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Abstract

Neurons ardighly specialized cells thare the main building blocks of
thenervous systenNeurons work together in complex networks to send, receive,
store, and communicate informatielectrically and biochemicallyn the
developingvertebrateneuons form connections with other neurons and cells to
build the nervous system. They do this by extending processes called neurites. At
the distal end of a neurite is a sensing structure called the growth cone, which has
the ability to sense and respondcteemical, mechanical, and topographic ¢caes
process called neuron guidanbethis thesis w explore te mechanism of
neuronal guidancky performing atomic force and fluorescence measurements.
Specifically,we studythe angular growth of neurites’ertime on three different
types ofpolydimethylsiloxane surfaces imprintedgth parallel ridges with ~
@ | ,~ p&' | ,and~ o®' | spaced parallel ridgemd studWe observe
maximum parallel alignment with surface features with surface 1, followed by
surface 2, and surface 3, and maximum perpendicular alignment with surface 1,
followed by surface 2, and surface 3. Additionally, stifinessof cells can be an
indicator of cell health, function, and biopolymer arrangemeévitst cellshavea
protectivepolymer brush layer thahieldsthe cell from mechanical damage and
allows other cells to adhere it. Vigerformthe firstmechanicameasurements of
the neuronapolymer brush layer using atomic force microscopy (AFM)
indentation techniques, and delineate its properties from the underlying soma. Our

measurements reveal the cell bodyrigkastic material, 3l times stiffer than



previouslyreported, and surrounded ayiscoelastic polymer brush layer. We

show thisbrushlayer is much softer than the cell body, and accounts for the
previously reported viscoelastic properties of neurdves.also use AFM to

measure mechanical and topographical properties of novel @oatsthat can

be used as substrates for neuronal growth. Understanding the mechanical
properties of neurons and their contact guidance properties is of great
fundamental importance, and can also lead to better cellular modeling, new
regenerative therags and devices for nerve and brain regeneration, and safer and

more effective surgeries and recoveries.
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CHAPTER |

Neuron Biomechanics

1.1 Overview

This dissertation will explore three characteristic properties of neurons.
Thefirst is a study ofthe pathfinding behavior of neurons on different
topographic environments using fluorescent microscopgseconds a study of
the mechanical properties of neurons with atomic force microscopy. The third is a
study of the behavior of electric signaling between neurons and otheusietis
atomic forceand fluorescent microscopies. The mechanical properties of neurons
can determine the macro mechanical properties of neuronal tjg$ues
Additionally, the mechanical properties of the neuronal growth substrate can
affect cell differentiation and neuriextension 2]. In the brain, neurons work in
complex and densedmensional networks, with the support of glial cells and
various other cell typdd, 3]. Interestingly, the mechanical properties of the
neuronal environment cdrave significant effects atell mechanics and
morphology [1, 4, 5]For instance, cortical neurons (found in the frontal brain
cortex) are very soft compared to dorsal root ganglia (DRG) neurons found in the
peripheral nervous systeh, 5]. Brain tissue is generally protected from
mechanical trauma by the cranium, thus the cells within the cranium do not need
to be able to sustain impact and shock tra{haNeurons in the peripheral

nervous system, however, grow on stiffer, mechanically active, and unprotected



tissue, such as mele tissudg4]. Thus neurons in this environment must be able to
withstand trauma without failing, so they generatkert larger traction forces

than neurons in the brain [4{nowledge of neuronal subtype mechanical
properties allows for the developmeaiftbetter therapies and treatments for

nervous system damage.

The most striking featussf neuronsaretheir cellular extension3.hese
extensions undergo a biased Brownian random daliag neuronal navigation
[6, 7]. This stochastic searching behavi®variouslycalled pathfinding, contact
guidance, and guidance. Understanding the underlying principles of this
pathfinding behavior is crucial to our understandingerfvoussystems. In the
developing nervous system, neurons must be able to na\hgaigh a
chemically and physically complex environment. Sensing and steering of the axon
in this environment is performed by the highly sensitive graetie. The growth
cone detects a variety of cues, such as chenmezadhanicgland geometric [23-
17]. Neuronal growttcones are capable of precisely directing and steering the
axon millimeters from its initial trajectofyd, 10, 11]. Therehavebeen important
discoveries made describing the chemical pathways neurons use to mtbchitate
cytoskeletons, such as ECM orientation and ECM presentation on the sylistrate
5, 8 12, 14, 16]. During pathfinding cytoskeletal rearrangements induce growth
direction changegll, 19, 20] and respond to external stim{di, 2, 21 30].
Pathfinding of axons and dendrites during nervous system development has been

found to varydepend on the mechanical, chemical, and topographic



characteristics of #hcell environment [4, 5, 7, 220]. Netrins, Ephrins, and other
signaling moleculesan have repulsive or attractive influences on extending
neuriteg5, 8 16, 31], which, in turn control the forces generated by cytoskeletal
filaments [32] Small variations and defects in topography can influence a neurites
growth direction ad play an important role in neurite grow@i, 30, 7¢0. A

detailed knowledge of how neurons sense their topographic environment is
critical to understanding how the nervous system wires up and regetféfates
Surface features tend to profoundly bias neuron outgrowth directionality, speed,
and evemeuritebranding [23-29]. Research has shown there are optimal
configurations and frequencies of features that optimize outg{@8thAlthough

the mechanisms of outgrowth are not well understood, researchers are applying
FokkerPlanck equations to describe neurite outgro\with34 35]. Fokker Plank
allows for a researcher to quantify miéei directionality and extract the intrinsic
driving potentials of the neurons, and the driving potentials unique to
micropatterned surfaces. Fokkelarck framework can give substantial insight

into the underlying mechanisms and rules that govern ndwatgrowth and
pathfinding. By being able to manipulate and engineer these surfaces, new novel
substrates and materials could be developed to take full advantage of these

neuronal pathfinding mechanisms.

Neurons from different areas of the nervous systawe been shown to
display different mechanical and pathfinding properties. Central nervous system

(CNS)neurons grown in vitro on substrates of low stiffnesses do not grow much



differently than CNS neurons on stiff surfa¢®p In contrastperipheral ervous
system (PNSheurons show a higher degree of growth on stiff substrates, and a
lesser degree of growth on soft substrates, which shows that the mechanical
properties of the resp@e¢ natural cellular environment for a given neuron type
has a profond effect on a neur@s ability to navigat¢4]. Cortical neurons grown

on micropatterned grooved surfaces will show a feature frequency and geometry
dependent growth pattefn, 23- 29]. This shows that neurons are highly sensitive
to surface topographyfter the nervous system has organized and matured,
neurons send electric and biochemical pulses to other neurons and cells. The
electrical signals are called action potentials, and are characterized by a flow of
ions along a neuriti86]. The action potdrals are induced by neurite surface

bound ion pumps that control the osmotic and electrical equilibrium of the cell
[36]. During Afiringo of an action potential,
specific ion into the cell, while other ion pumps miggitother ions escag86].

The most common ions used in neurons are calcium and potassium ions, which

are controlled by their respective calciion andpotassium ion pumgdse6].

The study of neuronal behavior is the study of the neuronal cytoskeleton,
plasma membrane, its protrusions, and how they interact with molecular motors
and signaling moleculd8, 11, 18] In this chapter, | explain the underlying
mechanisms of growth beginning neuronal anatomy, cytoskeletal components and
their behaviors, thelasma membrane and its associdtadsmembrane

moleculesand force transduction through the molecular clutch. In subsequent



chapters, we explore properties of the neuronal soma and the pericellular coat
using Herztiarcontactmechanics, pathfinding meahias for neurons on
micropatterned surfaces with the Fokldarck model, and finally, the electrical

properties of neurons using electrical AFM.

1.2 Neurons

Neurons are highly dynamic cells that are part of the central and peripheral
nervous systems.hey are the primary signaling cells that make up the brain,
brain stem, spinal column, and nerves. Neurons work together in complex
networks, with glial cells, to process, store, transmit and receive information.
Neurons have three distinct features; thi@a, dendrites, and axon (figure 1.1).
To interact with their environment and other cells, neurons extend processed
called axons and dendrites from the soma outward through a series of cytoskeletal
rearrangements. The axon and dendrites, collectivelydcadarites, possess a
highly sensitive structure at their distal ends called the growth[8pnEhe
growth cone steers the neurites to or away from particular targets through a
combination otopographicchemical, and mechanical sensing with its

surrourdings[4, 5, 7, 8, 11, 18
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Figure 1.1Fluorescent image of a neuron in culture on PDL coated glass.
Red is phalloidin stained actin. Blue is tubulin stain. The longest process (blue) is
the microtubule rich axon, and the shorter processes are thdritkes) which all
extend from the cell body. The red areas at the distal ends of the neurites are the
actin rich growth cones, responsible for neuronal pathfinding and relaying
electric and biochemical signals to and from the cell béidyage from Cristian

Staii bés |l aboratory at Tufts University)

The responsibility of the nervous system is to send, receive, process, and
store information. These roles are preformed through a feedback loop of chemical
signalsand cytoskeletalemodeling 8, 18] Storing and processing information
generally occurs in clusters of neurons that have complex connection between
themselves. The nervous system can be broken into the Central Nervous System

(CNS), which is protected within the cranium and spinalol, and the



Peripheral Nervous System (PNS), which is supported by surrounding tissues and
links the CNS to the rest of the bodNeurons from the CNS and PNS will have

different mechanical propertie37].

1.3 Neuronal Molecular Biology

The cell bodypr soma, of a neuron contains the majority of organelles
and protein filaments which are contained by a phospholipid bilayer envelope
(plasma membrane) (Figure 1[28]. The plasma membrane is a lipid bilayer that
envelops the cytoskeleton and organelldse surface of the lipid bilayer has an
abundance of transmembrane and surface bound mol¢@u8&39]. The
molecules of significance are the transmembrane adhesion moléxglase
integring, and the conductive ion channels (ion pumps), andutace bound
hyaluronic acid based pericellular c$a6, 38,39, 40]. The integrins are
responsible for cellular adhesion and traction force transdudi®)38, 39, 41].

The ion pumps are responsible for maintaining ionic equilibrium within the cell,
and inducing action potentia]86]. Bound to the lipid bilayer exterior is the
pericellular brush/coatvhich is aviscoelastic entangled polymithered brush

consisting of actin anchored hyaluronic aam glycocalyx40, 42].
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Figure 1.2Neuron Intenal Structure, showing the nucleus, cytoskeletal
filaments, adhesion molecules (such as integrins), ion channels (such as

potassium/sodium ion pumps), the phospholipid bilayer, and the pericellular coat.

The cytoskeleton is composed of a delicate prdtieiment network
extending throughout the c¢#3]. Effectively, there are twdynamicforce-
producingcytoskeletons: the actin cytoskeletordahe microtubule cytoskeleton.
However, intermediate filamenytoskeletordensity within the cell affects
oveall cell elastic propertiegl4]. Microtubules are relatively rigid self
assembled fitubeso of tubulin dimers that e
membrane and give the cell its rigidj#3]. Actin filaments are thin flexible
chains of globular actidimers that entangle with other actin filaments and branch
out to form an intricate protein network/déB]. These cytoskeletal components

are responsible for giving the soma its mechanical/elastic propdi5iets).



The Cytoskeleton

Thecytoskeleton is the supportive structure for the cell and gives cells
shape, structure, connects and positions organelles, and generates forces between
the cell and its surroundings. Actin filamentsgétin) are assembled from
Globular actin (Gactin) mommmers in filaments, networks, and bundi&3].
Microtubules are assembled from-18 protofilaments composed of tubulin
dimers by hydrolyzing guanosine triphosphate (GTP) into guanosine diphosphate
(GDP) and inorganic phosphate (Pi) for endrtfy 43]. Actin filaments and
mi crotubules compose the o0dynamic cytoskel
change. Actin dimers hydrolyze adenosine triphosphate (foT&)enosine

diphosphate (ADP) and inorganic phosphate (Pi) to form filarf¥sjts

The cytoskeleton is generally modeledhasscoelastic and sefflexible
network of loosely crosslinked filameri&/]. The elastic modulus of the
cytoskeletal network is determined by the properties of the constituent filaments,
such as persistent length, rigidity, binding properties, meshtgessd ambient
temperaturg47]. For a system with one type of biopolymer filament, the elastic

modulus can be approximated[43]:

(1.1)



Where persistent lengths related to chain length L and mesh size [#7Fj]

(1.2)

Here lg is Boltzmamdé s ¢ o n sabsolatéemperature, & is the
firmament bending modulus, 3 is mesh size,
[47]. However, this is not the entire picture. In cells, the cytoskeletal biopolymer
filaments, such as Actin, interact with motor proteins, such as mipgihich
can contract actin filaments an[d/l.bundl es i
Eqgq 1.1 shows that a decr easammoredense wi | | cau

meshwork result in stiffer networks.

Adenosine and Guanosine Triphosphate Hydhisly

Dynamic nature of the cytoskeleton is due to the ability of both actin and
tubulin to hydrolyze and bind to triphosphate molecules, and change its binding
properties based on its hydrolyzed state. The process of hydrolysis changes the

conformal and kietic state of the protein allowing for a higher probability or
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lower probability of binding to an associated pro{di]. This lowers the

w0 which allows for more probable liberation©f O . To bind,

the proteingains energy from breaking a phosphate bond off the triphosphate
molecule [X]TP plus water and producing diphosphate molecule [X]DP plus an
inorganic phosphate, which in turn, changes binding affinity through the gaining
of energy. In general, the liberai of usable energy "O of a

triphosphate breaking into a diphosphate with inorganic phosphate can be written

as the followind46]:

OYO 00z OO0 0 Q@O

(1.3)

Hydrolysis results in a change of the energy state of the protein by reducing an
activation energy barrier to cause a more probable transition to the [X]DP + Pi

State.

Below shows the kinetics for ATRolecules to hydrolyze. For ATP and GTP,
hydrolysis esults in the liberation @b "O p &L 4 of energy49].

This energy isisedby a protein to do work
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ATP + H,0 HoH ADP + P, + AG

Energy

Reaction Coordinate

Figure 1.3The energy vs reaction coordinate for triphosphate hydrolysis.
The reaction constituents are at higher energy tdefieof the activation barrier.
When a protein, such as a cytoskeletal filament binds to a triphosphate molecule,
it lowers the activation energy cost, making hydrolysis more probable. The

release of energy is used by the molecule to do work.

Tubulin hydolyzes the molecule guanosine triphosphate (GTP) into
guanosine diphosphate (GDP) and inorganic phosphatpt@Pi)Actin
hydrolyzes adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and
inorganic phosphate (F#6]. The process of one tifese proteins binding to
[X]TP increases that protém affinity to bind to the same kind of protsin the
[X]TP state. After binding, the protein can stay in the [X]TP or be hydrolyzed by

that protein into [X]DP and Pi.
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1.4 Cytoskeletal Components

Cytoskeletal single filaments exdorcesonto a substrate or other object
by using theenergy of triphosphate binding rectify stochastic fluctuations in the
motor or on the substrate-A€tin and Microtubulesrecharacterized by this
process. A god example for this is a polymerizingActin, which can exert
forces in two ways. The first way is a piBswnian ratchef32], there the actin
filament is stationary and does not bend, but a load object at the filament tip is
allowed to thermally fluctua along the filament axis. As the load thermally
fluctuates in a thermal bath with ATRA&Etin at a concentration exceeding the
critical concentration (so growth polymerization is favored). If the load object
fluctuates and opens a space between itsdlttamfilamends end, an ATP &
Actin chemically attaches to the filament, increasing its length by eAeti@
monomer. The load object is in contact with the filament leading edge, where
thermal fluctuations vary the space between the actin tip andati®@kgect.
When a space t hat 0s -Attia map@neratachasgdhthedippens, on
and hydrolyzes, thereferectifying theBrownian motion of the load along the
polymerization vectof32]. The second type &@rownian ratchet operates where
the filament is allowed to flex and thermally undulate. When the filament bends
out of contact with the load object, and a space is large enough, an-AtTEnG
monomer binds to the filament tip and hydrolyzes, again increasing the filament

length by one. Sincihe filament bent, energy was stored in the bend. Since the
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contact angle is not zero, the filament exerts an elastic restoring force on the load
object, pushing it forward. The load object and filament are in contact, then the
filament bends away and gaia monomer. The filament then exerts a force on

the load object and pushes it forward using energy stored in its deflection. Both of
these processes are, again, required to be able to occur in reverse. Single
cytoskeletal filament networks exert forcesather filaments through thermal
fluctuation, pushing, bending, and branching due to new nucleation sites. For
Actin, the dense filament meshwork grows and polymerizes new branched
filaments at 70° relative to the filament axis from ARP@8tin Related Potein
complex 2 and 3actin binding site§50]. As the network grows, given an ample
supply of ARP2/3 and ATP regeneration, flaments bend, break, and reach a
critical rigidity that is characteristic of the actin netwR]. Microtubules can

also be onsidered a polymerization motor, since they exert forces by
polymerization Of the polymerization motors, microtubules have gained the most
interest. They can be consideregterydynamic structural component of the
cytoskeleton, and allow cells to intetavith their environment by changing shape
and extending processédicrotubule plarity is determined by growth and GTP
position on the tubulin dimer, with

the depolymerizing minus erjd3].
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Microtubules

The microtubule cytoskeleton is a fragile and ridged structure that gives
cells their shape, positions organelles. Microtubules have many functions within
the cell, for instance, during mitosis, microtubules adhere to and rip apart
chromosomes in to halvasid split the cell. More interestingly, they act as a
mol ecul ar Ahighwayo for transportation of
kinesin families of motor proteir{49]. Microtubules are ~25nm diameter hollow

tubes formed fr om prtobuliodimersdFigeanlt4d3.of GTPase

Figure 1.4Di agram of a microtubul e. Microtubdl
tubulin dimers (a) arranged in a 15 protofilament tube (b and c), with ~25nm
outer diameter and ~14nm inner diameter (b). Microtubulesncaasure
hundreds of microns long. &ellow componentsre b-tubulin monomes; green

components atétubulin monomes. [43]

Generally, micr ot ub u-ubulinfnocieatiantsieon begi ns

such as a cent r gubdimbends toandydrolyssdRute d b
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initiating the bineiunbgul b-apulmaendtsre &ITP ime r
then hydrolyzed into Guanosine diphosphatBpand inorganic phosphate )XPi
Aft er t h-tuulinslimergbind andnydrolyze in the GDP sfatening
filament. This gives the microtubule an unstable GTP Tubulin cap, with a stable
GDP tubulin body. As the microtubule grows outward, it undergoes phases of
slow growth and rapid depolymerizatip43]. This property is called dynamic
instability and is the sourad constant microtubule cytoskeletal rearrangements.
As microtubules are growing, they exert pioewton forces that push on the

cellés plasma membrane and organelles. Once a microtubule is formed, it is able
to support the cell through dynamic instabilitpnstantly modulating forces on a
given microtubulés load. The microtubules act as a linear highway for the

molecular motor families of kinesins and dynd#g].

Microtubules found in vivo are generally composed 653
protofilaments, which arrange a staggered helical structure, with one
protofilament leading tip43]. Dynamic instability allows them to spontaneously
grow and shrink. The GTP Tubulin concentration dependent growing and
shrinking are known as rescue and catastrophe, respectindlgj\e cells their
dynamic character. States of rescues and catastrophe are governed by hydrolysis
of GTP. During rescue, GTP tubulin dimers form a cap at the microtubule end and
promote polymerization. Behind this GTP tubulin cap, the majority of the

microtubule is formed with GDP tubulin. If the GTP tubulin cap hydrolyzes to
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GDP tubulin, catastrophe ensures, and the microtubule falls apart in chunks called

oligomers.

Actin Filaments

The Actin cytoskeleton is a highly dynamic meshwork ¢0nm
diamete{43]. ATPase actin filaments and myosins that are the primary
mechanism of force generator in a ¢8ll]. Like microtubules, Factin filaments
are polarized and havea+and nd, with a fAbarbedo morphol o
[18,43]. It is by far he most studied part of the overall cytoskeleton. Here, actin
filament formation begins when globular actin&&in) forms dimers, then
trimers, and by repeated monomer addition, becoae€tih by rectification of
Brownian motion by binding energy at aateation site. This binding is
dependent on the nucleotide state of thactin (nucleotide free, ATP, ADP +Pi,
or ADP). Gactin uses ATP binding to lower the binding barrier energy to make
binding more probable.-&ctin is most stable in the ATP nucleetistatgd36].
Following ATP hydrolysis, the ADP state is less stable, and more likely to
dissociate. The ATIADP change along-&ctin makes one end (the + end) more
likely to polymerize, where the minend in more likely to depolymerize,

making actin verylynamic.
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a o Actin Monomer b . (- end)
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~onm { R el

Figurel.5Actin filament diagram. a. A cartoon of an Actin monomer
showing barbed end (+ end). b. A cartoon of an Actin filament segment showing
the intrinsic 36 nm helicity and + aridends. c. A cartoon of an actin filament

showing 7-9nmdiameter.

At the minus end, the protein cofilin increases the rate of dissociation of
ADP actin and prevents the dissociation of ADP, and binding of [4BP
Another protein, profilin, catalyzes the exchange of ADP for ATP-ecth, and
prepares it fopolymerization to the pluend[43]. This cofilin/profilin mediated
process of polymerization and depolymerization is known as actin treadmilling,

and fuels érce generation (See figure 1[83].
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1.5 The Growth Cone

Neurites are primarily composedaénse parallel bundles of microtubules
[9, 18, enveloped by the plasma membrane, and act as structural support and
transport pathways for intercellular cargo, such as mitochondria, to the distal ends
of the neurites. A neuron of any type (such as contieatons, hippocampal
neurons, Dorsal Root Ganglia (DRG), Purkinje cells, and hypothalamus neurons)
will have multiple dendrites, yet the dendrite number, morphology, and branching
behavior will vary for cell function. In cortical neurons, dendrites degively
short and lack extensive branching. However, Purkinje cells have elaborate and
heavily branched dendrite networks called the dendritic tree. Neurites that send
information from the soma to other cells are called axons. Axons are generally the
longest neurite, and can extend hundreds of microns from the[Spnfzuring
nervous system development, axons and dendrites extend from their soma and
navigate to a potential synaptic targeathfindingis the process in which neurites
undergo a directed Bwnian walk by means of chemotactic, hypotactic, electric,
and topographic cues. Processing of the guidance information is done by the
growth cone, which is a highly sensitive sensing organ located atstaéehd of
neurites (Figure 1)6The growth coa is responsible for steering the neurite to a
target Growth cones aricredibly sensitive, and can detect single molecules or

tiny nanometer scale features and reacts to them.
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Figure 1.6 Diagram of cytoskeletal arrangements of microtubules and
actin in the neuronal growth con8][ showing microtubules (green), actin (red),
and the 3 domains of the growth cone: the Periphery (P) zone, Transition (T)

zone, and Center (C) zone.

The abilityto guide the neurite is intimately tiedgabstrate mechanics,
topography, and thgeometry and structure of the growth c¢he27, 33, 53.
The most notable morphological features of growth cones are the fingerlike
protrusions called filopodia, and thesb-like regions between filopodia called
lamellipodia(Figure 1.§. Recently Atomic Force Microscopy (AFM) revealed
the 3D structure of the growth cone in def&8]. The weblike lamellipodia, are
a very fat, ~200nn{ 53], actin network bound to the plasma membrane though

integrins. The lamellipodia exist between filopodia, which are believed to form
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the main sensing mechanism of the growth cone and are pnecta$ocal
adhesion formatiofb3]. Where lamellipodia acts as the main adhesion region

between growth cone and substi&ie

The growth cone cytoskeletal substructure has 3 distinct cytoskeletal
regions, the Periphery (Rdne, Transition (T) zone, and Center (C) zi$hé3
(Figure 1.¢. The mechanical functions of these zones are best described by
process of actin polymerization in the peripheral zone being driven, by expansi
into the transient zone, wharethe actin filaments are compressed by an
actomyosin arc, and recycled back to the p zone. From the polarized microtubule
rich center zone, microtubules polymerize outwards and explore the T and P
zones through polymerizatidf], and rapid depolymerizatio which is the
property of dynamic instabilitj43]. The peripheral zone {#one) contains highly
dynamic filopodia and lamellipodia. Filopodia are mainly comprised of dense
fibrin bound actin bundles generated through polymerization at the filopodial tip
[9, 43]. These actin bundles are driven back into the growth [@n&hey act as
sensory probes to explore the extracellular landscape. The lamellipodiadee
of adense actin network is generated at the periphery edge, and is pushed back
into the gowth cone much like the filopodia. The Transition zonezfhe)
occupies the region before thez&ne, and contains a myosin bound actinf@yc
This arc pulls in, compresses, and depolymerizes filopodial actin bundles and
lamellipodial actin networks. hdepolymerized actin is recycled back to the

growth cone periphery by actin treadmillifg]. The central zone primarily
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contains an array of polarized microtubules that explore into the T and P zones by
dynamic instability. These microtubules serve nplétfunctions. They behave as
highways for the motor proteins, kinesins and dyneins, to transport cellular cargo
between the soma and growth c¢4®]. They also help steer the growth cone, by

binding to the actin cytoskeleton.

/ Actin Binding Protein \

Actin Filament

<€ Integrin Dimer

Plasma Membrane

Figure 1.7 Cell A simplediagram of actin (red)/ integrin (blue) coupling

with actin binding proteins (yellow) to the extracellular matrix protein (black).

Neuronal Adhesion, Polarization, and Pathfinding

A predictable chain of events occurs after a neuron is formed within an

animal nervous system or cultured in vitro. In a culture system, a set number of
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neurons is seeded onto a biocompatible substrate (such as-hgbi(i2)) coated
glass or an Extracellar Matrix (ECM) loaded gel) and allowed to adhere. The
process of neuron adhesion to a substrate begins with the lipid bilayer and its
transmembranadhesiomrmolecules. The most notable transmembrane adhesion
molecules aretheintegrins. These molecules@ composed of a
t hat ass e mbime[18. fheydehave lik&rholecular clamps that
attach to surface bound adhesion molecules and ECM. For the cell to remain
structurally adhered to a surface, the integcmsple tothe cytoskedton,
specifically the actin meshwof{i8, 43]. Thus, the cytoskeleteintegrin

couplings anchor the cell to specific adhesion areas of its substrate.

Soma F-actin focal F-actin Filopodia Neurite
deformation concentration nucleation lormation extension

Figure 1.8 Neuritogenisis of a neuron with micropatterned shape induced
pyramidal morphology. Oncergeuron adheres to a substrate, in this case a
triangle pattern, induced actin polymerization from the related adaptor proteins
bound to the integnis initiates neurite extensioF-actin nucleation results in
membrane deformation and filopodia formatiénom here, a series of signaling

events takes place that allows the neurite to extend from the cell®B§dy [
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Once the neuron has establishedckinintegrin adhesion sites and is well
adhered to its substrate, internal signaling induces integhriacal adhesions [9,
18, 38, 39]. Thesesitesact as polymerization sites for actin. Aunge then
sprouts from docal adhesion, however, this is not always the caSe [
Cytoskeletal dynamics amediated with a variety of signaling and binding
protans and moleculefb, 8, 12, 16, 18, 31 This process continues until the
ridged microtubules reach a point where they jam against an object. At this point,
polymerization continues, and begins to stretch the surrounding plasma membrane

from the adhesiosite [54]. This extends the neurite outward. The initial actinic

protrusion is the first filopodia of the growth cone and initiates the neurite

guidance/pathfinding proceps4].

Signaling: The Rho GTPases

Neurons respond to a variety of physical ahdmical cues from their
immediate surroundings. Biochemical cues, from the Rho GTPases, trigger
cytoskeletal rearrangements through chemical signaling pathways that affect
substrate coupling and actin network polymerizafid) 39, 56]. Additionally,
Netrins, Semaphoring, Ephrins, SROBO, and Neurotopic molecules act as
chemoattractants and chemorepulsants that regulate actin polymerization and
neuron adhesion to ECMrough the RhasTPases [53, 12,16, 3]. Adhesion
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and cytoskeletal dynamics argudated by RhasTPase expressing cell
transmembrane adhesion molecules (CAMBB) 39]. In vitro neuron studies

focus on the Integrins, which bind to substrate bound EZNI8]. Integrinactin
interactions are linked with mechanosensitive talin, vingand paxillin, and act
as a moleculaclutchfor the actin motors to transduce force to the ECM (Figure
1.7) [18, 43, 57] | nt e gr i-dimersvamdmbkve alang thkefplasma
membrane and form clusters, calfedaladhesions, and act as the main adhesive
sites in GC49, 18,39, 56]. Integins bind to the actin cytoskeleton through talin,
vinculin, and paxillin[9, 12, 1843]. This protein complex behaves as the clutch
that transduces cytoskeletal forces to the ECM, and thermgatrols cell

motility. Signaling from extracellular molecules regulates neuritogenesis and GC

motility through the molecular clutd®, 18,54].

Actin polymerization and depolymerization molecules are controlled by
the family of small RhaGTPases (CDC4XRac, and Rhdp, 12,56]. These
proteins signal actin and ABPs (Actin Binding Proteins) to modulate the actin
cytoskeleton, and reinforce integrin connections. Bi®asemediates ROCK
(rho associated protein kinasehich controlsactomyosin contradtility, and is
expressed in collapsing G{38-61]. Many chemical signaling pathways of Rho
GTPases have been identified, but the complexity of their interactions leaves

much to be understood.
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Arp2/3 (actin related protein 2 and 3) is an ABP that behaves Factin
branching proteif50]. Arp2/3 is used to form dense actin networks by adding
actin nucleation sites to existingd€tin. Importantly, when Arp2/3 binds with an
actin filament and forms a new nucleation site, the new branching daughter
filament will grow 70° from the parent filamef®0]. This 70° angle is believed to
be important for the strength of the actin netw|&®. Extracellular cues trigger
the RheGTPaseand Rho associated protein kinase (ROG8§1].

Transporting proteinkind to Arp2/3 and transports it to an actin filament, where
Arp2/3 binds. The subsequent binding reledlsedransport moleculend allows
for ATP-actin nucleation, and grows thetwork. The Binding or the Arp2/3

complex causes-&ctin branches to grow at ~70° from the filament axis.

Actin treadmilling

In the growth cone, forces produced by the actin cytoskeleton are
transferred to a substrate through transmembrane adhesion sites. This force is
generated from actin polymerization from a nucleation site at the leading edges of
the growth cone, and polymees forward by pushing on other cytoskeletal
filaments. This causes the growth cone to advance. To control this advancement,
the motor protein Myosin Il pulls the newly formed actin filaments deeper into

the growth cone, where the actin filament is ripppdrt into Gactin, and cycled
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back as raw materials for polymerizati® 18,43]. This process of

pol ymerization, depolymerization, and recy

The Molecular Clutch

Traction forces are generated by the couplindhefgolymerizing actin
cytoskeleton and myosin mhotors to Integrins (Figure 1.18, 58-61]. Actin
does not bind directly to integrin, but through actin binding proteins, such as of
Talin, Arp 2/3, Paxillin, etc. Talin is linker of this complex and lsit@actin by
multiple bindingsites, but has the ability to expose more under tefiSign
When tension is applied to Talin, it exposed vinculin binding [§i#&sThese
sites bind vinculin, which binds directly to actin. Stresses between the focal
adhesion and the actin cytoskeleton pull on Talin, forcing it to unj&wd This,
in turn, opens vinculin binding sites that allow for more actiwibig, therefoe

strengthening the cytoskeletal coupli®g].
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Figure 1.9 Diagram of the molecular clutch. Actin polymerizes to the right,
pushing the filaments to the left. Talin and the other actin binding proteins
(yellow) form the actin clutchingechanism between integrin dimers (blue) and

the actin cytoskeleton(red). Myosin Il (green) pulls actin rearward.

The procesof growth cone topography and bound chemical detecion
not fully understood, however the effects of topography on neuronal pathfinding
can be dramatic. Regardless of the cue (topographic or chemical), the goowth
will modulate its cytoskeleton in response to transmembrane adhesion molecules
andsignaling molecule$8, 5, 16,31]. In the growth cone, integrins can group
into focal adhesionf38]. As the name suggests, these are membrane organelles
that are composed of spatially Afocusedo t
which create much stronger adhessites than single integrip62]. This controls

the neuronal steering, extension, and retra¢éin
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