features observed in

the STED images.

From each autocorrelation curve, the position of the first correlation peak was
identified and taken as the characteristic periodic spacing for that segment. Pe-
riodicity values obtained from multiple segments were then compiled to generate
the overall distribution of MPS spacing for both unstretched and stretched axons
(Figure 6.7B). Autocorrelation analysis revealed a shift in the MPS periodicity
distribution between unstretched and stretched axons, indicating an increase in
the characteristic spacing following mechanical stretch. However, the shift in pe-
riodicity was modest: the mean increase was roughly 10%, substantially smaller

than the 35% substrate strain applied to the PDMS.
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Figure 6.7: Comparison of MPS periodicity using autocorrelation analysis.
(A) Representative autocorrelation curves illustrate the periodic nature of the MPS.
Although multiple peaks reflect repeated periodic organization, the position of the first
peak was used as a measure of the characteristic MPS periodicity. (B) The summary
plot compares the periodicity values for control (outlined in blue. n = 301 segments from
23 axons) and stretched (outlined in red. n = 430 segments from 29 axons) conditions.
Although increase in periodic spacing was observed following mechanical stretch, the
magnitude of change (~10%) was notably smaller than the applied substrate strain

(~35%).
6.7 Discrepancy between applied strain and MPS

periodicity change

Despite evidence that axons experienced mechanical stretch, the periodicity of

the MPS increased only modestly (~ 10%) compared to the applied strain on
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the PDMS substrate (~ 35%). Notably, this increase was substantially smaller
even than the lowest substrate strains measured in our experiments (~ 25%),
indicating that the limited change in periodicity cannot be explained by variabil-
ity in applied strain. This discrepancy suggests that the structural response of
the MPS does not directly scale with substrate deformation, motivating further
investigation into the underlying mechanisms. It should also be noted that the
exact strain experienced by individual axons may differ from the macroscopic
substrate strain due to local variations in adhesion, introducing uncertainty in
the effective mechanical load at the cellular level. This mismatch motivated us
to verify whether axons indeed experienced tensile deformation during PDMS

stretching, rather than detaching or slipping on the substrate.

6.8 Confirming axonal stretch following PDMS
stretching

Direct live imaging of axonal deformation during stretching is limited at high
magnification due to constraints imposed by the stretching device geometry. To
assess whether axons were mechanically deformed under substrate stretch and
remained attached to the PDMS during stretching and fixation, neurons cultured
on PDMS membranes were stretched and fixed while the substrate was held in
the deformed state. Following fixation, the indenter was removed, releasing the

applied deformation and allowing the PDMS substrate to relax.

Upon release, axons exhibited pronounced and persistent buckling (Figure 6.8).
This behavior indicates that axons underwent elongation during substrate stretch-
ing and that this deformation was retained during fixation. The resulting perma-
nent buckling upon release reflects a loss of viscoelastic behavior after chemical
fixation, which increases the rigidity of the axonal cytoskeleton and prevents re-
covery to the pre-stretch configuration. While these observations suggest effective

mechanical coupling between axons and the substrate, partial decoupling cannot
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be excluded.

Figure 6.8: Axonal buckling following stretch—fix—release. Confocal image of
neurons cultured on PDMS membranes stretched and fixed in the stretched state. Re-
lease of the substrate stretch induces pronounced axonal buckling, indicating retention
of stretch-induced deformation after fixation.

6.9 Possible influence of axonal curvature on the
observed periodicity shift

One possible factor contributing to the smaller-than-expected increase in MPS
periodicity can be the initial curvature of axons prior to stretching. In many
cultures, axons exhibited a curved geometry, as observed in low-magnification
(10x) phase-contrast images acquired after removing the PDMS membrane from
the stretching device and imaging it (Figure 6.9). Although changes in axonal

curvature during stretching were not directly quantified, it is conceivable that a
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Figure 6.9: Phase-contrast image showing curved axons on the PDMS substrate.
Although curvature changes during stretch were not directly measured, such geometries
could potentially straighten under applied tension, thereby reducing the effective strain
transmitted to the axonal cytoskeleton.

portion of the applied strain may be accommodated by geometric straightening
of axons rather than by elongation along their length. A schematic illustrating
such curvature-driven strain accommodation is shown in Figure 6.10. If adhesions
along the axon partially detach or slide during deformation, curved axons may
reorient and straighten before experiencing significant tensile strain. This effect
could reduce the effective strain transmitted to the underlying cytoskeletal lattice
and may therefore contribute to the modest shift in MPS periodicity observed
under stretched conditions. Future studies assessing axonal geometry dynamically
during stretch will be important to determine the extent to which curvature-

dependent strain accommodation contributes to the observed MPS periodicity
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changes, while acknowledging that additional mechanisms may also be involved.
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Figure 6.10: Schematic of axonal response to PDMS stretch (top to bot-
tom). Initially curved axons with contour length L straighten as the substrate is
stretched, allowing part of the applied strain to be absorbed geometrically. Upon fur-
ther stretching, axons elongate as strain is transferred to them.

6.10 Conclusion

In this chapter, we examined how the axonal membrane-associated periodic skele-
ton responds to externally applied mechanical stretch. Super-resolution imaging
revealed a reproducible but modest increase in actin—spectrin periodicity following
stretching, substantially smaller than the macroscopic strain applied to the PDMS
substrate. These findings indicate that MPS deformation does not scale directly
with substrate strain, suggesting that additional factors—such as axonal geome-
try and strain accommodation mechanisms—modulate how mechanical loads are

transmitted to the cytoskeletal lattice.
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Summary and future directions

7.1 Overview of the Chapter

The preceding chapters described the development of custom experimental tools,
a systematic investigation of axonal mechanics, theoretical modeling, and high-
resolution imaging. This final chapter highlights the key findings, methodological
innovations, and theoretical contributions of the thesis. It also discusses the
broader implications of these results for understanding axonal mechanics and
cytoskeletal dynamics, and outlines potential directions for future research in

this area.

7.2 Key findings and contributions

The application of the MER in this thesis enabled several novel insights into ax-
onal mechanics. Our experimental results showed that axons exhibit viscoelastic
strain relaxation, with the relaxation rate dependent on the duration of applied
stretch as well as actin and microtubule stability. Holding axons under stretch
for extended periods before release led to slower relaxation and more pronounced
buckling, indicating time-dependent cytoskeletal rearrangements. Pharmacologi-

cal perturbations further highlighted the distinct roles of cytoskeletal components:

147
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microtubule stabilization slowed strain relaxation and increased buckling wave-
lengths, whereas microtubule and actin destabilization also altered relaxation
rates, demonstrating that axonal mechanical behavior exhibits specific depen-
dencies on the microtubule bundle and the actin—spectrin scaffold, which appear

to dominate under the mechanical conditions examined here.

To complement these experimental insights, mechanical modeling was developed
to capture the key features of axonal responses. Initial viscoelastic models com-
bined Kelvin-Voigt and Maxwell elements in parallel, followed by Zener and
Maxwell elements, also arranged in parallel, providing a simplified understanding
of strain relaxation. The latter model accounted for the cytoskeleton-dependent
changes in relaxation times, capturing the effects of microtubule and actin per-

turbations observed experimentally.

Furthermore, modeling the microtubule bundle as a Maxwell-like viscoelastic core
elastically coupled to the surrounding cortex explains the emergence of short-
wavelength buckling and the progression of wavelengths as tension decreases
(analogous to increasing time), but it fails to account for the increased buckling
wavelengths observed after microtubule stabilization. This limitation is resolved
by incorporating viscoelastic coupling between the microtubule core and the outer

cortex.

Finally, structural studies using a home-built stretcher combined with STED
nanoscopy revealed stretch-induced remodeling of the membrane-associated cy-
toskeleton. Although changes in periodicity were smaller than the applied PDMS
stretch, they were nonetheless measurable, demonstrating that molecular-scale
rearrangements accompany and likely contribute to the mechanical responses ob-

served at the axonal level.

Overall, this thesis provides a multiscale understanding of axonal mechanics, com-
bining experimental measurements with modeling and structural investigations.
The findings highlight the interplay between cytoskeletal organization, axonal ge-

ometry, and mechanical forces, offering insights relevant to neuronal mechanobi-
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ology. These findings provide a basis for the future directions discussed in the

following section and may inform additional lines of inquiry.

7.3 Future direction

7.3.1 Rate-dependent axonal mechanics using linear loading-

unloading protocols

A ramp protocol represents a promising future direction for probing strain rate—
and amplitude-dependent axonal mechanics. Such protocols can be extended to
systematic loading—unloading cycles, from which energy dissipation can be quan-
tified through force—strain hysteresis. An example of this approach is shown in
Figure 7.1, where an axon subjected to cyclic strain exhibits hysteresis in the
tension—strain response. In this experiment, the axon was initially pre-stretched
by 2% to prevent slackening, followed by cyclic loading with a strain amplitude
of 6% at a frequency of 0.01 Hz. Repeated cycling is seemed to lead to conver-
gence toward a stable force—strain response, enabling robust characterization of
hysteresis and dissipative behavior. Systematic variation of the loading rate and

amplitude would further provide insight of the axonal mechanical responses.

7.3.2 Axonal mechanics at physiological temperature

All experiments in this work were performed at room temperature, where the
activity of molecular motors and other polymerization-depolymerization pro-
cesses are reduced. Extending these measurements to physiological temperature
(~37°C) represents an important future direction, as active processes are expected
to contribute to axonal mechanical responses. Comparing axonal mechanics at
room and physiological temperatures may therefore reveal additional active con-
tributions to force generation, relaxation, and dissipation that are not captured

under current experimental conditions.
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Figure 7.1: Response of an axon to cyclic strain. The inset shows the imposed cyclic
strain applied to an axon. The axon was initially stretched to a pre-strain of 2% to
avoid slackening of the axon during cycles. The strain amplitude was 6% and cycle
frequency was 0.01 Hz. The main plot shows the hysteresis loops for tension vs. strain
obtained using this cyclic strain protocol.

7.3.3 Extensions of viscoelastic models

The viscoelastic models developed in this work treat the axon as a parallel com-
bination of solid- and fluid-like elements with linear, strain-independent material
parameters. While this framework captures key features of axonal strain relax-
ation, experimental observations indicate that axons exhibit viscoelastic strain-
softening behavior [12]. Such nonlinearity has been attributed to spectrin folding—
unfolding dynamics within the membrane-associated periodic skeleton (MPS). In
addition, unbinding and rebinding of microtubule cross-linkers, which are influ-
enced by the applied force, may further contribute to the nonlinear mechanical
response. Incorporating these mechanisms into future models would enable a

more realistic description of axonal mechanics.

7.3.4 Structural dynamics of the axonal cytoskeleton dur-

ing stretching

An important future direction is to investigate the structural dynamics of the

axonal cytoskeleton during mechanical stretching in greater detail. In particu-
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lar, further studies of MPS are needed to address several open questions raised
in Chapter 6 regarding its reorganization. In parallel, exploring the role of mi-
crotubule sliding and rearrangement during stretching may provide additional
insight into how axons accommodate large deformations while maintaining struc-
tural integrity. Combining mechanical measurements with high-resolution imag-
ing will be essential for elucidating the coupled dynamics of these cytoskeletal

components.

Beyond these structural considerations, several open questions remain regard-
ing the molecular contributors to axonal mechanical behavior during stretching.
Future studies could examine the relative roles of microtubule cross-linkers, in-
cluding passive cross-linkers such as tau proteins and active cross-linkers such
as molecular motors. In addition, investigating axonal mechanics in spectrin-
deficient cell lines, such as spectrin knockout models derived from SH-SY5Y cells,
may help clarify the specific contribution of the spectrin-based cytoskeleton to

mechanical stability and strain accommodation.
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DRG neuronal culture

Fertilised Giriraja-2 chicken eggs were procured from the Karnataka Vet-

erinary, Animal and Fisheries Sciences University, Bangalore, India.
Eggs were incubated for 8-9 days to allow embryonic development.

Dorsal Root Ganglia (DRG) were isolated and dissociated following a stan-
dard protocol.

Dissociated cells were plated on thoroughly cleaned glass coverslips. A hole
was drilled in the bottom of the Petri plates, and the coverslip was affixed

on the underside to cover the opening, then thoroughly cleaned before use.

Cells were cultured in L-15 medium (21083-027, Thermo Fisher Scientific)
thickened with 0.006 g/ml methyl cellulose (34516, ColorconID) and sup-
plemented with the following:

— 10% Fetal Bovine Serum (10100-147, Thermo Fisher Scientific),

2% D-glucose (G6152, Sigma-Aldrich),

20 ng/ml Nerve Growth Factor NGF-7S (13290-010, Thermo Fisher
Scientific),

— 0.5 mg/ml Penicillin-Streptomycin-Glutamine (100x) (10378-016, Thermo

Fisher Scientific).
Cells were grown at 37°C for 4 DIV before the experiments.

Prior to force measurement experiments, neurons were transferred to sup-
plemented 1-15 medium without methyl cellulose and incubated for 30 min-

utes.
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B Contour length analysis in stretch and release
experiments

To quantify axonal strain relaxation and buckling response, we tracked the con-
tour length of individual axons from the acquired image sequences. The analysis
was performed after the experiments, using images obtained during the stretch
and release protocols. In most cases, phase-contrast imaging was used, where
slight defocusing rendered axons brighter than the background; in some exper-
iments, differential interference contrast (DIC) images were also acquired. For
this purpose, the contour length was measured with a custom-written MATLAB
program (The MathWorks, Natick, MA). In the image just before release, three
points were selected: the left end of the axon, the cantilever tip (at the mid-
point where the axon was pulled), and the right end of the axon. The maximum
applied strain was determined from this image. Immediately after release, the
axon, along with its ends, was tracked between the left and right points. Before
tracking, images were rotated such that the line joining the axonal endpoints
was approximately aligned with the x-axis. For each column, the vertical inten-
sity profile was evaluated only within a local window (y —w : y + w) around the
current estimated axonal position, rather than over the full image height. This
restricted search window ensured that the centroid determination remained ro-
bust and computationally efficient, and prevented interference from other cellular
structures or background features present in the field of view. To enhance the
accuracy of centroid determination, the image intensity was first converted to
double precision and then raised to a power N (10 < N < 250). This nonlin-
ear transformation effectively suppresses background noise while amplifying the
contribution of the brightest pixels along the axon. As a result, the computed
intensity-weighted centroid is more robust against noise and better aligned with

the true axonal profile. After that corresponding y-position was determined using
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an intensity-weighted centroid:

ZiIlNyi
PIVAR

)_):

Here, y denotes the intensity-weighted centroid of the values y;, where y; are the
pixel positions and IV represents the weight assigned to each pixel, with I; be-
ing the image intensity and N a chosen exponent that enhances contrast. The
numerator Y, I'y; computes the total contribution of all pixel positions scaled
by their weighted intensities, while the denominator Y; IV normalizes the result
by the sum of the weights, ensuring that the centroid is properly scaled. In the
next step, the centroid calculated for the current column is used as a reference
y-coordinate to define a local window for the next column, from which the inten-
sity profile is extracted again and a new centroid is computed. This procedure
is repeated sequentially between the two endpoints of the axon, allowing the full
contour of the axon to be reconstructed. This process was automated and re-
peated across all frames. The resulting y-values were first saved as matrices in a
text file and then passed through a running average filter to reduce noise and im-
prove the accuracy of contour detection. After obtaining the filtered y-values, the
contour length was calculated by summing the lengths of line segments between
consecutive points using the discrete Euclidean distance formula:
n-1

L= Vi1 = %) + G — y0)%
P

where (x;,y;) and (x;1,vi+1) are the coordinates of consecutive points along the

axonal segment.

C PDMS sheet preparation protocol

e The required volumes of base elastomer and curing agent were calculated

using a 10:1 (w/w) ratio, in amounts sufficient to form a ~1 mm thick sheet
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in an 8-8.5 cm diameter petri dish.

The measured base and curing agent were transferred into a 50 ml Falcon

tube.

The components were mixed thoroughly by hand or using a vortex mixer

for approximately 10 minutes to ensure uniformity.
The mixed PDMS was poured into the prepared petri dish.

The dish was placed in a desiccator and vacuum was applied for 30 minutes

to remove entrapped air bubbles.

To ensure uniform thickness, the petri dish was placed on a levelled stand

inside an oven; a spirit level was used to verify that the setup was even.

The PDMS was cured at 80°C for 2 hours. The curing time was not exceeded

to avoid over-curing.

Proper curing was confirmed by gently touching the edge of the sheet; the
cured PDMS felt solid and non-tacky.

After curing, the PDMS sheet was allowed to rest overnight at room tem-

perature to ensure complete cross-linking and mechanical stability.

Chemical oxidation of PDMS sheet

Performed all steps in a chemical fume hood to ensure safety during han-

dling of hazardous reagents.
Device cleaning:
— The device was cleaned thoroughly with 70% ethanol.

— The device was then exposed to UV light for at least two cycles for

sterilization.

PDMS attachment:
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— The PDMS sheet was secured onto the device.

— Vacuum grease was applied along the PDMS edges to ensure a tight

seal.

— A white cylinder was placed over the culture chamber on the PDMS

and sealed with vacuum grease.
e Surface oxidation:

— A solution with a 5:1:1 volume ratio of H,O : H,O, : 30 N HCI was
prepared.

— This solution was applied to the PDMS surface until bubbling was

observed.
— The surface was then rinsed twice with deionized water.
« Silane functionalization:

— The surface was treated with 10% APTES in acetone for 10 minutes

at room temperature.
— The surface was rinsed twice with water.
e Crosslinking treatment:
— A 0.01% glutaraldehyde solution in water was applied for 4-5 minutes.
— The surface was rinsed five times with water.
« Blocking step:
— The surface was incubated with 0.1 M glycine for 10 minutes.
e Surface coating;:

— Poly-D-lysine (1 mg/mL) was added and incubated for 2 hours at
37°C.

— The surface was washed three times with PBS.

— Laminin (5-10 ug/mL) was added and incubated for 2 hours at 37°C.
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E Kelvin—Voigt and Maxwell models in parallel

E.1 Derivation of the differential equation for the parallel

combination of Kelvin—Voigt and Maxwell model

The Kelvin-Voigt model consists of a spring and dashpot connected in parallel.
The total stress is the sum of the elastic and viscous stresses, while the strain is

the same across both elements. The constitutive relation is given by:
or=Exy +my (1)

where o is the stress, v is the strain, E; is the elastic modulus, and 7 is the
viscosity of the Kelvin-Voigt model. The Maxwell model features a spring and
dashpot connected in series. In this configuration, the total strain is the sum of
the strains in the spring and dashpot, and the stress is the same in both. The

resulting differential equation is:

o o
_m + [ Y 2
E o =7 (2)

Here again, E,, is the elastic modulus, and 7, is the viscosity of the Maxwell

model. Writing o, from equation (2) in the operator form

dy
d
Om =T :_L (3)
E)ﬂ l nm

ISYES

In a parallel combination of the Kelvin-Voigt and Maxwell models, the total stress

is the sum of the stresses in both components:
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Substituting equations (1) and (3) into equation (4) yields the following differen-

tial equation:

M . MmEr) . Tl ..
+—0=Ey+ +n, + + 5
o Emo- Y (nk n E. )y E y (5)

This is the constitutive differential equation for the combined Kelvin—Voigt and

Maxwell viscoelastic model used in this study.

E.2 Analytical solution for the step-stress and release pro-
tocol in a parallel combination of the Kelvin—Voigt and

Maxwell models

Starting from equation (4.12) in chapter 3,
(H(1) + Ad(1))og = Exy + By + Cy (6)

Before stress is applied, the model is considered to be in a stress-free and strain-
free state, with initial conditions set to zero (i.e., y(t) = 0 and o(t) = 0 for r = 0).

Applying the unilateral Laplace transform to equation (6), we obtain
L{(H(1) + Aé(1))oy = Exy + By + Cy}.

Using the standard Laplace transform identities L{H(¢)} = %, L6 =1, L{6@) =
s, and, with zero initial conditions, L{y(f)} = sI'(s), L{¥(@)} = s*T(s), we take

the Laplace transform of equation (4.12):
L{(H() + Ad(1)oo} = L{Eyy + By + C¥,

which gives

1
(— + A) oo = (Ek + Bs+ CS2)r(s),
S
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where I'(s) = L{y(#)}. Rearranging the terms, we obtain

o 1+As
F(S) = —Oﬁ
c s(s2+5 + Fk)

The quadratic expression s* + l—é + % can be factored as (s — a1)(s — a»)

B E
S2+E+Ek:(s—al)(s_a2)$

where

which leads to

_ 0o 1+As
N = e G —ants —an

Assume the decomposition

I +As D E F
+

s(s—a))(s—a) s s—a S—a

The residues (coefficients) are obtained by evaluating the original rational func-

tion at the poles

1+ As

T (s—a)(s—a)

1 1

5=0 - (—ar)(—ay) - aa,’

I+ As 1+ Aaq
s(s —a)lsm,  ar(a; —ay)’

_ I+As 1+ Aa
s(s—ay) s=a> ax(a; — 611).
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Hence

T(s) = 2

1 1+Aaq; 1 1+Aa, 1
C

ajays  aj(a—a)s—a; aa—a)s—a)

Taking the inverse unilateral Laplace transform term by term, and using

L—l{l}:l, L-l{ 1 }:e‘”’, t>0,
S S —a;

We obtain the expression for the strain in the time domain as follows:

1+ Aa,

apt at

(1) = L7HT(s))

_ 0y 1 1+Aa1
- C

aa, a(a) — ay) ax(ay — ap)

Substituting the coefficients in terms of A, B, and C, the strain in the time domain

can be expressed as

YO = fi — e = frel, t>0,

with
%0
fi E’
2C
fr=——— ( +A],
\/Bz —4E,c \-B + \/B2 —-4E,.C

2C
f= 7o [ + A),
Ay, B% — 4EkC -B - B% — 4EkC

where f1, f> and f; are constants determined from the equilibrium conditions and

the time constants are defined by

2C
Tfrs = ( ) (7)
B+ /B> -4E,C

where 7, and 7, denote the fast and slow relaxation times, respectively. For stress
release at time ¢ = 1, (after the system has reached equilibrium), the derivation

proceeds analogously to the loading case. The main differences are:

o The applied stress is set to zero for t > t,, i.e. o°(¢) = 0.
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e The initial strain at t = . corresponds to the equilibrium value attained

o
under the sustained load, namely y(t.) = E—O.
k

Following similar steps as in the loading case (without repeating the full derivation

here), the strain during release can be written as

,y(z- _ trel) — f2 eal(t_trel) + f3 ea2(t_trel)’ t> trela (8)

where f, and f; are constants defined above. Combining the two cases, the

complete strain response of the system is given by:

fim el = S, <t
¥(0) =
er_(t_trel)/Ts + ﬁe_(t_tfel)/‘rf, t 2 I

F A parallel combination of Zener and Maxwell

models

F.1 Derivation of the differential equation for the parallel

combination of Zener and Maxwell model

The Zener model, also known as the Standard Linear Solid model, consists of a
Kelvin—Voigt model in series with a spring. The constitutive differential equation

for the Zener model is:

E 2 n; . .
1+ =0, + =——0,=E,y+ 9
( EZl )O—Z Ezl 0 2V TNy ( )

where o, is the stress, y is the strain, E,; is the elastic modulus of first spring
(spring connected in series with the kelvin-voigt model), E,, is the elastic modulus

of second spring (the spring within the Kelvin—Voigt model), and 7, is the viscosity
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of the Zener model. Writing o, from equation (9) in the operator form

EZZV + nz'j/

Ep e d
(1+Ezl)+Em di

(10)

g, =

In a parallel combination of the Zener and Maxwell models, the total stress is the

sum of the stresses in both components:
oc=0,+0p (11)

By combining equations (3) and (10) with equation (11), and rearranging the

terms, we obtain the following differential equation:

E E m m
(1+—Z2)a+(@+(1+—22)n—)d+—nzn o)
Ezl Ezl Ezl Em EzlEm

E 2 E 2Mm \ . N:Mm N\ ..
= g+ 1+ =g, + = + =+ = 12
2Y (nz ( Ezl)n E. )7 ( £ " E, )7 (12)

This is the governing differential equation for the viscoelastic model used in this
study, which combines the Zener and Maxwell elements in parallel configuration.

_ En _ Nz Eo N fm __ Nm _ En Eonm
Let A =1+ Er B_Ezl + (1 + BB C_EzlEm, D=n, + (1+ Ezl)”m + 5 and

E = T + T then equation (15) can be written as

Ao+ Bo +Co = Epy+ Dy +EY (13)

F.2 Analytical solution for step-stress and release in a par-

allel combination of Zener and Maxwell models

Starting from equation(4.12) in Chapter 3,
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(AH(f) + Bé(t) + Co(1))og = Ey + Dy + Ey

(14)

Prior to stress application, the axon is assumed to be unstressed and unstrained,

so that all initial conditions are taken as zero (with y(r) = 0 and o = 0 for 1 < 0).

By taking the unilateral Laplace transform of equation (14):

LI(AH(®) + B8(1) + Cé(1)oo} = LIEyy + Dy + E¥}.

Using L{H(#)} = 1/s, LI6@®} = 1, L{5®)} = s and (with zero initial conditions)

Ly} = sT(s), L{¥} = s°T(s), we obtain
(5 :
oo ~ +B+Cs) =I(s)(Ep+ Ds + Es”).

Thus,
co(2+B+Cs) o, A+ B+Cs

I'(s) =
where I'(s) = L{y(r)}. After rearranging, we obtain

oy A+ Bs+Cs?
I(s) = — — .
E s(s>+2s5+2

Let ay, a; be the (generally complex) roots of the quadratic

D E
S+ =5+ -2=0,
E E

so that

D E
s2+Es+§:o,:(s—al><s—az),

The roots are given explicitly by

Eﬂ+DHJ%_ Eﬂ+%s+%'
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Write the partial fraction as

K M N
r(s)= 22| = + :
Els s—-a s—a
which, after matching coefficients, gives
A A+Ba1+Ca% A+Ba2+Ca§
K = _—, = N =
aa aj(a, — a) a(ax — ay)
Hence
oo A 1 A+Ba1+Ca% 1 A+Ba2+Ca§ 1
I'(s)=— - .
E |aax s a(a; —ax) s—a am(a —a)) s—a

Taking the inverse unilateral Laplace transform termwise, and using £L7'{1/s} = 1

and L7Y1/(s — a;)} = %' for t > 0, we obtain the time-domain strain

A

aa;

0o

y(@) = 5

a(a —ay)

|

A+ Ba, + Ca’? A+ Ba, + Ca?
L at 2 ast

, t>0.
ar(a; — ay) ]

Substituting the expressions for A, B,C, D and E into the coefficients, the strain

can be written as

,y(t) — fl _fze—t/‘rs _f3e—t/-rf’

with
Ao

fi== 2,
2

4 oo [ 2AE

2 = -
VDX =4E,E \-D + \[D* — 4E,E
(o) 2AE

f3 =

D? —4E,E \-D — \/D?> —4E,E

+ B+

t>0,

N C(-D + /D> —4E,E)

2F

+B )

C(-D - /D> - 4EZ2E))
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Here the coefficients A, B, C, D, E are defined earlier in the text. The time con-

stants are defined by

2F
Tios = ] (15)
D+ /D’ —4ELE

where 74 and 7, denote the fast and slow relaxation times, respectively. Finally,
the relaxation time constants can be written explicitly by substituting their def-

initions as;

Nzlm NMm
_ 2( Ezl + En )

Tfs =

2
Eanm Exnm Eonm Eonp NMm Mz1m
(e £, ) 2 (52 4 2 ) - 4 (1 )

(16)

For stress release at time 7 = f,¢ (after the system has reached equilibrium), the

derivation proceeds analogously to the loading case. The main differences are:
o The applied stress is set to zero for t > t,, i.e. o°(¢) = 0.

e The initial strain at ¢t = . corresponds to the equilibrium value attained

under the sustained load, namely y(t.) = fi.

Following similar steps as in the loading case (without repeating the full derivation

here), the strain during release is obtained as
’)’(l - trel) = f2 e_([_tra)/n + f3 e_(t_trel)/‘rf, t= trela (17)

where f, f3, 74, and 7, are the same coefficients and time constants defined in
the loading case. Combining the two cases, the full response can be written

compactly as
fim e = e <,
y(@) =
fze—(l—trcl)/ﬁ + f3€_(t_tr°l)/‘rf, [ 2 I
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G Derivation of the Buckling Models

G.1 Buckling model with an elastic foundation

We perform a linear stability analysis about the straight configuration of the rod

under a uniform compressive prestress T, for which
N=m=u=C=0,
and consider modal solutions of the form:
{m, u} ~ €45, (1)
For a viscoelastic rod, the constitutive relation is
(1 + 70,)m = B79,C. (2)

Using the modal ansatz {m, u} ~ €%**' the derivatives act as

iqs+wt iqs+wt iqs+wt . igs+wt
1gs+w iqs w, asezqs wt _ lqelqv a)) (3)

0; — w, 0y = iq (i.e. 0e = we
and C ~ d%u, equation 2 becomes:
(1 + wt)m = —Brwq’u. (4)
The torque balance is
Om+N=0, N=-0m = O,N =-0"m=qg’m. (5)

The force balance is

OsN + To0*u = Ku = q*m — Toq*u = Ku. (6)



168

Substituting m from the previous equation gives:

Brwg?

2 2

- ~Toq?u =K

d ( 1+ an'u) 0q % u,

Brwq*u + Tog* (1 + wt)u = —K(1 + wr)u. (7)

After rearranging and comparing coefficients of u on both sides, we obtain the

dispersion relation for the growth rate w

K+ T()q2
Bg* + Tog? + K~

(8)

wT =

This expression describes the growth rate of perturbations for a given wavenumber

q.
Second derivative
Write

d_‘“ - @ U(x) = Bx(Tox +2K), V(x) = (Bx* + Tox + K)*.
dx V(x)
Then

Lo UV-UV
dx? V2 ’

U'(x) =2B(Tox+K), V'(x) =2(Bx*+Tox+K)2Bx+T)).

At x, we have Tyx, + 2K = 0, hence U(x,) = 0 and

dw| U
dx* |, T V(xS

Compute
U'(x,) = 2B (Tox. + K) = 2B(—2K + K) = —2BK.

Also let,
4BK> K(4BK - T)
K= — 0

T; T;

D(x,) = Bxf + Tox, + K =
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SO
K2(4BK — T?)?

V(x,) = D(x,)* = 73

Therefore
dw|  -2BK 2BT;
dx?| ~— KUBK-T0? © K(4BK — T2)*
X I —

0

Since B > 0, K > 0, this is strictly negative.

Convert to ¢

With x = ¢?,
d dw _dw d*w
—=2— = —=2— 44—
dq 14 d? ~7d 2
dw _
At q., 72 =0, so
dow|  ,dw
dq? . T .
Because g2 > 0 and ‘%ﬁ’lx* < 0, we conclude
d2
_(L) <0
dq? 0

so the stationary point g. = V-2K/T) is a local maximum of w(g), corresponding

to the most-dominant (most unstable) mode.

G.2 Viscoelastic foundation (Kelvin—Voigt model)

Assuming the external normal force follows a Kelvin—Voigt viscoelastic model,
we have

Fext,n = —(KM + 1 61”) (9)

If we follow exactly the same procedure as in the case described above, then in

Eq. 7 we simply replace K by K + n.w.

Brwg*u + Tog*(1 + wt)u = —(K + n.w)(1 + wt)u. (10)
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After rearranging and comparing coefficients of u on both sides, we obtain:

n.Tw* + (Brg* + Totg* + KT+ .)w + (Tog* + K) = 0

Brg* + Torg*> + Kt + 1, Tog*> + K
W+ q 07qg Uw+ 0q _

0 11
T 7.t (1

Let w, and w, are the roots of the equation, given by

1 (Brg* + Torq> + Kt + 1, N 1 |(Brg* + Torq* + KT + 1. 2 4T0q2 +K
Wiy = —= + — —4—

b2 2 n.T 2 n.T neT
(12)

If the roots are real and distinct (with at least one root expected to be positive
for buckling to occur), the time variation of the transverse displacement u(f) can
be written as

u(t) ~ ure®" + upe”’ (13)

where u; and u, are constants determined from the initial conditions. Since w, is
always negative for all g > 0, while w; can become positive for certain values of
q, it is w; that represents the dominant growth rate responsible for buckling. So

now I will focus on w;. Let x = ¢> and

a:(BTx4+T0Tx+KT+I]C ’ b:Tox+K. (14)
n.t n.-
Then w; can be written as
—a+ Va? —4b
w1 = . (15)

Cutoff wavelength

The cutoff (marginal stability) occurs where a growth-rate root crosses zero, i.e.

when w = 0. Starting from the normalized quadratic form

W +a(x)w+b(x) =0, X = qz,
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set w = 0. This gives the algebraic condition

b(x) = 0.

At marginality one of the two algebraic roots w;, must be zero. Since w, is
always nonpositive for all ¢ > 0 (and in fact does not cross the axis), the root

that crosses the axis at marginality is w;. Therefore at the cutoff we have

w; =0 = b(x) = 0.

Using the explicit form
Tox+ K
bx) =~
et

the marginal-stability (cutoff) condition reduces to the simple linear equation

K

Tox+K=0 = x,=-——.
Ty

Recalling x = g%, the critical wavenumber and corresponding wavelength are

/ K 2w T
QC:\/x_c: _?O’ AC:Z: T —EO.

For a compressive load Ty < 0 we have x. > 0 and ¢, is real.

Dominant value of w;.

We work with x = ¢* and

—a(x) + \a(x)? — 4b(x)
> ,

wi(x) =

where a(x) and b(x) are as defined previously. Differentiating w; with respect to

x gives (using D = a*> — 4b)

dw;  —d'(x) N a(x)a’(x) — 2b'(x)
dx ~ 2 2VDx)
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Since x = ¢?, the chain rule yields

doy _doydx _, do (16)
dq dx dq dx

Therefore, any nonzero point in x where % = 0 with x > 0 corresponds to a
nonzero point in g where dd% = 0 with ¢ # 0. Thus to find the most unstable

wavenumber(s) it suffices to solve dw;/dx = 0 for x > 0 (and check the second
derivative or sign change to distinguish maxima from minima), then take ¢ = v/x.

To calculate the dominant value of w; and corresponding x, we require

da)l

o,
dx

which gives
—a’'(x) N a(x)a’(x) —2b'(x) 0

2 2D

After rearranging, we obtain

a’'(x)\D(x) = a(x)a’(x) — 2b'(x).
Squaring both sides and simplifying using D(x) = a(x)* — 4b(x) yields
d'(x)*b(x) — a(x)d' ()b (x) + b'(x)* = 0.

Next, we calculate the derivatives of a(x) and b(x)

Btx* + Totx + Kt + 1, Tox+ K
a(x) = 0 T pry= 2212
T T
2Btx+Tot 2Bx+ T, T
d(x) = 0" _ 0 p(x) = —2.
net Ne net

Substitute them into the above condition. By collecting terms in x?, x, and the

constant terms and clearing the common denominator 727* yields the numerator
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polynomial
Bxt (2BTy7 x* + (4BK7 + T7) x + 2To(KT — 1)) = O.

Because x = ¢, the trivial root x = 0 corresponds to ¢ = 0 and is usually excluded
when searching for finite-wavelength modes. Dividing the cubic by x (assuming
x # 0) and by the common factors B and 7 (since Band 7 > 0 ) gives the quadratic

equation that determines the nonzero dominant values of x:
2BTyt x> + (4BKt + Tjt) x + 2To(Kt—1.) = O.

Let x;, are the two roots of the equation and are given by

~(4BKt +T21) = \/ 2(4BK + T2)? — 16BT27 (KT — 11,)
4BTOT

X12 =

The roots may also be written in the alternative form

X12 =

~(4BKT+T37) + | (4BK - T3)? + 16BT}m.
4BT()T ’

Determining maxima/minima of w;. To determine whether the nonzero
stationary roots x;, correspond to a maximum (dominant unstable mode) or a
minimum, we examine the second derivative of w; with respect to the wavenumber

q. Using the chain-rule relation

d2w1 _ 2 d2w1
dq? 1T g5
the sign of % is determined by the sign of % at the stationary value of x,

because 4¢* > 0 for g # 0. Therefore, if

d2w1
dx? lx=x;

<0,
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then w;(g) has a local maximum at ¢ = +/x;, corresponding to the dominant
growth rate responsible for buckling. Conversely, if the value is positive, the
stationary point represents a local minimum.

d?w,
dxz Y

Rather than presenting the full analytic form of which is lengthy and not
particularly illuminating, we determine the sign of this second derivative numer-
ically using MATLAB. The resulting dispersion curves w;(q) clearly identify the
dominant wavenumber, since the peak of each curve corresponds directly to the
most unstable wavelength. Thus, even without the explicit analytic expression,

the dominant mode can be reliably located through numerical evaluation and

visualization of the growth-rate curves.
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