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SYNOPSIS

Introduction

Neurons, the cells that form the nervous system, are unique in their
morphology, functionality and composition. Typically, a protrusion
known as an axon grows on one side of an initially spherical cell
body (soma), and other regions develop branched extensions called
dendrites. In the case of humans, axons can extend from a few mil-
limetres to about a meter in length (from the spinal cord to the toe)
and about a micron in diameter. They maintain their shape and
integrity over such long ranges to affect signal transmission through-
out their lifetime. This is aided by a network of cytoskeletal com-
ponents along with motor proteins and various organelles. During
development, axons and dendrites grow via the action of a palm-
like motile structure at their extremities. This structure called the
growth cone, generates filopodia and lamellipodia like most motile
eukaryotic cells. The axonal cytoskeleton has mainly three types of
components-microtubules, actin filaments and neurofilaments[1][2].
All cytoskeletal components play a role in maintaining axons’ stabil-
ity. Axons are polarized structures in terms of function and struc-
ture, established and maintained by cytoskeletal components. Any
breakage or injury to axons results in disruption and loss of cytoskele-
tal components, leading to obstacles to various neuronal processes
that help cells maintain homeostasis. The loss of continuity in ax-

ons affects transport and signal transmission as well as which is a
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known cause of many neurodegenerative diseases. Along with neu-
rogenerative diseases, injury may lead to discontinuity in the axonal
cytoskeleton. So, it is important to understand how cytoskeletal
components respond after neuronal injury.

Neuronal cells obtained from 8—9 days of chick embryos and grown
in culture for 4 days are used for the experiments. Using a laser
ablation setup, we try to mimic axonal injury by ablating axons ei-
ther fully or partially. Full ablation produces two separate axonal
segments, whereas partial ablation damages the cytoskeleton while
keeping the membrane intact. For both methods, the axons are
ablated at the mid-point. Depending on the ablation method, differ-
ent kinds of retraction responses are observed. For the full ablation
method, axonal segments exhibit retraction and buckling. In the par-
tial ablation, materials inside the axon retract towards the axonal
extremities. Here, we have studied these dynamics by measuring
the retraction responses in the presence of various pharmacological
agents. Imaging of axons or their cytoskeletal components after ab-
lation is performed using a phase contrast or fluorescence microscope

system.

Apart from injury-related atrophy, axons also undergo frequent re-
traction events during development in order to prune unwanted branches.
To check the response under similar conditions, and also to check if
the retraction process is dependent on the method of inducing it,

we also tried inducing retraction by detaching the axonal tip from
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the substrate. This was done using a micropipette to locally ap-
ply Trypsin—an adhesion destabilising enzyme—to the growth cone

alone.

The research work presented in this thesis is divided broadly into
two parts:

(i) Investigation of laser-induced axonal retraction responses in the
presence of various pharmacological agents

(ii) Resealing of partially ablated axons via recovery of cytoskeletal

components in calcium-chelated media

Investigation of laser-induced axonal retraction responses

in the presence of various pharmacological agents

The axonal cytoskeleton shows responses when an injury perturbs
axons. Previous studies have shown that when axons are cut using
a needle or AFM tip, or using a laser, they retract and show differ-
ent responses [3][4]. However, how the retraction process is affected
by the stability of various cytoskeletal components is not well un-
derstood. In this part of the thesis, we have investigated the role of
various cytoskeletal components and myosin motor protein in axonal
retraction when axons are treated with cytoskeleton stabilizing and
destabilizing drugs. The Laser ablation setup is used to ablate the

axons fully and partially to see the retraction responses.
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The Laser ablation setup

The home-built laser ablation setup consists of a high-energy, pico-
second, UV-pulsed laser, a confocal microscope, a polarizer, a quarter-
wave plate and a beam expander. The UV-pulsed laser is controlled
using a trigger to deliver a single shot to a sample, and a computer-
controlled function generator is used to fire multiple pulses. The
polarizer and quarter wave plate are used together as an intensity
attenuator and optical isolator. The Beam expander is used to ex-
pand the laser beam to fill the back aperture of the microscope’s
objective lens. The laser beam is directed into the side port of an in-
verted microscope using steering mirrors. A dichroic plate is used to
reflect the laser beam to sample and transmit the imaging light. The
laser beam is focused on the axon using a microscope objective for
ablation experiments. The setup can be used to do ablation exper-
iments on various cell types while simultaneously imaging the cells
using confocal or phase contrast microscopy methods. The setup is
characterised using various methods to get axonal ablation at mini-

mum energy.

Retraction responses of Axons after full and partial abla-
tion

The laser ablation setup is used to ablate the straight segment of
the axon pinned down to the substrate at the two ends. After full
ablation, axons split into two segments and retract towards the cell
body and growth cone. But in partial ablation, the axonal mem-

brane remains intact but all intracellular components retract from
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the ablation point towards fixed points. The retraction responses
of axonal segments are observed after treating the cells with vari-
ous pharmacological agents that perturb specific cytoskeletal com-
ponents by destabilizing or stabilising them. The contour length of
the retracting axonal segments is calculated as a function of time.
The contour lengths for different treatments are compared to evalu-

ate the role of each component in the retraction dynamics.

Trypsin induced axonal retraction response and comparison
with full ablated control axons

The ablation of axons using a pulsed laser at the midpoint of the
axons, along with their retraction responses, is explained in the ear-
lier section. We have used an invasive method to induce retraction.
So, it would be interesting to check what retraction responses will
be when a noninvasive method is used to induce retraction. Also, it
shows that the retraction responses are independent of the method
used to induce injury. It is also interesting to compare the retraction
responses by both methods because axons show retraction dynamics
in both cases (laser ablation and trypsin). We induced retraction by
detaching the growth cone using trypsin to see the response of the re-
tracting axon in normal culture. Here, cells are grown in culture for 2
days and are used for the experiment. We have analysed the contour
length of retracting axons as a function of time. Comparing the con-
tour length data for both cases, we found that the trypsin-induced
retraction responses are slower than the laser-induced responses of

axonal segments.
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Imaging of actin and microtubules in retracting axons

The responses of retracting axonal segments have been seen using
various treatments as explained in the earlier section. However, it is
still unclear how microtubules and actin respond during retraction.
The microtubule or actin filaments may depolymerise or slide or do
both during axonal retraction. To investigate this, we used fluores-
cent probes to image of actin and microtubules during the retraction

process.

Resealing of axons in calcium-chelated media after partial

ablation

After partial ablation, the axonal segments continuously retract to
their fixed extremities in normal culture. But when similar experi-
ments were performed in Ca™™ chelated media, a fraction of axons
initially retracts, and then intracellular material recovers towards
the ablation point, showing the resealing of the axon. When ax-
ons retract after partial ablation, axonal diameter is thinning down,
but when resealing happens, recovery of axonal diameter to its pre-
ablation state is seen. Previous Studies have shown that a transec-
tion leads to Ca™" entry via mechanosensitive calcium channels in
the plasma membrane. It has also been shown that a large influx
of Ca™ results in proteolysis over a significant length of the axon
and this may increase axonal degeneration after ablation (or induced

injury)[5][6]. However, it is unknown whether this degeneration or
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retraction is reversible. This part of the thesis shows that it is re-
versible in partially ablated in Ca™" chelated media. However, it
is not clear how axons reseal in calcium-chelated. So it is interest-
ing to explore the axonal resealing mechanism and how actin and

microtubules play a role in the resealing process.

Axon resealing after partial ablation in calcium chelated
media

when axons are partially ablated in normal media containing cal-
cium, a large elevation of internal Ca*™ is observed. However, when
extracellular or intracellular calcium is chelated, there is almost no
Ca™" elevation after axonal ablation. This suggests that entry of
extra-cellular Ca™™ is required for this response, and part of the ele-

vated levels may be due to the release of Ca™ from internal stores.

After partial ablation, axons retract completely when axons are ab-
lated in normal media, but two types of responses are seen when
extracellular calcium is chelated. Some fraction of axons initially
retract and stop at some point or continue to retract slowly com-
pared to control axons. Remarkably, the remaining fraction of axons
stop retracting and undergo a resealing process by which it com-
pletely recovers the uniform diameter. Despite the axonal struc-
ture being polar, primarily due to the polar arrangement of micro-
tubules, the resealing has been observed from both sides (cell body
and growth cone). The quantitative analysis of resealing has been
done by analysing the contour length of regrowing ends of axons as

a function of time.
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Recovery of cytoskeletal components during axonal reseal-
ing

Here we have investigated the roles played by microtubules and actin
during axonal resealing. Labelling with fluorescent dyes that la-
bel only the polymerised filaments shows that in the control case,
both microtubules and actin filaments retract away from the abla-
tion point. But when extracellular calcium is chelated, we observe
that, in a fraction of axons, this retraction gets arrested and is then
followed by a repolymerisation process. The extent of recovery is
studied using intensity analysis of the recorded timelapse images.
This shows that the recovery of fluorescence intensity is almost com-
plete or, in the case of actin filaments, sometimes even exceeds the

initial intensity.

Correlating the intensity recovery with the recovery of diameter after
partial ablation reveals some additional interesting features. Recov-
ery of microtubule intensity is always correlated with a recovery in
axonal diameter. However, recovery of actin filaments in the pre-
viously retracted region does not necessarily lead to a recovery in

diameter. We discuss possible reasons for this observation.

Microtubule polarity during axonal resealing

It has been established from previous studies that microtubules are
polarised filaments with +end and —end, and most of the micro-
tubules in vertebrate axons have +ends towards the growth cone.
The microtubule polarity can be revealed by the 4+tip binding protein

EB3. So when microtubules polymerise and grow, the +tip binding
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protein EB3 binds to microtubules in the growth direction[7]. when
microtubules regrow, how do they maintain the polarity? Normally,
microtubule growth predominantly happens at the +end, but sur-
prisingly we observe that the recovery of microtubule intensity can
occur in either direction (both sides). This leads to the question
of whether the recovery is happening via the growth of existing fil-
aments or via the nucleation of fresh tubules, which may or may
not be randomly polarised. This is investigated using the EB3 tip

marker.

Summary

This thesis focuses on the retraction and resealing of axons after laser
ablation. In the first part of the thesis, the retraction responses of
axons are analysed in the presence of various pharmacological agents
to understand the roles of various cytoskeletal components. Trypsin-
induced retraction response is also investigated and compared with
laser induced transection. In the second part of the thesis, it is shown
that partially ablated axons can undergo resealing. The dynamics of
actin filaments and microtubules during this process are investigated
using fluorescence imaging of the polymerisation process and using

a microtubule tip-marker.
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Chapter 1

Introduction

1.1 Introduction

The nervous system, which consists of the brain, spinal cord, and
complex web of nerves, plays an essential role in controlling, direct-
ing, and facilitating communication among different body parts. The
human nervous system is predominantly classified into two parts, i.e.,
the Central Nervous System (CNS) and Peripheral Nervous System
(PNS). The former includes the neuronal networks and other sup-
portive cells found in the brain and spinal cord, and the latter in-
cludes the nerves extending to the rest of the body. The CNS mainly
processes and interprets signals, while the PNS transmits these sig-
nals to and from the CNS to maintain homeostasis in the body and
also controls muscle activity. Any disconnection in the signal trans-
mission due to injury or neurodegenerative diseases in either the PNS
or CNS can severely affect the proper functioning of the nervous sys-

tem.



Every day, thousands of new neurons are generated through neuro-
genesis in the adult hippocampus (a part of the CNS), but most of
these new cells do not survive [8]. So, a large percentage of neurons
in PNS and CNS, which are created at the embryonic stage, have to

be maintained in the organism throughout its lifespan.

During an organism’s lifetime, axons experience significant stretch
deformations under various normal and abnormal circumstances.
There is no cell injury in normal conditions; for example, the lim-
bic movement of a rat results in the extension and flexion of sciatic
nerves [9]. However, abnormal conditions such as head trauma or
crush injury to PNS neurons can cause both local and global dis-
ruption of the nervous system, potentially resulting in progressive
degeneration and leading to debilitating conditions. The CNS and

PNS in humans are depicted in the figure 1.1.

1.2 Neurons

Neurons, the cells that form the nervous system, are unique in their
morphology, functionality and composition. Typically, a protrusion
known as an axon grows on one side of an initially spherical cell
body (soma), and other regions develop branched extensions called
dendrites. In the case of humans, axons can extend from a few mil-
limetres to about a meter in length (from the spinal cord to the toe)
and are about a micron in diameter. They maintain their shape

and integrity over such long ranges to ensure signal transmission



FiGURE 1.1: The human nervous system. The CNS and PNS together

form the nervous system of humans. The brain and spinal cord are part of the

CNS, and the PNS includes the nerves outside, reaching each and every organ

of the body. The CNS and PNS function together to coordinate and regu-

late physiological processes. (Image credit- https://qbi.uq.edu.au/brain/brain-
anatomy /peripheral-nervous-system)

throughout their lifetime. This is aided by a network of cytoskele-
tal components and the membrane, along with motor proteins and
various organelles. During development, axons and dendrites grow
via the action of a palm-like motile structure at their extremities
(away from the soma). This structure, called the growth cone, has
filopodia acting as sensors for detecting extracellular cues and lamel-
lipodia that apply traction force for movement [10]. The schematic

of a neuron is shown in the figure 1.2.
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FIGURE 1.2: Neuronal cell structure. Neurons possess unique morphol-
ogy, having cell bodies (soma) with dendrites at one end and an axon at the
other. During development, both axons and dendrites possess dynamic struc-
tures called growth cones, which guide their outgrowth and navigation. The
long tubular protrusion connecting the soma and growth cone is called the
axon, whose length may vary from a hundred microns to a meter in humans. In
a neuronal network, the dendrites collect all the information from other neurons
and transmit it through the axon to the target neuron. The growth cone detects
the extracellular milieu while navigating pathways during growth.

Neurons are classified structurally into four types and functionally

into three categories.

1.2.1 Structural Classification of Neurons

A schematic illustrating the different structural types of neurons is

shown in the figure 1.3.

Unipolar Neurons - These neurons have a single process extending
from the cell body, which subsequently branches into dendrites or an
axon. They are uncommon in humans but are found in the cochlea,
a spiral-shaped organ in the inner ear that detects sound vibrations

and converts them into electrical signals.

Bipolar Neurons - These neurons have one axon and one dendrite
extending from the cell body; these neurons are found in sensory

organs such as the retina and the olfactory system.



Bipolar Pseudounipolar Multipolar

FIGURE 1.3: Types of neurons based on structure. True unipolar neu-

rons do not exist in the nervous system of adult vertebrates. Bipolar neurons,

along with their variant as pseudounipolar neurons, constitute all primary sen-

sory neurons in the PNS. Multipolar neurons possess many branched processes

extending in multiple directions, mostly found in the CNS. Image is taken from
[11]

Pseudounipolar neurons - These neurons are modified forms of bipo-
lar neurons. Both opposing protrusions move around the cell body
during development and combine into one, where one process leads
to the PNS and the other to the CNS, similar to bipolar. This
kind of structure bypasses the cell body for fast signal transmission,
which is necessary for pain and other sensations. Dorsal Root Gan-
glion (DRG) neurons are pseudounipolar, with the cell body located
outside the CNS. One branch of the axon innervates the peripheral
nervous system (PNS), while the other branch enters the spinal cord

to transmit sensory information.

Multipolar Neurons - The most common type, these neurons have



one axon and multiple dendrites from the soma and are prevalent in

the brain and spinal cord [11].

1.2.2 Functional Classification of Neurons

Sensory Neurons (Afferent Neurons) - These neurons transmit sen-
sory information from the external environment via PNS to the CNS.
They are responsible for sensing stimuli like touch, pain, temperature

and light.

Motor Neurons (Efferent Neurons) - These neurons transmit action
potentials from the CNS to muscles or glands, facilitating movement

or physiological responses.

Interneurons - These neurons are connectors between sensory and

motor neurons [11].

1.3 Neuronal cytoskeleton and structure

Neurons possess a distinctly compartmentalised structure, with den-
drites and axons, each supported by cytoskeletal components. This
cytoskeleton has mainly three types of components—microtubules,
actin filaments and neurofilaments [1]. Many molecular motors and
other related proteins are crucial for the organisation and dynamics

of these filamentous structures [12].
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FIGURE 1.4: Ultrastructure of axons. Axon is roughly one micron thick
in vertebrates, and various biopolymers are decorated inside this thin tube.
The axonal core is mostly comprised of microtubules linked with microtubule-
associated proteins. Molecular motors use microtubules as rail tracks to trans-
port cargo. Neurofilaments are apolar biopolymer filaments that surround the
core. F-actin forms periodic rings composed of several long, intertwined fila-
ments. These rings are connected by spectrin tetramers, associated with myosin
motors, and capped by adducin. Other F-actin structures are also present in
the axon. The axonal membrane is made up of phospholipid molecules that
work as a barrier between the extracellular and intracellular environments. It
has many ion channels and pumps that play a crucial role in generating and
propagating action potentials, as well as in regulating other neuronal functions.

The structure of the neuronal cytoskeleton differs notably between
vertebrates and invertebrates. Studies comparing a range of model
organisms such as Drosophila melanogaster, Caenorhabditis elegans,
Xenopus laevis, chick, zebrafish, and rodents have provided impor-
tant insights into the arrangements that are shared across species as

well as those that are unique to specific organisms [13].



In vertebrates, axonal microtubules are primarily arranged in a co-
axially aligned fashion, with their +ends pointing away from the
soma (explained in detail in subsection 1.3.1). These microtubules
are surrounded by a dense matrix of neurofilaments, which are crit-
ical for maintaining axonal diameter and ensuring high conduction
velocity [14, 15]. In contrast, dendrites contain microtubules with
mixed polarity—both + and —ends oriented in either direction [16,
17]. This difference in microtubule orientation is a key cytoskeletal

feature distinguishing axons from dendrites in vertebrate neurons.

In invertebrates such as C. elegans and Drosophila, axonal micro-
tubules are uniformly oriented, similar to vertebrate axons. Den-
dritic microtubules are predominantly minus-end-out, differing from
the mixed polarity seen in vertebrates and serving as a defining cy-
toskeletal characteristic [13]. Moreover, while neurofilaments are
abundant in vertebrate axons, they are absent in C. elegans and
Drosophila [15]. These invertebrates rely instead on microtubules
and microtubule-associated proteins (MAPs) to maintain their struc-

ture and function [13].

Filamentous actin (F-actin) is found in the cortical layer located
immediately beneath the axonal membrane. Other than recently
discovered actin structures, explained in subsectionl.3.3, actin fila-
ments are also found in the growth cone of developing neurons in
high concentration and are more dynamic compared to other parts

of the axon [18]. In both invertebrates and vertebrates, the axonal



cytoskeleton shares conserved elements, including central longitudi-
nal F-actin trails and periodic cortical F-actin rings organised by

spectrin proteins [19, 20].

The ultrastructure of an axon is shown in the figure 1.4.

1.3.1 Microtubules

Microtubules are a crucial part of the neuronal cytoskeleton and are
important for maintaining cell structure as well as for serving as
tracks for intracellular transport and neuron function. These are
composed of heterodimers of a- and [-tubulin that polymerise in
a head-to-tail fashion to form protofilaments. These protofilaments
assemble into hollow tubes via lateral association with inner and
outer diameters of around 17 nm and 25 nm, respectively. In nature,
microtubules with 13 protofilaments are found in abundance [1, 2,
17, 21]. The schematic of microtubules and tubulin dimers is shown

in the figure 1.5.

Every microtubule is structurally different at two ends; one end,
known as the — end, is occupied by a-tubulin, whereas g-tubulin
is located at the other end, called the 4+ end. Axons are polarised
structures with microtubule +ends oriented towards the growth cone,
whereas mixed MTs polarity is observed in dendrites of vertebrates
[17]. There are two domains, stable and labile, found on individual
microtubules. The stable domain is towards the minus end, while

the labile domain is found at the plus end of the microtubules [22].
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Axonal microtubules are typically arranged in parallel bundles, which
is facilitated by various cross-linking proteins like plakons and microtubule-
associated proteins (MAPs), such as tau, which are thought to sta-
bilise microtubules and prevent their disassembly [17, 23]. The num-
ber of microtubules in axonal cross-sections varies, typically ranging
from 10 to 100 microtubules, depending on the axonal type and the
function [17]. Also, Neuronal microtubules are generally more sta-
ble than those in dividing cells, possessing both stable and labile

fractions, each playing distinct functional roles [23].

Disruptions of microtubule stability are implicated in several neu-
rodegenerative diseases. For example, hyperphosphorylation of tau
may result in microtubule destabilization, contributing to the devel-
opment of disorders like Alzheimer’s disease [17, 23]. Additionally,
under rapid stretching conditions, axons show a progressive loss of
microtubules. This indicates that sudden mechanical strain can lead
to the disassembly of microtubules and a weakening of axonal struc-
ture [24]. Consequently, understanding the mechanisms that govern
microtubule stability is essential for developing therapeutic strate-

gies for these conditions.

1.3.2 Neurofilaments

Neurofilaments (NFs) with a diameter of 10 nm, another key com-
ponent of the axonal cytoskeleton, are the most flexible among cy-

toskeletal elements. They are non-polarised biopolymers, unlike
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microtubules and actin filaments. The neurofilament is depicted
schematically in Figure 1.5. NF's are essential biopolymers compris-
ing multiple types of subunit proteins and further assembled into
long and dense filamentous networks. In mammals, the five subunit
proteins include Neurofilament-Light (NF-L), -Medium (NF-M), -
Heavy (NF-H), a-internexin, and peripherin. These subunits come
together in proportions that vary based on species, developmental
phase, neurodegenerative disease, age, neuron location, and type of
neuron. Moreover, cytoskeletal cross-linking proteins such as plectins
and BPAG1-n interconnect neurofilaments with microtubules and
actin filaments, contributing to a stable yet dynamic scaffold within
the axon [2, 14, 25]. Microtubule-neurofilament (MT-NF) cross-
bridges were also observed, and these have been suggested to consist
of microtubule-associated proteins (MAPs) or MAP-like factors, such
as tau, MAP2 or MAPG6, and may also include motor proteins [13].
Neurofilaments are thought to form hydrogel-like networks [26] and
behave as inert molecules in a dilute solution, remaining relatively
free to move independently and occupy the available space within

the axon [13].

Unlike microtubules, which primarily facilitate cargo transport, neu-
rofilaments along with microtubules are responsible for determining
axonal diameter, which is crucial for regulating nerve impulse con-
duction velocity [12, 25]. They interact with microtubules to form
a supportive scaffold, providing tensile strength to axons [14]. How-

ever, not all neurons possess neurofilaments. For example, neurons
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in the invertebrate organism Drosophila melanogaster (fruit fly) lack
neurofilaments. This absence of neurofilaments highlights a funda-
mental difference in cytoskeletal organisation between vertebrate and

invertebrate neurons [13].

Disruptions in neurofilament organization are linked to various neu-
rodegenerative disorders, including Amyotrophic Lateral Sclerosis
(ALS) and Parkinson’s disease [27]. In ALS, for example, the ac-
cumulation and clustering of neurofilaments in motor neurons lead

to axonal degeneration and impaired motor function [27].

1.3.3 Actin filaments

Actin is an essential cytoskeletal component in neurons, playing a
critical role in cell shape, intracellular transport and growth cone
motility. Filamentous actin is a semi-flexible, structurally polar
biopolymer having a persistence length of ~10 ym and a diameter of
~4-5 nm. The soluble globular actin (G-actin), the basic monomeric
subunit having two ends, polymerises to form double-stranded he-
lical filamentous actin [2, 12]. At the barbed end (growing end) of
F-actin, G-actin goes through a subunit addition process, while a
monomer detachment process occurs at the pointed end. However,
the weak interactions between actin monomers lead to fast polymer-
ized to depolymerized transitions [12, 28]. A schematic of F-actin

and G-actin is presented in the figure 1.5.
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Actin dynamics can be regulated by various actin-binding proteins
(ABPs) through different mechanisms. G-actin can be sequestered
by [-thymosin, preventing filament formation. The initiation of fil-
ament formation can occur through the actions of Formins and the
Arp2/3 complex. At the barbed end of actin filaments, the protein
capZ inhibits polymerization, while ena (in Drosophila) promotes it.
Conversely, at the pointed end, tropomodulin prevents depolymer-
ization, and actin depolymerizing factor (ADF)/cofilin facilitates de-
polymerization. Additionally, various actin-binding proteins (ABPs)
play significant roles: Filamin crosslinks actin filaments, a-actinin
bundles them, tropomyosin stabilizes them, and cofilin is involved
in severing them. Furthermore, vinculin helps to link F-actin to

integrin-mediated adhesion sites on the substrate [12, 18].

Earlier, F-actin was reported to act as a cortical scaffold for the
plasma membrane. Recent studies have revealed that different actin
structures (e.g., actin rings, actin trails, actin waves, actin hotspots)
play different roles in regulating neuronal function [29]. Super-
resolution microscopy has revealed that F-actin rings connected with
spectrin tetramers assemble at spatially periodic distances (180-190
nm) along the axon to generate a lattice-like scaffold beneath the
membrane circumferentially [19]. These rings are primarily com-
posed of braided-like stable actin filaments organized by spectrin
and ankyrin, providing resistance to mechanical stress on the axon
[30, 31]. Adducin is a capping protein that caps the barbed end

of actin filaments and promotes actin-to-spectrin binding [19]. The



14

myosin motors connect with actin rings and act as regulators of axial
and circumferential tension [32, 33]. These details are illustrated in

the Fig 1.4.

Actin hotspots are the locations in axons, approximately 3—4 pm
apart, where actin undergoes continuous processes of polymeriza-
tion and depolymerization. These hotspots serve as a centre for
rapid F-actin formation, with elongated actin filaments extending in
both directions along the axonal shaft, which are called actin trails.
These dynamic actin trails may act as tracks for short-range myosin-

dependent movement [34].

Actin waves are transient, moving actin structures that travel along
the axonal shaft. They play a critical role in neuronal growth, polar-
ization, and regeneration. These waves start along the proximal axon
and move forward along the axon, encouraging actin polymerization.
Actin waves have been observed predominantly in developing neu-

rons [29, 35, 36].
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FIGURE 1.5: Cytoskeletal elements. Microtubules are heterodimeric bipoly-

mers made up of a- and (- tubulin dimers. Actin filament, showing helical

structure, consists of G-actin. Neurofilaments are made up of many protein
subunits having side arms.
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1.4 Axonal transport

Axons are lengthy extensions, stretching from several hundred mi-
crons to meters in humans, and they may extend as far as 30 meters
in blue whales [37]. This impressive axonal length presents a sig-
nificant challenge for neurons in maintaining homeostasis. Most of
the macromolecule synthesis takes place in the cell body, which is
a requirement for axonal and synaptic function. Also, the macro-
molecules and organelles are moved from the presynaptic terminal
to the cell body for degradation or recycling. So, passive diffusion
alone would take several hours to direct the materials to the appro-
priate location along micrometre-scale distances in the axon. For
eaxmaple, a vesicle would take t = 10° seconds (or ~ 27.8 hours) to
diffuse 1000 pm. To overcome this issue, axons use active transport

driven by motor proteins [1, 38, 39].

The transport system includes the axonal cytoskeleton and three
families of molecular motor proteins: kinesin, cytoplasmic dynein
and myosin. Although there is a wide range of motor proteins, they
possess several common features. Motor proteins have highly con-
served domains that bind to the cytoskeleton and ATP (the molecule
that stores the energy needed for movement), as well as a more vari-
able tail region that binds specific cargoes for transport [2, 12]. The

microtubule cytoskeleton acts as tracks for kinesin and dynein to
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facilitate long-range transport, and myosin moves along actin fila-
ments, which is typically associated with contractile forces and short-

range transport [12].

Microtubule-based motors, kinesin and dynein, travel in opposite di-
rections; dynein travels toward the minus-end of MTs, while most
kinesins travel toward the plus-end. Due to the polar microtubule
organisation in axons, kinesins carry out the anterograde (away from
the cell body) transport of axonal proteins, and dynein mediates ret-
rograde (towards the cell body) transport [1, 12]. Moreover, MAPs
are also known for their role in regulating transport through the mod-
ulation of motor interactions with the MTs [40]. Post-translational
modifications (PTMs) further influence transport by altering motor
protein activity and modifying microtubule tracks, thereby affecting

cargo binding and overall transport efficiency [41].

Actin filaments are short, typically only a few microns in length, and
lack consistent polar organisation over longer distances, which limits

their role to short-range transport [42].

Axonal transport can be categorised into two based on speed - fast
(~ 50-200 mm/day) and slow (~ 0.2 - 10 mm/day) axonal trans-
port. Differences in axonal transport speeds mainly depend on how
long cargoes stay actively moving. In slow transport, cargoes move
in quick bursts followed by long pauses, leading to a slower over-
all speed [38]. Fast transport is responsible for carrying vesicular

cargoes (neurotransmitters, lysosomes) and mitochondria, whereas
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FIGURE 1.6: Molecular motors on the cytoskeleton. The kinesin and

dynein motors carrying cargo move in the + and — directions on the micro-

tubule, respectively. The kinesin-driven transport towards the growth cone is

known as an anterograde movement, and dynein-driven transport towards the

cell body, a retrograde movement. Myosin V is a motor protein attached to

actin, transporting cargo from the pointed end (—) to the barbed end (+). The
bold arrows show the direction of transport.

slow transport delivers cytoskeletal and cytosolic (or soluble) pro-
teins [43]. A schematic showing vesicle transport along microtubules

and F-actin by motor proteins is presented in the figure 1.6.

1.5 Axonal polarity

At the developmental stage, axon polarization involves the process of
symmetry breaking in a developing neuron, resulting in a polarized
neuron with distinct axons and dendrites. The dendrites receive

and integrate all the incoming information from other neurons and
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transmit it through the axon to another target neuron, ensuring one-

way signal transmission [44].

During development, neuronal cells break their symmetry via extrin-
sic (extracellular cues) and intrinsic signalling and regulatory path-
ways that regulate actin and microtubule dynamics. The actin cy-
toskeleton regulators also play a crucial role in neuronal polarization,
with the Rho family of small GTPases [45]. Many other signalling
molecules like Cdc42, Rac, or PAR proteins also lead to disruption of
symmetry by increasing their concentration locally in specific areas
of the plasma membrane. These molecules may initiate the recruit-
ment of other signalling molecules that direct symmetry breaking

[46]. Figure 1.7 illustrates the stages of neuronal polarity.

Microtubules and actin filaments are inherently polar cytoskeletal
structures [47]. The microtubule’s polarity is present not just at its
two ends but throughout its entire structure length. When neurites
develop into axons, there is the possibility that preassembled, +end
directed microtubules are transported towards the growth cone. This
oriented microtubule polarization is preserved in the axon of the
mature neuron, whereas dendritic microtubules in vertebrates show
mixed polarity, having both + and — ends present in different ori-

entations [23, 45].

Microtubule plus-end tracking proteins or +T1IPs are associated with
the +ends of microtubules during their assembly. They are mostly

found near 4ends, and the association of +TIPs is transient with
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+ends. As the microtubule polymerises, the +TIPs detach from the
older region of the microtubule while continuing to associate with the
+ends [48]. The microtubule polarity can be revealed by artificially
expressing the fluorescent +TIP protein EB3-GFP. So when micro-
tubules polymerise and grow, the +TIP protein EB3 binds to their
+ends and shows comet-shaped fluorescence in the growth direction
(7, 17].

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

T /
Dendritic
spines
Nucleus - cel| hody/soma Dendrites "
Lamelipodial  Multiple neurite Axon
protrusion processes :
Symmetry breaking Synaptic

and axon specification % termh{

Axon and dendrites ~ Formation of dendrites spine
formation and synaptic terminal, axon
maturation

FIGURE 1.7: Stages of neuronal polarity. In vitro, the round cells exhibit
active lamellopodia in stage 1, shortly after seeding. In stage 2, they grow
several immature neurites. During stage 3, one of these neurites begins to
break symmetry and try to form an axon with a growth cone. The remaining
small neurites develop into dendrites while the axon elongates further in stage
4. Stage 5 shows the maturation of the axons and the formation of dendritic
spines and synaptic terminals.
Axonal polarity sorting is a mechanism in which microtubules achieve
and preserve the +end orientation in the axon away from the soma.
The molecular motor proteins, such as cytoplasmic dynein, might be
crucial in polarity sorting. It has also been reported that crosslinking

proteins are needed to restrict microtubule movement and enable po-

larity sorting via dynein efficiently. The proposed mechanism might
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be where dynein motors spatially separate microtubules with oppo-
site orientations, the —end out microtubules are transported back to
the cell body, and the +end out moves towards the growth cone to

establish and maintain the polarity [49, 50].

1.6 Previous work on axonal mechanics

Axonal mechanics contribute significantly to the healthy develop-
ment and upkeeping of the nervous system and axons’ vulnerability
to injury and neurodegenerative conditions. The axon’s longer tubu-
lar structure enables it to convey action potentials, and this requires
transport materials across extensive distances. The axon exhibits
different passive and active responses to preserve its form and func-
tion, particularly when facing biochemical and/or mechanical per-

turbations [51].

The axons are in a state of mechanical force balance mediated by
cytoskeletal components and their membrane at the physiological
level. Actomyosin contractility generates tensile forces along the
axon shaft. Microtubules, which are rigid polymers with high persis-
tence length, provide internal compressive resistance through poly-
merisation cross-linking and motor-driven sliding. Disruptions to the
mechanical equilibrium within the cytoskeletal elements lead to ax-
onal retraction involving actin and microtubule-associated molecular
motors, the dynamics of polymerisation, and the passive mechanics

of the cytoskeleton [51-55].
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Apart from disease-related alterations in biochemical pathways, me-
chanical perturbations such as stretching or cutting can perturb the
mechanical balance. The most studied perturbation to study axonal
mechanics is the stretching of axons using a microneedle or actuator-
based cantilever. Early experiments conducted by groups of Steven
Heidmann and Dennis Bray have used the calibrated glass micro-
needles to exert pull on either PC12 neurites or chick Dorsal Root
Ganglia (DRG) axons in culture. They showed that axons behave
like viscoelastic materials under low forces, are capable of producing
active tension, and can display tension-driven growth when subjected
to higher stretching forces [56-58]. Using a coated glass micro-needle
attached to a neuronal growth cone, the linear relationship of axial
tension and induced length variation of axons was demonstrated in
cultured PC-12 neurites [57]. When axons are stretched by applying
a step-like shift to the microneedle base, the resulting excess tension
on the axon and the strain in the axon relax over time. It was also
observed that within <100 microdynes applied force limit, stretched
PC12 neurites displayed an initial sudden jump in strain, which was
followed by a gradual progression of the strain towards a plateau
value with a response time of approximately 10 minutes [58]. More-
over, the tension decreases from a peak value right after the stretch to
a stable non-zero level, referred to as rest tension, which is around 30
microdynes (0.3 nN). Upon being freed from the needle, the neurites

returned to their original length in approximately 1 minute [51].

Tahir Saif’s group performed in vivo stretching experiments on Drosophila
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neurons using micro-machined force sensors and reported that axons
behave like elastic springs, exhibiting a linear force deformation re-
lationship. Following deformation, the force reaches a steady state
value. Moreover, axons sustain a resting tension of 1-13 nN and ac-
tively regulate their tension when released from a stretched condition

[59].

Miriam Goodman’s group conducted experiments on C. elegans using
Fluorescence Resonance Energy Transfer (FRET) based genetically-
encoded molecular force sensors into §-II spectrin and reported that
the spectrin molecules that link actin rings are held under tension.
Measurements of axonal recoil further support this after laser axo-
tomy performed in the same study.[60]. Recently, using an optical
fibre-based force apparatus, a quantitative evaluation of the mechan-
ical role of the actin-spectrin scaffold in stretching deformation is
reported. This research revealed that actin and spectrin played sig-
nificant roles in axonal elastic modulus under stretch. Moreover, they
reported when axons are stretched, the axonal actin-spectrin scaffold
might function as a shock absorber by permitting spectrin domains
to unfold and thus release tension to protect the axon against stretch

induced damage [31].

To evaluate axonal contractility, a technique based on trypsin-mediated
de-adhesion was employed to detach curved axonal segments from
the substrate. This approach demonstrated that actomyosin contrac-
tility drives the axon to shorten toward its minimal length (making

it straight) [61]. In another experiment, Tahir Saif’s group used a



23

microfluidic device to locally treat a segment of an axon with cy-
toskeletal disruption drugs targeting F-actin, myosin motors, and
microtubules. Disruption of F-actin or myosin caused a complete
loss of intrinsic tension, suggesting interconnected actomyosin con-
tractile units. On the opposite end of the spectrum, microtubule
destabilisation decreased local bending stiffness and had no effect on
intrinsic tension, indicating that microtubules passively resist con-
tractile forces and do not actively generate them [62]. So, actin and
myosin II play a role in producing longitudinal tension. Saif’s group
showed that the axonal actomyosin machinery plays a role in produc-
ing circumferential tension [32]. The study done by Monica Sousa’s
group demonstrated that myosin II is found in the membrane peri-
odic skeleton (MPS) and is responsible for axonal diameter expan-
sion and contraction [33]. These studies indicate that actomyosin
machinery is primarily involved in axonal contractility, leading to

axon tension generation.

1.7 Physical Models of Axonal Mechanics

Following the foundational work by Heidemann and Bray’s group
[56-58], which proposed that axons behave as viscoelastic structures.
Dennerll et al. [58] proposed a mechanical model to explain the
passive, viscoelastic behaviour of axons. The model consists of a stiff
spring in series with a Kelvin—Voigt element, the latter comprising

a less stiff spring in parallel with a dashpot. The former relates to
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FIGURE 1.8: (A) Illustration of axonal deformation in response to a step-
stretch, applied by displacing the base of a micro-needle, along with the re-
sulting strain evolution predicted by different viscoelastic models (B-D). The
strain behaviour for the model in (B) is represented by a solid black line, while
the model in (C) is shown with a green long-dashed line, and the model in (D)
is represented by a fine blue dotted line. Additionally, the tension response
corresponding to model (B) is plotted, demonstrating that axons relax to a
non-zero baseline tension over long durations. (B) A spring-dashpot represen-
tation introduced in early studies to describe viscoelastic behaviour observed in
micro-needle stretching experiments. The spring ki captures immediate elas-
tic response, whereas the Voigt element (spring ks in parallel with dashpot 7;)
accounts for time-dependent relaxation in both strain and tension [58]. (C) A
model proposed to capture active contractility at the scale of the entire axon.
The nonlinear component M, arranged in parallel with a Voigt element, incorpo-
rates motor protein activity, rendering the axon contractile at low deformation
rates [63]. (D) Over extended periods, stretched axons may exhibit elongation
resembling a flow-like response. To account for this, a second dashpot 7o is
added to the passive framework, capturing three distinct regimes: immediate
elastic response, intermediate viscoelastic relaxation, and longer-term growth-
induced extension [58]. Schematic adapted from [51].

the quick elastic reaction, while the latter pertains to a prolonged

viscoelastic solid-like behaviour

Bernal et al. [63] reported that PC-12 neurites exhibit both passive
and active mechanical responses. To explain the active contractile

behaviour observed in their experiments, they extended Dennerll’s
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model by incorporating a contractile element representing the ac-
tivity of molecular motors, such as myosins. This modified model
effectively explains the active tension generated in axons. The me-
chanical behaviour of PC-12 neurites has been investigated using
fluid drag forces applied within a flow chamber, revealing not only
viscoelastic and active contractile responses but also oscillatory dy-

namics, as shown by Bernal’s group in their study [64].

The growth phase (towed growth phase) starts when the applied ten-
sion reaches or exceeds a critical threshold, leading to axonal elon-
gation. Dennerll et al. [58] proposed the first model to explain this
growth phase. In this model, an additional dashpot is placed in series
with the spring and the Kelvin—Voigt element. Further, O’ Toole et
al. [65, 66] proposed that the mode of elongation depends on factors
such as the force generated at the growth cone, the axonal viscosity,
and the strength of adhesions along the axon. They extended the
viscoelastic model originally proposed by Dennerll’s group [58]. This
extended model represents the entire axon as a viscoelastic fluid. In
this model, contractile forces at the growth cone are partially dis-
sipated by adhesions to the extracellular substrate along the axon.
This framework explains how mechanical tension not only drives tip
advancement but also contributes to uniform stretching along the
axonal length [65, 66]. Some of the models and their responses are

summarised and shown in the figure 1.8.
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1.8 Importance of the current research to axonal

mechanics

To investigate axonal mechanics, various experimental approaches
have been employed, including methods for axon transection. How-
ever, many of these techniques also unintentionally stretch the axons
during the cutting process (discussed in chapter 3), which can con-
found the interpretation of mechanical responses. To overcome this
limitation, we developed a custom-built laser ablation setup that en-
ables localised disruption of axons, allowing us to precisely mimic

injury.

Laser ablation primarily enables detailed investigation of the me-
chanical and biochemical responses of axons, particularly during the
retraction phase following cytoskeletal disruption. While it has of-
ten been used in the context of axonal regeneration, its application
in studying the responses to injury remains underexplored. Using
our LA setup, we focus on dissecting the roles of various cytoskele-
tal components during retraction, while also leveraging the system
to mimic axonal injury. Furthermore, we have examined the influ-
ence of calcium in the injury response and monitored the regrowth of
cytoskeletal components during axonal resealing, providing insights

into the axonal recovery process.

In addition, laser ablation allows for the decoupling of different pro-
cesses underlying axonal retraction. For instance, the retraction re-

sponse after ablation is influenced not only by mechanical factors
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such as relaxation of prestress and active contractility, but also by
biochemical effects like filament depolymerisation. These contribu-
tions often act on distinct timescales, providing an opportunity to
delineate their individual roles. Pharmacological manipulation using
drugs that stabilise or destabilise cytoskeletal components or inhibit
motor activity further aids in isolating these effects and understand-

ing their specific contributions to the injury response.






Chapter 2

The Laser ablation setup

2.1 Introduction

A Laser is an abbreviation for Light Amplification by Stimulated
Emission of Radiation. It is a high-intensity electromagnetic radiation-
emitting device that uses a process of optical amplification mediated
by stimulated emission. In 1917, the conceptual idea of the laser
was given by Albert Einstein and later, in 1960, American physi-
cist Theodore H. Maiman developed the first laser. The laser beam
is highly collimated, monochromatic and coherent, making it useful
for various industrial, biomedical and scientific applications. Laser
applications in industrial material processing include welding, high-
precision drilling, cutting, and etching [67]. Moreover, the laser is
also used in optical communication using fibre optics to transmit

data over long distances with minimum signal loss [68].

29
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Lasers have been proven invaluable in the medical field because of
their accuracy and non-invasive characteristics, which provide solu-
tions for diagnosis, imaging and surgery [69, 70]. The laser lithotripsy
technique is used to fragment urinary and biliary stones [69]. In oph-
thalmology, laser is used to treat myopia and cataracts to regain clear
vision. In Neurosurgery, lasers are used for the treatment of hem-
orrhagic tumours, tumours in deep skull bases and deep ventricles
tumours [70]. For biomedical photoacoustic imaging, short pulses ir-
radiate tissues and induce ultrasound waves that are detected on the
detector to get high spatial resolution ultrasound images. This is an
improvement compared to normal optical imaging, where resolution

and contrast are limited by multiple scattering [71].

For biology research, lasers are applied in various fields for imaging
or to perturb biological samples for further study of their proper-
ties. In fluorescence microscopy, lasers are used to excite the fluores-
cent molecules tagged in biological samples, which gives information
about the sample by emitting fluorescence light. Along with the
imaging with laser, various perturbation methods by laser such as

optical tweezers, laser catapulting and laser ablation are also used.

Optical tweezers are a non-invasive manipulation technique used to
explore the mechanical properties of biological samples. This tech-
nique uses laser light to generate highly localised forces on cells, cel-
lular organelles, or synthetic particles (used as handles or probes),
enabling the assessment of properties such as mechanical stiffness

and viscoelasticity of cells and their surroundings [72].
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Laser catapulting is a non-contact technique that employs an inten-
sive shock wave induced by a short-duration laser pulse directed at
the cell-substrate interface. This shock wave causes the detachment
of selected cells from the surface for further genetic studies. The force
exerted on a cell by the pressure wave can also be used to determine

the adhesion strength between cells and substrate [73, 74].

Laser ablation (LA) is the technique to remove material precisely
from a substance using short pulses of a high-energy laser. In this
tool, the laser light interacts with the substance, leading to vapori-
sation or removal of some part of it. The LA process typically occurs
when a substance absorbs enough energy to form plasma. This lo-
calised damaging effect on the material can be exploited to infer me-
chanical stresses in living material like tissue or cellular structures.
When subcellular, cellular, or supracellular structures are cut, the
responses triggered by the ablation event are used to evaluate the
forces experienced by the ablated structures [75-77]. As a result,
laser cutting allows for the assessment of cell and tissue mechanics
with minimal disruption to the surrounding environment. Moreover,

LA is also used for cellular regeneration studies [78].

Along with the properties of targeted materials, laser ablation de-
pends on a few other key factors, including laser energy (pulse en-
ergy), wavelength and pulse width. When laser energy exceeds the
ablation threshold of the material, it may cause localised removal
of material (detailed explanation in upcoming sections). The wave-

length of the laser used for ablation is a critical parameter, typically
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chosen based on how efficiently the target material absorbs light.
The energy of a single photon is given by E = hc/\ where E is the
photon energy, h is Planck’s constant, c is the speed of light, and A is
the wavelength. This inverse relationship means that shorter wave-
lengths correspond to higher photon energies, which are more effec-
tive at disrupting molecular or electronic structures. In biological
samples, which are mainly composed of water and organic molecules
like proteins, lipids, and DNA, ablation depends on how these con-
stituents absorb light. These molecules have discrete electronic en-
ergy levels, and absorption occurs when photon energy matches the
energy required to excite electrons or activate molecular vibrations.
In the ultraviolet (UV) range, photons have sufficient energy to ex-
cite electronic transitions in biomolecules such as nucleic acids and
aromatic amino acids, enabling precise and localised ablation with
minimal heat diffusion. In contrast, the infrared (IR) region, in-
cluding both mid-IR and near-IR wavelengths, primarily interacts
with water, the dominant component of biological tissue. In the
mid-IR, strong water absorption leads to thermal ablation through
vibrational excitation and heating. Near-IR lasers offer deeper tissue
penetration but are less strongly absorbed [79, 80]. Also, pulse width
is the parameter directly influencing the ablation mechanism and the
material’s response to the laser. The nanosecond (ns), picosecond
(ps) and femtosecond (fs) lasers are classified based on pulse width

in the order of 107 sec, 107! sec and 10~% sec, respectively. A
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detailed discussion of laser classification based on pulse width com-

parison is provided in the next section.

2.2 Comparison of nanosecond (ns), picosecond

(ps) and femtosecond (fs) laser ablation

In nanosecond lasers, irradiation with a relatively longer pulse dura-
tion in the 1- 100 ns range on the materials is responsible for continu-
ously heating the target. Due to longer (compared to ps and fs lasers)
interactions, the laser pulse energy will be spread by heat conduction
to an area outside the laser spot size, causing the irradiated target
to boil and evaporate. In this case, thermal and mechanical (shock-
wave and cavitation bubble) effects dominate the laser and sample

interaction [79], which is further explained in subsection 2.3.5.

In picosecond lasers, the short laser pulse interacts with the mate-
rial primarily through multiphoton absorption and avalanche ionisa-
tion (cascade ionisation), which generates free electrons. These free
electrons can then absorb additional laser energy through inverse
Bremsstrahlung, eventually leading to plasma formation [80]. The
pulse duration is short enough that there is less heat spread com-
pared to ns lasers. Some thermal effects still occur, but they are

reduced, leading to less collateral damage.

In femtosecond lasers, the pulse duration is so short that the mate-

rial does not have time to heat up before it is removed. Material is
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FIGURE 2.1: Schematic of laser material interaction at different pulse widths

(a) long pulse width (b) short pulse width. Scanning electron microscope (SEM)

images of laser ablated holes made on a steel foil (100 pm) by (¢) nanosecond
laser (3.3 ns) (d) femtosecond laser (200 fs). Image taken from [81]

directly ionised and removed via multiphoton ionisation rather than

melting. This results in ultra-precise ablation with no thermal dam-

age, which is ideal for biological tissues and high-precision applica-

tions. The interaction of materials with nanosecond and femtosecond

lasers is shown in the figure 2.1 and is summarised in table 3.1.
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Laser type | Thermal effect | Precision| Applications
Nanosecond | High (causes col- | Low tumor ablation,
lateral damage, dental laser ther-
tissue necrosis) apy, tissue dis-
section
Picosecond Moderate Moderate | surgery, derma-
tology, nerve tis-
sue ablation
Femtosecond | very low High tumor ablation,
dental laser ther-
apy, tissue dis-
section

TABLE 2.1: Laser types and their effect on material along with applications.

2.3 Mechanism of laser-tissue interaction

Laser tissue interaction refers to the complex interactions occurring

when laser light is directed at biological tissues.

Tissue response

to laser light varies with wavelength, power density (power per unit

area), exposure time (pulse duration), and type of tissue exposed.

The variety of interaction mechanisms that may occur based on

power density and exposure time (figure 2.2) is given as follows-

(1) Photochemical interaction

(2) Thermal interaction

(3) Photoablation

(4) Plasma-induced ablation

(5) Photodisruption
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FIGURE 2.2: Map of laser-tissue interactions. The circles give only a rough
estimation of the associated laser parameters. Taken from [80]

2.3.1 Photochemical interaction

These photochemical interactions occur at very low power densi-
ties, approximately 1 W/cm?, with exposure times ranging from
seconds (> 1 sec) to continuous waves. Such interactions do not
lead to any visible changes in the tissue. The well-known process
of photosynthesis is an example of photochemical interaction, which
demonstrates that light can trigger chemical effects and reactions
in macromolecules and tissues [80]. However, similar photochemical
processes can also lead to damage. For instance, photo-oxidation, a

form of light-induced oxidative stress, can cause localised damage to



37

axons. Even low to moderate light exposure can generate reactive
oxygen species that disrupt the cytoskeleton and compromise axonal

integrity [82].

2.3.2 Thermal interaction

Thermal interaction refers to an increase in local temperature in the
tissue caused by a laser. A continuous wave or pulsed laser may
induce this thermal effect depending on the power density (10 to
10 W/em?) and pulse duration (1ps to 1min). The heating may
result in different effects, such as coagulation, vaporisation, melting,

or thermal breakdown of the tissue [80].

2.3.3 Photoablation

Photoablation is a UV laser process that disrupts molecular bonds
by delivering high-energy photons. Upon absorption of UV photons,
molecules of the target material are energized beyond their bond en-
ergy and result in instant dissociation. Effective ablation requires
laser intensity above a certain threshold, with the intensity and ma-
terial absorption properties determining the depth of ablation. At
this point, the process is accompanied by audible sounds and visible
fluorescence at the laser impact site. The process normally requires
power densities of 107-101® W/cm? and pulse durations in the range

of 10 to 100 ns [80].
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2.3.4 Plasma-induced ablation

When laser beams have power densities in the range of 10! to 103
W /em? and pulse durations in the range of 100 fs to 500 ps, op-
tical breakdown occurs leading to plasma formation. This process
enables plasma-induced ablation, allowing for precise and clean ma-
terial removal with minimal thermal or mechanical damage, provided
laser settings are controlled. The plasma generation depends on the
local electric field strength (107 V/cm for ps pulses, a value compa-
rable to intramolecular Coulomb fields), which can ionize atoms or
molecules. In Q-switched lasers (ns pulses), ionization is mainly due
to thermionic emission from thermal energy, whereas ps or fs pulses
primarily utilize multiphoton ionization, requiring extremely high
peak intensities. Once the initial electrons are freed, either through
thermal ionization or multi-photon ionization. They can trigger an
avalanche ionization process. In this cascade, a free electron absorbs
a photon (via inverse Bremsstrahlung), gains energy, and collides
with another atom, ionizing it and releasing more electrons. This
cycle repeats and rapidly increases the number of free charges. The
avalanche results in the formation of plasma. The plasma absorption
coefficient is much higher than that of the material, leading to more
efficient energy deposition and enhanced ablation. As plasma devel-
ops, it absorbs incoming laser photons and creates a plasma shield
that can limit further energy delivery to neighbouring regions of the
material. Despite this, plasma generation allows for highly localized

and intense energy deposition, making ablation very efficient [80].
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2.3.5 Photodisruption

At high power densities, optical breakdown results in additional ef-
fects such as shockwave generation and cavitation bubbles along with
plasma formation. These effects are influenced by the energy and
duration of the laser pulse. Higher pulse energies create more en-
ergetic plasma, enhancing mechanical effects like shock waves that
significantly affect tissue responses. Cavitation occurs when the laser
focuses beneath the tissue, generating bubbles that dissolve into the

surrounding tissue.

Plasma formation occurs during the pulse and lasts a few nanosec-
onds, expanding and triggering shock waves that evolve into acoustic
waves after 30-50 nanoseconds. Cavitation typically starts 50-150
nanoseconds post-pulse, with bubbles expanding and collapsing in

cycles over a few hundred microseconds.

During photodisruption, a focused laser creates a localised plasma
leading to tissue ablation. This is often accompanied by shock waves
and cavitation, which can affect nearby regions. Nanosecond pulses
require higher energies and longer interaction times to reach the ioni-
sation threshold, resulting in significant thermal spread and mechan-
ical effects like shock waves. In contrast, picosecond and femtosecond
pulses deliver high peak power with lower energies enabling plasma
formation (via multiphoton and avalanche ionisation). These ultra-
short pulses minimise heat diffusion and mechanical damage, making

them ideal for precise ablation [80].
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Understanding the laser tissue interaction is crucial for designing an
efficient laser ablation setup. It also helps in selecting the appro-
priate laser to achieve precise ablation with minimal disruption and
thermal effects. We developed a laser ablation setup with a ps laser
having high spatial accuracy and less mechanical disruption, making
it particularly suitable for biological samples, such as neuronal cells.
Here, the ps laser is used, which produces less thermal effect than
the ns laser and is more affordable than the fs laser. This makes the

ps laser a suitable option for the ablation of extended objects.

2.4 Laser System and Ablation Setup

2.4.1 Laser system details

The custom-designed passively Q-switched, third harmonic Nd:YAG
picosecond pulse laser (PowerChip PNV-M02510-100; Teem Photon-
ics, Meylan, France) with wavelength 355 nm is used for the ablation.
The compact and robust solid-state laser is designed to deliver high
energy pulses of 25 pJ with a pulse duration of 350 ps. It can deliver
pulses with a peak power of 70 kilowatts and a high repetition rate of
up to 1 kHz. Nd:YAG laser head is mainly composed of a diode laser,
laser cavity (saturable absorber, gain medium and mirrors), second
harmonic generation (SHG) crystal, sum frequency generation (SFG)

crystal and separators to isolate different generated wavelengths.
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Neodymium (Nd) and chromium ion (Cr*") doped Yttrium Alu-
minum Garnet (YAG) crystals are the gain (lasing) medium and
saturable absorber of the laser cavity [83]. The cavity is closed by
mirrors at both ends and acts as an optical resonator. It bounces
light back and forth to amplify the laser beam through stimulated
emission. Optical pumping of the laser cavity is done through an 808
nm diode laser. Pump light is concentrated on the Nd:YAG crystal,
where electrons of the gain medium are pumped from the ground
state to the excited state through absorption. The electrons transfer
from the excited level to a metastable state by the non-radiative pro-
cess, building population inversion. The transition of electrons from
the metastable state to the lower state is initiated by stimulated or
spontaneous emission, leading to the emission of 1064 nm photons,
equivalent to the energy gap [83]. A schematic of the laser used for

ablation is shown in figure 2.3

The UV pulse laser is utilized for ablation, so it is essential to un-
derstand how these short, high-energy pulses are generated using
Q-switching. Additionally, we will explore how the 355 nm wave-
length is achieved through nonlinear optics. This will be discussed

in the subsequent subsections.
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M1 M2 M3 M4 M5
Diode laser L1
(808 nm)
Gain medium Saturable absorber
Filter 2 Filter 1
355 nm
M6
SFG crystal SHG crystal
532 nm 1064 nm

FIGURE 2.3: Schematic of Laser used for ablation. A diode laser is used
for optical pumping of the Nd:YAG gain medium, with lenses L1 and L2 focus-
ing the beam onto the Nd:YAG laser. Cr:YAG is used as a saturable absorber
to produce laser pulses. The primary beam from the Nd:YAG laser has a wave-
length of 1024 nm. Which further produces 532 nm and 355 nm using the
second harmonic generation (SHG) crystal and the sum frequency generation
(SFG) crystal. The two filters (separators) are used to get separate output for
each wavelength.

2.4.2 Q-switching and pulse generation

In the case of continuous wave lasers, uniform power output is achieved
whenever the gain becomes greater than the cavity losses. In con-
trast, a pulsed laser generates high-energy bursts of light in a very
short time period. Q-switching (or Q-switch) is a laser operation
mode that produces short duration, high energy pulses, one of the
most effective methods of producing these types of pulses. It operates
by modulating the quality factor (Q-factor) of the laser cavity, which
is defined as the ratio of the energy stored in the laser cavity and the

energy lost per cycle. Thus, a larger Q-factor corresponds to smaller



43

energy losses, leading to higher energy storage. In Q-switching, laser
emission is suppressed at first, keeping the Q-factor low (high losses),
and energy is allowed to accumulate in the gain medium. When the
stored energy reaches a sufficiently high value, a sudden increase in

the Q-factor leads to the emission of high-intensity laser pulses.

Q-switching can be classified mainly into two types-

(i) Active Q-switching. (ii) Passive Q-switching

(i) Active Q-Switching - In this method, an externally controlled
modulator is employed in the laser cavity (resonator) to adjust the
Q-factor. The modulator inhibits lasing by introducing losses, and
at the appropriate moment, it is deactivated, resulting in a sudden
release of energy. An example of an active QQ-switch that can be

tuned using external electronics is the electro-optical shutter.

(ii) Passive Q-Switching - In a passive Q-switch, the switching
action is generated automatically by the optical nonlinearity of the
utilized element. Saturable absorber such as Cr**:YAG is an exam-
ple of passive Q-switch. No external components or electronics are

needed to operate the passive Q-switch [84].

2.4.2.1 Saturable absorber

A saturable absorber (SA) is a nonlinear optical device that absorbs
light below a threshold value but transmits light above it. When
a cavity is pumped, a saturable absorber selectively absorbs low-

intensity light initially, inhibiting photons from circulating in the
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laser cavity. This inhibition blocks the light amplification by stim-
ulated emission needed for laser output, resulting in an increase in
energy stored in the gain medium. As energy builds up in the gain
medium, there are increasingly more electrons in the higher energy
level, and hence, the intensity of spontaneous emission increases. The
doping concentration of Cr*" ions is selected such that the satura-
tion intensity threshold matches the intensity generated by sponta-
neous emission at the maximum energy capacity of the gain medium.
Once the maximum gain is reached, saturation of the saturable ab-
sorber occurs, enabling photon oscillation within the cavity. This
subsequently results in the rapid amplification of laser light through
stimulated emission, causing a high peak intensity pulse of coher-
ent infrared light (1064 nm) to be released through the partially
transmitting mirror at the output of the laser. Following the pulse
emission, the intensity within the cavity decreases, the absorber re-
turns to its opaque state, and the energy accumulation in the gain

medium resumes.

The intensity-dependent absorption coefficient (1) is given by -

a(0)
all) = ——— 2.1

(1) L+ 1/ (2.1)
where a(0) is the low-intensity (small signal) absorption coefficient,
Isq 18 a saturation intensity (intensity at which absorption reduces

significantly), and I is incident light intensity.

At low intensity (I << I4), the absorption is close to «(0), so most
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of the light gets absorbed by the SA. As the intensity increases,
more absorber molecules become excited, which reduces the overall
absorption. At very high intensity (I >> Iy), I/l becomes large,
reducing the term «(0)/(1 + I /1) making absorber transparent by

reaching saturation [84, 85].

The passive Q-switch such as a saturable absorber is convenient to
use because no complex electronics or control system is required from

outside of the cavity.

2.4.3 Nonlinear optics

Nonlinear optics is the study of the interaction of light in nonlinear
media, where the response of the material to an external electro-
magnetic field is nonlinear. In such situations, the polarization of
the material is not linearly dependent on the electric field of incident
light. These phenomena can only be observed at high intensities of

light, such as produced by lasers.

In linear optics!, the polarization P of a medium is directly propor-

tional to the electric field E of the incident light -

P =exVE (2.2)

where ¢ is the permittivity of free space and x(!) is the linear sus-

ceptibility of the medium.

"When a dielectric medium is subjected to an electric field, there will be a separation of
bound charges that leads to induced dipoles. In the case of an electromagnetic field, an electric
field oscillates rapidly, making dipoles oscillate in a harmonic range.
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In nonlinear optics, when the interacting light reaches a certain in-
tensity, such as from a laser source, the dipole oscillations will show
anharmonic characteristics. The polarization (P) will depend on the

electric field in a nonlinear manner resulting in higher-order terms.

P =coxWE + egxPE? + egxWE> + ... (2.3)

=PY 4 PO L PO . (2.4)

The quantities y® and y® are known as the second- and third-order

nonlinear optical susceptibilities, respectively.

From the above equation, P = 60X(2)Ez can be referred to as
second-order non-linear polarization, which leads to effects like second-
harmonic generation (SHG), difference-frequency generation (DFG),
and sum-frequency generation (SFG). P®) = ¢x®E? represents

third-order nonlinear polarization [86, 87].

2.4.3.1 Nonlinear optical processes for frequency generation

Second-order nonlinear optical interactions can only occur in non-
centrosymmetric crystals, which do not exhibit inversion symmetry.
Consider two light beams of frequencies w; and ws, having field am-
plitudes E; = Eyicoswit and FEy = FEgcoswst. When they pass

through a nonlinear medium, the resultant field will be

FE1Ey = Ey Egscos(wit)cos(wit) (2.5)
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after solving,

E1E2 = (1/2)E01E02 [cos(wl + CUQt)] + cos(wl — wgt)] (26)

and from equations 2.3 and 2.4

P® o E? (2.7)

For SHG, two photons of the same frequency combine to form a new
photon with double the frequency. So the conditions can be assumed
as wy; = wy, and Ey = Ey = Eyp and E = E| = E», then resultant
will be E? = ETOZ(l + cos2wt). Here, it shows the generation of light
with a frequency of twice of fundamental frequency. For example, in
terms of wavelength, when light has a wavelength of 1064 nm passes
through an LBO crystal, two photons of it combine to form a photon
of 532nm.

For SFG, from equation 2.6, the term (w; + wo) deontes the sum of
wi and wy of two different beams. When photons with wavelengths
of 1064nm and 532nm pass through LBO crystal, produces photons

with a wavelength of 355 nm in the ultraviolet range [86, 87].

2.4.4 Laser ablation setup

A schematic illustration and photograph of the laser ablation setup
are displayed in figure (2.4) and (2.5), respectively. A Nd:YAG

pulsed laser with a wavelength of 355 nm is used in our setup to
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perform precise ablation of axons. The laser operates in the funda-
mental transverse electromagnetic mode (T'E M), which produces
a symmetrical Gaussian beam profile. This well-defined beam con-
centrates energy at a tiny focal point (at the centre), making it ideal
for ablation applications. The output beam from the laser is linearly
polarized and first passes through a polarizer followed by a quarter-
wave plate (QWP). The QWP is oriented at 45° relative to the polar-
izer and this arrangement works as an optical isolator. The polarizer
passes linearly polarized light, and the quarter-wave plate converts
it into circularly polarized light. Upon reflecting from mirrors, the
light changes its handedness and becomes circularly polarized in the
opposite direction. When it passes back through the quarter-wave
plate, it becomes linearly polarized but now aligned perpendicular
to the polarizer. Thus, it is blocked, preventing back-reflected light

from re-entering the laser cavity.

The polariser acts as an intensity attenuator. The attenuation is
governed by Malus’s Law (I = Iycos*0), which states that the trans-
mitted intensity (I) depends on the angle (#) between the direction
of polarization of light and the transmission axis of a polarizer. The
precise control of the laser intensity is crucial because different bio-
logical samples, ranging from individual cells to tissues, have varying

thresholds for ablation.

After passing through the attenuator, the laser beam is steered us-

ing mirrors—either a silver-coated mirror on a fused silica substrate
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FIGURE 2.4: Schematic of laser ablation setup. UV pulsed laser can be
operated either with a hand trigger or a function generator connected to a
computer. As one unit, the polariser and quarter-wave plate act as an optical
isolator and intensity attenuator. M1, M2, M3, and M4 are mirrors that direct
the laser light to the sample through the side port of the microscope. L1 and L2
are lenses that act as a beam expander. The dichroic mirror is mounted in the
microscope fluorescence turret using a custom designed 90° rotated holder that
reflects the laser light to the sample. The microscope illumination path (when
used in fluorescence mode) is shown in green, representing the incident light
directed toward the sample. The reflected light from the sample is shown in
yellow and is collected using a camera. A dichroic filter separates transmitted
and reflected light based on the wavelength. Phase contrast imaging is also
possible by using a phase ring in the bright field illumination path and a phase
objective.

(PF10-03-P01, Thorlabs) or a UV-enhanced aluminium-coated mir-
ror on fused silica (#39-209, Edmund Optics). The beam then en-
ters a Keplerian beam expander, which is made up of two lenses with
positive focal lengths (f; = 50 mm and f, =200 mm). The lenses
L1 (LA1131-A, Thorlabs) and L2 (LA1708-A, Thorlabs) are plano-
convex and have an anti-reflection coating optimised for 350-700nm.

The distance between the lenses is equal to the sum of their focal
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lengths, which allows for the desired magnification (M = 4x) of the
beam. This expansion ensures that the beam fills the back aperture
of the objective lens, resulting in a sharp focus on the sample. The
expanded beam then enters a beam steering system consisting of two
mirrors that can steer the laser beam along both horizontal and ver-
tical axes. After the steering system, the beam enters the side port
of a SP8 confocal microscope (DMI6000, Leica), where it is reflected
at a 90° angle by a dichroic mirror (T387lp-UF3, Chroma) mounted
at 45° in a custom-made filter cube. The dichroic mirror is designed
to reflect UV laser light while transmitting visible light, enabling

simultaneous imaging and ablation for real-time visualization.

Laser focusing and sample magnification are achieved through ob-
jective lenses. Depending on the application, a 40x dry objective (
NA 0.75, Leica or Olympus) and a 63x oil immersion objective (NA
1.3, Leica) are used to perform ablation experiments. The objective
tightly focuses the laser beam on the sample, creating a high power

density required for localized ablation.

The microscope is equipped with a motorized stage controlled via
a joystick using LASX software. This allows precise positioning of
the sample, typically a plastic petri plate with a glass-bottom cov-
erslip containing neurons. To maintain physiological conditions, the

sample is kept at 37 £ 0.1°C using a microscope incubation chamber

(Okolab).

A computer-operated external function generator via PC-LAB2000
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software (Velleman Instruments) is used to control the pulse repeti-
tion rate, waveform, amplitude, and duty cycle of the laser, providing
further flexibility and optimization for ablation parameters. Addi-
tionally, a handheld trigger can also be used to generate a single
pulse. With this setup, ablation can be performed using widefield,

phase contrast and confocal microscopy.

UV LASER
(355 nm)

FIGURE 2.5: Photograph of the laser ablation setup. A laser is used to
ablate the axons to investigate their mechanical properties. A microscope is
used to image the sample before, during and after ablation.

2.5 Safety precautions for using the laser abla-

tion setup

A 355 nm pulsed UV laser utilized for ablation is a Class 4 laser
because of its high power. Such a laser can cause serious damage

to the eyes and skin, including damage from scattered or reflected
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beams. Therefore, it is essential to strictly follow safety precautions

to significantly reduce the risks involved.

(1) Always wear laser safety goggles rated for 355 nm when the laser

is on to protect your eyes.

(2) Ensure the setup and all light paths are adequately covered to

prevent accidental exposure to laser light.

(3) Place warning signs near the laser and at the entry point of the

room to alert individuals when the laser is on.

(4) Limit access to people not wearing proper safety goggles to reduce

the chances of accidents.

(5) Avoid positioning unwanted reflective surfaces close to any ex-
posed area along the beam path to minimize the chances of hazardous

reflections.

(6) Do not wear items with reflective surfaces, such as watches, long
necklaces, or rings, while aligning the laser. Additionally, avoid align-

ing the beam with your eyes at the same level as the laser beam.

(7) Ensure that all personnel involved in the laser ablation setup

receive proper training before using it.

2.6 Characterisation of Laser ablation setup

In the previous section, we described the Laser ablation setup. This

setup can perturb living samples, but that disturbance should be
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confined locally. As we have discussed in the subsection 2.3.5, the
laser may cause mechanical damage upon ablation, which includes
the generation of shock waves. We also mentioned that picosecond
lasers are a cost-effective option at a slightly compromised extent of
damage, potentially admissible for long objects like axons. So, to
evaluate the extent of damage caused to a sample, various methods
are used to characterize it before conducting the experiments. Al-
though this setup can be used to perform experiments with many
cell types and tissues, for thesis work, we aim to use it to ablate
axons. So all the characterisation is done in such a way that we can

do such ablation experiments.

2.6.1 Impact of shock waves on bead bed after ablation

To investigate how the shock wave influences the sample, prepare a
bed of polystyrene beads of size 1 ym in Milli-QQ water. Focus on the
bead bed and perform laser ablation. Then, observe the response
of the neighbouring beads by analysing the difference between pre-
and post-ablation images. Here, we attempted to ablate a bead
to mimic conditions where material is present. The pre- and post-
ablation images of the bead bed are shown in Figure 2.6a and 2.6b,
respectively. The difference image, highlighting the displacement
caused by the shock wave, is shown in Figure 2.6c. We estimated
the extent of the affected region by measuring its diameter, assuming

a circular profile. A total of n = 11 ablations were performed on the
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FIGURE 2.6: The bead bed images before and after ablation are shown in (a)
and (b), respectively. The blue arrow indicates the ablation site. The difference
between images (a) and (b) is shown in (c), where the bright region highlights
the area affected by the shock wave. The red line represents the measured length
used to estimate the extent of the impact. The scale bar represents 10 pm.

bead bed, and the resulting distribution of affected region lengths is
summarised in the box plot shown in Figure 2.7. As can be seen, we
observe a mean distance of about 20 microns for the region affected
by the shock wave. Note that this does not necessarily mean that
the ablation happened over this distance, as this is indicative of
mechanical effects, which may or may not damage the axon. For

this reason, we also perform another test using axons as discussed in
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the next subsection 2.6.2.
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FIGURE 2.7: Box plot of the affected length due to the shock wave generated
by laser ablation on the bead bed.

2.6.2 Experiments with fixed axons

In this thesis, we performed laser ablation on axons and analyzed the
retraction responses. We aimed to understand whether the responses
of axons after ablation were genuinely due to the axons themselves
or if they were caused by disruption from the laser. To check that,
experiments were conducted using chemically fixed axons to evaluate

the spatial extent and effectiveness of laser ablation.

The steps for the cell fixing protocol are outlined below -
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FIGURE 2.8: Images of axons after fixation. The pre- and post-ablation
images of (a) full ablation and (b) partial ablation (explained in detail later in
the next chapter 3). Bold black arrows indicate the cut sites.

(1) Carefully remove the culture media and gently add a fixative
solution to completely cover them for 10 minutes at room temper-
ature. This process will immobilise cellular structures. The 4%
paraformaldehyde (Electron Microscopy Sciences 15710) is used as a

fixative buffer.

(2) Remove the fixative and rinse the cells with phosphate-buffered
saline (PBS) three times for 5 minutes each to remove any residual

fixative.

(3) After the final wash, keep the cells in PBS at 4°C, or perform

ablation experiments.

After full ablation and partial ablations, two types of analyses can

be done-
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1. Measure the contour length of axonal segments over time to de-
termine whether the retraction observed in control cells is influenced

by the laser treatment.

2. Assess the length and volume ejected by the laser
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FIGURE 2.9: The average of normalised contour lengths of axonal segments

vs time plot is shown. (a) After full ablation (nl1 = 16 axons or 32 segments)

(b) After Partial ablation (n2 = 18 axons or 36 segments). The averages are
calculated using nl for full ablation and n2 for partial ablation.

When axons are fully or partially ablated after fixation, there is no
significant retraction observed in Figure (2.8). Even though axons
can move sidewise, possibly due to shock waves, there is no retrac-
tion along the axonal axis or extended damage. The contour length
over time did not change after ablation, as shown in Figure 2.9.
This indicates that the ablation occurs in a very confined region of

around 1.5 to 2.5 microns (see figure 2.10), but the axonal shaft may
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experience lateral forces which do not result in observable damage.
As we use axons that are 80 to 150 um long for our experiments,
a laser-induced damage of a few microns can be treated as a local

damage.

Additionally, axonal length and volume after ablation may indicate
the extent of axonal damage. The length ejected by the laser by mea-
suring the pre-ablation axonal contour length (L) and post-ablation
axonal segment lengths (L; and Ls). Along with the ejected length,
the axonal volume can be estimated after evaluating the diameters
of axonal segments. The box plot of length and volume values for
complete and partial ablation is shown in figure (2.10) and (2.11),
respectively. The volume values may vary because they depend on
both the length ejected along the axon and the diameter, which can
differ across experiments. In both types of experiments, the diame-
ter is not constant, which contributes to the variability observed in

the box plot shown in the figure 2.11.
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Chapter 3

The role of cytoskeletal

components in axonal retraction

3.1 Introduction

Laser ablation is a versatile tool that enables precise manipulation
and investigation of the mechanical responses of tissues, cells and
their components, including the cytoskeleton. In Drosophila em-
bryos, laser ablation is employed to sever individual cell junctions,
and the subsequent tissue recoil is analysed to comprehend the me-
chanical forces involved during morphogenesis [88]. Gonzalez and
team used laser ablation to demonstrate that mechanical tension
influences the dynamics of myosin II in rearranging (intercalating)
Drosophila cells by stabilising it at cell junctions. When tension is
reduced, myosin II rapidly disassembles. This suggests a link among
tension, myosin II localisation and coordinated cell rearrangement

[89]. Similarly, Rauzi and his team utilise laser ablation to uncover

61
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anisotropic cortical tension, directed by myosin II, which guides cell
rearrangement during tissue extension [77]. Together, these studies
emphasise that tension acts as a product and a regulator of mor-
phogenetic forces. At the single-cell level, laser ablation is used to
remove the mitotic spindle and investigate chromosome movement
and the generation of force during cell division. For example, the dis-
ruption of spindle microtubules in PtK; (kangaroo rat kidney) cells
has shown that the forces exerted on chromosomes are facilitated by
kinetochore fibres [90]. This technique has also been utilised to study
the mechanical properties of the actomyosin cortex in living cells. By
making precise laser cuts in the cortical layer, recoil velocity and de-
formation of the cortex are evaluated, providing quantitative data
on cortical tension and elasticity [91]. Botvinick and team applied
a picosecond laser ablation technique to precisely sever individual
microtubules in living cells. This controlled ablation allows them
to study microtubule dynamics with minimal collateral damage to
surrounding structures [92]. Sanjay Kumar et al. used laser abla-
tion to ablate individual stress fibres in living cells. This technique
allows the authors to observe the retraction dynamics of the cut
fibres, revealing that they behave in a viscoelastic manner—initial
rapid recoil followed by slower relaxation. These findings show that

stress fibres store mechanical tension and contribute to the overall

cell shape [75].
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Understanding how intracellular elements, such as stress fibres, man-
age and distribute tension establishes a mechanical basis for exam-
ining analogous mechanisms in neurons, like axonal retraction. Like
stress fibres, axons are also under tension, which is reported by many
studies [57, 58]. Investigating axonal retraction after laser ablation
may provide essential insights about axonal mechanics. For example,
by exploring how the stabilisation and destabilisation of cytoskele-
ton components affect axonal retraction. Moreover, such studies can
reveal how structural integrity is maintained or lost during neuronal

injury.

3.2 Previous works on axonal transection and

retraction

Axonal retraction following transection/injury is thought to con-
tribute significantly to the breakdown of neural networks leading to
serious outcomes. However, the underlying mechanisms driving axon
retraction that regulate this process are still not fully understood.
Various experimental methods have been employed to deliver con-
trolled damage to neural cells in order to investigate their retraction
responses. These techniques include microknives or blades [93, 94],
atomic force microscope (AFM) tip [4], glass micropipettes [3], and
laser-based microsurgery [76]. They allow for the perturbation of
axons, simulating injury and enabling the observation of the result-

ing cellular responses. The immediate separation of axonal segments
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cut by a cataract knife was also observed, along with mitochondrial
swelling and deformation near the transection site, likely resulting

from direct mechanical damage [93].

Shao et al. demonstrated that the retraction of a transected axon
induced by an atomic force microscope (AFM) tip is driven by intrin-
sic axonal tension and occurs in opposition to both neuron-substrate
adhesion and the viscous resistance of the cell [4]. In experiments
involving adherent axons, they found that strong attachment to
the substrate could halt axon retraction, but retraction could be
reinitiated by a second transection, although with reduced ampli-
tude. Additionally, disrupting the actin cytoskeleton or reducing cell-
substrate adhesion significantly affected retraction dynamics. Weak-
ening the actin cytoskeleton likely decreases axonal tension, resulting
in slower retraction, while reduced adhesion (due to diminished bond

and energy density) leads to enhanced retraction [4].

In another study, Shao et al. used a sharp AFM tip to gently lift
axons off the substrate, creating floating axons, and then transected
them to trigger axon beading in a precisely controlled manner. They
reported that axon diameter and cytoskeletal integrity influence the
wavelength between beads, with thinner axons and disrupted actin
cytoskeletons resulting in shorter beading wavelengths. For adherent
axons, they observed that beading often initiates at regions with
strong substrate adhesion, underscoring the role of adhesion in the

initiation of beading [95].
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Gallo has demonstrated that actomyosin contractility is responsi-
ble for axon retraction caused by severing. The use of Latrunculin A
(Lat A) to depolymerise actin filaments prevented this retraction, in-
dicating that actin filaments are essential for severing-induced axon
retraction. Additionally, directly inhibiting myosin II with Blebbis-

tatin reduced axon retraction in response to severing [3].

Axon retraction is not only a result of direct physical cuts but can
also be triggered by mechanical stress. When a compressive force
exceeding a critical limit is applied to the growth cone, it may initi-
ate axonal retraction [96]. Additionally, Baas’s group studied axonal
retraction, which leaves a thin trailing remnant induced by the ni-
tric oxide donor, NOC-7. They demonstrated that the microtubules
reconfigured themselves into coiling and sinusoidal arrays to accom-
modate the shortening of the axon. Additionally, they found no loss
of microtubule levels during the early stages of retraction. How-
ever, they observed significant microtubule depolymerisation dur-
ing axonal retraction in nocodazole-treated cells. In contrast, axons
treated with Taxol exhibited axonal retraction in response to NOC-7

without any loss of microtubules [97].

3.3 Axonal Retraction after Laser Ablation: Me-

chanical and Cytoskeletal Insights

Mechanical transection methods, such as microknives or micropipettes,

often cause physical pulling on axons, leading to imprecise injury and
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complicating the interpretation of retraction dynamics. In contrast,
laser-based axonal ablation allows for clean, localised cuts with mi-
crometre precision, avoiding unwanted mechanical artefacts. This
makes it an ideal tool for studying axonal mechanics and injury re-

sponses.

Many prior studies have performed retraction experiments on axons
adhered to the substrate, where surface interactions can introduce
biases that affect the retraction behaviour. To minimise these ef-
fects, we focus on ablating axons that are floating—attached only
at their two extremities (shown in the figure 3.1)—and analyse their
mechanical responses to isolate intrinsic cytoskeletal properties from
adhesion-dependent effects. To confirm whether an axon is detached
from the surface, the microscope stage is gently tapped. If the axon
is adhered, it remains stationary; if it is floating, deflection can be
observed on the computer screen via the camera. Additionally, de-
bris on the surface is used as a reference to determine whether the

axon is lifted away from the substrate.

Axons are known to exist in a state of pre-existing tension, and any
perturbation, such as ablation, leads to changes in tension due to
structural reorganisation. We aim to understand how this structural
organisation, particularly involving the cytoskeleton, influences the
axon’s mechanical behaviour during retraction. To this end, ax-
ons were treated with various pharmacological agents that either

destabilise or stabilise the cytoskeleton and then fully and partially
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FIGURE 3.1: The neuron is anchored at both ends, but the axonal part is de-
tached from the substrate. The bold black arrow indicates the point of ablation.
Following ablation, the axonal segments exhibit buckling and retraction.

transected using a UV pulsed laser. Retraction was quantified us-
ing length retraction vs time plots and the ratio of contour length
to end-to-end distance vs time plots as a measure of post-ablation

buckling.

In our experiments, picosecond laser cuts produced retraction on
both sides of the axon. We also observed secondary responses such
as buckling and twisting, highlighting the role of cytoskeletal forces
in axonal shape transformations. In full ablation, both the mem-
brane and cytoskeletal components are ablated, whereas in partial
ablation, only the cytoskeleton is disrupted while the membrane re-

mains intact, resulting in long-range cytoskeletal retraction.
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3.4 Pharmacological agents used for experiments

To study the role of the axonal cytoskeleton in laser ablation-induced
retraction, neurons were treated with 30u4M Blebbistain (Blebbi)(B0560,
Sigma-Aldrich) for 20 min to inhibit myosin IT activity, 1xM Latrunculin-
A (Lat A) (L5163, Sigma-Aldrich) for 10 min to destabilise actin
filaments, 16.67uM Nocodazole (Noco) (M1404, Sigma-Aldrich) for
30 min to destabilise microtubules, 10uM Taxol (T7402, Sigma-
Aldrich) for 30 min to stabilise microtubules and 5uM Jasplakino-
lide (Jasp) (J7473, Thermo Fisher Scientific) for 30 min to stabilise
actin filaments. All the drugs were dissolved in dimethyl sulfoxide
(DMSO) (D84818-50ml, Sigma-Aldrich) with a final DMSO concen-
tration kept below 1% v/v. Control experiments were performed
with less than 1% DMSO. Known responses of chick fibroblasts are

used to test the drug’s efficacy before using them on neurons.

3.5 Results

3.5.1 Retraction responses of axons after full ablation

Building on the evidence that axonal retraction responses are in-
fluenced by cytoskeletal components, we conducted full ablations on

control axons and those treated with specific pharmacological agents
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FIGURE 3.2: The sequence of images for full ablation of control axons is shown
here. The bold black arrow indicates the point of ablation, and the thin arrows
indicate the retracting segments. The scale bar is 10pm.

that target actin and microtubule dynamics. We quantitatively anal-
ysed retraction behaviour—specifically, contour length—to uncover
how different cytoskeletal elements contribute to or resist retraction
forces following injury. This may further indicate which cytoskeletal
component or drug is responsible for stabilising the axon after tran-
section (or injury). In the case of full ablation, axons produce two
separate segments after severing and exhibit retraction and buckling
(discussed in detail in subsection 3.5.3), as shown in Figure 3.1 and
Figure 3.2. However, in some cases (e.g., when treated with Taxol),
axons did not retract significantly after full ablation, as shown in

Figure 3.3.

As we grow neurons in a petri plate with viscous media contain-
ing methylcellulose, which helps neurons adhere more stably during

growth. The medium was replaced with methylcellulose-free media
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FI1GURE 3.3: A series of images for full ablation of Taxol-treated axons is shown
here. The bold black arrow indicates the point of ablation. In the third image

from the top, the segments do not retract in the axonal axis direction but move
away from the ablation point.

30 minutes before the experiments to reduce surface adhesion and
allow axonal shafts to float more freely (shown in the figure 3.1).
The imaging of axonal retraction following full ablation was per-

formed at 15 frames per second, and the data (for control) is shown
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in Fig 3.4a. The time duration in the plot varied across axonal seg-
ments, and some gaps appeared in the data. During retraction, the
axonal segment briefly went out of focus, and the analysis code could
not process those frames. When the segment came back into focus,
contour length measurements resumed, resulting in the segmented

appearance of the curve.

The flowchart of the algorithm used to extract the y-positions of ax-
ons during retraction and to calculate the contour length is provided
in Appendix A. Due to cell-to-cell variability, averaging was per-
formed only up to the time point where sufficient data were available.
The variability in retraction dynamics between axons is most likely
due to differences in internal structure and diameter. Axon length
may also play a role, although lengths were taken within 80-150 pm.
Figures 3.4b,c,d show the retraction response for axons treated with
specific cytoskeleton perturbing drugs. The pharmacological agents,
concentration and waiting time used for ablation experiments are

mentioned in the section 3.4.

DMSO (control)-treated cells were used for full ablation, and we ob-
served retraction of axonal segments, as shown in the figure 3.4a.
After performing control experiments, we proceeded to explore the
effect of cytoskeletal drugs on axon retraction post-ablation. First,
axons were treated with blebbistatin, which inhibits the activity of
myosin motors. After ablation, the retraction rate was slower com-
pared to the control. The contour length analysis is shown in the

figure 3.4b. Next, axons were treated with Latrunculin A, which
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FIGURE 3.4: The normalised contour length vs time plot is shown in (a) for
Control (DMSO), (b) Blebbistatin (c¢) Latrunculin A and (d) Nocodazole treated
axons. The bold black circle represents the average plot for each treatment. The
other colored curves with smaller circle markers represent the individual axonal
segment contour length plots. Normalisation was done by dividing the contour
length at each time point, L(t), by the initial contour length just after ablation
(Lo). Gaps in the individual axonal contour length data occur due to extreme
out-of-focus conditions, and these points were removed to avoid distorting the
average. Some axonal segments went out of focus early, making further analysis
unreliable, so the analysis was stopped at that stage. The drug names are
mentioned in the plots, and ni, no, ng, and ny4 represent the number of axonal
segments. The data was obtained using multiple embryos.

depolymerises filamentous actin. After ablation, these axons exhib-
ited slower retraction compared to the control. The contour length
is shown in the figure 3.4c. Nocodazole-treated axons, in which
microtubules were depolymerised, too, exhibited slower retraction

following full ablation compared to controls. The contour length
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FIGURE 3.5: The plots of normalised contour length versus time for (a) Jas-

plakinolide, (b) Taxol, (c) Taxol + Latrunculin A, and (d) Jasplakinolide +

Nocodazole-treated axons are shown. The bold black circle indicates the aver-

age plots. The additional colored curves with smaller circle markers represent

the contour length plots of individual axonal segments. The names of the drugs

are indicated in the plots, and nq, ne, ng, and n4 denote the number of axonal
segments used in each condition.

measurement is shown in the figure 3.4d.

Next, we exposed neurons to drugs that stabilise cytoskeletal ele-
ments. Jasplakinolide was used to stabilise filamentous actin in ax-
ons. Following full ablation, these axons showed reduced retraction
relative to controls. The corresponding contour length data is shown
in the figure 3.5a. Taxol-treated axons, with stabilised microtubules,

showed a significantly reduced retraction rate following full ablation
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compared to controls. Corresponding contour length data is shown

in the figure 3.5b.

After examining the effects of individual cytoskeletal components
using treatments that target either actin (e.g., Latrunculin A, Jas-
plakinolide) or microtubules (e.g., Nocodazole, Taxol), the contribu-
tions of each cytoskeletal component to axonal retraction dynamics
could be isolated. However, cytoskeletal elements do not operate in-
dependently in neurons. Periodic actin structures play a crucial role
in maintaining the integrity of microtubule networks within axons.
Disruption of the actin cytoskeleton leads to the formation of gaps
in microtubule bundles, reduced microtubule polymerisation, and a
decrease in axonal stability [98]. This indicates that actin organ-
isation supports microtubule architecture. Furthermore, both mi-
crotubules and membrane tension have been shown to contribute to
axonal responses such as beading, retraction, and degeneration [99].
These findings suggest that the coordinated action of microtubules
and membrane tension is essential for governing axonal mechani-
cal behaviour. To further understand their interdependent roles, we
also investigated how simultaneous perturbation of both cytoskeletal

components influences axon retraction dynamics following ablation.

In the combination treatment, microtubules were first stabilised us-
ing Taxol, followed by actin depolymerisation with Latrunculin A.

This resulted in reduced retraction after full ablation compared to
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FIGURE 3.6: Normalised average contour length versus time plots for axons

treated with Blebbistatin, Latrunculin A, Nocodazole, Taxol, Taxol + Latrun-

culin A, and Jasplakinolide + Nocodazole, along with the control (DMSO),

following full ablation. The shaded regions represent the standard error of the
mean (SEM).

controls. The corresponding contour length is shown in the fig-
ure 3.5¢. In yet another combination treatment, actin was first sta-
bilised using Jasplakinolide, followed by treatment with Nocodazole.
This also resulted in slower retraction compared to the control. The

figure 3.5d shows the associated contour length data.

In summary, we have observed that axons after full ablation had cy-

toskeletal elements severed, including the membrane. While all drug
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treatments resulted in slower retraction speeds compared to the con-
trol, cytoskeleton stabilising drugs caused a significantly greater re-
duction in retraction speed than destabilising agents. A summary of
the reduction in retraction speed observed across the various treat-

ments is shown in figure 3.6.

3.5.2 Further analysis of ablation data

To further analyse the retraction responses quantitatively, we fitted
the average data for all treatments. We first attempted to fit the
average contour length data obtained from destabilising drug treat-
ments, including the control, using a single exponential function.
However, the initial part of the curves did not fit well. Therefore,
we applied a double exponential function, which provided a more
reasonable fit. Although this model improved the fit for most con-
ditions, certain datasets still showed poor fitting in the later phase
of the curve. To address this, we employed a composite model com-
prising a double exponential and a linear component of the form
y(t) = Ae /" 4 Ase /™ + mt + C, where 71 and 7 are the two
relaxation time constants and m represents the slope. For stabilis-
ing and combination treatments, the initial fit using a single expo-
nential function did not adequately capture the whole experimental
data. Furthermore, the latter part of the curve appeared approx-
imately linear. Therefore, we used a combined model of the form
y(t) = Ae /™ + mt 4+ C. which provided a good fit to the data. In

the case of Taxol treatment, the linear fit resulted in zero velocity.
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The negative sign of the slope indicates retraction. The parameters

extracted from the fits for destabilising treatments are summarised

in Table 3.1, while those for stabilising and combination treatments

are listed in Table 3.2.
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(a) Jasplakinolide, (b) Taxol, (c¢) Taxol + Latrunculin A, and (d) Jasplakinolide

+ Nocodazole-treated axons. A combination of a single exponential and a linear

function was applied for Jasplakinolide and combination treatments (red solid

line), while a linear fit was used for the Taxol case (blue solid line). Black circles
indicate the average data points.
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Drug treatment | Relaxation Times (in sec) | v (in pm/m)
1 72

Control (DMSO) | 0.52 4.21 -0.0089

Blebbistatin 0.57 14.30 -0.0003

Latrunculin A 0.71 26.37 -0.0003

Nocodazole 0.24 3.23 -0.0072

TABLE 3.1: Relaxation times and velocities following full ablation under various
treatments (Blebbistatin, Latrunculin A, Nocodazole), including the Control

condition.
Drug treatment 7 (in sec) v (in pym/m)
Jasplakinolide 0.74 -0.0045
Jasplakinolide+Nocodazole| 0.43 -0.0033
Taxol+Latrunculin A 3.96 -0.0008
Taxol Non-exponential | 0

TABLE 3.2: Relaxation times and velocities were extracted from the retrac-

tion curves (Contour length vs time) for various treatments (Jasplakinolide,

Jasplakinolide+Nocodazole, Taxol+Latrunculin) following full ablation. For

Taxol, which remained nearly constant throughout, the velocity was considered
to be zero for the entire curve.

3.5.3 Axonal buckling following ablation

The buckling data for control, Blebbi, Lat A and Noco are shown in
figure 3.9a, b, c, d, respectively. The buckling data for cytoskeleton
stabilising drugs (Taxol and Jasp), as well as combination treatments
(Taxol + LatA and Jasp 4+ Noco), are shown in figure 3.10a, b, ¢, d,

respectively.

A comparison of the averaged buckling data for the initial 30 s, for
all treatments, is presented in Figure 3.11. The buckling plots over

time for most treatments largely overlap, except for those involving
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FIGURE 3.9: The buckling (contour length/end to end distance) and time plot
is shown in (a) for Control (DMSO), (b) Blebbistatin (¢) Latrunculin A and (d)
Nocodazole treated axons. The bold black circles represent the average buck-
ling response for each treatment, while the colored curves with smaller circular
markers correspond to the buckling behaviour of individual axonal segments.

Taxol and the combination of Taxol and Latrunculin A, which show
a noticeable difference. Specifically, axons treated with Taxol or
Taxol+LatA exhibit significantly reduced buckling compared to the

control and other treatments.

Although the buckling data are relatively noisy, both the images and
contour length analysis clearly indicate that Taxol suppresses buck-
ling. This suppression may result from an increase in microtubule

number and/or length, leading to a greater number of microtubules
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FIGURE 3.10: The buckling versus time plots for (a) Jasplakinolide, (b) Taxol,

(c) Taxol + Latrunculin A, and (d) Jasplakinolide + Nocodazole-treated axons

are shown. The bold black circles represent the average buckling curves for each

treatment, while the colored curves with smaller markers represent the buckling
behaviour of individual axonal segments.

per axonal cross-section and, consequently, a greater bending mod-
ulus of the microtubule bundle. Supporting images of control and
Taxol-treated axons further illustrate this trend, as shown in the fig-
ure 3.2 and 3.3. Furthermore, the combined treatment with Taxol
and Latrunculin A, which stabilises microtubules while eliminating
actomyosin-driven contractile forces, also results in minimal buck-

ling, too supports that microtubule mechanics play a dominant role
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in axonal buckling. For direct comparison, the buckling plots of con-
trol, Taxol, and Taxol+LatA treatments, with error bars, are shown
in Figure 3.12. To summarise, these observations suggest that micro-
tubule stabilisation by Taxol enhances axonal stiffness and reduces

susceptibility to buckling.
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FIGURE 3.11: Average buckling versus time plots for all pharmacologically

treated axons, including Blebbistatin, Latrunculin A, Nocodazole, Taxol, Taxol

+ Latrunculin A, and Jasplakinolide + Nocodazole, along with the control
(DMSO), following full ablation.
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3.5.4 Retraction Responses of axons after partial ablation

o
l Substrate/Surface
O
Membrelme tube
O

(®—

FIGURE 3.13: Both ends of the neuron are attached at both ends, but the axonal

region is free from the substrate. The thick black arrow points to where the

ablation occurred. After ablation, the axon thins down as the thinned portion
expands toward both sides, while the membrane tube remains preserved.

A

0
A

In experiments involving complete ablation of floating axons, the
proximal and distal parts are fixed only at their extremities. How-
ever, at the point of ablation, both segments move freely in the
extracellular medium due to the complete cut. We observed that
the axonal segments tend to shift out of focus after ablation. This
shift complicates the accurate measurement of contour lengths. The
error in calculating contour length may affect our understanding of

how cytoskeletal elements contribute to long-term retraction.

To overcome this issue, we developed a technique to perform par-

tial ablation of axons, which involves severing only the intracellular
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FIGURE 3.14: This image sequence shows partial ablation in control axons.

The thick black arrow marks the ablation site. Following ablation, the internal

cytoskeletal material retracts toward both ends, while the membrane remains
intact. Scale bar: 10 pum.

components while keeping the membrane tube intact. The tension in
the contiguous membrane bridge keeps the axon straight and mostly

in focus, even as the axonal cytoskeleton recedes in both directions

(shown in the figure 3.13 and 3.14).

We also observed a variability in axonal diameters across samples.
This variation is important because the diameter of an axon can
influence its mechanical behaviour. For example, a thicker axon may
resist deformation differently than a thinner one due to differences in
cross-sectional area, internal tension, and cytoskeletal composition.
Microtubule density decreases with increasing axonal diameter, but
there is a rise in the total number of microtubules in DRG neuron
axons [100]. Therefore, this heterogeneity in axonal diameter could

affect the retraction response. To account for this, we measured
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F1GURE 3.15: The diameter distribution of axons subjected to partial ablation
in control-treated conditions is shown here.

the diameter of axons used in the control experiments shown in the

figure 3.15.

All the drug treatments here were performed in the same way as
done for the full ablation experiments and described in the section
3.4. The partial ablation data were initially recorded at 6 frames
per second (fps) until around 60 seconds, after which the recording
speed was switched to 15 fps. The gap in the data corresponds to

the transition between the two recording speeds.

The contour length analysis for control axons (treated with DMSO)
after partial ablation is shown in figure 3.16. Blebbistatin-treated
axons exhibit slower retraction compared to control, as illustrated

in figure 3.17. Similarly, Latrunculin A treatment results in reduced



87

O Control (Average) ‘

-

=
®

o
N

Normalised contour length (L(t)/LO)
o o
N (o)}

0 100 200 300 400 500
Time (in seconds)

FIGURE 3.16: The normalised contour length vs time plot for control (DMSO)
axons after partial ablation is shown here. The bold black circle represents
the average plot over n = 24 axonal segments. The other colored curves with
smaller marker sizes represent the individual axonal segment contour length
plots. Normalisation was done by dividing the contour length at each time
point, L(t), by the initial contour length just after ablation (Lg). Discontinuities
in the average plot arise because some axonal segments retract early. The gap
in the data at around t = 54 s is due to the switching of the recording speed
from 15 fps to 6 fps.

retraction, with corresponding data shown in figure 3.18. In con-
trast, Nocodazole-treated axons retract more rapidly than control
(figure 3.19), while Jasplakinolide treatment also increases retrac-
tion, though to a lesser extent (figure 3.20). Taxol treatment leads to
slower retraction relative to control (figure 3.21). Notably, the com-
bination of Taxol and Latrunculin A results in minimal retraction,
indicating a strong inhibitory effect on cytoskeleton-driven shorten-
ing as shown in figure 3.22. The average normalised contour length
over time for all partial ablation experiments with different drug

treatments is summarised in the figure (3.23).
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17: The normalised contour length vs time plot for blebbi-treated

axons is demonstrated here. The bold black circle represents the average plot

over n = 2
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FIGURE 3.

8 axonal segments. The other colored curves with smaller marker
represent the individual axonal segment contour length plots.

O Latrunculin A (Average)‘
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18: The normalised contour length vs time plot for Lat A-treated

axons is shown here. The bold black circle represents the average plot over
n = 30 axonal segments. The other colored curves with smaller marker sizes
represent the individual axonal segment contour length plots.



89

O Noco (Average) ‘

-_

o
®

o
N

Normalised contour length (L(t)/LO)
o o
N (o]

0 100 200 300 400 500
Time (in seconds)

o

FIGURE 3.19: The normalised contour length vs time plot for Noco-treated

axons is shown here. The bold black circle represents the average plot over

n = 31 axonal segments. The other colored curves with smaller marker sizes
represent the individual axonal segment contour length plots.
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FIGURE 3.20: The normalised contour length vs time plot for Jasp-treated

axons is shown here. The bold black circle represents the average plot over

n = 25 axonal segments. The other colored curves with smaller marker sizes
represent the individual axonal segment contour length plots.
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F1GURE 3.21: The normalised contour length vs time plot for Taxol-treated

axons is demonstrated here. The bold black circle represents the average plot

over n = 25 axonal segments. The other colored curves with smaller marker
sizes represent the individual axonal segment contour length plots.
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FIGURE 3.22: The normalised contour length over time for axons treated with
a combination of Taxol and Latrunculin A, after partial ablation, is shown here.
In this experiment, the axons were first treated with Taxol for 30 minutes,
followed by treatment with Lat A for an additional 15 minutes. The bold
black circle represents the average plot over n = 34 axonal segments. The other
colored curves with smaller marker sizes represent the individual axonal segment

contour length plots.
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FIGURE 3.23: Normalised contour length (Average) with time plots of all phar-

macologically treated axons including control (DMSO), Blebbistatin, Latrun-
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tial ablation.
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3.5.5 Axonal retraction induced by growth-cone detach-

ment using trypsin

FIGURE 3.24: Image sequence showing axonal retraction following trypsin-
induced growth cone detachment. The black arrow points to the growth cone,
while the blue arrow indicates the glass capillary containing trypsin.

When ablation with a laser is performed, it severs microtubules and

may induce microtubule depolymerisation. This laser induced mi-

crotubule damage may significantly affect the observed retraction
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FIGURE 3.25: Gravity-driven flow system for localised trypsin appli-
cation This setup consists of a syringe filled with trypsin and connected to a
plastic tube, positioned at a higher level relative to the sample stage to enable
gravity-driven flow. A valve is integrated along the plastic tube to control the
fluid flow. An XYZ motorised stage, mounted on a secondary platform holding
a capillary holder that connects a plastic tube on one end and a glass capillary
on the other. The forged tip of the capillary is positioned near the neuronal
growth cone. The sample immersed in a nutrient medium is placed on the mi-
croscope stage. Imaging lights illuminate the sample, and a camera captures
the images.

responses. Additionally, laser ablation may trigger calcium influx
and activate injury-induced signalling pathways (discussed in detail
in Chapter 4). To investigate retraction responses without inducing
direct cytoskeletal damage, we employed a biochemical method to in-
duce axonal detachment. Specifically, we used trypsin, a proteolytic
enzyme that breaks down proteins, to locally detach the axon from
the substrate at the growth cone. In addition to injury-induced re-
traction, axons also undergo retraction during development as part

of the natural pruning process to eliminate unnecessary branches.
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To examine whether the mode of induction influences the retraction
response, this non-injury approach can be used. This method may

mimic retraction events that occur during development.

In this experiment, we utilised trypsin-induced retraction, wherein
trypsin was applied near the axonal growth cone to locally degrade
the linkages to the extracellular matrix (ECM) and disrupt adhesion
between the axon and the substrate (shown in figure 3.24). Unlike
laser ablation, which physically severs the axon and can lead to rapid
cytoskeletal disruption and local depolymerisation at the injury site,
trypsin treatment does not cut the axon. Also, it weakens axon-
substrate interactions and induces retraction without damaging the
axonal membrane or internal cytoskeletal structure. This approach
maintains the mechanical continuity of the axon, thereby allowing
the study of retraction driven purely by the intrinsic cytoskeletal

tension.

To enable localised application of trypsin to axonal growth cones, we
developed a home-built gravity-driven flow system for controlled de-
tachment and retraction analysis, as shown in figure (3.25). In this
setup, borosilicate glass capillaries (catalogue number B100-75-10,
Sutter Instrument, United States) were pulled into fine-tipped nee-
dles using a micropipette puller (Model P-2000, Sutter Instrument,
United States) equipped with a C'O, laser-based heating source. The
inner diameters of the capillary tips were refined to 20-30 pum us-
ing a microforge (Model MF-900, Narishige, Japan). These forged

capillaries were then mounted on a mechanical micromanipulator
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(Model BRM/E, Xenoworks, Sutter Instrument, United States) via
a needle holder. One end of the needle holder was connected to a
plastic syringe filled with trypsin through tubing and a flow-control
valve, while the other end held the capillary needle. The tip of the
needle was immersed in the culture medium and positioned near
the growth cone on the glass substrate using the micromanipulator’s
stage controller. Trypsin was then released using the valve to induce
detachment of the growth cone. The resulting retraction dynamics
were recorded using a camera (DFC365 FX, Leica) at a frame rate

of 2 fps.
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FIGURE 3.26: The plot of normalised contour length over time for axons de-

tached from growth cones by trypsin treatment is shown here. The bold black

circle indicates the average plot based on n = 15 axons. The additional colored

curves with smaller markers represent the contour length plots of individual
axonal segments.
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FiGURrE 3.27: The plot for the buckling vs time of trypsin-induced detached

axons from growth cones is shown here. The bold black circle indicates the

average plot over n = 15 axons. The additional colored curves with smaller
markers represent the contour length plots of individual axonal segments.

The flow of trypsin in this setup is driven by hydrostatic pressure,
which is generated by positioning the trypsin-filled syringe at a height
above the sample stage. Since the syringe lacks a plunger, gravity
acts directly on the fluid column, which creates pressure at the base
of the syringe according to the equation P= pgh. In this equation, P
represents the hydrostatic pressure at the outlet, p is the density of
the trypsin solution (approximately 1000 kg/m?, similar to water),
g is the gravitational acceleration (9.81 m/s?), and h is the vertical
height difference between the fluid level in the syringe and the fluid
level in the petri plate. Since the capillary tip is immersed in the
petri dish fluid, that fluid exerts its own pressure. What matters
is the difference in pressure, that is, how much more pressure the

syringe height generates relative to the dish fluid. This pressure
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FIGURE 3.28: The comparison of normalised contour length versus time plots
for full ablation and trypsin-induced axons. This comparison is for control
(DMSO-treated) axons. The blue circle and red square denote the full ablation
and trypsin-induced data, respectively. The averages are taken over nl = 18
axonal segments for full ablation and n2 = 15 for trypsin-induced axons. Con-
tour length data from trypsin-induced axons is fitted with a green exponential
curve up to 5 seconds to get the relaxation time, followed by a black linear fit
to estimate retraction velocity.

drives the trypsin solution through the connected plastic tube and

ultimately toward the capillary.

The contour length and buckling responses during retraction, follow-
ing growth cone detachment induced by trypsin, are shown in the
figures 3.26 and 3.27, respectively. The contour length data is fitted
with a single exponential curve for the initial 5 seconds, yielding a
relaxation time of 3.58 seconds. Beyond 5 seconds, a linear fit is
applied to determine the retraction velocity, which is 0.0076 pm/s
(shown in the figure 3.28).
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FIGURE 3.29: The comparison of buckling versus time plots for full ablation

and trypsin-induced axons. This comparison focuses on control axons treated

with DMSO. The data for full ablation is indicated by a blue circle, while

the trypsin-induced data is represented by a red square. Averages have been

calculated from nl = 18 axonal segments for the full ablation group and n2 =
15 axons for the trypsin-induced group.

3.5.5.1 Possible explanation for full ablation and trypsin-induced re-

traction of control axons

The contour length and buckling responses after laser ablation and
local treatment of trypsin for control axons are shown in the fig-
ures 3.28 and 3.29. The contour length evolution is much faster in
laser ablation compared to retraction induced by local application of
trypsin. Additionally, axonal buckling is lower in trypsin-detached
axons than in fully ablated ones. Although full ablation-induced
retraction exhibits two time scales, the initial dominant time scale
is 71 = 0.52 sec (from Table 3.1), whereas trypsin-induced retrac-

tion shows a relaxation time scale of 7 = 3.58 sec. This indicates a
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significant quantitative difference between the two types of induced

retraction.

In full ablation, cutting the axon triggers a rapid calcium influx (ex-
plained in detail in chapter 4), which can activate actomyosin con-
tractility and calpain proteases [101]. These processes may weaken
the cytoskeleton and accelerate retraction. In contrast, trypsin-
induced detachment likely causes little or no calcium influx, so ac-
tive contraction and cytoskeletal disassembly are limited, resulting

in slower retraction.

3.6 Possible explanation for retraction after ab-

lation

Although the overall trends in response are similar between full and
partial ablation for most drugs, Jasplakinolide and Nocodazole ex-

hibit pronounced differences (see figure 3.6 and 3.23).

Myosin IT motor activity is essential for retraction. Inhibiting myosin
with blebbistatin dramatically suppresses retraction of severed ax-
ons. Gallo et al showed in retinal and chick DRG axons that Bleb-
bistatin treatment minimised axon retraction after severing. When
myosin II is blocked, the axon barely retracts following injury. They
have also reported that inhibiting upstream regulators of myosin,
such as Rho-associated protein kinase (ROCK)or Myosin light-chain
kinase (MLCK) also prevented retraction [3]. These data suggest
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that the retractile response is actomyosin-driven, and without myosin
force generation, the axon cannot retract itself. We observed that
Blebbistatin-treated axons shortened after ablation, but at a reduced
rate compared to controls, suggesting that additional mechanisms
contribute to the retraction. These may include cytoskeletal de-
polymerisation triggered by elevated calcium levels or the action of
enzymes such as calpains, which can disrupt microtubules (more de-

tailed discussion in chapter 4).

Treatment with Taxol markedly slows axonal retraction. Taxol binds
to and stabilises microtubules preventing depolymerisation, thereby
reinforcing the axonal scaffold. In agreement with this, Datar et al.
found that Taxol pretreatment strongly attenuated retraction after
partial laser cut. In their measurements of retraction distance over
time, Taxol-treated axons retracted only briefly and then stopped
retraction much earlier than untreated control axons [99]. Thus,
Taxol prevents the usual contraction by maintaining microtubule in-
tegrity. In essence, stabilised microtubules oppose the contractile
forces, so the axon cannot shorten as much. In contrast, disrupting
the axonal microtubule network promotes retraction. Early studies
showed that loss of microtubules treated with Nocodazole and re-
traction induced by NOC-7 (Nitric oxide variant) causes enhanced
retraction of axons [97]. More recent work confirms that pharmaco-
logical depolymerisation of microtubules (e.g. with nocodazole) in-
duces collapse of severed axons [102]. For instance, Tymanskyj and

Ma demonstrated that DRG axon branches retracted in response to
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nocodazole-induced microtubule loss. In other words, microtubule
destabilisation by nocodazole makes the axon more susceptible to
contractile shortening after injury. It is thought that intact micro-
tubules normally provide structural resistance to actomyosin ten-
sion, so their removal allows a more rapid retraction [97, 102]. In
our partial-ablation experiments, nocodazole-treated axons retracted
faster than controls, consistent with previous findings that micro-
tubule loss accelerates retraction dynamics. However, complete tran-
section of axons (full ablation) resulted in a slower retraction speed,
and the underlying reasons for this difference are yet to be under-

stood.

Actin filaments form a dynamic network that works with myosin II
to generate contractile force. Latrunculin A, which depolymerises
F-actin, prevents axonal retraction. Gallo showed that severing-
induced retraction was abolished when actin was depolymerised [3].
In his experiments with retinal and chick DRG axons, Lat A com-
pletely blocked the shortening of severed segments. Similarly, Mu-
talik et al. reported that Lat A pretreatment completely abolished
myosin-mediated axonal contractility in trypsin-detachment assays
[61]. These results indicate that F-actin filaments are required for
axon shortening. When actin is removed, there is less or no sub-
strate for myosin-driven contraction. We still observe some retrac-
tion because Blebbistatin acts in a dose-dependent manner and may

not fully inhibit myosin II activity. Additionally, residual F-actin
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remaining after Latrunculin A treatment may support limited con-
tractile activity, allowing some retraction to occur. Alternatively,
the retraction could be partially driven by microtubule depolymeri-

sation.

Conversely, Jasplakinolide stabilises F-actin by promoting actin poly-
merisation and inhibiting filament disassembly. By preventing actin
turnover, Jasp shifts the balance toward irreversible contraction. In
Gallo et al.’s studies, treatment with Jasp caused axons to retract
[54]. This retraction was due to the action of endogenous myosin.
Jasp-treated axons collapsed via a myosin-dependent mechanism,
which is sensitive to ROCK and MLCK inhibitors [54]. Thus, locking
actin into place is enough to unleash the contractile machinery and
causes axonal retraction. However, either removing actin or prevent-
ing its turnover results in different outcomes. Actin removal halts
contraction, while stabilisation of actin triggers contraction. But in
our partial ablation experiment, the retraction after treatment with
Jasp is slightly faster than in the control experiment. This could be
because partial ablation leaves the membrane and most cytoskele-
tal components intact, preserving mechanical resistance from mi-
crotubules and crosslinking proteins. Additionally, actin structures
beyond the periodic rings present in the axon may also contribute to
its stability. As a result, even if contractility is slightly enhanced, the
overall retraction is not much faster compared to control. However,
in the case of full ablation, retraction is much slower compared to

the control, and the underlying mechanism remains unclear.
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When a combination of Taxol and Latrunculin A is used for ex-
periments. The Taxol treatment is for 30 minutes, followed by an
additional 30-minute treatment with Latrunculin A. First, the mi-
crotubules are stabilised, and, the actin polymerisation is blocked.
The stabilised microtubules provide a rigid internal scaffold, while
the absence of polymerised actin eliminates the contractile machin-

ery. As a result, no significant retraction is observed.

In summary, the above discussion may indicate that axonal retrac-
tion after partial ablation requires coordinated action of actin and
myosin against the microtubule framework. Disrupting actin or
blocking myosin halts retraction, whereas drugs that weaken mi-
crotubules allow faster retraction in partial but not in full ablation.
However, stabilising microtubules acts as a counterbalance to con-
tractility and limits retraction. The combination of Taxol and Lat

A blocks the axonal retraction.

Comparison of full and partial ablation shows that nocodazole and
jasplakinolide produce divergent responses, which could arise from
differences in boundary conditions. Full ablation creates two free
ends and breaks symmetry, whereas in partial ablation, the tube re-
mains intact and symmetry is preserved. Although the exact mech-
anism remains unclear, the explanation offered here provides one

plausible interpretation.
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3.7 Cytoskeletal response times

Full laser ablation of an axon causes a rapid viscoelastic retraction of
segments, followed by slower cytoskeletal remodelling. In chick DRG
axons, passive stretch-release experiments show that axons return to
their resting length within 5-10 seconds once the external load is
removed. In other words, the viscoelastic relaxation time of the

axon is on the order of only a few seconds after sudden stretch [31].

Actin filaments turn over much faster than microtubules in neurons.
In growth cone lamellipodia (e.g. cultured chick DRG or Retinal
Ganglion neurons), F-actin is completely recycled on the order of
3-5 minutes in the lamellipodia of growth cones [54]. By contrast,
axonal microtubules are very long-lived. Experiments in cultured
neurons find an average MT half-life of ~2.2 hours (132 min) in
axons [103]. In other words, most microtubules persist for hours

before complete turnover.

The rates of filament polymerisation also differ by filament type.
Actin treadmilling in the growth cone enables steady retrograde mo-
tion. for example, lamellipodial protrusion and withdrawal typi-
cally occur at ~1-4 pm/min [104]. Microtubule shrinkage rates dur-
ing catastrophe are slower than polymerisation rates. Microtubule
growth typically occurs at rates of 12-18 pm/min, consistent with

values reported in Xenopus and rodent neurites [105].

Active contractile response after adhesion release also occurs on the

order of seconds to minutes. In cultured chick DRG neurons, curved
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axons treated with trypsin straighten via actomyosin contraction.
A clear shape change is seen within 10-20 seconds of detachment,
and the axon reaches its new (shortened) length within 1-5 minutes.
Thus, actomyosin-driven straightening/shortening of an axon after
release of attachments takes on the order of minutes [61]. Myosin-II
inhibitors block this shortening, confirming it is active rather than

purely elastic.

The timescales reported for cytoskeletal dynamics in neurons suggest
that passive recoil occurs within seconds, actin turnover and contrac-
tile activity unfold over minutes, and microtubule turnover typically
occurs over hours. Since our experimental timescale is on the order
of minutes, we can reasonably neglect microtubule turnover during
retraction. Actin turnover in structures like the lamellipodium oc-
curs within 1-5 minutes; however, in the axonal shaft—where actin
exists in more stable ring-like structures—turnover is likely slower.
Thus, axonal retraction in our experiments is primarily governed by

rapid passive recoil and actomyosin-driven contractility.

3.8 Axonal Twisting after Ablation

After laser ablation, axons often show twisting or rotational relax-

ation of the axonal segment shaft, which may indicate release of
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FI1GURE 3.30: The image sequence illustrates axonal twisting in control axons

following full ablation. The twisting is inferred from the movement of debris

or uneven surface structures along the axon after ablation. These features,

indicated by blue and red arrows, exhibit rotational displacement over time.
The ablation site is marked by a bold black arrow.

torsional stress. This behaviour is likely a result of the pre-stressed
composite structure of the axon. When the cut releases longitudinal
tension, any built-up torsion in the microtubule bundle, for exam-
ple, is relieved by rotation. The severed segment twists until internal
stresses are minimal. In essence, the axon behaves like a pre-twisted
elastic material. While the precise function of this twist release is not
fully understood, it may help redistribute mechanical energy (anal-
ogy with the twisted rod) and cause cytoskeletal reorganisation at
the cut site. The axonal twist after full ablation and partial ablation

is shown in figure (3.30) and (3.31)



107

FIGURE 3.31: The image sequence shows axonal twisting in control axons fol-

lowing partial ablation. Twisting is suggested by the rotational movement of

debris or irregular surface features along the axon, marked by red and blue ar-
rows. The ablation site is indicated by a bold black arrow.
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3.9 Some interesting observations

When control axons are partially ablated, the corresponding plots
are shown in Figure 3.16. However, some interesting observations
and details for the control axons after partial ablation are explained

in the figure (3.32),(3.33) and (3.34).

FIGURE 3.32: The image sequence shows the retraction behaviour of control

axons following partial ablation. (a) The segment marked by the red and blue

arrows shows no significant retraction between 312 sec and 464 sec. (b) The

segment marked by the red arrow shows no significant retraction between 235

sec and 451 sec. (c¢) The segment marked by the red arrow exhibits minimal
retraction between 63 sec and 306 sec.
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FiGURE 3.33: The image sequence of control axons following partial ablation

shows no significant retraction between 11 seconds and 58 seconds in the segment

indicated by the blue arrow. The contour length analysis of both segments is
shown in figure (3.34).
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FIGURE 3.34: The blue asterisk and black circle plots represent the contour
length data of the segments indicated by the red and blue arrows, respectively,
in figure 3.32a. The green diamond plot corresponds to the segment marked
by the red arrow in figure 3.32b, and the cyan square plot corresponds to the
segment marked by the red arrow in figure 3.32c. All segments indicated by
red arrows in figure 3.33 show either very slow retraction or no retraction after
some time. The segment indicated by the blue arrow in the same figure initially
retracts very slowly, followed by a sudden retraction. The magenta hexagon and
red cross plots represent the contour length data of axonal segments marked by
the red and blue arrows, respectively, in the figure 3.33. The segment marked by
the red arrow (magenta hexagon) retracts initially, pauses, and then undergoes
a sudden retraction. The segment marked by the blue arrow (red cross) also
begins with very slow retraction, followed by a sudden contraction.



Chapter 4

The role of calcium in axonal
retraction and recovery after

partial laser ablation

In the previous chapter, we explored how different pharmacological
treatments targeting cytoskeletal elements affect axonal retraction
following both full and partial laser ablation. Our studies revealed
that retraction dynamics are influenced by microtubules, actin fila-
ments, and myosin II motor protein, with each component contribut-
ing in distinct ways. In addition to these structural factors, axonal
injury may activate biochemical responses, particularly an increase
in intracellular calcium concentration. This calcium influx occurs
rapidly after ablation and may trigger calcium-dependent proteases.
These enzymes can degrade essential cytoskeletal components, which

may affect axonal retraction.
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In this chapter, we will focus on the role of calcium after axonal abla-
tion. Specifically, examining the effects of chelating calcium to limit
intracellular calcium elevation. We aim to determine how this chela-
tion influences retraction behaviour and the subsequent recovery of

some key cytoskeletal components, namely actin and microtubules.

To fully comprehend the impact of calcium on axonal retraction and
recovery, it is essential to understand the mechanisms that regulate
its levels within the cell. The elevation of intracellular calcium after
axonal injury involves a complex interplay between calcium influx
from the extracellular space, release from intracellular stores, and
active calcium clearance mechanisms. In the next section, we will
explore the sources of calcium within axons, the pathways through
which calcium levels rise following injury, and the cellular mech-
anisms that restore calcium to its previous (pre-ablation) levels,
thereby modulating the cellular response to injury. Understanding
these dynamics is critical for unravelling how calcium influences re-

traction processes after partial ablation.
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4.1 Role of calcium in cells: from homeostasis to

degeneration

4.1.1 Calcium homeostasis and its regulation

Calcium plays a major role in maintaining a great variety of neuronal
processes that are crucial for neuronal function, such as neurotrans-
mission and synaptic plasticity, along with the regulation of axonal
growth, development, and regeneration [106]. Maintaining calcium
homeostasis is crucial for neurons to ensure proper signalling, plas-

ticity, and survival.

Calcium homeostasis is the process of regulating intracellular Ca™*
levels (in the nM range) compared to the extracellular milieu (in
the mM range). In general, increases in Cat™ are typically short
(ranging from milliseconds to a few minutes) because of a complex
system of calcium buffers, pumps, channels, and exchangers found in
cell membranes and the membranes of intracellular calcium-storage
organelles, such as the endoplasmic reticulum. Many proteins sense
and bind to elevated Ca™", leading to the modulation of pumps and
channels to regulate the Ca™* [107]. Calmodulin is one of the sensor
proteins that may detect and bind Ca®™ by undergoing a confor-
mational change. It may trigger calcium pumps such as the Plasma
Membrane Calcium ATPase (PMCA) and the Sarco/Endoplasmic
Reticulum Calcium ATPase (SERCA) to decrease intracellular Ca™

concentrations. PMCA actively removes excess Ca®™" by actively
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pumping calcium ions out of the cell using ATP hydrolysis. SERCA
on the membrane of the endoplasmic reticulum (ER)(in non-muscle
cells) functions as a calcium pump that prevents excess cytosolic
Cat™ accumulation by transporting calcium into the ER. Addition-
ally, Na™/Ca™" exchanger (NCX) rapidly reduces Ca™ levels by

extruding Ca™ out of the cell in exchange of Na™ ions [108, 109].

4.1.2 Mechanisms of Ca™™ entry

Different cellular stimuli, including membrane depolarization, extra-
cellular signalling molecules, or intracellular messengers, lead to a
rise in Ca®™™ from 100 nM to 1 uM or higher. Calcium ions (Ca™™)
enter cells via voltage-gated calcium channels (VGCCs) and ligand-
gated channels (LGC) [110, 111]. For example, VGCCs (e.g. T-
type channel) activate and open by conformational changes when
the membrane depolarises, permitting the influx of Ca™" ions in
the cell [112]. Ligand-gated channels become active when excita-
tory neurotransmitters, such as glutamate, engage with them dur-
ing neurotransmission. For instance, N-methyl-D-aspartate recep-
tors (NADARs) are a type of LGC that respond to glutamate bind-
ing, which facilitates the entry of Ca'™ into the cell, leading to a
regulated increase of intracellular Ca™", essential for neuronal sig-
nalling within the mammalian CNS. [108, 111]. Additionally, the
release of Ca™ from internal stores like the endoplasmic reticulum

through intracellular channels plays a role in increasing the levels of

cytosolic Ca™™ [110].
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Store-operated calcium channels (SOCCs) are plasma membrane chan-
nels that serve as a significant route for Cat™ entry into the cyto-
plasm. SOCCs activate during store-operated calcium entry (SOCE)
when there is a calcium depletion in the endoplasmic reticulum.
STIM proteins act as sensors for Ca™™ ions in the ER, while Orai
proteins function as SOCCs, together enabling SOCE. When cal-
cium levels in the ER decrease, STIM proteins move to the junc-
tions between the ER and the plasma membrane, where they engage
and activate Orai channels located in the plasma membrane, initi-

ating calcium influx to restore the balance of intracellular calcium

109, 113].

Transient receptor potential (TRP) channels are cation channels per-
meable to calcium and involved in various sensory responses such as
changes in temperature and pH. There are multiple ways TRPs may
affect cellular calcium signalling. These channels can directly trigger
cellular calcium signals in response to various stimuli. Additionally,
as nonselective cation channels, the activation of TRP channels re-
sults in membrane depolarization, which affects Ca™" influx through
VGCCs and SOCCs. Lastly, Cat™ affects the activity of most TRP
channels, enabling them to act as molecular effectors in response to

intracellular Ca*™" signals [109, 114].

Intracellular (Cat™) stores also contribute to increased levels of inter-
cellular calcium. Cells release Ca™™ from the endoplasmic reticulum
through inositol 1,4,5-trisphosphate receptors (IP3Rs). These recep-

tors are ligand-gated calcium channels that allow Ca*™ to flow from
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FIGURE 4.1: Schematic of CaT™T regulation and signalling in cells. At
rest, cytoplasmic Ca™™ is maintained at ~nM levels by active expulsion via the
Na®/Catt exchanger (NCX) and plasma membrane Catt ATPase (PMCA),
and by sequestration into the endoplasmic reticulum (ER) via the endoplasmic
reticulum Ca®™" ATPase (ERCA). Elevated intracellular Ca®™ activates K+
channels and, in some cells, Cl" channels, leading to hyperpolarisation. Excita-
tory Ca™ signalling is triggered by voltage changes or ligand binding, activating
plasma membrane channels. Initial Ca™ influx can induce further release from
ER stores via CCa™"-sensitive RyRs) and IP3Rs.

internal stores into the cytoplasm when IP3 (the ligand) binds to
them. [109, 115]. The schematic of Ca™™ release from the extracel-

lular space and intracellular stores is shown in the figure 4.1.

Stretch-activated calcium channels (SACs) - These are mechanosen-

sitive ion channels that mediate Ca™" entry in response to a diverse
range of mechanical stimuli such as stretch, shear stress, or osmotic
changes [116]. Piezol and Piezo2 are the two main SACs found in

neurons that can be activated by mechanical deformation of lipid
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bilayer or interaction with cytoskeletal elements leading to the sud-
den influx of Ca™™ into the cell [117, 118]. The biophysical proper-
ties of SACs are characterised using patch-clamp electrophysiology,
showing that ionic (inward) currents induced by mechanical stimuli
(negative pressure (suction)) and substrate indentation were blocked
by SAC subtype-specific inhibitors, including GsMTx4 and Gadolin-
ium (Gd") to distinguish SACs from voltage-gated calcium channels
(VGCCs) [116, 119, 120]. Genetic knockout (KO) models provide ex-
perimental support for the involvement of SACs, as mechanosensitive
Ca™" currents are lost in Piezo2 KO neurons, demonstrating that
Piezo channels are critical sensory neuron mechanotransducers [118].
Moreover, calcium imaging studies using fluorescent molecules such
as Fura-2 or genetically encoded calcium indicator (GECI) proteins
are used to measure the activity of mechanically activated cation
channels [116]. For example, applying fluid shear stress to MDCK
cells increases Ca™ ™ influx into the cytoplasm [121]. Piezol is crucial
for the Ca™ influx induced by mechanical force in red blood cells.
Selective removal of Piezol from red blood cells in adult mice leads
to increased fragility [122]. These results together provide strong ev-
idence that SACs function as a major pathway for mechanosensitive

Ca™™" entry.

Several models explain the mechanism of cation entry into cells. The
force-from-lipid model proposes that piezo channels can detect ten-
sion across the lipid bilayer, while mechanical deformation causes

the channel to open up through stretching of the membrane. In
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this model, piezo channels can function independently of the cy-
toskeleton, indicating the lipid bilayer primarily drives force sensing.
The force-from-tether model, on the other hand, suggests that piezo
channels could be attached to cytoskeletal components or extracel-
lular matrix structures via tether protein. In this model, external
forces pass through these tethers, influencing the conformation of
the channel and resulting in its activation. These models are re-

viewed in [123].

4.1.3 Calcium stores and sequestration

Calcium, which plays a crucial role in intracellular signalling, is
sequestered in organelles such as the endoplasmic reticulum (ER)
and the mitochondria. These Ca™™ stores are tightly regulated by
organelle eflux and uptake. The outer mitochondrial membrane
(OMM) allows Ca™" to pass through via voltage-dependent anion
channels (VDACs) known as mitochondrial porins. The mitochon-
drial calcium uniporter (MCU) in the inner membrane enables rapid
uptake of Ca®™" driven by the mitochondrial membrane potential.
In intact neurons, MCU activation is strongly influenced by cytoso-
lic Ca™ levels, with uptake occurring at concentrations as low as

200-300 nM [124-126).
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The neuronal endoplasmic reticulum contains sarcoplasmic/endo-
plasmic reticulum Ca™"-ATPase (SERCA) pumps responsible for se-
questering Ca™" into the ER. ER also contain high levels of calcium-
binding proteins like calreticulin and calbindin for calcium storage,
preventing harmful accumulation in the cytoplasm. Neurons also
have calcium channels, including inositol 1,4,5-trisphosphate recep-
tors (IP3Rs) and ryanodine receptors (RyRs), which control the re-
lease of Ca™™ from the ER to the cytosol [127].

Ca™™ stores act as both buffers and sources of Ca®™™, with their
function depending on their filling state. When empty, they absorb
Cat™, which limits stimulus-evoked transients; when filled, they re-

lease Ca™™, thereby enhancing intracellular signals [127].

4.1.4 Calcium induced calcium release (CICR), waves, os-

cillations

CICR

Calcium-induced calcium release is an amplifying mechanism where
calcium influx into the cytoplasm stimulates additional calcium re-
lease from internal stores (ER and mitochondria), enhancing the sig-
nal [127]. For instance, the entry of Ca*" during action potentials
has been demonstrated to initiate calcium release from ryanodine-

sensitive stores through CICR [128].

Ca™™ release from the endoplasmic reticulum in response to extracel-

lular stimuli, mainly involves two families of intracellular channels.
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The first one is ryanodine receptors (RyR), and the other one is in-
ositol 1,4,5-trisphosphate receptors (IP3Rs). Both of these channels
respond to Ca™™, and the CICR mechanism plays a role in the quick

increase of Ca™ concentrations [108].

In IP3Rs, the main factors involved are IP3 molecule and Cat*. IP3
binds to receptors, causing a conformational change and enhancing
their sensitivity to calcium. This effect exhibits biphasic behaviour
(it stimulates at low concentrations but becomes inhibitory at the
higher levels that arise following Ca*" release). The regulation of
Ca™*™ takes place through both the direct interaction of Ca™" with
the receptor and indirectly through calmodulin (CaM), which can
activate or inhibit the response. A calcium-binding protein (CaBP)

was also shown to initiate Ca®™* release even without IP3 [108, 129

131].

Along with IP3Rs, RYRs respond to Ca™" triggering further in-
tracellular Ca*™ release and amplifying signals in neurons, similar
to cardiac muscle excitation-contraction coupling. These receptors
are activated through interactions with voltage-gated Ca™" channels
(e.g. L-type) in the plasma membrane or by Ca™™ itself, particu-
larly during depolarization. The signal amplification varies among
neuron types, including DRG, Purkinje, and hippocampal neurons,
influenced by cytosolic Ca™™ levels and neurotransmitters like glu-
tamate and caffeine. Moreover, calmodulin (CaM) in both its Ca®™*

-bound and Ca™*-free forms regulate RyR2 activity, ensuring precise
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control of intracellular Ca™* signalling in muscle contraction, neuro-

transmission, and other physiological processes. [106, 108, 129]

Cat™ oscillations

Calcium enters the intracellular space from the extracellular envi-
ronment or internal stores, elevating it. This causes a rapid rise
in intracellular calcium levels, followed by decay, forming a cycle of
calcium oscillations. These oscillations are regulated by feedback
mechanisms that ensure synchronised activation and quick deactiva-
tion of calcium channels. This oscillation is shown by both IP3 and
RY receptors [115]. IP3Rs respond in a biphasic manner to cytosolic
Ca™", where low concentrations stimulate Ca™™ release, while higher
levels inhibit it. Activating IP3Rs releases Ca™™, initially limited but
rising through CICR as cytosolic Ca™™ levels increase. When Ca™™
reaches an inhibitory level, IP3Rs close, and the cell returns to rest-
ing conditions by moving Ca*™ back into stores via SERCA or out
of the cell via PMCA. Additionally, extracellular Ca™ entry helps
restore intracellular stores and directly affects the frequency of oscil-
lations, emphasising the importance of intracellular Ca™ in main-
taining these cycles [132]. Moreover, RyRs activate and inhibit at
micromolar and millimolar ranges of cytosolic calcium, respectively,

facilitating Ca™™ oscillations [108, 115].

The process of calcium oscillation for transferring information within
cells offers several advantages. Sustaining elevated levels of cytoso-

lic Ca™ demands significant energy to manage calcium transport
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mechanisms within the cell, and excessively high Ca™" levels can be
detrimental. Consequently, calcium oscillations is thought to provide

a more energy-efficient and controlled method of signalling [132].

Cat™ waves

In contrast to oscillations that are local and recurring, calcium waves
travel throughout the cell. The waves are spread through the cy-
toplasm by the sequential release and diffusion of Ca®™ from the
clusters of IP3Rs or RyRs located on the ER. The clusters of IP3Rs
generate localized Ca™ puffs, while RyRs typically organize into
clusters of four to six channels, resulting in the generation of Ca™™
sparks. Both of these events cause short, localized rises in cytoso-
lic calcium concentrations (about 50-600 nM), which extend over

distances of 2-6 pm and last for less than one second [108, 133].

The Ca™* that is released from a cluster can diffuse to adjacent sites
and cause further activation. This propagation mechanism enables
local Ca™ signals to propagate to become global Ca™" waves and
impact other cellular processes. In case of low stimulation, Ca™™

puffs are localized. However, with increased stimulation, Ca™™

re-
leased from one cluster can activate neighbouring clusters through
a 'fire-diffuse-fire’! [134] mechanism, resulting in widespread Ca™*

waves [132].

!The fire-diffuse-fire (FDF) mechanism explains the spread of intracellular Ca** signals
through localized release, diffusion, and reactivation. Ca™" release channels like IP3Rs or RyRs
create localized bursts called puffs or sparks. The released Ca*t* diffuses to increase local concen-
tration, activating nearby receptors and triggering more Ca™ release, allowing waves to spread
throughout the cell.
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IP3Rs and RyRs are found throughout the ER, but their distribution
is not uniform. While IP3Rs and RyRs tend to cluster independently,
they can also form mixed clusters. In these mixed clusters, IP3R-
mediated Cat™ release activates adjacent RyRs, further enhancing

Ca'tt signalling and facilitating effective intracellular communication

[133].

4.1.5 Effects of Excess Calcium: Activation of Enzymes

and Breakdown of the Cytoskeleton

The regulation of calcium signalling is important for the proper func-
tioning of cells, while excess calcium may cause damage. Increased
levels of intracellular Ca®™ are a common characteristic of injury
and neurodegeneration [135, 136]. Excess calcium triggers harmful
downstream processes, such as oxidative stress, mitochondrial dys-
function, and the activation of calcium-dependent proteases. These
proteases can be seen as the agents responsible for causing cellular
damage. While many proteases can contribute to cell degradation,
calpains are the most directly activated by elevated calcium levels

[136].

Calpains are a group of intracellular cysteine proteases that become
active in response to increased calcium levels within the cell. While
numerous isoforms of calpain have been identified, most research
has focused on two main types: p-calpain (calpain-1) and m-calpain

(calpain-2). u-Calpain has a relatively high affinity for Ca** found
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in the cytosol or near the membrane, activating at micromolar con-
centrations. In contrast, m-calpain has a lower affinity for Ca™ and
is located at the membrane, requiring millimolar Ca™" levels for ac-
tivation in vitro [137]. So when intracellular Ca™™ elevates, it may
trigger calpains and degrade a wide range of functional and struc-
tural proteins, contributing to pathological changes associated with
neurodegenerative disorders and injury [101, 137]. Neuronal calpain
activation has been observed within minutes to hours after either
contusive or diffuse brain trauma in animals, suggesting that cal-
pains are an early mediator of neuronal damage [138]. Additionally,
m-Calpain mediates the proteolytic cleavage of actin into smaller

fragments in lens cells [139].

Calpain plays a crucial role in axonal dysfunction and pathology fol-
lowing mechanical deformation or transection by targeting the ax-
onal cytoskeleton. Composed primarily of neurofilaments and micro-
tubules, the cytoskeletal structure is highly susceptible to calpain-
mediated proteolysis, leading to its disruption and contributing to

axonal damage [140].

In vitro study with microtubules examines the proteolysis of tubulin
and microtubule-associated proteins (MAPs) 1 and 2 by calpain I
and II, highlighting differences in their susceptibility based on mi-
crotubule assembly. It finds that disassembled tubulin and MAPs
are more prone to degradation by calpain than those within assem-

bled microtubules. These results indicate that microtubule stability
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impacts sensitivity to calpain-mediated proteolysis, with potential

implications for cytoskeletal regulation in various conditions [141].

Another in vitro study examines a calcium-activated neutral pro-
tease (CANP) or calpain in the peripheral nerve, which is activated
by micromolar Ca® and selectively degrades neurofilament proteins.
The findings suggest CANP contributes to axonal degeneration and
structural instability under calcium dysregulation [142, 143]. More-
over, neurofilament degradation under calcium-activated proteolysis

is shown using immunoblotting [144].

Moreover, in vitro calcium-induced microtubule disassembly is re-
ported, showing that even low Ca™*™ levels disrupt tubulin-tubulin in-
teractions, leading to depolymerization. It also highlights the role of
calmodulin? in enhancing this effect by interacting with microtubule-
associated proteins (MAPs) and reducing their stabilizing function.
These findings indicate that calcium and calmodulin pathways both

may regulate microtubule stability [147, 148].

It has been shown that calmodulin enhances the calpain-mediated
breakdown of brain spectrin, a vital cytoskeletal protein for neuronal
structure. It likely interacts with calpain by modulating calcium

binding, facilitating spectrin proteolysis [146].

Another study examines the role of calpain in pyroptosis, a type of

inflammatory cell death. It explores that calpain cleaves vimentin,

2Calmodulin is a calcium-binding protein activated by increased intracellular calcium levels
[145]. It can directly bind to calpain and enhance its proteolytic activity. [146]
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an essential intermediate filament protein, resulting in cytoskeletal

disassembly and subsequent cell rupture in macrophages [149].

Weisenberg et al demonstrated that Ca™ alone directly affects mi-
crotubule assembly in vitro and is highly dependent on calcium con-
centration. Low calcium concentrations (< 0.1 M) promote tubulin
polymerization, while increased calcium levels (> 1 gM) inhibit mi-

crotubule assembly by destabilizing tubulin interactions [147].

It can be concluded that elevated intracellular calcium leads to the
activation of proteases, resulting in the degradation of cytoskeletal
proteins and causing the disruption of neuronal structures via mul-

tiple and not fully understood mechanisms.

4.1.6 Axonal injury/disease

Axonal damage and neurodegenerative diseases are closely linked to
impaired Ca®™™ regulation. In the case of traumatic brain injury
(TBI), stroke, or neurodegenerative diseases like amyotrophic lateral
sclerosis (ALS) and Alzheimer’s disease (AD), a rapid increase of

intracellular Ca™ may initiate a series of harmful consequences [137,

150).

The cells maintain their Ca™" level within the physiological range
when unperturbed. However, when cells are perturbed, such as

stretching, transection, or crush/compression, the Cat™ level rises
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from the normal range. The sudden rise of axonal Ca™™ level be-
yond the typical range after axonal injury is demonstrated in ax-
otomy studies in cultured Aplysia neurons [151]. This increase in
Ca'™ levels can trigger axonal degeneration, as demonstrated using
the calcium ionophores that elevate Ca™ and cause axonal damage
within hours. Conversely, this process can be prevented by inhibit-
ing voltage-gated calcium channels (VGCCs) [5]. The axonal injury
in Ca™"-free media shows no rise in Ca*™". However, substituting
the Ca™"-free media with Ca™"-rich media post-injury results in an
increase in intra-axonal Cat™ levels [152]. The intracellular and ex-
tracellular Cat™ chelation also prevents axonal degeneration. The
present perspective is that the rise in axonal Ca™™ from the extracel-
lular environment following axotomy triggers calpains, contributing
to axonal disintegration [153]. Additionally, following an ischemic
injury, the early suppression of calcium release from internal stores
hinders the loss of axonal activity [154]. There could be multiple
ways in which axonal calcium could be engaged in axonal degenera-

tion processes.

However, the signal or driving force that promotes Ca®™ entry into
the injured axon is less well defined. Several reports suggest that de-
creased activity of Na™ /K™ ATPase due to energy failure (shortage
of ATP production) or mechanical disruption of surface membrane
from nerve injuries leads to initial Na™ influx through tetrodotoxin
(TTX)-sensitive Na™ channels. This then depolarises the membrane

to open voltage-gated Ca®™ channels as well as reverses the normal
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direction of Nat/Ca™* exchanger activity to collectively drive Ca™*™
influx [155]. However, the addition of TTX, which blocks the in-
ward Na' current and attenuates intra-axonal Ca™* levels, fails to
delay significant axon degeneration after axotomy [5, 152]. More-
over, a decrease in intra-axonal K* is reported to precede the rise
of Ca™ and Na™ levels in transected sciatic nerves, raising the pos-
sibility that loss of intra-axonal K potential may provide a more
critical electrochemical driving force for Ca™" influx after nerve in-

juries [156].

Axonal damage in a Ca''-free extracellular milieu results in no
change in intracellular Ca™™ levels, suggesting the critical role of ex-
tracellular Ca*™ in post-traumatic Ca®* elevation. In contrast, when
axons are transected in a Catt-rich environment, intracellular Ca™*™
increases due to a combination of influx through membrane pores,
activation of VGCCs [5], and CICR from internal stores [157]. Ca®™*
released from the ER via IP3Rs and RyRs contributes to mitochon-
drial Ca™" overload, leading to energy loss, elevated reactive oxygen
species (ROS), reduced ATP production, and ultimately axon frag-
mentation [152, 153]. This energy deficit disrupts axonal transport,
destabilises the cytoskeleton, and compromises membrane integrity.
Moreover, elevated Ca™™" also activates proteases such as calpains,
which degrade cytoskeletal components. Notably, m-calpain requires
intracellular Ca™ concentrations >200 uM to induce axonal degen-
eration [5]. Ultrastructural studies of white matter anoxia further

support this, showing that prolonged high Ca™™ levels are associated
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with neurofilament and microtubule breakdown [158]. Dysregulated
Ca'™ signalling also contributes to neurodegenerative diseases such
as Alzheimer’s disease (AD), where excessive ER Ca™™ release in-

creases amyloid-( toxicity and tau hyperphosphorylation [150].

4.2 Methods to study Ca'™ elevation

The investigation of calcium dynamics within cells depends on var-
ious calcium indicators, calcium channel blockers, receptor blockers

and inhibitors. There are some of them listed here.

4.2.1 Fluorescent calcium indicators

Fluo-4: These dyes, which utilize a single wavelength, are used to
track intracellular calcium concentrations in living cells. They in-
crease fluorescence intensity upon binding to calcium, with an exci-

tation peak around 488 nm.

Fura-2: This dye is a ratiometric calcium indicator dye that mea-
sures intracellular calcium concentration by changing its excitation
peak from 380 nm (free) to 340 nm (calcium-bound) with an emis-
sion at approximately 500 nm. It thus makes precise measurements
of calcium by comparing two-wavelength fluorescence. Moreover, ra-
tiometric analysis measures calcium levels in cells by comparing two
fluorescence signals—one that increases and one that decreases with

changes in calcium. Using the ratio of these signals helps eliminate
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errors from uneven dye amounts and signal fading, improving mea-

surement accuracy [159].

4.2.2 Calcium channel blockers

Gadolinium: A non-selective blocker of calcium channels that are

activated by mechanical stimuli and stretching.

Nifedipine: A dihydropyridine calcium channel blocker that inhibits
L-type voltage-gated calcium channels and is commonly used in stud-

ies of cardiac and neuronal calcium dynamics.

4.2.3 Calcium chelators

BAPTA-AM: It is a cell-permeable calcium chelator used to reduce
intracellular calcium levels. The AM ester form allows it to cross
the cell membrane easily. Inside the cell, esterases remove the AM
groups, converting them to active BAPTA, which binds free calcium

ions with high affinity.

EGTA: It is a cell membrane-impermeable calcium chelator that
binds to calcium ions with high affinity, making it ideal for selectively
lowering extracellular calcium levels. It aids in the investigation of
the contributions of both intracellular and extracellular calcium to

cellular processes.
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4.2.4 Protease Inhibitors

Numerous calpain inhibitors are used to prevent calpain-driven pro-
teolysis in studies investigating calcium-triggered cytoskeletal break-
down. However, MDL-28170 and Calpeptin are two calpain in-

hibitors targeting calpain 1 and calpain 2.

4.2.5 Intracellular receptor blocker

To inhibit the release of calcium from the endoplasmic reticulum

(ER), the two receptors ( [IP3R and RyR) can be targeted.

IP3R inhibitor: It can be inhibited using either xestospongin C, a
direct IP3R blocker, or U73122, a phospholipase C (PLC) inhibitor

that indirectly prevents IP3R activation by reducing IP3 production.

RyR inhibitor: Dantrolene works by directly inhibiting the release
of calcium from the endoplasmic reticulum (ER) by stabilizing the
closed state of ryanodine receptors (RyRs). In contrast, ryanodine
can modulate these receptors in two ways: at low concentrations, it
keeps the channel open, while at higher concentrations, it blocks the
receptor’s activity. Ruthenium red is also a widely used blocker of

(RyR) [160].

Along with all the inhibitors listed above, bepridil is used to block
the sodium-calcium exchanger, while w-conotoxin MVIIC is used to

block VGCCs.
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4.3 Experimental Insights of calcium in axons

following partial ablation

Building on our understanding of the pathways governing calcium el-
evation and clearance, we next sought to experimentally verify how
intracellular calcium levels change in response to partial laser abla-
tion. To do this, we employed live-cell fluorescence imaging using
calcium-sensitive dyes, enabling real-time visualisation of calcium
transients in axons immediately after injury. These observations
were further complemented by calcium chelation experiments using
EGTA to suppress extracellular calcium influx. Together, these ap-
proaches will allow direct assessment of the magnitude of calcium
levels before and after ablation, as well as the temporal evolution of

calcium elevation.

4.3.1 Laser-ablation causes Ca™t elevation in axons

In order to explore the possible role of free calcium in driving axonal
retraction after ablation, we imaged intracellular free Ca™™ levels
using Fluo4-AM dye. This dye binds to free intracellular Ca** and
exhibits increased fluorescence upon binding, allowing us to moni-
tor changes in calcium concentration in real time. As shown in Fig-
ure 4.2a, there is a sudden and significant increase in the intracellular
Ca™" level when the axon is ablated. To identify the mechanisms
of calcium elevation, we pretreated neurons with either EGTA (5

mM), a calcium chelator that selectively binds extracellular Ca*™t,
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FIGURE 4.2: Partial ablation causes Ca™t elevation in axons. (a) Im-

ages of an axon labeled with the Ca™ indicator Fluo4-AM taken before ablation

(above) and immediately after ablation (below). A sudden increase in fluores-

cence intensity is seen in every ablated axon. The white arrow marks the point

of ablation and the scale bar is 20 um. (b) Images of an axon pretreated with

the calcium chelator EGTA and ablated as before. No significant increase in
fluorescence is seen in this case.

or BAPTA-AM (10 pM), a membrane-permeable chelator that se-
questers intracellular Ca™. Both treatments were effective in signifi-
cantly suppressing the calcium influx observed after ablation. In par-
ticular, as shown in Figure 4.2b, axons treated with EGTA exhibited
a noticeably reduced fluorescence response post-ablation. The quan-
titative comparisons of fluorescence intensity changes across condi-
tions for full and partial ablation are summarised in Figure 4.3 and

4.4, respectively. These data suggest that the elevation in Ca™™ is
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FIGURE 4.3: Measurement of Catt influx following full ablation. Nor-
malised fluorescence intensity (I(post)/ I(pre)) following full ablation is shown
for control axons (n = 20) and axons in EGTA-containing medium (n = 19).
I(pre) and I(post) represent the fluorescence intensities measured just before
and immediately after ablation, respectively. The concentrations used are indi-
cated in the plot. Error bars represent the standard error of the mean.

triggered by entry of extracellular Ca®™, possibly at the ablation
point. Quantification of intensity as a function of time can be per-
formed for partial ablation, as the axon remains almost straight.
Measurement of the Fluo4-AM fluorescence intensity shows that the
Ca™*™ elevation post-ablation is sudden and reaches peak intensity
within a few seconds. This is followed by an exponential decay of
free calcium levels as can be seen from the inset of Fig. 4.4. This
could indicate the activation of calcium clearance mechanisms that
buffer intracellular calcium levels. The calcium level seems to decay
to a value that is higher than the pre-ablation value, but this could

be because of the limited observation time in our experiments, which
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FIGURE 4.4: Quantification of Cat™ elevation after partial ablation
Data showing the normalised fluorescence intensity (I(post)/ I(pre)) after partial
ablation for control axons (n = 40), axons grown in medium containing EGTA
(n = 47) and for axons treated with BAPTA AM (n = 9). I(pre) and I(post) are
the intensities before and just after ablation, respectively. The concentrations
used are indicated in the plot. The error bars are standard errors of the mean.
(Inset) Plots showing the time evolution of intracellular free calcium for control
axons and for axons in medium containing EGTA. Ablation was performed at
time t = 0 s. The data points are the averages and the shaded regions are
standard errors of the mean for control axons (n = 5) and EGTA-treated axons
(n = 7). A sharp increase in Ca™" followed by a decay can be seen for the
control axon, whereas the EGTA treated axon show a nearly constant base
value of intensity. For control axons, a fit to an exponential function is shown
using a solid black line, which yields a Ca™™ decay time of 7 = 42.7 sec.

did not capture longer-term recovery dynamics. An alternative pos-
sibility is that the residual elevation represents a new steady-state

level of intracellular Ca™*™.

In neurons, cytoskeletal architecture and Ca* handling are devel-

opmentally tuned for growth and plasticity: in immature neurons,
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microtubules are highly dynamic (high tyrosination/ low acetylation)
and the axonal actin-spectrin periodic scaffold is still maturing, to-
gether favouring viscoelastic recoil and rapid post-injury remodelling
[16, 19, 161]. By contrast, adult axons exhibit stabilised, acetylated
microtubule bundles and a robust spectrin lattice. With matura-
tion, endogenous Ca*™ buffers (e.g., calbindin/parvalbumin) and
extrusion systems (PMCA, NCX, SERCA, mitochondrial uptake) in-
crease, so mature axons clear Cat" faster, whereas immature axons
show larger, slower Ca™" transients, i.e., they take longer to buffer
[162, 163]. In our experiments, we used neurons from E8 and E9
chick embryos cultured for 4 DIV. At this stage, the actin—spectrin
skeleton is already well developed, while microtubule acetylation and
other maturation-associated changes continue to progress, allowing

us to capture the properties of developing axons.

4.3.2 Chelation of Ca'tt allows for axonal recovery post

ablation

After confirming that calcium levels rise in calcium-rich media but
not in calcium-free media following ablation, we next performed ab-
lation in calcium-rich conditions to study the retraction responses.
Although both full and partial ablation induce elevation, full abla-
tion poses challenges for studying retraction over extended periods
due to the segment drifting out of focus. Therefore, partial abla-
tion serves as a better model system to explore both short-term

and long-term dynamics. In this case, the partially ablated axons
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FIGURE 4.5: Axonal response to partial laser ablation in calcium-rich
media. (a) Sequence of phase contrast images showing the response of an axon
to partial laser ablation in calcium-rich media. The white arrow indicates the
point of ablation and the ablation was performed at time t = 0 s. Post ablation,
the axon exhibits two retraction fronts—one propagating towards the soma and
the other towards the growth-cone. A thin membrane tube spans the region
between these two fronts. The scale bar is 10 pm. (b) Plots showing the time
evolution of the normalised contour lengths of the retracting segments (length
of each retracting segment divided by its initial length). Data for individual
segments are shown in faded colors and the average of all segments is shown
using black circles. Note that the average gets skewed beyond t = 200 s as faster
retraction events end early. The gap in the data at around t = 56 s is due to
the switching of the recording speed from 15 fps to 6 fps.

retracted continuously until all axonal material was absorbed into
either the soma or the growth cone. This behaviour is quantified by
analysing the normalised length of each segment over time, as shown
in Fig. 4.5. All axons (n = 23 axonal segments) showed retraction
under control conditions. Although a control set of experiments was
performed earlier (mentioned in chapter 3), we repeated them under
identical conditions for comparison with the calcium-free ablation

experiments.

A very different morphological response is observed when axons are

partially ablated in a medium free of extracellular Ca™". Specifically,
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FIGURE 4.6: Recovery of damage seen in CatT chelated medium. (a)

A sequence of phase contrast images showing the development of a damaged

region and subsequent axonal resealing. The white arrow indicates the point of

ablation. It can be seen that the initial retraction and the later recovery occur

more or less symmetrically from both sides of the ablation point. The scale bar
is 10 pm.

when extracellular Ca*™ is chelated using EGTA (5 mM), the ex-
tent of axonal retraction is significantly reduced compared to control
conditions. More remarkably, a subset of axons (10/20 axons) recov-
ered their diameter subsequent to an initial thinning down of their
mid-section (see Fig. 4.6). To quantitatively assess these changes, we
calculated the contour length of each segment over time. The corre-
sponding data for both proximal and distal segments are presented
in Fig 4.7, showing the initial retraction phase and the later recovery
phase. Notably, this initial retraction and subsequent morphological
recovery occurred from both the proximal and distal segments of the

axon (4/10 axons) relative to the ablation site. In contrast, a subset
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FIGURE 4.7: Quantification of damage recovery in Catt chelated
medium. The normalised contour length versus time plot for the axonal seg-
ments shows the retraction and recovery for individual segments. The cell body
side is shown using circles and the growth-cone side using squares. Segments
from the same neuron are shown using the same colour. The inset shows the
data for those axons that reseal within 500 sec and is a subset of the main plot.

of axons exhibited partial retraction without any detectable recov-
ery during the imaging period, which lasted up to 600 seconds post-
ablation. Representative images and population data are shown in
Fig 4.8 and 4.9, respectively. Furthermore, we compared the average
retraction curve of axons under EGTA-treated versus control condi-
tions. The results show that axons in calcium-free medium retracted
more slowly than their counterparts in normal medium as displayed
in Fig. 4.5. For quantification, we fitted the axonal retraction be-
haviour in both control and EGTA-treated conditions. The initial 10
seconds of each retraction curve were fitted using a combination of
exponential and linear functions of the form y(t) = Ae "™ + Bt + C,

allowing estimation of the relaxation time scale and initial velocity
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FIGURE 4.8: Partial retraction (No recovery) of ablated axons in Cat™t

chelated medium. Phase contrast images of an axon which was partially

ablated in Ca™™ chelated medium. In this case, the axon has retracted only
partially even after about 400 sec.

(shown in Fig. 4.10). The fitted time scales were 0.64 s and 0.68 sec,
and the corresponding velocities were 0.0025 and 0.0030 pm/s for
the control and EGTA-treated cases, respectively (Fig. 4.10a,c). For
the later time regime, a linear fit of the form y(t) = mt + ¢ was
applied. Which provided a better estimation of retraction veloci-
ties, yielding values of 0.0027 ym/s and 0.0013 pm/s for control and
EGTA-treated axons, respectively (Fig. 4.10b,d). The reduction in
retraction rate upon EGTA treatment emphasises the critical role of
extracellular calcium influx in mediating the morphological responses

of axons to partial ablation.

To examine the dynamics of axonal retraction and recovery following
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FIGURE 4.9: Quantification of partial retraction of ablated axons in
Catt chelated medium. Normalised contour length for axons ablated in
medium containing 5 mM EGTA. As can be seen from the data, these axons
retract only partially, and the extent of retraction is significantly less than that
observed in control axons. The blue squares show the averaged data and the
black circles are the averaged data obtained for control axons. The gap in the
data at around t = 57 sec is due to the switching of the recording speed from
15 fps to 6 fps.

partial ablation, we generated kymographs from phase contrast time-
lapse images. These kymographs show that, in calcium-depleted con-
ditions, recovery most frequently initiates from the cell body side of
the axon (Fig. 4.11 and 4.12 ). Retraction typically begins shortly
after ablation and is followed by a regrowth toward the site of in-
jury. Interestingly, while the cell body side predominantly drives the
resealing response, a few axons also exhibit some recovery initiated

from the growth cone side, shown in Fig. 4.12.
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FIGURE 4.10: Fitting of axonal retraction data in Cat+-rich and Cat -
free media. In Ca**-rich medium (control), (a) a combined exponential and
linear fit was applied up to 10 seconds, followed by (b) a linear fit for the
subsequent time points. Similarly, in Ca**-free medium, (c) the initial 10
seconds were fitted with a combined exponential and linear model, and (d) the
The values for the relaxation time

later phase was fitted using a linear fit.
constant and retraction velocities are mentioned in the figure.
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FIGURrE 4.11: Kymograph of phase contrast images of partially ablated axon

in Catt-chelated medium shows recovery initiating from the cell body side,

which is positioned on the left side. Retraction and subsequent advancement

during the recovery process can be observed on the left side. Although the right

side corresponds to the growth cone, there appears to be some diffusive activity

there as well. The horizontal line around 150 seconds results from a change in
imaging frame rate, from 15 fps to 6 fps.
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FI1GuRrE 4.12: Kymograph of phase contrast images of partially ablated axons

in Ca™-chelated medium show recovery initiating from both the cell body and

growth cone sides (with the cell body on the left and the growth cone on the

right). Retraction followed by subsequent advancement during the recovery
process can be observed on both sides.
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4.3.3 Axonal microtubules regrow and reseal after ablation

in Catt-free medium
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FIGURE 4.13: Microtubule dynamics in partially ablated axons in
CaTt-rich medium . (a) Sequence of fluorescence images of an axon la-
beled with the membrane permeable SPY tubulin 555 dye and partially ablated
at the point shown by the white arrow. The dye labels only microtubules and
not tubulin dimers. Microtubule intensity retracts along with the retraction
front seen in phase contrast images. No detectable intensity could be seen in
the thinned down mid section of the axon. (b) Plots of the microtubule fluo-
rescence intensity corresponding to the images shown in (a). The dotted line
shows the zero intensity baseline for each image. Slight accumulation of micro-
tubules can be seen at the retraction fronts. The scale bar is 20 pum. Here, the
raw intensity data were smoothed with a Gaussian filter (o = 1.4) in MATLAB
and then integrated along the axonal thickness before constructing the intensity
plots.

The resealing behavior observed in calcium-chelated medium raises
important questions about how the axonal cytoskeleton responds
under such conditions. Given the structural importance of micro-
tubules, which are highly abundant in axons, we examined their
contribution in retraction and resealing processes following partial
ablation. To visualize polymerized microtubules, we used the live-
cell dye SPY555-tubulin, which specifically labels polymerized tubu-

lin. In control neurons maintained in calcium-containing medium,
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FIGURE 4.14: (a) Fluorescence images showing the microtubule retraction in
an ablated axon where calcium in the medium was chelated using 5 mM EGTA.
In this case, microtubules retract only partially and then remain static for about
25 min (observation time). (b) Plots showing the time evolution of the intensity
reduction in the thinned-out regions for the axon shown in (a). The dotted line
represents the baseline of zero intensity for each image. The scale bar is 20 pum.
In this analysis, the raw intensity data were first smoothed using a Gaussian
filter (0 = 1.4) in MATLAB, and subsequently integrated across the axonal
width to generate the intensity profiles.

partial ablation led to a clear recession of microtubule intensity from
the ablation site in both directions, all the way to the two extremities
of partially ablated axons (Fig. 4.13a). This decline in fluorescence
closely mirrored retraction observed in phase contrast images. No
detectable fluorescence intensity is seen in the thinned down region
suggesting complete depolymerization of microtubules (Fig. 4.13b),
while this region expands with time. A slight increase in intensity is
observed at the boundaries of the retracting segments. This increase
may be due to the accumulation of small microtubule fragments at

the retracting front.

In contrast, we explored how microtubules behave when extracellular

Ca™ is chelated. The neurons grown in EGTA (5 mM)-containing
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FIGURE 4.15: (a) The fluorescent Image sequence for an axon that exhibited

only partial recovery of microtubules when ablated in Ca chelated medium.

The corresponding intensity plots are shown in (b). A dotted line indicates the

zero-intensity level in each image. The scale bar is 20 pm. The raw intensity

data were processed by applying a Gaussian filter (¢ = 1.4) in MATLAB for

smoothing, followed by integration across the thickness of the axon to create
the intensity plots.

calcium-free medium showed different and more diverse microtubule
responses. We observed three kinds of responses after partial abla-
tion. Some axons showed an initial retraction of microtubule inten-
sity after which the intensity evolution stops and remains stable for
the rest of the observation time of about 25 min (see Fig. 4.14a,b).
This may suggest that microtubule depolymerisation was halted in
Ca't free media. Comparison of phase contrast and fluorescence
images shows that the regions devoid of microtubules appear thin
while the parts where intensity is unaffected have normal caliber.
Remarkably, in some cases, the intensity initially recedes, then stops
receding, starts to recover, and eventually recovers either partially
(Fig. 4.15a,b) or completely (Fig. 4.16a,b). The extent of micro-
tubule recovery for complete resealing can be seen from the plot

shown in Fig. 4.16b. The time evolutions of microtubule intensity
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FIGURE 4.16: (a,b) Fluorescence images and intensity plots for an axon that

showed complete recovery of microtubule intensity subsequent to an initial re-

traction phase when ablated in Ca chelated medium. Each image includes a

dotted line marking the zero intensity reference. The scale bar is 20 pm. Raw

intensity data were smoothed using a Gaussian filter (¢ = 1.4) in MATLAB and
then integrated over the axonal width to generate intensity plots.

for different axons mirror the observations of diameter measured for
the same axons. The absence of microtubule regrowth is associated
with a lack of axonal diameter recovery, as depicted in Fig. 4.17.
The partial recovery of microtubules is associated with a correspond-
ing partial restoration of axonal diameter shown in Fig. 4.18a. In
contrast, a different axon exhibits complete restoration of diameter
along with full microtubule recovery after partial ablation, as shown
in Fig. 4.18b. This suggests that the microtubule content in axons

is directly correlated with axonal diameter.

These findings collectively may indicate that extracellular calcium
influx plays a key role in promoting microtubule disassembly and
driving retraction. When calcium is removed, these disassembly
processes are suppressed, allowing intrinsic cytoskeletal repair mech-

anisms to dominate, resulting in stabilisation, partial or full recovery
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FIGURE 4.17: Images illustrating the absence of microtubule regrowth

and axonal diameter recovery following partial ablation in Ca**-free

medium. Fluorescence and phase-contrast images (a) At 0 sec before abla-

tion.(b) Corresponding images at 1230 and 1400 sec. Microtubules retract, but

no microtubule regrowth and diameter recovery are observed within this time

frame. Scale bars: 20 pm for fluorescence images and 10 um for phase-contrast
images.

of microtubules post ablation.

In the previous section, we generated kymographs from phase con-
trast images to visualise axonal recovery. We also created kymo-
graphs showing microtubule recovery. These reveal that recovery

predominantly initiates from the cell body side as shown in Fig. 4.19.
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FIGURE 4.18: Images showing correlation between microtubule recov-
ery and axonal diameter restoration after ablation in Cat*-deficient
medium. All the 0 sec images, including fluorescent and phase contrast, rep-
resent the pre-ablation state in (a & b). (a) An example of an axon displaying
partial recovery of both microtubules and axonal diameter is shown. Imaging
continued until 1825 seconds, during which only partial microtubule recovery
was observed. The corresponding phase contrast image at 1900 seconds simi-
larly shows partial diameter restoration. (b) Recovery of microtubule intensity
and axonal diameter is observed at 1475 seconds in the fluorescent image and at
1500 seconds in the corresponding phase contrast image, respectively. The scale
bar for the fluorescent image is 20 pm. The scale bar for the phase contrast
image is 10 pm.
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FIGURE 4.19: Kymograph of recovering microtubules in a partially ablated
axon in Ca™T-chelated medium. Significant recovery is observed from one side,
while the other side shows no substantial change.
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4.3.4 EB3 dynamics during recovery in Cat™ chelated medium

FiGURE 4.20: Kymographs showing EB3 comet movement to check
microtubule polymerisation behaviour. A clear gap is observed, repre-
senting the retraction of axonal segments. (a) In this case, most EB3 comets
originate from one side (cell body side). The time from retraction to recovery
is approximately 905 seconds (~15 minutes). (b) Here, recovery initiates, ap-
pearing to originate from both sides of the gap. However, the majority of EB3
comet activity is observed from the left side (cell body), with some comets also
emerging from the opposite side. The EB3 comets move toward the retracted
region. The total time from retraction to recovery is approximately 265 seconds
here. The length of the arrow indicates the extent of recovery from either the
cell body or the growth cone side. Length and time scale bars are shown in the
figure.
While recovery from both sides was observed in some axons, as evi-
dent in the phase-contrast kymographs, microtubule imaging did not
show any clear indication of resealing from both ends. To clarify this
discrepancy and to further investigate the recovery of microtubules
during axonal resealing in the absence of extracellular calcium, we
labelled the growing tips of microtubules by transfecting axons with
a GFP version of the tip-binding protein EB3. EB3 is a micro-
tubule plus-end tracking protein (+TIPs) that binds transiently to
the growing ends of microtubules and allows real-time visualisation
of polymerisation dynamics [7]. In chick DRG axons, microtubules
exhibit a nearly uniform polarity, with plus ends oriented toward the

growth cone. The EB3 comets consistently move from the cell body

toward the growth cone [48].
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We performed EB3-GFP imaging on axons in calcium-chelated medium
following partial laser ablation. EB3 comets were initially absent
from the ablated region, which also indicates local disruption of
microtubules. However, comets reappeared within the previously
damaged zone over time, suggesting that microtubule polymerisa-
tion resumed even in the absence of extracellular calcium. Kymo-
graphs constructed from EB3 time-lapse sequences show distinct be-
haviours following ablation exhibited in Fig. 4.20a,b. Kymographs
constructed from these EB3 sequences showed that, in most recov-
ering axons, comets resumed movement into the damaged region
predominantly from the cell body side, as depicted in Fig. 4.20a. In-
terestingly, in a few cases, comets were also seen emerging from the

growth cone side and entering the ablated region shown in Fig. 4.20b.

4.3.5 Actin filaments too recover in calcium-chelated medium

Unlike microtubules, axonal actin filaments are organised in a more
complex manner. In mature axons, including those from chick dor-
sal root ganglion (DRG) neurons cultured for four days as used in
this study, actin fully develops a membrane-associated periodic skele-
ton, comprising regularly spaced actin rings linked by spectrin (also
shown in the figure 1.4) [19, 31]. The other highly heterogeneous cor-
tical actin structures such as actin hot spots and patches [20] are also
formed in mature axons. Though less abundant compared to micro-
tubules, these actin-based architectures significantly contribute to

axonal mechanics and retraction responses [31, 33, 61, 62, 99].
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FIGURE 4.21: Actin retraction post ablation in Ca** rich medium.
(a) Sequence of fluorescence images of a control axon which was labeled using
SPY650-FastAct dye that labels only polymerised actin and was partially ab-
lated. The white arrow indicates the point of ablation. Post-ablation, a thin
tube spans the region between the retracting edges (not visible in the fluores-
cence images). Actin filaments tend to accumulate at the retracting edges of
each axonal segment. (b) Intensity plots showing the time evolution of actin
fluorescence. Hardly any actin intensity is seen in the thinned out regions. The
dotted lines represent the zero intensity level. The scale bar is 10 um. To obtain
intensity plots, the raw intensity data has been smoothened with a Gaussian
filter (o0 = 1.4 ) using Matlab. The intensity is then integrated across the axonal
thickness.

To study the damage and possible recovery of actin filaments, we
imaged actin using the cell permeable SPY650-FastAct dye which
labels only polymerised actin. In control experiments, where Ca™™"
is present in the medium, partial axonal ablation leads to a complete
disappearance of actin fluorescence in the ablated and retracted re-
gion, similar to what is observed for microtubules (Fig. 4.21a). Very
prominent peaks of actin intensity are consistently detected at the
ends of the retracting segments, suggesting that actin filaments ac-
cumulate at the retracting fronts (Fig. 4.21b). No actin filaments
could be detected in the thinned central region. Furthermore, nei-

ther the actin intensity nor the axonal diameter showed any signs
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FIGURE 4.22: Recovery of actin filaments post ablation in Cat™
chelated medium. (a) Image sequence of an axon, when partial ablation
is performed in calcium chelated medium. Actin intensity in the thin region
initially decreases (t = 75 s), then recovers, often overshoots (t = 350 s), and
finally redistributes (t = 3210 s). The blue arrow indicates filopodia-like struc-
tures that form at regions with enhanced actin intensity. The overshoot intensity
in the recovery region is indicated by the red arrow. (b) Quantification of the
actin fluorescence post ablation and during recovery for the images shown in (a).
The overshoot is clearly visible at t = 350 & 975 s. The dotted lines indicate
the zero-intensity level. To generate the intensity plots, raw intensity data were
smoothed using a Gaussian filter (o = 1.4 ) in Matlab, followed by integration
across the width of the axon. The scale bar is 10 pm.

of recovery within the 30-minute observation time. This may indi-
cate irreversible damage to the actin cytoskeleton in the presence of

extracellular calcium.

When extracellular Ca*™ is depleted using EGTA, a different be-
haviour is observed. All axons subjected to partial ablation under
Cat*-free conditions show an initial retraction of actin intensity,
followed by varying degrees of recovery in the previously thinned
midsection. This recovery is a consistent feature across all observed

axons, unlike microtubules, which only recover in a subset of cases
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FIGURE 4.23: Recovery of actin filaments in the membrane tube even
after almost complete retraction following ablation in Catt chelated
medium. (a,b) An example of an axon maintained in calcium chelated
medium. In this case, retraction is much more extensive making it easier to
see how actin filaments recover in the region between the retraction fronts. Un-
like microtubules, recovery of actin intensity is seen all along the thinned out
segment (t = 725 & 1225 s). A slight overshoot can be seen in this case too
(t = 4945 s). The corresponding intensity plots are shown in (b). All intensity
plots were generated by smoothing the raw data with a Gaussian filter (o = 1.4
) in MATLAB, followed by integration across the axonal thickness. The scale
bar represents 10 pm.

under the same conditions. Furthermore, in many of these recov-
ering axons, the actin intensity not only returns to baseline but of-
ten overshoots, reaching levels higher than the pre-ablation baseline
(Figs. 4.22a,b). This excess actin eventually redistributes. This may
suggest dynamic remodelling of the cytoskeleton during the recovery

phase.

The pattern of actin recovery differs from that of microtubules.
While microtubule regrowth often proceeds from the ends of the
severed segments and shows a directional pattern, actin recovery
tends to be more spatially distributed. No distinct or clearly de-
fined growth fronts are seen in the actin channel. The recovery ap-

pears more homogeneous and occurs throughout the retracted region
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FIGURE 4.24: Images showing actin and axonal diameter recovery in
CaTt-depleted medium.(a,b) While all axons showed recovery of actin fil-
ament intensity, the recovery of actin filaments may or may not be correlated
with recover of axonal diameter. In (a), we show the example of an axon which
exhibited diameter recovery as well as actin recovery. Whereas, in (b), one can
see that there is no recovery in diameter even though actin intensity has recov-
ered all along the axon. The scale bar for the phase contrast image is 10 pum.
The scale bar in the fluorescent image represents 20 pm.

(Fig. 4.23a,b).

Another important distinction lies in the relationship between cy-
toskeletal recovery and morphological restoration. Microtubule re-
covery often correlates well with the recovery of normal axonal di-
ameter. However, in the case of actin recovery, the axonal diameter
does not always return to its initial value. In Fig. 4.24a, we show an
example of an axon which has fully recovered its diameter as well as
actin filament intensity. However, in Fig. 4.24b, one can see a case
where actin intensity has recovered fully, but the diameter failed to
recover within the same time span. This indicates that actin alone
may not be sufficient to restore axonal diameter, and microtubules
are required for complete recovery, as discussed earlier. However, the
role of neurofilaments, which may also contribute to axonal diameter

restoration, was not explored in this study. These findings highlight
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that extracellular calcium may cause the actin filament disassembly

during retraction.
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FIGURE 4.25: Comparison of post-ablation intensity of microtubules

and actin filaments. The data show the ratio of pre-ablation intensity per

unit axonal length I(max) to the maximum post-ablation intensity per unit

length observed in the initially thinned out region I(0).

As mentioned earlier, one key difference between the recovery be-
haviour of microtubules and actin filaments following partial axonal
ablation lies in the nature of their intensity profiles during recovery.
Specifically, actin filaments tend to exhibit an overshoot in fluores-
cence intensity surpassing their pre-ablation levels. The microtubule
recovery typically returns to baseline or remains slightly below it.
This difference is quantitatively represented in Fig. 4.25, where the
ratio of maximum post-ablation intensity to the pre-ablation inten-

sity is plotted for both cytoskeletal components ( filamentous actin

and microtubules). The region analysed corresponds to the initially
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thinned or damaged portion of the axon that subsequently under-

went recovery.

4.4 Discussion and possible explanation

@ partalretraction (0) fullrecovery  (€)  no recovery

FIGURE 4.26: Schematic of cytoskeletal retraction and recovery in
CaT™t free medium. (a) Diagrams showing the receding of microtubules
(green) and actin filaments (red) post ablation. The red arrowhead indicates
the point of ablation. Actin rings, seen commonly in axons, are not shown. (b)
Schematic of a case where microtubules and actin filaments recover in calcium
chelated medium. Growing, regrowing microtubule tips are marked in light
green. (c) A case where only actin filaments reform in the thin section. In such
cases, there is no recovery of diameter.

In this chapter, we explored the responses of axonal retraction fol-
lowing partial ablation under both calcium-rich and calcium-deficient
conditions. We investigated the roles of microtubules and actin in
retraction in both environments. In calcium-rich conditions, both
cytoskeletal components underwent complete retraction. However,

in calcium-deficient conditions, recovery of both microtubules and

actin was observed. Additionally, the recovery of axonal diameter
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appeared to be associated with microtubule recovery, but not with

actin.

Partial ablation typically leads to the formation of a thin, mem-
brane segment at the site of injury. This membrane thinning expands
in both directions along the axon, generating two retraction fronts
that advance toward the cell body and growth cone ends, respec-
tively. These two retraction fronts can be easily tracked using phase-
contrast imaging. Fluorescence imaging obtained using dyes that
bind to filaments only shows that microtubules and actin filaments
dissociate progressively from the ablation point in both the proximal
and distal segments (schematically shown in Fig. 4.26a). This con-
tinues till the entire segment becomes atrophied. The dissociation of
microtubules occurs as a sharp front, whereas actin filaments show
significant accumulation at the retracting edges, as shown in Fligs.
4.13a, 4.21a, and schematic 4.26a. Together, these results may val-
idate partial laser ablation as a controlled and insightful approach
to dissect axonal injury and cytoskeletal remodelling. This method
offers valuable insights into both the damaging processes initiated
by calcium influx and the protective responses that emerge in its

absence.

The above observations suggest that microtubule depolymerisation
occurs at the retracting front—analogous to the shortening of a burn-
ing pyrotechnic fuse. This phenomenon is surprising, as it is well
established that axonal microtubules contain labile and stable pop-

ulations, and the stable fraction remains unaffected for long periods
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under the treatment with microtubule-disrupting drugs like Nocoda-
zole [99, 164]. Moreover, it is also known that microtubule stability
exhibits a radial dependence due to post-translational modifications,
with microtubules in the outer part of the bundle being less stable
compared to those in the inner core [165]. Consistent with this, treat-
ment with nocodazole causes the axonal microtubule bundle to thin
down, leaving behind a stable core along the length of the axon [99].
In our experiments involving partial laser ablation, however, we have
not seen any signatures of thinning down of the microtubule bundle.
The fluorescence intensity of the microtubule remains uniform be-
hind the retracting front. This is particularly surprising considering
the fact that Ca™ elevation spreads across the axon much faster
than the retraction speed. Moreover, since individual microtubules
are short (typically about 10 microns [166]), compared to axon length
(100200 microns), complete retraction of the microtubule bundle in
control axons indicates depolymerisation of microtubules that are
not directly affected by the laser. Therefore, how the microtubule
bundle shortens from one end instead of losing the more dynamic,

labile fraction first is to be explored in future research.

Here, we speculate that the observed phenomenon may be driven by
collective effects arising from microtubule-microtubule interactions,
which are mediated by microtubule-associated proteins (MAPs) such
as tau [16, 167]. These MAPs not only stabilise microtubules but also
serve to physically link them, promoting structural integrity across

the microtubule bundle [17]. When a laser transects microtubules
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across an axonal cross-section, the affected microtubules are left with
unstabilized ends, leading to rapid depolymerisation (Fig. 4.27). The
collapse of these microtubules leads to a reduction in the number of
MAP-bound neighbours for microtubules which are away from the
ablation point, but were overlapping with the ones damaged by the
laser. This leads to the depolymerisation of these microtubules as
well. This process may be due to reduced stability arising from
loss of MAPs or due to the action of severing enzymes like spastin
and katanin, which can now gain easy access to these neighborless
microtubules at the end of the bundle. Such mechanisms generate a
cascading effect leading to a progressive and catastrophic collapse of

the bundle as depicted in Fig. 4.27.

We also observe that laser-induced axonal injury triggers transient
elevation of cytosolic calcium levels, which propagates bidirection-
ally from the damage point. When axons are partially ablated using
a laser, Ca™ from the extracellular environment may enter through
the injury site and via voltage-gated calcium channels [5]. This influx
of calcium can trigger the release of additional calcium from inter-
nal stores via a process called calcium-induced calcium release [157].
Taken together, these show that both extracellular influx and intra-
cellular release can be important. To more directly assess the role of
internal calcium stores, experiments can be performed by depleting
the ER Ca™" with thapsigargin and by blocking IP3 and ryanodine

receptors, alongside appropriate controls.

Elevated Ca*™ levels may activate the calpain proteases, as well as
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FIGURE 4.27: Proposed microtubule bundle instability mechanism.
Schematic showing a possible mechanism for the loss of microtubules within
the bundle in the form of a retracting front. Microtubules with compromised
stability are shown in light green. Microtubule-associated proteins that inter-
link microtubules are not shown. Microtubules that are directly cut by the laser
become unstable and depolymerise. This leads to a reduction in the number
of neighbours for adjacent microtubules, making them unstable—either due to
MAP unbinding or due to severing enzymes like spastin and katanin gaining
access to loosely packed tubules. This causes a cascade effect leading to a de-
polymerising front.

the actomyosin contraction (AMC) [101]. The activation of pro-
teases can result in the breakdown of cytoskeletal components (mi-
crotubules and neurofilaments), reducing the opposing elements of
retraction [153, 158]. The subsequent reduction in opposing ele-
ments, combined with the activation of the AMC, may lead to the

retraction of axonal segments.

Chelation of extracellular calcium using EGTA or intracellular free
calcium using BAPTA-AM suppresses Ca™™ elevation. Preventing
Ca™™ elevation using EGTA reduces the speed (-0.0027 pm/s for

control axons and -0.0013 pum/s for EGTA-treated axons) of axonal
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retraction and prevents complete retraction of both the distal and
proximal segments. Hence, it is likely that microtubule depolymeri-
sation is driven at least partly by calcium-induced mechanisms like
calpain-mediated disassembly [141, 168]. Moreover, if there is no
intracellular Ca™" influx, then there would not be any activation
of calpain and AMC. If AMC is not activated to the extent typi-
cally seen in cases with high calcium levels leading to cell retraction,
then there will be no significant axonal retraction. Also, there will
be no significant degradation of cytoskeletal components caused by
calpain due to its inactive state resulting from the absence of intra-
cellular calcium. As a result, opposing forces may counteract AMC,
and there will be little to no significant or slow retraction following

ablation.

Remarkably, a fraction of axons show recovery of normal calibre.
Imaging of microtubules shows that in such axons microtubules also
recover completely (see Fig. 4.16a,b and the schematic 4.26(b)).
When axotomy is performed in calcium media, the calpain-mediated
cleavage of microtubule-associated proteins (MAPs) may destabilise
the microtubules. Therefore, ablation in Ca™" free media may not
significantly impact microtubule stabilisation. Moreover, neuronal
microtubules are believed to be more stable compared to those found
in dividing cells [23]. Therefore, this microtubule stabilisation may
promote the regeneration of microtubules, as reported in a study
following spinal cord injury [169]. The tubulin pool available near

the site of transection may assist in the polymerisation process.
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Time-lapse imaging using EB3 comets shows that microtubule re-
growth predominantly initiates from the proximal segment, with far
fewer comets observed emerging from the distal end. The main-
tenance of microtubule polarity during this regrowth indicates that
microtubule recovery is most likely via regrowth of existing filaments

and not through de novo nucleation of new tubules.

Actin filaments also recover after the initial disruption when extra-
cellular calcium is chelated. Unlike the case of microtubules, actin
filament reformation occurs along the entire length of the thinned
axonal regions and, in several instances, even exceeds their original
levels (see Fig. 4.23a,b). However, this recovery alone is not suf-
ficient to restore axonal calibre. In contrast to microtubules, the
restoration of actin filaments does not necessarily lead to structural
recovery of the axon, as evidenced in Fig. 4.24b and the schematic
in Fig. 4.26¢.This recovery is reminiscent of the recovery of actin fil-
aments in cellular blebs, where fresh nucleation of filaments occurs
from a free membrane soon after expansion of a bleb, mediated by
membrane-bound actin nucleator proteins [170]. A similar mecha-
nism may be at play here, with actin filaments nucleating directly
from the exposed axonal membrane in the absence of microtubule
scaffolding. A comparison of phase-contrast images and microtubule
fluorescence further reveals that axonal calibre is closely correlated
with microtubule content, rather than with actin filament density as

depicted in Fig. 4.26b,c. Specifically, we observe a sharp transition
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in axonal diameter that aligns with the front of microtubule depoly-
merisation. These findings support the conclusion that microtubule
recovery, but not actin, plays the dominant role in restoring axonal
structure. Thus, microtubule recovery is a key determinant of axonal

recovery following injury.






Chapter 5

Conclusion

5.1 Summary of axonal retraction and resealing

respornses

In summary, the thesis presents the construction and characterisa-
tion of a cost-effective laser ablation setup for performing laser ab-
lation on axons. The aim of this project was to understand how
the different cytoskeletal components react when the axonal conti-
nuity is perturbed. In particular, we wanted to delineate passive
viscoelastic responses, active contractile responses, and cytoskeleton

depolymerisation responses in such axons.

In the previous two chapters, we have presented results on retraction

167
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dynamics exhibited by axons under various injury-mimicking condi-
tions. These were complete ablation, partial ablation and trypsin-
mediated growth-cone deadhesion. These experiments were also con-
ducted using axons treated with cytoskeletal stabilisers or destabilis-

ers and a myosin-II inhibitor.

These results show that axons are under pretension, which is released
via a short-time viscoelastic-like strain relaxation immediately after
complete ablation. We show that active contractility too contributes
to the retraction, especially at longer times, as the relaxation after
applying myosin-II blocker or actin filament disruption is slower. Sta-
bilising drugs have a dramatic effect on the response—axons exhibit
a highly diminished viscoelastic-like region and show a very slow re-
traction with a constant velocity, with Taxol showing a greater stabil-
isation. This suggests some slow depolymerisation process, possibly

dominated by microtubules.

The viscoelastic-like short-time response is also diminished in par-
tially ablated axons. This could be because of high friction between
the retracting cytoskeletal composite and the membrane. Besides
this, when compared to complete transection, we observe very dif-
ferent responses for axons treated with actin filament stabiliser or
for axons treated with a microtubule-disrupting agent. These exper-
iments were verified with two different batches of drugs to rule out
issues with drug efficacy (the drugs were also tested on fibroblasts for

known effects). Whether these differences can be accounted for by
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considering frictional effects or contractility of the two cytoskeletal

systems is not yet clear.

Imaging of free calcium ions within the axon post-ablation revealed
a sudden elevation in its concentration. Further studies conducted
using chelators show that calcium elevation is triggered by the en-
try of extracellular calcium and the release from stores. Such studies
also show that calcium aids in the degradation of actin filaments and
microtubules, and in the case of partial ablation, chelating calcium
can lead to recovery of these skeletons. More remarkably, we see that
actin filaments always recover, whereas microtubule recovery occurs
in only a subset of axons. We also see that microtubule recovery
leads to a complete recovery of the axonal diameter. To our knowl-
edge, this healing of axons has not been demonstrated before, and
provides important clues towards alleviating crush injuries to nerves
where damage may be limited to the cytoskeleton without affecting

membrane topology.

A comparison of the retraction process for control axons perturbed
in three different ways is shown in figure 5.1. When axons are desta-
bilised by detaching their growth cones with trypsin, the resulting
retraction is much slower than that seen after full ablation. Even
though we did not perform calcium experiments in this case, we spec-
ulate that the main cause for this diminished rate could be that no
calcium wave is triggered in this case. However, the retraction speed

of partially ablated axons, where calcium elevation is observed, is
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FIGURE 5.1: Comparison of full ablation, partial ablation, and trypsin-induced
axonal retraction in control conditions.

even slower than the trypsin deadhesion case (Figure 5.1). Although
calcium elevation occurs following partial ablation, the extent of re-

traction may be restricted by high cytoskeleton-membrane friction.

The different retraction responses seen in the above-mentioned stud-
ies, including the recovery dynamics, provide several clues on the
mechanisms of axonal retraction after injury. Many more studies
are required to clearly understand the contributions coming from the
different mechanisms mentioned above and to separate out contribu-
tions from actin and tubulin structures. Some of these are discussed

below.
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5.2 Future directions

During axonal retraction, it remains unclear whether strain relaxes
uniformly along the axon and how individual cytoskeletal compo-
nents, such as actin and microtubules, respond under these condi-
tions. Fluorescent dyes that label cytoskeletal elements, combined
with photobleaching experiments, can be used to assess these dy-

namics along the axonal length (shown in Fig 5.2).

Photobleached region

/ N\

@ —=
-2

Ablation point

|
. . 3%

FIGURE 5.2: The pre- and post-ablation axonal images are shown here. The
axon with the photobleached patch after photobleaching is also displayed.

Given the presence of the membrane periodic skeleton (MPS) in
axons, partial ablation followed by chemical fixation could provide
insights into how MPS behaves during retraction. Axons that are at-
tached to the surface can be ablated, as performing super-resolution
microscopy on floating axons is challenging due to the limited work-
ing distance. By doing this, we can gain insight into how these rings

evolve during retraction.
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Axons often exhibit twisting after ablation, which may indicate the
presence of stored torsional stress. Investigating the helicity of these
twisted segments could offer valuable information about the underly-
ing structural organisation. The number of rotations and the specific
contributions of different cytoskeletal components to this torsional
behaviour could be studied using fluorescently labelled markers and

cytoskeletal drugs.

The role of neurofilaments in the resealing phase remains poorly
understood. While BAPTA treatment suppresses calcium eleva-
tion, it is unclear whether it has the same impact on axonal re-
traction as EGTA. We hypothesise that microtubule-severing pro-
teins—such as spastin and katanin—as well as calcium-activated
proteases contribute to retraction. This could be tested using cal-
pain inhibitors. Furthermore, combining protease inhibitors with
microtubule-targeting agents may offer a more comprehensive un-

derstanding of the mechanisms driving axonal retraction.

Interestingly, actin recovery has been observed even in calcium-deficient
conditions, where axonal calibre does not fully recover. This may
serve as a useful model system to investigate actin ring formation

within the axonal tube.



Appendix A

Materials and Methods

A.1 Cell culture medium

L-15 medium (21083-027, Thermo Fisher Scientific) was made vis-
cous using autoclaved methylcellulose (H7509-100 g; Sigma-Aldrich,
Darmstadt, Germany) at a ratio of 100 ml to 0.6 g by stirring
overnight at 4 °C. This was then supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (10100; Gibco), 2% (v/v) 33.3 mM
glucose (G6152; Sigma-Aldrich, St. Louis, MO), 20 ng per ml Nerve
Growth Factor (13290-010; Invitrogen, Carlsbad, CA) and 10 pl/ml

Penicillin-streptomycin-glutamine (10378-016, Gibco).

A.2 Neuronal cell culture

Fertilised Giriraja-2 chicken eggs were acquired from the Karnataka
Veterinary, Animal and Fisheries Sciences University, Bangalore, In-

dia. Eggs were incubated at 37 °C for 8-9 days and dissected in HBSS
173
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buffer (14025-092, Gibco) under a stereomicroscope to isolate Dorsal
Root Ganglia (DRGs). After extraction, DRGs were rinsed in the
HBSS buffer lacking Ca™ or Mg™* (14025-092, Gibco) (14175-095,
Gibco), incubated at 37 °C with 0.5% Trypsin-EDTA (15400-054,
Gibco) for 10 min, and then dissociated by gentle pipetting. The
cells were seeded on a clean, uncoated glass coverslips. Cells were
incubated at 37 °C for 96 hr to allow for growth. It is known that
by this stage the membrane associated periodic skeleton is fully de-
veloped [31]. Before performing ablation experiments, neurons were
incubated for 30 min in L-15 medium lacking methylcellulose but
containing all the other supplements mentioned above. The data
were obtained from experiments conducted on multiple embryos to

ensure reproducibility and account for biological variability.

A.3 Calcium imaging and chelation

To detect any elevation of calcium levels, cells were preloaded with
Fluo-4 AM (F14217, Invitrogen) at 0.5 pM concentration and 20 min
of incubation. Chelation of extracellular or intracellular calcium was
done using EGTA (03777-10G, Sigma-Aldrich) at 5 mM or BAPTA
AM (B6769, Invitrogen) at 10 uM, respectively. The EGTA stock
solution was prepared in Millipore deionised water at a concentration
of 100 mM. The working concentration of 5 mM was prepared in L15
medium lacking methylcellulose. The pH of the working solution

was adjusted to within 7.2-7.3 by adding either NaOH or HCI and
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measured using a pH meter. BAPTA was prepared using DMSO
as a solvent. The control experiment for Ca™ imaging was done
using DMSO as a vehicle. Images were acquired using a Leica TCS
SP8 confocal system, keeping all the imaging parameters exactly the

same before and after ablation.

A.4 Visualisation of cytoskeletal dynamics

SPY555-Tubulin dye (SC203, Spirochrome, Switzerland) and SPY650-
FastAct dye (SC505, Spirochrome, Switzerland) were used to stain
microtubules and actin filaments, respectively. These dyes are spe-
cific to these biopolymers and do not label tubulin or actin unless
they are in polymerised form. The neurons were incubated with the
dye using L15 media lacking methylcellulose at a concentration of
1:1000 v/v for 30 min to 1 hour before starting the ablation exper-
iments. To visualise microtubule dynamics, cells were transfected
with EB3-GFP by electroporation using an electroporator (NEPA21
Type II, NEPA GENE). The electroporation voltage was set to 125
V, and the construct used was EB3-mNeon. Imaging was performed

96 hours post-transfection.
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Axonal segments

Scan Width

F1GURE A.1: The axonal segments are shown here. The four blue points indi-

cate manually selected positions. The scan width was taken along the axonal

diameter from point 1 to 2 and from point 4 to 3 to obtain the y-values after
taking the weight average.

A.5 Image and contour length analysis

The contour length analysis was performed using a custom MAT-
LAB program (The MathWorks, Natick, MA) on phase-contrast
time-lapse image sequences. For the first frame, which is just af-
ter ablation and contains two axonal segments, four points—two for
each segment—were manually selected to define the segments (shown
in the figure A.1). After preprocessing the images, the local verti-
cal intensity profile was extracted at each x-coordinate between the
selected points, and the corresponding y-position was determined
using an intensity-weighted average (centre of mass).

7j= Zz w;Yi
D Wi

e i is the weighted average of the values y;,

e y; represents the individual data values (e.g., pixel positions),

e w; represents the weights corresponding to each y; (e.g., image

intensity at pixel i),



177

e The numerator ) . w;y; calculates the total contribution of all

values, scaled by their weights,

e The denominator ), w; normalizes the result by the sum of all

weights, ensuring the average is scaled appropriately.

This process was automated and repeated across all frames. The re-
sulting y-values for both retracting segments were saved as matrices
in a text file. After obtaining the y-values, the contour length was
calculated by summing the lengths of line segments between consec-

utive points using the distance formula (discrete Euclidean formula).

n—1
L= Z \/($i+1 — 2i)% + (Yis1 — ¥i)?
i=1

where (z;,v;) and (z;11,¥;11) are coordinates of consecutive points
along the axonal segment. The flowchart below illustrates the algo-

rithm sequence.
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Read the first image (I) after ablation

|

Select two pints for rotation

|

Rotate and preprocess the image

|

Select points at both segments

|

Scan the axonal segments with a scan width between selected points

|

Take weighted average at each point to get the y position (value)

|

Use ’for loop’ to automate and analyse all image sequences

|

Save y-values in text file

|

calculate the contour length
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