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Preface

The primary motivation for this work was to study the interactions between neurons and
their local microenvironments that contain specific guidance cues such as micropatterned
molecular cues or microgrooved topographies. The investigation of these cell-material inter-
actions quantitatively measures the effects of specific parameters of guidance cues such as
slope of concentration gradient and dimension of grooves on neurite outgrowth in a post-
injury model. These applications have tremendous importance in adding to the knowledge

base of the fields of neuroscience, pharmaceutical science and biotechnology.

The chapters in this thesis occur sequentially by their relevance to the research topic. The
chapters are formatted in the style of sequential journal articles and each chapter 2 through
6 has the following sections: Introduction, Materials and Methods, Results, Discussion and
References. Where applicable, an Appendix of supplemental data will be included. The first
chapter will provide background information on the field of axon guidance with particular
focus on the post injury environment and in vitro modeling of the nerve regenerative process
in the spinal cord. I will discuss the challenges of axon guidance and growth after spinal cord
injury and discuss the strategies that have been used to promote directed axonal growth
in this environment as well as to study different classes of guidance cues. This chapter
will focus on studies from the previous five years and concentrate on in vitro biomaterials

platforms to study axon guidance.

There are three additional chapters each addressing a specific aim in the research project.
The primary aim of Chapter 2 was to describe a novel application of circular statistical

methods to quantify results from neurite outgrowth assays. Using both experimental data

viii



from neurite outgrowth on micropatterned glass substrates and simulated data, I determined
the suitability of a number of developed circular statistical tests on different types of neurite

directional data. This study has been submitted to the Journal of Neuroscience Methods.

Chapter 3 describes the fabrication of adsorbed multimolecular gradients of laminin and
chondroitin sulfate proteoglycans, and the evaluation of dorsal root ganglia neurite out-
growth patterns on those substrates. To address specific aim 1 to determine the optimal
gradient parameters to maximize and direct neurite outgrowth, single cue, double cue oppos-
ing and double cue parallel gradients were assessed for their influence on cellular adhesion,
neurite outgrowth and neurite direction. In particular, the roles of absolute concentration
change versus relative concentration change as the mechanism of gradient sensing was in-

vestigated. This study has been published in the Annals of Biomedical Engineering in 2008.

Chapter 4 describes the optimization of specific gradient parameters, molecular concentra-
tion and slope, which were found to play a large role in promoting and directing neurite
outgrowth from studies described in Chapter 3. Interactions between multimolecular gradi-
ents were observed and cellular reponses and neurite length appeared to vary non-linearly

when gradient slope and direction were varied.

Chapter 5 investigates the role of the three-dimensional (3D) microenvironment of collagen
I and Matrigel hydrogels on the genomic expression and morphology of neuroblastoma cells.
To address specific aim 2, microarray analysis, quantitative reverse transcriptase polymerase
chain reaction and microscopy studies were performed to evaluate cellular responses to their
3D microenvironment. Material properties such as elastic modulus and porosity were also

evaluated. This study was published in Tissue Engineering in 2007.

Chapter 6 includes a summary of the results presented in Chapters 2 through 5, as well as

possible future directions and recommendations of this work.

Appendix A is a review article published in Tissue Engineering in 2008 entitled “Tissue
Engineered Platforms for Axon Guidance” which covers the microfabrication techniques

and platforms developed for studying and directing neurite outgrowth in vitro.
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Appendix B includes a smaller study on the influence of parallel gradients of different slope on
neurite outgrowth, and the neuron and neurite response after the application of Rho kinase
inhibitor Y27632. Dynamics of the neurite extension, retraction and turning processes are

also investigated using timelapse microscopy over 24 hours.

Appendix C addresses specific aim 3, to determine the role of protein micropatterning on
the phenomenon of cellular bridging over microgrooved substrates. Selective coating and
micropatterns of laminin were applied using microcontact printing, adsorption and covalent
attachment methods. Bridging by Schwann cells and dorsal root ganglia neurons were inves-

tigated, and cellular adhesion, motility and bridge formation dynamics were investigated.
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Chapter 1

Introduction

Summary

Neural tissue engineering for applications in nerve repair is expanding beyond the traditional
focus of cells seeded in biological matrices. In vitro platforms incorporating multiple cues
that are spatially and temporally distinct, allow a more specific and quantitative examination
of cellular response to their environments, (reviewed in Li and Hoffman-Kim, 2008b). In
this research project, in vitro platforms featuring different guidance cues have been used to
investigate how neurons integrate complex guidance information to make growth decisions.
These guidance cues included molecular chemotropic and topographical cues that can direct
and promote neurite outgrowth. No single guidance cue studied thus far has been able
to elicit directed and functional nerve regeneration, which underscores the complexity of
the underlying mechanisms of axon guidance. Further research progress therefore calls for
increasingly well-controlled fabrication of precise multicue environments to study how axon

guidance occurs, with the goal of informing strategies to overcome nerve injury.

The current research project dealt specifically with the integration of molecular gradients
and topographical cues to study how these cues work individually and in combinations to in-

fluence neurite growth. To this end, microfabrication techniques such as soft lithography and



micropatterning of proteins have been used to fabricate devices that allow us to have precise
control of substrates for the culture and analysis of neurons and glia. Using these newer
techniques that offer greater levels of precision, quantification and spatiotemporal control of
cells’ microenvironments, we apply these studies to determining key parameters for nerve re-
generation. These microfabrication techniques included microfluidics, microcontact printing
and three-dimensional (3D) cell culture, employed to investigate the effects of: (1) individ-
ual and combinatorial adsorbed molecular gradients to approximate the environment of the
post-injury central nervous system, (2) the global effects of 3D extracellular microstructure
on neuronal culture and (3) selective directional protein coatings on microgrooved topogra-
phies to direct neuronal adhesion and neurite extension along and across grooves. Such an
approach included analysis of different cellular mechanisms and allowed us to approach the

goals of neurite growth promotion and direction in a systematic and multifactorial manner.

Neurite outgrowth on multimolecular gradients

Biomolecular gradients have been shown to play roles in axon guidance both in the devel-
oping nervous system and after injury. Particularly, graded expression of substrate bound
guidance cues play a critical role in guiding nerve growth. Elucidation of this phenomenon by
which growth cones integrate multiple molecular gradients requires the ability to expose neu-
rons to biomolecular gradients over the relevant microscale dimension in a quantifiable and
controllable manner. By generating a microenvironment using soft lithography and microflu-
idic techniques, linear concentration gradients of inhibitory chondroitin sulfate proteoglycans
(CSPG) and/or permissive laminin-1 (LN) were generated as single-cue gradients, parallel
double-cue gradients, and opposing double-cue gradients with varying slopes. Gradient pa-
rameters of interest were molecular concentration, absolute versus relative concentration
change over the width of a growth cone and gradient direction. Overall, dorsal root ganglia
neurons extended neurites toward regions of lower CSPG and higher LN concentrations.
Molecular concentration and gradient direction had the largest effects on cellular adhesion

and directional neurite outgrowth. Both absolute and relative concentration affected neurite



outgrowth direction on single cue gradients (Li et al., 2008). Gradient parameters for double
cue gradients were optimized to maximize cellular adhesion and neurite outgrowth. These
results represent an important step towards understanding how neurite growth is guided by

complex microenvironments containing multiple molecular cues.

Addition of molecules to modulate the inhibition of CSPG or the response of the neurons to
CSPG removed the ability of the substrate to direct neurite growth. Addition of chondroiti-
nase ABC to enzymatically cleave chondroitin sulfate sugar chains appeared to be more
inhibitory for cellular adhesion, with no change in neurite length, when compared to the
untreated control. Addition of Y27632, a pharmacological inhibitor against Rho kinase, a
molecule hypothesized to be in the signaling pathway for CSPG, did not yield a significant

difference in cellular adhesion to the substrate but significantly increased neurite length.

Quantitative analysis of neurite outgrowth patterns using cir-

cular statistical methods

Neurite outgrowth direction was analyzed using circular statistical methods. Circular statis-
tics is a subdiscipline of statistics that deals with directional data, such as angles, axes or
rotations, as unit vectors. Angular data, such as neurite outgrowth angles are much better
described and visualized using circular methods such as vector components and circular his-
tograms which reflect the actual geometry of the experimental data. Many types of circular
statistical methods have been developed. Analysis of different types of experimental neurite
directional data and hypothesis testing using circular methods allowed us to determine the
suitability of a number of developed circular statistical tests and develop a better tool for
evaluating neurite outgrowth in vitro. One-sample uniformity tests were performed to de-
scribe the distribution of data, in this case the pattern of neurite outgrowth on substrates
presenting protein gradients. Multisample tests were performed to compare different distri-
butions of neurite outgrowth on different types of substrates. Appropriate statistical tests

are data dependent, as theoretical statistical models have underlying assumptions that the



data need to comply with. A summary of circular statistical tests and their corresponding
assumptions are used in different experimental and simulated examples and described in (Li

and Hoffman-Kim, 2008a).

Neurite outgrowth in three-dimensional matrices

Interactions of neurons with the three-dimensional (3D) architecture of biological hydrogel
matrices were studied in the context of genomic profiles, cellular morphology and material
properties of the matrices. The influence of 3D culture on cells has been well studied, but
matrices studied commonly incorporate multiple components that are known to affect cell
growth. In this project, the specific differences in gene expression and morphology of neurons
cultured in 2D versus 3D were investigated. Material properties are known to have direct
effects on cell culture, and matrices were characterized with the description of mechanical
properties and microstructural properties. SH-SY5Y neuroblastoma cells responded to ge-
ometry by differentially regulating cell spreading and genes associated with actin in similar
patterns for both collagen I and Matrigel. We observed that neurite outgrowth and the
expression of the gene encoding for neurofilament varied with the type of material, where
fibrillar structure and high stiffness increased neurite outgrowth (Li et al., 2007). These re-
sults suggest complex cell-material interactions in 3D, in which the dimension of the culture
material influences gene expression and cell spreading and the structural and mechanical

properties of the culture material influence gene expression and neurite outgrowth.

Schwann cell growth on selectively coated microgrooved to-

pographies

Topography has been shown to guide axon growth through contact guidance mechanisms.
Interactions of cells with a microenvironment that presents both protein tracks and mi-
crogrooves allow us to present two directional guidance cues that act via different mecha-

nisms, to investigate the synergy or hierarchy of these classes of guidance cues. Permissive



LN or inhibitory CSPG stripes were adsorbed onto grooved substrates via microcontact
printing. Selected surfaces were coated: plateaus, walls and grooves or the total substrate
surface. Patterns of adsorbed proteins were further presented either aligned or orthogo-
nal to the underlying groove direction. Schwann cell “bridging” morphology was studied,
where cellular processes supported a cell across a microgroove (groove-plateau-depth dimen-
sion: 50-70-50pm) with no underlying support (Goldner et al., 2006). Selective coatings of
substrates yielded Schwann cell bridges of different morphologies. Substrates with total or
plateau coatings supported predominantly bridges on the plateau level, while groove-coated
substrates supported bridges that anchored on groove walls. Schwann cell motility and dy-
namics during the bridging process were studied using timelapse microscopy and cell soma
were tracked through focal planes along the z-axis. Schwann cells showed a large variation in
motility and trajectory during the bridging process. These results suggest that both molec-
ular and topographical cues can direct Schwann cell adhesion and process formation, may
act in a synergistic manner to guide cellular responses, and that the interactions between

the Schwann cells and their microenvironment are complex and dynamic.

Conclusions and summary of major findings

The results in this thesis suggest that spatial patterning of molecular guidance cues and
physical cues such as topography and microstructure can play a large role in promoting
neuronal adhesion and neurite growth in a directed manner to overcome inhibition at the
glial scar. Circular statistical methods have also been applied in the neuroscience field to

better describe and quantify neurite behavior in vitro.

The major findings in this project are: concentration gradients of LN and CSPG, two
molecules found in the glial scar, are able to elicit directional neurite growth towards the
areas of higher LN and lower CSPG concentration, in single cue gradients as well as double
cue opposing gradients. This effect was not seen on uniformly coated LN substrates or
double cue parallel gradients. Gradient parameters of molecular concentration and gradient

direction have large effects on cellular adhesion and neurite outgrowth.



Topography and architecture affected neuronal gene expression and morphology, which dif-
fered in 2D versus 3D cultures, and in different biomatrices. Of the 1766 genes that were
differentially regulated due to differences in geometry, gene expression of ornithine decar-
boxylase, midkine, important for metabolism and signaling respectively were up-regulated
while gene expression for talin 1, filaminin A, actininl ol, fibronectin 1, collagen type III
al, important for cytoskeleton and extracellular matrix were down-regulated. Collagen I
and Matrigel had different physical properties such as elasticity, microstructure and poros-
ity, which induced changes in neurite outgrowth potential. Microgrooved topography and
molecular cues were observed to affect Schwann cell cultures. Laminin is well known to be
highly permissive for Schwann cell alignment and growth, and appeared to be necessary for

anchorage of processes on plateau surfaces for the formation of bridges.

Taken together, these results suggest that specific presentation of guidance cues can elicit
specific neuronal and glial responses. Interactions between neurons and their microenviron-
ments are complex, but using in vitro platforms that can present controlled spatial cues and
quantitative analysis of the resulting biological response can provide detailed information

on how guidance cues act.
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Specific Aims

Neurons in development and post injury are in a complex environment with a myriad of
cues which taken together, is usually portrayed as a global “permissive” or “inhibitory”
environment. Describing the net overall state of the cellular environment ignores much of
the detail and simplifies much of the complexity that is present at the local level. Our long
term goal is to elucidate the cellular and molecular mechanisms that underlie axon guidance
decisions, and to then use this knowledge to build systems that can direct and promote
appropriate axonal growth. Our working hypothesis is that neurons can sense multiple
cues in a complex environment and respond by integrating their competing, synergistic or

balancing effects. To test this hypothesis I propose the following specific aims:

Aim 1. Determine the optimal gradient parameters for maxi-
mal and directional neurite growth on multimolecular gradients

over 24 hours.

The presentation of molecular cues in wvivo is highly complex. In development and in the
post injury environment of the central nervous system, combinations of both permissive and
inhibitory cues are presented to a growth cone in its immediate microenvironment, either
simultaneously, with distinct borders or in a gradient. Hence it is important to understand
how these cues are integrated by the growth cone. Important factors to investigate are:
absolute and relative concentration changes, relative gradient directions, and gradient shape.
By varying the slope (slope) and relative direction of permissive (laminin) and inhibitory

(chondroitin sulfate proteoglycans) protein gradients, we can a) determine the effects of



the protein gradients individually and in combination, b) precisely control the absolute
and relative concentration change and c¢) control the relative directions of the gradients,
to quantify the effects of these gradient parameters on differential neuron adhesion and

directional neurite outgrowth using circular statistical methods.

Aim 2. Determine the role of geometry and microstructure of
three-dimensional microenvironments on changes in genomic

profiles and morphologies of neuroblastoma cultures.

Three-dimensional (3D) cell culture has been shown to have differential effects on a wide
range of cell functions including proliferation, migration, metabolism and growth. It is im-
portant to characterize the changes that occur within the cell and understand how physical
cues such as topography and architecture may influence these changes. By investigating
changes in global gene expression profiles and morphologies of neurons using DNA microar-
ray technology and microscopy techniques, we aim to correlate neuronal growth patterns

with physical parameters of their 3D microenvironment.

Aim 3. Determine the role of protein micropattterns and cell

type on the formation of cellular bridges .

The phenomenon of cellular bridging, an event where a process extends from one plateau to
another on a grooved substrate with no underlying support (1), allows us to study a specific
influence of contact guidance and tension generation. Using microfabrication techniques,
we will fabricate platforms that will incorporate topographical cues with varied micropat-
terns of substrate bound molecular cues which will allow testing of the role of anchorage
in the formation of cellular bridges. We hypothesize that sharp laminin coated surfaces on
distal plateaus are necessary for tension generation required for bridging. Using timelapse

microscopy to study dorsal root ganglia and Schwann cell motility under different phases of



bridge formation, we can characterize stereotypic Schwann cell trajectories and model the

forces required for bridging with inputs taken from experimental data.

Relevance

Traumatic injury to the spinal cord often results in irreversible loss of function because nerves
of the central nervous system (CNS) do not regenerate spontaneously. Describing the net
overall state of the cellular environment ignores much of the detail and simplifies much of
the complexity that is present at the local level. Experimental research using traditional
biological techniques has provided valuable information regarding the neuronal response
to individual guidance cues. However, the local environment that growing nerves face is
inherently complex and contains a rich mixture of cues whose collective influence on growing
nerves is not completely understood. Tissue engineering techniques have been employed by
biomedical engineers and neuroscientists to model the complex in vivo environment of the
nervous system as a means to isolate and study the specific interactions of these cues with
the neurons on which they act. Our long term goal is to elucidate the cellular and molecular
mechanisms that underlie axon guidance decisions, and to then use this knowledge to build
systems that can direct and promote appropriate axonal growth. Our working hypothesis is
that neurons can sense multiple cues in a complex environment and respond by integrating

their competing, synergistic or balancing effects.

1.1 Background and significance

Historically, tissue engineering strategies have been used in efforts to develop therapies for
peripheral nerve and spinal cord injury, combining biomaterials, cell therapy, and drug de-
livery approaches (Chalfoun et al., 2006; Fry, 2001; Lavik and Langer, 2004; Schmidt and
Leach, 2003; Zhang et al., 2005a). Strategies for nervous system repair include preventing
cell death by delivering anti-inflammatory agents and neuroprotective agents, and also pro-

moting axonal growth to appropriate targets. Both the intrinsic growth capacity of cells
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and the extracellular environment contribute to the ability for axon regeneration. Manipu-
lating the cells’ local microenvironment has been a particular focus of much research, from
nerve grafts to engineered constructs. Regenerative repair in the peripheral nervous system
(PNS) is thought to be possible due to the presence of growth-promoting cues provided
by supportive glia (i.e., Schwann cells; SCs), macrophages and monocytes. More serious
injuries to the PNS require surgical intervention, most commonly autologous nerve grafts
(reviewed in (Fawcett and Keynes, 1990; Meek and Coert, 2002). Regenerative capacity of
the central nervous system (CNS) is much reduced due to the inhibitory post-injury environ-
ment comprised of degenerating myelin and the glial scar, formed by hypertrophic reactive
astrocytes. Similar transplantation strategies for CNS injuries using embryonic spinal cord
(McDonald et al., 1999) or peripheral nerve tissue have met with limited success (reviewed
in (Lakatos and Franklin, 2002)). The conventional paradigm of tissue engineering in which
cells and scaffold materials are combined to replace or regenerate diseased or injured tissue,
initially seemed particularly applicable to the problems of nerve injury. However, successful
nerve regeneration with complex, precise connections has been found to require more than
the substitution of engineered tissue for injured tissue. A consensus has emerged that it
will ultimately require the coordinated presentation of multiple permissive signals, to be

incorporated into tissue engineered biomaterial platforms designed to promote regrowth.

1.2 Challenges to spinal cord repair

Nerves fail to regenerate after spinal cord injury and current medical technology is unable to
effectively manipulate the process of nerve regeneration. This research seeks to contribute to
this process by quantifying how guidance cues both individually and in combination promote
axon growth in an inhibitory environment. Spinal cord injury affects 250,000 Americans with
11,000 new injuries occurring each year. To date, there is still a critical gap in the knowledge

base that informs strategies to provide growth-promoting cues to injured neurons.

When a nerve is injured, a major cause of the failure of axon regeneration in the CNS is

the inhibitory nature of the glial environment. Damage to CNS axons will always produce
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a glial scar, where reactive astrocytes hyperproliferate, oligodendrocytes are injured and
myelin degenerates to form a mechanical and chemical barrier to axon regrowth. The area
over which axon regeneration must occur to regain function, falls inevitably over a developing

or established glial scar.

Hence understanding the mechanisms underlying axon guidance by multiple cues is a critical
aspect of nerve regeneration, and one that can best be addressed using tissue engineering ap-
proaches. Evans (Gregory, 2001) has reviewed the strategies for traditional tissue-engineered
constructs for nerve repair by component: scaffolds, support cells, growth factors and extra-
cellular matrix. Scaffolds are biomaterials-based and can be biological or synthetic (Flaim
et al., 2005). Support cells include glial cells of both the central and peripheral nervous
system, neural progenitor cells (NPCs) and cells genetically modified to secrete growth pro-
moting molecules (Chen et al., 2005; Keilhoff et al., 2006; Thompson and Buettner, 2006).
Growth factors can improve neuronal viability and increase neurite initiation and outgrowth.
Extracellular matrix can increase cellular adhesion, migration and neurite initiation and ex-
tension. Incorporation of these permissive molecules is one way of promoting axogenesis and

neurite growth.

1.3 Cues from developmental neurobiology

Axon guidance has been a topic of study in neuroscience for many decades, both in devel-
opmental neurobiology and in nerve regeneration, and many cues have been identified that
influence axon pathfinding. A number of these guidance cues are soluble factors such as
ephrins, netrins and semaphorins (Chilton, 2006; David and Lacroix, 2003; Mueller, 1999;
Raivich and Makwana, 2007; Serini and Bussolino, 2004). Studies have identified different
mechanisms of action that include axon guidance such as permissive, inhibitory, outgrowth
promoting, outgrowth suppressing, chemoattractive and chemorepulsive activities (Figure
1.1 (Baier and Bonhoeffer, 1994)). Further, some molecules such as netrin-1 and Sema3A
have bifunctional roles that can repel some growth cones while simultaneously attracting oth-

ers which adds to the flexibility of axon guidance produced in the developing nervous system
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(Colamarino and Tessier-Lavigne, 1995; Polleux et al., 2000). Other categories of guidance
cues include bound factors that guide through neuron-matrix interactions (Daniel M. Suter,
2000; Derek N. Adams, 2005; Dertinger et al., 2002b; McFarlane, 2003), topographical cues
that influence nerve growth by contact guidance (Cai et al., 2005; Dowell-Mesfin et al., 2004;
Goldner et al., 2006; Mahoney et al., 2005; Manwaring et al., 2004; Walsh et al., 2005) and
electrical cues that affect the rate and direction of nerve growth (McCaig et al., 2002; Patel
and Poo, 1982; Schmidt et al., 1997).

From the developing nervous system, guidance mechanisms have been observed from the
process of the formation of topographic maps that provide a means for neurons to reach
their target region and distribute in an orderly, stereotypical arrangement within these
regions. By studying the factors that give rise to such precise and ordered connections that
require the recognition of particular subsets of target regions, one can gain insight on how
to reproduce such precision in a post-injury environment. To reach their targets, axons can
be influenced by far-reaching, diffusible chemotropic molecules (Goodhill, 1997), reviewed in
(Goodman, 1996). Further mechanisms exist to guide axons within the target may include
target-derived growth factors with much shorter range guidance that may induce axonal
branching (Bastmeyer and O’Leary, 1996). Several mechanisms have also been proposed
that allow for recognition of specific targets, including type specificity, positional specificity
or chemospecificity. Chemospecificity has been of particular interest and has been widely
studied, as surgical techniques to move target areas have shown that axons continue to
project to their preferred target regions. On example is the retinotectal system, where
retinal axons have been observed to recognize different parts of the tectum, independent of
the path to the tectum or if the location of the tectum has moved (Fujisawa, 1981; Hope et
al., 1976). These observations have suggested underlying molecular mechanisms that include

the use of molecular gradients to build this topographical mapping phenomenon.
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Figure 1.2: Tissue engineered platforms of axon guidance.

1.4 In vitro biomaterials platforms to study effects of guidance

cues

Tissue engineering approaches can be used to create more in vivo-like platforms for studies
of axon guidance, because they allow the generation of precisely controlled microenviron-
ments that mimic specific features of the local in vivo environment. These platforms can
incorporate three dimensions, cocultures of different cell types and defined presentation of
molecules, in order to study key neuronal functions. One particular advantage of tissue
engineered platforms of neural microenvironments is that they can present several types of
cues in a synergistic or a competitive manner to elucidate their relative importance (Figure

1.2).

For the past few decades, micropatterned substrates have been used as tools to study and
direct neurite outgrowth. Initially, molecular cues were patterned using simple techniques
that allowed the investigation of guidance effects, but lacked reproducibility and precision
on the cellular level, at the physiologically relevant micron scale. With the implementa-
tion of microlithography adapted from the microelectronics industry (Connolly, 1994; Folch

and Toner, 2000a), patterned features of proteins and topographies could produce polymer
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substrates for cell culture using techniques such as soft lithography and rapid prototyping
(reviewed by (Li et al., 2003). More recently, laser ablation has been used to fabricate
polymer substrates with diverse geometries. High energy laser pulses can be used to re-
move material in specific geometries to create microstructures on a surface with the size
range < 15um, which then serve as substrates for cell culture (reviewed by (Folch and Toner,

2000b).

Microfluidic channels are another method of producing substrates with requisite micropat-
terns to study axon guidance and neurite growth. These channels allow for fabrication of
concentration gradients by diffusive mixing under laminar flow conditions. Laminar flow is
generated in microchannels on the order of 50um at low flow rates controlled by a syringe
pump. This is due to the low Reynolds number achieved by the slow flow and the small
dimensions. The Reynolds number is the ratio of inertial forces to the viscous forces acting
pU?V ~ pUL

A0S = T where p =viscosity :0'01073*57

U = average flow rate = 1 <*, L = characteristic linear dimension =

on a small unit of fluid, calculated by: Re =

9
cm3)?

p = density = 1

%, V =volume, S =surface area of walls.

For the devices in this study, flow rate is held at lcm/s, such that Re<1. The surfaces
of constant flow speed are smooth and random fluctuations of flow in time are absent so
that when multiple streams of different proteins are present, adjacent streams remain chem-
ically distinct except for diffusive mixing at their interface (Whitesides, Jun2001, ). Due to
this feature, soluble gradients can be formed simply by serial dilution of adjacent streams
(Dertinger et al., 2002a; Dertinger et al., 2001; Jeon et al., 2002; Lin et al., 2004). Grooved
microchannels have been studied for inducing turbulent or chaotic flow, particularly her-
ringboned grooves that have rotated oblique angles (Stroock et al., 2002a; Stroock et al.,
2002b). However, simulations varying groove aspect ratio (o), using computation fluid dy-
namics programs have shown that at low groove aspect ratios («¢=0.05), there is no significant
irregularity in flow, showing no evidence for chaotic mixing, and at higher groove aspect ratio
(2=0.3), there was a more jumbled flow pattern but did not indicate chaotic mixing (Wang

et al., 2003).
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1.5 Molecular cues

The presentation of molecular cues in wvivo is highly complex. In development and in the
post injury environment of the CNS, combinations of both permissive and inhibitory cues
are presented to a growth cone in its immediate microenvironment, either simultaneously,
with distinct borders or in a gradient. The complexity of the local post-injury CNS en-
vironment has motivated the development of in vitro models of the glial scar, which have
largely focused on patterning the chemical cues present, particularly permissive laminins
(LN) and inhibitory chondroitin sulfate proteoglycans (CSPGs (Le Beau et al., 1995; Tom
et al., 2004)). The use of anisotropy in presenting chemical cues either through gradients or
stripes to provide directional bias has been largely successful in vitro. Recent advances in
microfabrication techniques in microfluidics and microcontact printing have increased our
capacity to present directional information on a biologically relevant scale. Optimal dimen-
sions of features range from tens to hundreds of microns (Dertinger et al., 2002b; Song et
al., 2006; Yeung et al., 2001), and can be used in combination with other types of guidance

cues for synergy in a more complex microenvironment.

1.5.1 Adhesion molecules and Extracellular matrix

Micropatterns of molecular cues are used to direct neuronal growth and cell adhesion
(Cornish et al., 2002; Offenhausser et al., 2007; Oliva et al., 2003). Neurons from rat
brain stem and cortices preferentially adhere to regions coated with permissive guidance
cues such as LN and neurite outgrowth follows the micropatterned tracks (Vogt et al.,
2005; Yeung et al., 2001). Cellular adhesion and neurite extension onto underlying line
or grid patterned microcontact printed substrates have been observed in both dissociated
neurons (Vogt et al., 2005) and brain slices (Yeung et al., 2001). Optimal dimensions
of nodes for neuronal adhesion for cells were found to be in the range of 14-20pm (Ye-
ung et al., 2001). DRG neurite attachment was found to be dependent on FN stripe
width, with a minimum width of ~“30um required for cell attachment and neurite ex-

tension (Zhang et al., 2005b). In order to direct neurite growth to specific patterns of
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the substrate, several micropatterning techniques have been used, including “inking” elas-
tomeric stamps and using adsorption to transfer patterns (Yang et al., 2005b), covalent bind-
ing of “inked” elastomeric stamps using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) chemistry, photoimmobilization of molecules using polyal-
lylamine conjugation to N-4-(azidobenzoyloxy)succinimide) (PAA-azido chemistry) (Gomez
et al., 2007a; Gomez and Schmidt, 2007; Luo and Shoichet, 2004) and other methods of
protein immobilization using commercially available heterobifunctional crosslinkers (Zhang
et al., 2005b). Song et al. used photolithography and EDC/NHS chemistry to micropattern
poly-L-lysine (pLL) and/or LN on regions of conductive polypyrrole (pPy). Hippocampal
neurons adhered and extended neurites only on the pattern of pLL or LN, demonstrating a
method for fabricating micropatterns of molecular guidance cues in combination with con-
ductive polymers. More recently, neurite outgrowth assays have also focused on peptides
that correspond to locations of cell binding sites on permissive extracellular molecules such
as LN or fibronectin (FN). These key peptides include: Arg-Gly-Asp (RGD) (Tashiro et al.,
1991), Ile-Lys-Val-Ala-Val (IKVAV) (Tashiro et al., 1989) and Tyr-Ile-Gly-Ser-Arg (YIGSR)
(Graf et al., 1987; Massia et al., 1993) which have been shown to mediate cell attachment,
spreading, migration and neurite outgrowth; they have been incorporated into assays evalu-
ating the effect of molecular cues on axon guidance, the results of which will be described in
a later section. Micropatterned cues allow highly controlled directional guidance of neuronal

adhesion and axonal growth.

Incorporation of extracellular matrix molecules in a 3D matrix has also been investigated
(Cao and Shoichet, 2002; Dodla and Bellamkonda, 2006; Yu and Bellamkonda, 2001). Neu-
roblastoma cells showed increased cell adhesion on alginate gels that were coated with LN
or covalently linked to YIGSR peptide, and showed increased neurite number and length
on YIGSR peptide linked gels in a ligand density dependent manner (Dhoot et al., 2004).
Luo and Shoichet (Luo and Shoichet, 2004) have demonstrated that DRG neurites will grow
preferentially in channels modified to present GRGDS peptide in a 3D agarose gel. Dodla
and Bellamkonda (Dodla and Bellamkonda, 2006) have shown that concentration gradients

of photo-immobilized LN-1 in 3D agarose gels can direct DRG neurite growth in the direc-
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tion of higher LN-1 concentration. Further, gels presenting concentration gradients of LN-1
promote faster neurite extension than gels presenting isotropic LN-1 concentrations, which
implies that patterning of chemical cues may be a separate parameter to be optimized within
the complexity of the 3D environment. Embryonic cortical neurons have been challenged
with choices between competing growth options of poly-D-lysine (PDL), 3D Matrigel and
microtopography. When presented with 2D PDL adsorbed surfaces and intermediate layer
of 3D-gelled Matrigel, neurons appeared to prefer PDL-coated 2D surfaces. When presented
with 2D PDL adsorbed surfaces, 3D Matrigel and grooved topography (3.5-15pm), neurites
preferred to extend into the 3D gel layer of Matrigel rather than along PDL surfaces (walls
and grooves) of the topographical substrates, differing from the result of neurite turning
into grooves in the absence of Matrigel. Growth cones therefore make growth decisions
that balance permissiveness and obstacles in topography and 3D architecture, resulting in
directional growth to minimize turning while remaining on the most permissive substrate

available (Li and Folch, 2005).

1.5.2 Molecular concentration gradients

Axon guidance by concentration gradients of soluble guidance cues has been studied ex-
tensively in vitro. Trophic factors such as nerve growth factor (NGF), brain derived neu-
rotrophic factor (BDNF), insulin-like growth factor (IGF-1, IGF-2) and fibroblast growth
factor (FGF) have been found to elicit turning of growth cones toward the molecule of
interest (Boyd and Gordon, 2003; Jones et al., 2003; Kato and Lindsay, 1994). Gene ther-
apy experiments using lentiviral vectors expressing NT-3 (Taylor et al., 2006) have shown
that increased growth through and beyond the inhibitory glial scar region is achievable, but
longer distance growth was not obtainable with the trophic stimulus alone, as the presence
of a continuing growth factor gradient beyond the lesion did not stimulate growth into those

areas.

Studies of molecular cues have found that chemotropic and extracellular matrix (ECM) guid-

ance cues attract or repel growth cones over a large distance range (Dickson, 2002; Rosoff et
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al., 2005; Rosoff et al., 2004a; Tessier-Lavigne and Goodman, 1996). Micropatterned molec-
ular cues have also been studied, particularly protein gradients to orient and direct neurite
growth. Nerve growth factor (NGF) is a chemoattractive diffusible factor that is presented
in a gradient as a function of distance from the source and is able to elicit directed neurite
outgrowth and growth cone turning in vitro (Cao and Shoichet, 2001). Graded expression
of matrix molecules have been found in vivo in development such as the Eph/Ephrin system
in the developing retinotectal system and proteoglycans in the post injury glial scar envi-
ronment where CSPG and keratin sulfate proteoglycans (KSPG) are increasingly expressed
approaching the lesion site (reviewed by (Silver and Miller, 2004)). The mechanism of ax-
onal response to protein gradients is not well understood. LN has been suggested to guide
neurites in a manner similar to chemotaxis, where the growth cone machinery measures lo-
cal differences in LN concentration and directs growth toward the direction of higher levels
(Devreotes and Zigmond, 1988; Kindt and Lander, 1995). Experimental work has suggested
that axons could be guided by a wide range of parameters including the absolute molecular
concentration, the sign, direction, and slope of the gradient (Baier and Bonhoeffer, 1992;

Britland and McCaig, 1996; Isbister et al., 2003; Rosentreter et al., 1998; Song et al., 1998).

Cells are affected by their local environment and respond to chemical and mechanical stimuli
in adhesion and migration processes. In the specialized case of axon guidance, the ability of a
growth cone to respond to such guidance cues using these underlying mechanisms has been
studied extensively for soluble and matrix bound factors. Sperry proposed the chemoat-
traction model as the mechanism of long range axon guidance during development (Sperry,
1963); Carter proposed a theoretical model for haptotaxis and cell motility (Carter, 1967),
and contact guidance was proposed to be the mechanism for aligning axons to collagen fibrils
(Ebendal, 1976). Mathematical models of axon guidance have been proposed that simulate
the simple case of any attractive or repulsive cue presented to a growth cone (Buettner,
1994; Maskery et al., 2004). These models are generally phenomenological, and contain a
deterministic domain and a stochastic domain, where the deterministic domain refers to the
cellular response to external cues, and the stochastic regime reflects the randomness observed

in growth cone “sampling” seen using timelapse microscopy, and the inherent instability of
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microtubules (reviewed by Maskery and Shinbrot, 2005).

Mathematical models suggest that fractional concentrations of soluble gradients must be
>2% to be sensed by the growth cone, whereas fractional concentrations of substrate bound
gradients must be >10%, predicting that growth cones are more sensitive to soluble gradi-
ents. The maximum guidance range of gradients have been calculated to be Imm for soluble
gradients and 1cm for substrate bound gradients for either the absolute concentration change
case or the fractional concentration change case (Goodhill, 1998; Goodhill and Baier, 1998;
Goodhill et al., 2004; Goodhill and Urbach, 1999; Goodhill and Baier, 1998). In order to
generate gradients in vitro with the enough precision to change the concentration <10%
over the width of a growth cone (10-20um), microfluidic techniques have been highly useful,
and reviewed in Keenan and Folch (Keenan and Folch, 2008), with the perspecitve of how

the technology of making concentration gradients over the microscale has developed.

Bellamkonda (Bellamkonda, 2006) has discussed the concept of anisotropy in structural and
molecular contexts of scaffold design, where anisotropy may facilitate faster and more robust
regeneration by exploiting the sensitivity of the growth cone to elicit directional growth.
For molecular cues, anisotropy translates to concentration gradients across the dimensions
of a growth cone. Concentration gradients of soluble neurotrophic factors have been widely
studied as they can be easily generated through diffusion (Rosoff et al., 2004b), and they have
been shown to contribute to the process of chemotaxis. Concentration gradients of substrate
bound molecules have also been generated using techniques such as micropatterning(Cornish
et al., 2002), microfluidics, and self-assembly of monolayers to covalently bind peptides
(Derek N. Adams, 2005; Dertinger et al., 2002b). von Philipsborn et al. (von Philipsborn
et al., 2006) showed guidance of retinal ganglia growth cones by discontinuous ephrinAb
gradients generated by microcontact printing. Neurite stop decisions depended on gradient
slope as well as the concentration of ephrinA5 present locally, where a decreasing slope and
lower ephrinA5 concentrations allowed further growth onto the gradient area. Adams et
al. (Derek N. Adams, 2005) demonstrated guidance of dorsal root ganglia (DRG) explants
by an increasing concentration gradient generated by photo-immobilization of the IKVAV

peptide. On these substrates, growth cones were able to turn up a gradient with a 10-25%
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fractional difference in IKVAV concentration over 30pm. Li et al. (Li et al., 2007a) have
shown changes in neuronal response over a larger range of fractional concentration difference;
a 4% fractional difference in LN concentration over 25pm resulted in fewer DRG neurites
oriented toward higher LN concentration, whereas a 100% fractional concentration change
over 2bpnm resulted in more neurites oriented toward the higher LN concentration. Multi-
molecular opposing gradients fabricated to present high concentrations of LN intermixed
with low concentrations of CSPG were able to direct DRG neurite orientation in a similar
manner as single-cue LN gradients, guiding neurite outgrowth in the direction of higher LN

and lower CSPG concentrations.

1.6 Topographical cues

Topographical cues influence nerve growth and regeneration by contact guidance, and can be
combined with adhesion molecules that also play a role in contact guidance. Neurons have
the capacity to respond to topographical features in their microenvironments, and they have
been shown to adhere, migrate, and orient their axons to navigate surface features such as
grooves in substrates in both the micro- and nanoscales. Using microfabrication techniques
such as photolithography and soft lithography, topographic guidance of neurite outgrowth
has been explored in vitro with culture substrates that contain well-defined micropatterned

features.

1.6.1 Microgrooved topographies and cellular morphologies

Repeating rectangular microgrooves have been extensively studied to direct neurite growth
and alignment along a particular axis. Mahoney et al. (Mahoney et al., 2005) studied the
effects of microchannels of 20-60 pym width and 11 ym depth on PC12 cell cultures. Neurites
were directed along the axis of the grooves, with microchannels of 20-30um most effective
at neurite direction. Polypropylene filaments have been found to direct DRG neurites and

SCs from DRG explants along the long axis of the filaments tested with an optimal filament
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PDMS substrate

Figure 1.3: Schematic of cellular bridge where the cellular processes span across grooves
with no underlying support.
Mustration by Jan Bruder.

diameter of 5pm. The addition of FN and LN coatings on the filaments increased the
maximal neurite lengths as compared to uncoated controls, and interestingly, resulted in

neurite outgrowth that preceded migrating SCs (Wen and Tresco, 2006).

Topographical cues have also generated unexpected neurite morphologies. Goldner et al.
(Goldner et al., 2006) have observed the phenomenon of neurite “bridging” where a subset
of DRG neurites can span grooves coated with LN varying from 30-200pm width and 50pm
depth with no underlying support (Figure 1.3). Several cell types including hippocampal
neurons, rat B104 neuroblastoma cell and SCs were all shown to exhibit the bridging mor-
phology. Neurites were observed to climb up the groove walls to generate such bridges,

suggesting complex cell dynamics in response to micro-topography.

Nanotopography to promote cell growth has been a subject of interest for many biological
applications and for axon guidance in particular. Nanotopography has been presented to
cells in vitro via nanoscale etches into silicon wafers (Fan et al., 2002a; Fan et al., 2002b),
nanofibers on the surfaces of scaffolds (Ahmed et al., 2006; Yang et al., 2005a) and carbon
nanotubes (CNT) on flat surfaces (Lovat et al., 2005; Nguyen-Vu et al., 2006; Waid et al.,
2004; Wang et al., 2006). Methods of fabrication have been reviewed in Norman and De-
sai(Norman and Desai, 2006), including a list of ordered versus unordered nanotopographies
that can be generated using methods such as chemical etching with hydrofluoric acid to gen-
erate unordered nanoscale grooves, and more controllable electrospinning with well-studied

polymeric materials such as PLA and PLGA which may be aligned or unaligned.
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Neuronal adhesion and viability on nanotopography have been most widely studied, and
results vary depending on the type of nanoscale substrate presented. Chemical etching of
silicon wafers found an optimal surface nano-roughness of 20-50nm to be the most permissive
for attachment of primary neurons isolated from the substantia nigra (Fan et al., 2002a).
Electrospun polyamide nanofibers with a median diameter of 180nm supported neuronal
growth and covalently linked tenascin-C-derived peptides increased the neurite outgrowth
of a number of CNS primary neurons including cerebellar granule, cerebral cortical, hip-
pocampal, motor and DRG neurons, indicating that nanotopography may act synergistically
with molecular cues to promote neurite growth (Ahmed et al., 2006). Nanofibrillar meshes
presenting IKVAV peptides have also been fabricated using self assembly of amphiphilic pep-
tides around cells in culture medium. These IKVAV linked nanofibers differentiated NPCs
more rapidly than the addition of soluble IKVAV peptide or LN (Silva et al., 2004). Cellu-
lar responses to substrates presenting carbon nanotubes have been evaluated; hippocampal
cells have been stimulated using CNT microelectrodes (Wang et al., 2006), PC12 neurite
formation has been supported by 2% CNT containing polycarbonate urethane (Waid et al.,
2004), and astrocytes have been shown to have decreased adhesion on CNT /polycarbonate
urethane substrates and decreased alkaline phosphatase production on low surface energy
nanophase fibers (McKenzie et al., 2004). Using nanoscale fabrication methods, it will be
exciting to generate biomaterials platforms that study combinations of nanoscale guidance

cues with other important cues such as electrical stimulation and molecular cues.

Neurons have the capacity to respond to topographical features in their microenvironments,
and grooves have been a widely studied geometry. The progression of guidance cues from
micro- to nanoscale resolution has shown that the guidance range encompasses both length
scales and can affect cell functions from cell differentiation of NPCs to neurite morphology

such as orientation, direction and length.
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1.6.2 Dynamics of cell motility and process formation

A simple model (Equations 1.1 and 1.2) is adapted from the Langevin equation for Brown-
ion motion describing fibroblast motility (Dunn and Brown, 1987) from (Buettner, 1994).
This model was used to simulate a sharp border between a permissive and nonpermissive
substrate, LN and albumin. So the assumption that the receptor-mediated interaction be-
tween the growth cone and the substrate requires a critical number of receptors bound to
the permissive cue. Using these parameters, the model predicted that filopodial initiation
follows a Poisson distribution, length follows an exponential probability density function and
the rates of extension and retraction follow a linear relationship. Filopodia length and angle
can be predicted by predicting x and y coordinates at time t (Equation 1.3 and predicting

the filopodia initiation angle from x and y coordinates over time (Equation 1.4).

(Buettner, 1994)

d
dit’ = —Bv +n(t) (1.1)
1 25
B=-ra= " (1.2)
T T
Tt = o+ Lcosh,ys =yo+ Lsinf (1.3)
xo = xc +14(0) cosb,yo = ye + rg(0) sind (1.4)

where 0 = deterministic regime, determined experimentally from directional persistence

time 7 or root-mean-square speed s of filopodial movement,

and n(t) =stochastic regime, which can be obtain from random Gaussian distribution.
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1.7 Key signaling molecules involved in cell motility and pro-

cess formation

Guidance cues exert differential effects through specific ligand-receptor complexes and var-
ious adaptors and mediators that converge on similar cytoskeletal proteins to modulate
response. Rho family of GTPases are involved in actin assembly, particularly Cdc42, Rac
and Rho. DRG neurons grown on patterned chemical substrates and topographical sub-
strates both separately and in combination can be used to determine the precise roles of the
Rho GTPases in transducing chemical and topographical cues into cytoskeletal reorganiza-
tion. Cdc42 has been found to be involved in gradient sensing, Rac has been hypothesized

to play a role in stabilization of actin filaments.

Cytoskeletal reorganization via RhoGTPases plays a role in neurite growth by regulating cell
polarity and cell motility. Any external cue that results in a change in neurite behavior e.g.
turning, extension or retraction, requires changes in the cytoskeleton. Recently, the family
of Rho GTPases, molecular switches that regulate signal transduction pathways linking
plasma membrane receptors to filamentous actin, have been shown to be highly involved
in growth cone guidance and pathfinding, particularly in inhibitory environments like the
glial scar and CSPG substrates (reviewed in Dergham et al., 2002; Etienne-Manneville and
Hall, 2002; Luo, 2000). The Rho signaling pathway mediates neurite growth inhibition by a
number of repulsive guidance cues, such as CSPGs and myelin (Dergham et al., 2002; Jain
et al., 2004; Lehmann et al., 1999), plays a role in glial scar inhibition, and inhibition or
inactivation of Rho is sufficient to stimulate axon regeneration in inhibitory environments
(Dergham et al., 2002; Madura et al., 2004). Activation of Rac or Cdc42 promotes neurite
formation and extension, while Rho activation induces growth cone collapse and neurite
retraction through the assembly of contractile actin and myosin filaments (Govek et al.,
2005; Hall, 1998). Cdc42 has been of particular interest as it promotes the formation of
filopodia and plays a role in cell polarity in yeast, Saccharomyces cerevisiae, in addition to
its role in promoting neurite outgrowth. Giniger has hypothesized a model for the roles of

Rho family GTPases to each other. In Swiss 3T3 fibroblasts microinjection of active Rac or
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Cdc42 leads to immediate changes in lamellipodia and filopodia respectively, and a delayed
Rho-dependent change in stress fibers occurs. Rho GTPases may be a convergence point
between multiple signal transduction pathways, as inhibition of these molecules have been

found to cause a variety of effects (Giniger, 2002).

1.8 Combination of guidance cues on in vitro platforms to

study interactions between cues

Growth cones are capable of integrating multiple cues simultaneously to make a net guidance
decision. Recent studies have addressed the question of how growth cones interpret two or
more guidance cues simultaneously. Guidance cues are highly conserved yet have diverse
effects on cellular behavior. This suggests that the growth cone’s capacity to integrate nu-
merous recognition pathways as it grows allows it to respond to the intricate cues present in
the CNS. Besides ligand diversity and response to single gradients, guidance integration can
occur to allow combinations of receptors and ligands to yield differential effects (reviewed by
(Yu and Bargmann, 2001)). Drosophila motoneuron growth cones can integrate semaphorin
IT and netrins (Winberg et al., 1998), and Xenopus spinal neurons show reversed growth
cone turning when netrin-1 is applied singly or with Slit (Stein and Tessier-Lavigne, 2001),
showing multiple instances when growth cones must integrate contrasting information to
make a guidance decision. The hypothesized mechanism of this integration is that a sum-
mation of the cues occurs at the growth cone but the signal convergence point is unknown,
whether it is at the level of the ligand-receptor complex or further downstream (Rose and
Chiba, 1999). Growth cones can also integrate multiple types of guidance cues; Xenopus
spinal cord neurons have been found to integrate both electrical and adhesive cues, where for
most of the neurons, the galvanotropic cue was insufficient to reorient the alignment from
LN tracks, but a subset of neurons responded to the electrical cue even in the presence of
opposing LN guidance (Britland and McCaig, 1996). DRG neurons have been found to inte-
grate adhesive cues and topographical cues, where alignment to grooves could be promoted

with parallel LN tracks, and alignment could be pushed to the orthogonal direction from
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grooves when orthogonal LN tracks were presented. This suggests that a hierarchy exists
where adhesive cues are more influential than topographical or electrical cues, but that the

growth cone can integrate directional information.

Combinations of defined topographical and molecular cues revealed synergies between cues.
Gomez et al. (Gomez et al., 2007b) studied the combined effects of NGF and microtopogra-
phy of microchannels on axon initiation/polarization and axon elongation of hippocampal
neurons. When presented with microchannel substrates of 1-2pm widths and 400-800pm
depths containing immobilized NGF on the surface, hippocampal neurons responded to the
combination of molecular and topographical stimulation with the longest neurites. The ob-
servations that topography had a stronger effect on polarization but no effect on elongation
suggested that both cues are required for maximal neurite growth (Gomez et al., 2007b;
Gomez and Schmidt, 2007). Foley et al. (Foley et al., 2005) observed that neuritogenesis
of PC12 cells cultured with sub-optimal concentrations of NGF in media, was modulated
by topographic feature size where neuritogenesis was increased when cells were cultured on
ridges of 70 and 250nm as compared to wider ridges (400-1900nm) and flat surfaces. Syn-
ergy between topography and adsorbed extracellular matrix molecules of LN also promoted
neurite alignment and outgrowth onto microgrooves (Miller et al., 2002). DRGs cultured on
substrates with groove depths of greater than 3 yum and groove widths of 10 um in combina-
tion with 200pg/mL of LN showed maximal neurite outgrowth and alignment of up to 95%.
Zhang et al. (Zhang et al., 2006) developed a hybrid template that combines topographical
and molecular cues with channels of 5pm depth and 20-40pm width connecting to nodes
of 50-100pm widths and pLL to achieve geometric control over neurite connections for the
application of microelectronic circuits. Hippocampal neurites extended on pLL tracks and
avoided regions where no pLL was present. Studies such as these facilitate the investigation

of hierarchies and synergies between cues.
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1.9 Three-dimensional environment and axon guidance

Comparisons of cellular growth in standard 2-dimensional (2D) monolayer cultures and 3-
dimensional (3D) matrix cultures that more closely resemble in vivo environments have
shown clear phenotypic differences. For example, previous studies have revealed differences
in cell surface area, stress fiber distribution, cell migration, focal adhesions, neurite and
growth cone dimensions, and protein and gene expression. Tissue engineering approaches
have allowed the development of assay formats that include the third dimension as a con-
trollable and defined parameter, and are used to elucidate cell-material interactions between
neurons and their extracellular matrix. Three-dimensional matrices that have been explored
include biologically based matrices such as alginate (Dhoot et al., 2004; Mosahebi et al.,
2001; Novikova et al., 2006), collagen I (Cullen et al., 2007; Li et al., 2007b; Ma et al., 2004;
O’Connor et al., 2001; O’Connor et al., 2000; Phillips et al., 2005; Willits and Skornia, 2004),
Matrigel™ (Matrigel)(Li et al., 2007b; Novikova et al., 2006) and fibrin (Ju et al., 2007; Régis
Pittier, 2005), as well as synthetic polymer based scaffolds such as poly lactide (PLA)(Bini
et al., 2004; Ngo et al., 2003), poly lactide-co-glycolide (PLGA) and agarose (Dodla and Bel-
lamkonda, 2006). Studies have characterized 3D matrices with regard to their chemical and
mechanical properties and their ability to support neuronal growth. Collagen gels have been
used successfully to differentiate neural stem cells (Ma et al., 2004) and NPCs (O’Connor
et al., 2000) with FGF in the culture medium, and functional synapses have formed in the
cultures (Ma et al., 2004). Addition of Matrigel to rat sympathetic neurons plated on pLL
substrates has been shown to induce rapid axogenesis with corresponding changes in micro-
tubule organization. Another aspect of differential regulation of neuronal cell culture in 3D
can be reflected in the global gene expression of neurons. Li et al. (Li et al., 2007b) showed
using microarray analysis that differentially regulated genes between 2D and 3D culture of
SH-SY5Y neuroblastoma cells included those involved in cytoskeletal reorganization, extra-
cellular matrix, metabolism and signaling. Gene expression trends were maintained over
cultures in different matrices (collagen and Matrigel) but morphological differences in 2D
and 3D cultures such as cell spreading and neurite growth appeared to be material-specific.

The stiffer 3D matrix of collagen supported longer neurites than 2D collagen, whereas in
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the softer Matrigel, neurons in 3D extended shorter neurites than neurons in 2D.

Physical and mechanical cues such as stiffness have been known to impact a multitude of
cell functions such as adhesion, proliferation, migration, differentiation and morphology.
Durotaxis has been observed in many cell types, including neurons (Georges and Janmey,
2005). Neurite extension both during development and after an injury requires mechani-
cal interactions between growth cone and substrate. Parameters that have been shown to
influence DRG neurite extension include: substrate mechanical properties (Balgude et al.,
2001), ligand concentration (Schense and Hubbell, 2000) and geometry. Mechanical effects
appear to be highly dependent on cell type and the range of moduli presented. Leach et
al. (Leach et al., 2007) tested the NGF-dependent response of PC-12 cells on polyacry-
lamide substrates with varying stiffness, and by controlling the amount of FN present, kept
the adhesive ligand concentration constant over the samples tested. The range of substrate
stiffness tested (7-19kPa) spanned the physiological range as well as “very soft” and “very
stiff” substrates. A threshold response was observed where the softest substrates supported
fewer and shorter neurites, but above a threshold of 7100 Pa, longer and more branched
neurites were observed regardless of increasing shear modulus of the substrate. Willits and
Skornia (Willits and Skornia, 2004) studied the effects of mechanical stiffness on chick DRG
neurons. By varying the concentration of collagen used to gel the matrix, varying stiffnesses
(2.2-17Pa) were generated. After four days in culture, softer matrices resulted in longer neu-
rite lengths. In this experimental setup, it is interesting to note that an increase in interfiber
diameter corresponds with the decrease in mechanical stiffness and collagen concentration, a
geometric constraint which may contribute to the observed cellular response. Analysis and

modeling suggested complex non-linear cell-material interactions.

Mechanical stiffness has been found to influence other cell types, including astrocytes (Georges
et al., 2006). On soft gels of polyacrylamide with a shear modulus of 200Pa, suppression of
astrocyte growth has been observed in both monoculture and coculture experiments, with
low attachment and spreading and disorganized F-actin. This behavior is in contrast with
the growth of cortical neurons on the same soft substrates tested, where coculture experi-

ments show a significantly higher proportion of cortical neurons versus astrocytes on the soft
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over the hard (9kPa shear modulus) substrates (Georges et al., 2006). These studies point
toward the development of materials tailored to support specific cell populations within the

nervous system.

Combining 3D environments with molecular guidance cues for neurite outgrowth to study
the effects of cues in a more in vivo-like environment is a logical extension of neuronal
assay formats in 3D. Neurotrophic factors can be incorporated into 3D cultures by the
addition of growth factors to culture medium(Deister and Schmidt, 2006), or in a more
controlled manner by covalent linkages between the growth factor and the matrix (Cao and
Shoichet, 2002; Kapur and Shoichet, 2003, 2004; Luo and Shoichet, 2004). Steepness of
NGF gradients was found to attract DRG (Rosoff et al., 2004b) and PC12 (Kapur and
Shoichet, 2004) neurite growth up the concentration gradient on collagen gels (Rosoff et al.,
2004b) and poly(2-hydroxyethylmethacrylate)(Kapur and Shoichet, 2004) respectively. Cao
and Shoichet (Cao and Shoichet, 2003) observed a synergistic effect on DRG outgrowth with
NGF and NT-3 presented in 3D agarose. When NT-3 was applied individually, there was
no directional growth. When the two growth factors were applied together, the guidance
range of neurites towards higher concentrations of NGF and NT-3 exceeded the guidance
range of an NGF gradient alone. Deister and Schmidt (Deister and Schmidt, 2006) adapted
a DRG explant assay in a shallow collagen gel to study the combinations of neurotrophic
factors in culture. After adding NGF, glial derived neurotrophic factor (GDNF) and ciliary
neurotrophic factor (CNTF) individually and in combination, total neurite outgrowth and
length were evaluated. The combination of three factors increased both neurite outgrowth
and length over cultures containing individual factors at the optimal concentration, implying

that interactions between neurotrophic factors can increase neuronal responsiveness in 3D.

1.10 Closing remarks

The progression of tissue engineering platforms from 2D to 3D has been widely noted. The

capacity to integrate guidance cues of interest in a specific and controlled manner has enabled
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researchers to add a layer of complexity to in vitro systems for axon guidance to more closely

mimic the local in vivo environment while maintaining the ability for quantitative analysis.

Successful nerve growth requires the coordinated presentation of multiple cues, many of
which have been incorporated individually into biomaterial platforms designed to promote
regrowth. Quantitative data relating neurite extension to temporal and spatial combinations
of molecular, cellular and geometric cues are not yet available. Consequently, current ap-
proaches to nerve regeneration lack design parameters to develop nerve guidance therapies.
The experiments described in this proposal will allow us to determine these design parame-
ters by 1) identifying and quantifying the threshold level of these cues that are necessary to
elicit a response, 2) presenting molecules and unique geometries in combination in vitro to
test if these combinations act synergistically or in hierarchy to enhance neurite outgrowth
and 3) determining if the cytoskeletal pathways by which molecular cues and topograph-
ical cues are transduced work synergistically or competitively, by adding pharmacological
inhibitors to disrupt or stabilize key cytoskeletal proteins. Each stage of our experiments
will provide key data for a more complete and integrated understanding of the mechanisms
underlying nerve injury and regeneration and look towards new strategies of overcoming the

glial scar to gain functional recovery after spinal cord injury.
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Chapter 2

Evaluation of neurite outgrowth using

a novel application of circular analysis

Precise axon growth is required for making proper connections in development and after
injury. One method of studying axon guidance and growth is through in vitro outgrowth
assays that present controlled microenvironments. In this study, we applied circular sta-
tistical methods to evaluate directional neurite response. Specifically, the direction of neu-
rite outgrowth from dorsal root ganglia derived neurons on different substrate types was
quantitatively measured. Further, simulations of datasets with known circular parameters
reflecting expected neurite angle distributions from different substrate types were generated.
Circular statistical methods were utilized and compared to linear statistical models widely
used in the neuroscience literature. These analysis methods represent a useful tool for evalu-
ation of directionality of neurite outgrowth with applications that include: (1) assessment of
neurite outgrowth potential; (2) determination of isotropy of cellular responses to single and
multiple cues and (3) determination of the relative strengths of cues present in a complex

environment.
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2.1 Introduction

Axon guidance during development and after injury has been studied in traditional cell
culture and in increasingly complex in vitro environments generated with tissue engineering
and other biomedical engineering techniques. One approach has been to manipulate the cells’
local microenvironment and observe neurite outgrowth in microenvironments containing cues
of interest. Studies of axon guidance often use in vitro neurite outgrowth assays (Ronn et
al., 2000; Smit et al., 2003; Thompson and Buettner, 2006; Weaver et al., 2003) as models to
elucidate the growth potential of neurons, the effects of the environment, and the mechanisms

underlying the axon growth process.

Quantitative assessment of neurite outgrowth in these assays represents a critical step in
gaining specific information on axon growth. Quantitative morphometric analyses depend
heavily on microscopy techniques (Meijering et al., 2004; Mitchell et al., 2007) and auto-
mated (Karlon et al., 1998; Price et al., 2006; Weaver et al., 2003) or semi-automated (Bil-
sland et al., 1999; Hynds and Snow, 2002; Thompson and Buettner, 2006) image analysis
tools which allow researchers to accurately assess neuronal and neurite growth. Parameters
that provide information on neuronal response may include the area of the neuron or neurite
(Abosch and Lagenaur, 1993), number of neurites (Abosch and Lagenaur, 1993; Le Roux
and Reh, 1994), neurite orientation, neurite length (Abosch and Lagenaur, 1993) and path
of migration. One widely used measure for the strength of a guidance cue is the direction
of neurite outgrowth following some underlying directional stimulus (Alexander et al., 2006;
Bruder et al., 2007; Deumens et al., 2004; Mahoney et al., 2005; Thompson and Buettner,

2006).

The geometry of neurite outgrowth is most meaningfully parameterized in a circular coor-
dinate system centered on the cell and rotationally aligned to the stimulus applied. The
distribution of neurite angles in culture can be described by circular statistical parameters,
such as mean (uc) and concentration (x), in an analogous manner to linear statistical pa-
rameters mean (W) and variance (¢). Circular variables have values that fall along a circle

and hence have specific properties related to the cyclic nature of the circular scale. The ap-
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plication of these methods to neurite direction is analogous to the application of population

biology measures to cellular function.

Statistical analysis of circular variables differs from analysis of linear variables as there are
several properties of circular variables that need to be taken into account. Because circular
variables are finite and closed when a circular data set comes back on itself (at 0° and 360°),
the zero direction, the designation of magnitude, and the number and size of groups (in the
case of grouped data) are arbitrary. In addition, the mean angle of orientation cannot be
found by the simple summation of measured values and division by the sample size. The
sums of circular variables must be taken either modulo 360° if the sample is circular, or
taken modulo 180° if the sample is axial, i.e. where data occur as an undirected line as in
the example of geological fractures (Tran, 2007). For axial data in the present study, there is
symmetry about the y-axis hence there is no distinction between the north-south directions.
Analysis for linear variables approximates randomness by using a Poisson distribution; this
distribution does not translate to circular variables. In circular statistics, the null hypothesis
describing a random distribution is taken to be a uniform distribution, where all directions
may occur at equal probability, approximating randomness and reflecting the finite closure

of a circle (Fisher, 1993).

Neurite outgrowth angles are generally simple distributions, requiring display of data and
summary of a single random sample usually with single or bimodal groups. As such, a
null hypothesis of uniformity and randomness is generally appropriate, with the objective
to assess the uniformity of a given distribution of neurite angles cultured in different envi-
ronmental conditions. When the comparison of two or more samples of neurites cultured in
different conditions is of interest, regression analysis and statistical models may be useful
for description and prediction of cell response. Circular statistical methods complement
traditional linear statistical methods to describe and draw inferences about the population
of neurons and neurites being studied (Batschelet, 1981; Fisher, 1993). We propose in this
study that in many cases, circular statistical methods allow us to more robustly describe

the complexity of neurite outgrowth phenomena.



50

In this work, we employed circular statistical models to evaluate directional growth in a
variety of representative in wvitro neurite outgrowth assays. Multiple statistical methods
were used to evaluate in vitro neurite outgrowth ranging from Gaussian based models and
nonparametric methods to hypothesis testing for circular samples. Here we report a com-
parison of circular and linear data presentation and statistical methods for evaluation of

several types of neurite outgrowth patterns.

2.2 Methods

2.2.1 Substrate preparation

Three types of substrates were used to evaluate the use of circular statistical methods on
directionality of neurite outgrowth: adsorbed uniform protein coating on glass, adsorbed
protein stripes and adsorbed protein gradients. Uniform protein coating was performed by
incubating protein solution for one hour on acid washed glass coverslips, washing twice with

sterile water and air drying.

Micropatterned laminin (LN, 50pg/mL) and chondroitin sulfate proteoglycans (CSPG, 10ug/mL)
stripes of 10 mm length, 50 pym width and 50 ym pitch were stamped onto glass coverslips
via micro-contact printing techniques as described in Bruder et al. (Bruder et al., 2006).
Briefly, grooved polydimethyl siloxane (PDMS) stamps fabricated using the method de-
scribed in Goldner et al. (Goldner et al., 2006), were submerged in 10% sodium dodecyl
sulfate in deionized water, rinsed in water, and incubated with 50pg/mL mouse LN in Hank’s
balanced salt solution without calcium or magnesium (HBSS-CMF) for 1 h. Glass coverslips
were plasma activated with a plasma cleaner /sterilizer (PDC-32 G, Med RF level), and in-
cubated in contact with stamps overnight to achieve adsorbed alternating stripes of either

LN or CSPG.

Protein gradients were generated with the use of a microfluidic gradient mixer, fabricated us-

ing soft lithography techniques in a modification of the method of Dertinger et al. (Dertinger
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et al., 2002), described in Li et al. (Li et al., 2007). Briefly, the gradient mixer pattern was
designed in AutoCAD and transferred to a silicon wafer using photolithography. Using
the silicon wafer as a template and PDMS as an elastomeric replica, soft lithography was
used to fabricate the gradient mixer. The polymeric gradient mixer and a glass slide were
irreversibly bonded by plasma activation of both surfaces for 1 min. Single cue gradients
of LN or CSPG opposite bovine serum albumin (BSA, 3%, a neutral molecule for neurite
guidance), were generated as substrates to evaluate neurite directionality. Protein solutions
of LN or CSPG and BSA were pumped through the gradient mixer, at 0.2pL/min and al-
lowed to interdiffuse and adsorb overnight. The glass substrates containing the adsorbed
protein gradients were used as the substrates on which to culture dorsal root ganglia (DRG)

neurons.

2.2.2 Cell culture

DRG were dissected from the spinal columns of postnatal (P0-P4) rat pups and cleaned
of axons, blood, and connective tissue. DRG were incubated in 0.05% trypsin-EDTA in
HBSS-CMF at 37° C for 60 min and dissociated by trituration. Cells were plated onto
substrates in Dulbecco’s modified eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS), 4 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin with 50 ng/ml
nerve growth factor (NGF). Cells were seeded at a density of 100,000 cells/mL, on uniformly
coated glass or micropatterned substrates and 12,500 cells/mL on gradient substrates. Phase
contrast microscopy at 100x magnification was performed using a Nikon Eclipse TE2000-S,
and images were captured with Hamamatsu-ORCA outputting to Openlab v.4.05 after 24

hours in culture.

2.2.3 Image analysis

To evaluate direction of neurite outgrowth on uniform substrates and micropatterned protein
stripes, the angles of all neurites in at least 6 fields of view were measured as the angle

between the vector from the cell body to the tip of the neurite and the vertical axis (0°,
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Figure 2.1: Measurement of neurite angles.
Schematic showing neurite angles measured in this study (Yangular). Note that for alignment
to protein stripes, the data (Jaxial) is taken as axial data and the circular scale extends from
0-180°.
Figure 2.1), using the measure tool in OpenLab software on phase contrast images. To

evaluate directional bias of neurites on gradient substrates, the angles (¥) of the longest

neurites of all neurons adhered to the gradient channel were measured as described above.

2.2.4 Linear statistical analysis

Linear descriptive statistics such as mean and standard deviation were calculated by equa-
tions described in Table I. Conventional statistical tests were performed using SPSS 14.
Linear probability density functions were tested against circular data as comparison (SPSS
14; listed in Table II). For the %2 test, the angle data was grouped into three groups: neu-
rites growing towards the left (210°-3309), right (30%-150°) and vertical (0°-30°, 150%-210°,

330°-360°). For the KS test, the angles of neurite outgrowth were grouped into 10° bins.
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2.2.5 Circular data presentation

Circular data was plotted as a frequency distribution with neurites binned in ten degree bins,
and “wrapped” around a circle. Circular histograms were plotted using circular statistical

software package Oriana v2.02.

2.2.6 Circular Statistics

A common aim for analysis of directional data is to estimate the preferred direction and
distribution of data. To describe circular distributions, measures have been developed such
as circular mean angle (u),the length of vector (R) and the concentration parameter (x)
(Batschelet, 1981; Fisher, 1993). These parameters take into account the periodicity in
angular data by using trigonometric functions, and the equations describing the calculations

are listed in Table 2.1.

Six one-sample goodness-of-fit tests were compared in this paper, to test against the null
hypothesis of uniformity of neurite angle distributions: Rayleigh’s test, Rao’s spacing test,
Kuiper’s test, Watson’s U2 test, chi-squared (¥2) test, and V-test, a modification of Rayleigh’s
test. The y2 goodness of fit tests are not strictly circular, but are generally accepted to be
appropriate for circular variables under certain conditions (listed in Table 1, (Batschelet,
1981; Fisher, 1993; Zar, 1996)). Equations for each circular goodness-of-fit test are listed in
Table II. Each type of test was developed for different data distributions. These tests differ
in their alternate hypotheses, where Rao’s and Kuiper’s test for randomness in the sample
against any alternative, and Rayleigh’s and Watson’s test against a unimodal alternative.
The V-test tests against a specified mean direction and was only performed for alignment
studies and computer simulations as these were the only cases in which an external direction

was applied.

Two multisample tests were performed in this study, to compare two datasets and determine
whether their distributions are different: Mardia-Watson-Wheeler test and Watson’s U2

test. Equations for each multisample test are listed in Table 2.2. Both tests determine
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Table 2.1: Equations of calculations of mean and standard deviation to determine preferred

direction and spread of data.

Where Ui = angular data for the ith observation as i= 1,..., n and n = number of
observations. Variance calculations performed by Oriana, according to Zar (Zar, 1999).
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Table 2.2: Equations of test statistical parameters used in circular and linear tests.
Where i = angular data for the ith observation as i= 1,..., n and n = number of obser-
vations. Tables providing critical values of each test statistic are available from Batschelet
(Batschelet, 1981) or from circular statistical software programs such as Oriana. Refer to
Table 2.1 for definitions of variables.
whether the two samples differ significantly from each other in mean angle, angular variance
or both measures. Neurite angles on LN and CSPG striped substrates, LN striped and
gradient substrates, and LN and CSPG gradient substrates were compared against each other
to test if neurite outgrowth directions differed significantly on these substrates. Mardia-
Watson-Wheeler compares the resultant vector lengths (R), and Watson’s U2 test compares
the deviation between the cumulative density functions of the two populations (Batschelet,
1981). All circular data analysis was performed using Oriana v2.02c. Student t-test was

performed on the same datasets to compare circular methods to linear methods of comparing

means between two samples.

2.2.7 Simulations of circular distributions

Simulations approximating various circular distributions were performed using a custom
MATLAB program that generates circular random numbers from a specified distribution
with input parameters. Algorithms for simulation of data types (uniform, unimodal von

Mises (VM), and bimodal (BM) distributions with corresponding probability density func-
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Theoretical distribution Probability density function n Mean(p)  Concentrationis Dispersion
(") (°

5,30, 100 0 0
seos (0 — )], 0 <@ \ 5, 30, 100 0 0.85,1,1.5,3 1800, 120, 600, 200

Uniform, 1
vom Mises, VM{p, 5)

Bimodal, VM{py. 59 ) . VM(pa, 52) w2(f =), 0 <8< oc 530,100 0 0.85,1,1.5.3 180, 120, 60, 20

Table 2.3: Equations of probability density functions and parameters of statistical models
used in simulation of neurite outgrowth.

tions described in Table 2.3) were taken from Fisher (Fisher, 1993). In each simulation,
random numbers were generated (n=>5, 30, 100), input parameters included mean (pc), and
concentration (x) corresponding to angular dispersion and simulation of each distribution
was run 100 times. Simulated uniform data were generated by transforming linear random
numbers in the range of 0 to 1 into degrees by using the RAND function in MATLAB modulo
360. Random numbers from VM and BM distributions were generated according to Fisher
(Fisher, 1993). BM distributions consisted of data drawn from two subsets of proportions p
and (1-p), with parameters (pcl, R1, x1) and (pc2, R2, »2) corresponding to each subset. In
this case, bimodal distributions were simulated as an equal mixture of two subpopulations

with VM distribution (p1=p2=0.5).

Two linear and four circular goodness-of-fit tests were performed on each experimental con-
dition similar to the experimental data described in section 2.5 to assess the probability
density function that would best describe the data. The percentage of significant simu-
lations (p<0.05) was determined for each experimental condition and Type I error was

determined for each experimental condition in the simulation (Table 2.7).

2.3 Results

Here we describe the evaluation of directional neurite outgrowth using linear and circular
statistics of two types of data: experimental data with unknown population parameters and

simulated data with known (user defined) population parameters.
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2.3.1 Experimental Results

Experimental data of three different types of DRG neurite behavior were elicited from three
differently micropatterned substrates and simulations of established uniform, unimodal and
bimodal datasets were performed. Experimental neurite angle data were presented in circular
histograms customary for circular data, and also in more conventional ways of presenting

alignment, by bar graphs of neurites categorized in aligned and unaligned groups.

By varying micropatterns of proteins presented in culture using multiple substrates (uni-
form, striped, gradient), neurite outgrowth could be directed towards different directions.
Comparison of mean neurite angles and deviations from the vertical axis calculated both
with linear and with circular methods revealed differences in the abilities of linear and cir-
cular approaches to accurately reflect the complex distributions of neurites. The large linear
standard deviations reflected how linear methods fail to account for data clustering around
0°. Deviation from the vertical axis 0° or 180°, on a circular or angular scale, (Figure 2.2;
Table IV), showed that the circular mean angle avoided the convergence to 180°, providing
a better estimate of mean angle. For striped samples that aligned to the vertical axis, linear
methods yielded means of 135.01° and 182.93° for LN and CSPG respectively, while circu-
lar statistical methods yielded corresponding means that aligned with the vertical axis for
striped substrates (1.90° and 178.61° for LN and CSPG respectively). For gradient samples,
circular mean angles showed directed growth towards more permissive or less inhibitory
regions on gradient substrates (293.89° and 300.90° for LN and CSPG respectively). Corre-
sponding linear mean angles converged towards 180°, showing little directionality (197.58°

and 183.09° for LN and CSPG respectively).

Phase contrast images of neurons on uniformly coated LN (Figure 2.3) show neurite out-
growth in all directions. A grouped bar graph poorly reflects the uniformity of the dataset,
where more neurites appear to have grown in the “left” direction than in all others. A lin-
ear histogram of neurite data appears to show four modal groups (0-80°, 90-170°, 190-290°,
300-360°) and reveals the poor fit of a normal distribution. Data plotted on a circular axis

reflects the variability of the angular data and most clearly shows that angular data falls in
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Figure 2.2: Visualization of linear and circular scales.
(a) Linear data fall in a straight line with values increasing along the axes. (b) Angular data
is shown on a circular scale where 0-360° wraps around on a circle. Scale used in this study
for neurite angles on gradient substrates. (c) Axial data is shown on a circular scale with
an axis of symmetry about the y-axis such that the scale extends from 0-180°. Scale used
in this study for neurite angles on striped substrates. Note that for circular histograms,
concentric circles about the axes denote frequency of data.

even spacing around a circular scale.

When permissive LN and inhibitory CSPG were presented on substrates, DRG neurons ad-
hered to LN coated regions and avoided CSPG coated regions (Figure 2.4). DRG neurites
extended and aligned to LN stripes (Figure 4a) and to uncoated regions between CSPG
stripes (Figure 4e). Qualitative and quantitative analysis of the data show a larger popu-
lation and density of neurons and aligned neurites on LN striped substrates, as compared
to CSPG striped substrates, but the mean neurite outgrowth direction (the parameter of
interest) was similar for DRG neurons on both LN and CSPG striped substrates. Grouped
bar graphs, with groups defined as left: 210-330°, right: 30-150°, and aligned: 330-30° and
150-210°) are able to show that the data cluster around the vertical direction which is set to
correspond to alignment to the underlying pattern (Figure 4b, f). Linear histograms split
the data clusters, fail to recognize the relationship between 0-10° and 350-360°, and reveal a
poor fit to a normal distribution around the linear mean of 180° (Figure 4c, g). Data plotted
on circular axes show that the majority of the data falls within a 30° interval around the

vertical 0° direction (Figure 4d, h).

Analysis of neurite growth on gradient substrates illustrates how circular statistics can be

used to analyze neurite outgrowth patterns that are more complex (Figure 2.5). Phase
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Figure 2.3: Distribution of neurites after 24 hours in culture on uniformly coated LN sub-
strates shows uniformity in neurite outgrowth angles.

(a) Phase contrast image of DRG neurons on uniform LN coated glass surface. Bar =
50pm. Arrows show the vectors that were used to evaluate the neurites. (b) Bar graph
shows the corresponding grouped neurite outgrowth angle data. (c) Linear histogram shows
corresponding distribution of neurite angles where each angle presented is the angle of the
longest neurite per neuron. Normal curve is fitted to the linear histogram around the
linear sample mean and standard deviation. (d) Circular histogram shows the corresponding
distributions of neurite angles where each angle presented is the angle of the longest neurite
per neuron.
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Figure 2.4: Distribution of neurites after 24 hours in culture on micropatterned LN or CSPG
stripes shows clustered and directed neurite outgrowth angles.

Phase contrast images of DRG neurons on micropatterned LN (a) and CSPG (e) stripes
respectively on glass surface. Bar = 50uym. Arrows show the vectors that were used to
evaluate the neurites. (b, f) Bar graphs show the corresponding grouped neurite outgrowth
angle data. (c, g) Linear histograms show corresponding distributions of neurite angles
where each angle presented is the angle of the longest neurite per neuron. Normal curve
is fitted to the linear histogram around the linear sample mean and standard deviation.
Circular histograms show the corresponding distributions of neurite angles on LN (d) and
CSPG (h) striped substrates, where each angle presented is the angle of the longest neurite
per neuron. White arrows indicate mean neurite angles for directed distributions.
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contrast images of DRGs plated on a LN gradient (Figure 5a) and a CSPG gradient (Figure
5e) show an overall trend of neurite growth toward the permissive LN and away from the
inhibitory CSPG, but the neurite response to the underlying substrate is not nearly as
obvious as that of DRGs cultured on protein stripes in Figure 4. Grouped bar graphs (Figure
5b, f) are able to show the bias towards the “left” edge of the channel, which was the more
permissive or the less inhibitory direction. Linear histograms appear to show three modal
groups (0-70°, 70-250°, 250-360°) for neurite growth on LN gradients (Figure 5c). For DRG
neurites on a CSPG gradient however, the neurite angle distribution is flattened and appears
more uniform (Fig 5g). Data plotted on circular axes show a similar trend to the grouped
bar graphs, where growth appears to be towards the more permissive or less inhibitory
regions (Figs. 5d, h). Similar to DRG response on protein stripes, the permissiveness of the
substrate is reflected by the number of neurons and neurites present, whereas the directional

guidance potential of the substrate is reflected by the angles at which the neurites extend.

Several circular and linear goodness-of-fit tests were performed for all experimental data
conditions with the null hypothesis of uniformity (Table 2.5). For neurites cultured on uni-
form LN substrates, patterned LN and CSPG stripes, and LN gradients, circular and linear
tests exhibited similar results. On uniform substrates, all circular and linear tests showed
no significant difference from a uniform distribution. On striped substrates and LN gradi-
ents, all circular and linear tests showed significant difference from a uniform distribution.
However, on CSPG gradients, a common linear test, KS, showed no significant difference
from uniformity whereas Rayleigh’s, Watson’s, Rao’s and Kuiper’s circular tests showed
significant difference from uniformity. Surprisingly, 2 tests for grouped data with 3 groups
were in better agreement with other circular tests than y2 tests for grouped data with 36

groups.

Multisample analysis showed no difference in neurite angles between LN striped and CSPG
striped samples. It also showed no difference in angles between LN gradient and CSPG gra-
dient samples. Both Mardia-Watson-Wheeler and Watson’s U2 test showed no significant
differences with p-values greater than 0.49 (Table 2.6). Student t-test was performed as a

comparison and also found neurite angles to be not significantly different on these substrates
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Figure 2.5: Distribution of neurites after 24 hours in culture on micropatterned LN or CSPG
gradients shows dispersed but directed neurite outgrowth angles.

Phase contrast images of DRG neurons on micropatterned LN (a) and CSPG (e) gradients
respectively on glass surface. Bar = 50um. Arrows show the vectors that were used to
evaluate the neurites. (b, f) Bar graphs show the corresponding grouped neurite outgrowth
angle data. (c, g) Linear histograms show corresponding distributions of neurite angles
where each angle presented is the angle of the longest neurite per neuron. Normal curve
is fitted to the linear histogram around the linear sample mean and standard deviation.
Circular histograms show the corresponding distributions of neurite angles on LN (d) and
CSPG (h) gradient substrates, where each angle presented is the angle of the longest neurite
per neuron. White arrows indicate mean neurite angles for directed distributions.

LN Uniform LN Stripe CSPG Stripe LN Gradient CSPG Gradient
n 81 67 50 435 136
CIRCULAR
Mean angle (°) 2590.21 1.90 178.61 293.78 300.90
Length of mean vector 0.1 0.90 0.89 0.15 0.16
Circular Standard Deviation () 120.78 13.363 14.038 112.18 109.873
Deviation from vertical axis 69.79 1.9 1.39 66.22 59.1
Corresponding figure 3d ad ah 5d 5h
LINEAR
Mean (°) 188.55 135.01 182.93 197.58 183.09
Standard deviation (°) 105.43 166.43 173.01 109.04 111.47
Deviation from vertical axis 8.55 44.99 293 17.58 3.09
Corresponding figure 3c 4c 4g 5c 5g

Table 2.4: Comparison of circular and linear descriptive statistics for all experimental con-
ditions tested.
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LN Uniform LN Stripe CSPG Stripe LN Gradient __ CSPG Gradient
CIRCULAR
Rayleigh's 0.386 <1E-12 <1E-12 8.18E-05 0.032
Rao's Spacing 050> p>0.10 <0.01 <001 <0.01 <0.05
Watson's U? 0.5>p>025 <0.005 <0.005 <0.005 <0.01
Kuiper's >0.15 <0.01 <001 <0.01 <0.01
LINEAR
Chi squared (36 groups) 0.317 <1E-12 1 0.04 0.089
Chi squared (3 groups) 0.097 0 0 0 0.006
Kolmogorov-Smirnov
(Ha=uniform) 0.185 0 0 0 0.122

Table 2.5: Comparison of circular and linear goodness-of-fit statistical tests for all experi-
mental conditions tested.
One sample uniformity tests developed for circular variables were performed for all
experimental samples, including Rayleigh’s, Rao’s Spacing, Watson’s U2 and Kuiper’s test.
Linear non-parametric one sample tests were also performed for all experimental samples
including chi-squared (performed on data grouped in 3 bins) and KS tests (performed on
ungrouped data). Significance levels taken to be p<<0.05. Ha indicates the alternate
hypothesis used.

at p<0.05 significance level, but p-values were much lower (p<0.1). Further examination
of data shows similar mean angles on LN and CSPG striped substrates and on LN and
CSPG gradient substrates (Table 2.4). Multisample analysis with Mardia-Watson-Wheeler
and Watson’s U2 test showed that neurites on striped LN and LN gradient substrates were
significantly different from each other. Comparison with Student t-test shows that linear
methods also show significant difference between neurite angles on LN stripe and gradi-
ent substrates (Table 2.6). Further examination of data shows differences in both mean
angles and circular standard deviation (Table 2.4. For CSPG striped versus CSPG gradi-
ent substrates, Student t-test comparison shows no significant difference in neurite growth.
However, circular analysis does show significant differences in neurite angles (Table 2.4).
Further examination of the data shows that this distinction is due to the convergence of the

linear mean towards 180° (Table 2.4).

2.3.2 Simulation Results

Simulations of circular data were performed to compare the results of circular and linear

goodness-of-fit tests for one sample statistical analysis of known distributions. Simulations
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CIRCULAR LINEAR
Substrate Mardia-Watson Wheeler Watson's U Student t
w p u? p t p
05=p>
LN versus CSPG stripe 1.409 0.494 0.079 0.2 -1.515 0.066
LN versus CSPG gradient 0.056 >0.5 0.021 0.989 1.345 0.050
LN stripe versus gradient 33.867 0.000 1.385 < 0.001 -4.033 0.000
CSPG stripe versus gradient 9.479 0.005 0.721 = 0.001 -0.007 0.497

Table 2.6: Comparison of circular and linear multisample tests for all experimental condi-

tions tested.

Circular multisample tests Mardia-Watson-Wheeler and Watson’s U2 test were performed
to determine differences between neurite outgrowth on pairs of substrate types. Linear

comparisons were performed using Student t-tests. Significance levels taken to be p<0.05.

of neurite angles were drawn from established circular statistical models such as uniform
distribution to model the experimental condition of applying no directional cue, VM distri-
bution to model the condition of applying one unidirectional cue and BM distribution to
model the condition of applying two cues from two different directions. Because the sample
size of neurite angles obtained from experimental data is variable based on the permissivity
of the substrate, the sample size in simulated data was varied from n=5 to n=100 to cover a
range of sample sizes used in neurite outgrowth analysis. Simulated circular data was only

presented in circular histograms (Figure 2.6).

For uniform distributions, all directions between 0° and 360° are equally likely to occur,
and yc is undefined as R=0. VM distribution is the most commonly used model for uni-
modal samples of circular data. As x approaches 0, the distribution converges to a uniform
distribution, and as k approaches infinity, the distribution tends to concentration around
the direction pc. Sample means of VM based data approached the population means (user-
defined pc=0). Circular means were better approximated for simulated samples with tighter
distributions, yc=11° where x =0.85 and puc=5° where x =3 (Figure 6b, c). Circular his-
tograms of BM data highlight the difficulty in graphically assessing multimodality in data
(Figure 6d, e). The means calculated for a BM distribution of (u1=0°, p2=90°) were 79°
and 61°. For BM distributions, histograms do not show a clear distinction between the two

subpopulations of data.

Table 2.7 shows the number of statistically significant (non-uniform) simulations out of 100
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Figure 2.6: Representative circular histograms of simulated data generated by MATLAB
algorithm.

Circular histograms of representative runs with n=100 angles generated from a (a) uniform
circular distribution, (b) dispersed VM distribution (x=0.85) with a mean of 0°, (c) tight
VM distribution (x =3) with a mean of 0%, (d) dispersed BM distribution (x =0.85) with
means 02 and 30° and (e) tight BM distribution (x =3) with means 0° and 30°.
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trials, from each type of uniformity test listed in rows (Rayleigh, Rao’s spacing, Watson’s
U2, Kuiper’s and V-test). Watson’s U2 test was unavailable for n=5 samples as the test’s as-
sumptions require n=10 for analysis using this method. Simulated data is listed in columns,

with the type of distribution (uniform, VM and BM) described by its parameters (u, x).

For uniform distributions, the number presented in Table VII when taken as a percentage
corresponds to the Type I error of the given test. Type I error occurs when the null hypothe-
sis (in this case, distribution is uniform) is rejected by the test when the null hypothesis is in
fact true. A lower Type I error value indicates a better test for this type of data, as the test
is wrong less often. As expected, for all tests, as n increases, Type I error decreases. Lin-
ear goodness-of-fit tests showed low Type I error for uniform distributions, indicating that
nonparametric tests against a null hypothesis of uniformity such as KS tests are effective
for determining uniformity. For circular tests, where n is small, Rao’s spacing test has the
lowest Type I error, which is consistent with other studies comparing one sample statistical
tests (Bergin, 1991). For VM and BM distributions, the number of significant trials out of
100 corresponded to the power of the statistical test of interest. The expectation was that
the tests would find the data significantly different from the null hypothesis of uniformity.
Power is defined as the probability at which the null hypothesis will be rejected if it is false.

As expected, increasing sample size corresponded to increasing power of each test.

For VM and BM distributions with large sample sizes (approaching n=100) K-S tests found
VM and BM distributions to be significantly different from a Gaussian distribution. Overall
circular tests performed similarly for VM distributions, although Rao’s Spacing test was
less powerful than other circular statistical one-sample tests. V-test had the highest power
for VM datasets with small sample size and higher dispersion. For simulated data, the
hypothesized mean direction was known as it was user defined. It is important to note
that this hypothesized direction (9¥0) must be assigned in advance of experimentation and
if the null hypothesis is not rejected by the V-test, it is unknown whether the population
is distributed uniformly or whether the distribution has a mean direction other than 0.
For one-sample data with an unknown external directional component, the Rayleigh test is

usually recommended for unimodal data. (Batschelet, 1981; Fisher, 1993) Both the Rayleigh
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VM VM VM VM BM(0, 90, BM(0, 90, BM(0, 90, BM(D, 90,
n Uniform __ {0,0.85) (0,1 (0,1.5) (0,3) 0.85, 0.85) 1,1) 15,15) 3,3)
CIRCULAR
Rayleigh 5 10 17 24 34 75 13 22 46 79
30 3 85 92 100 100 21 29 26 98
100 6 100 100 100 100 69 87 a7 100
Rao's Spacing 5 8 15 19 36 65 13 22 41 65
30 [} 39 45 83 100 5} 14 17 85
100 4 71 92 98 100 16 15 55 100
Watson's U* 5
30 4 86 93 100 100 19 31 25 100
100 & 100 100 100 100 67 88 98 100
Kuiper's 5 10 16 23 38 70 15 22 43 67
30 3 80 92 100 100 20 32 26 98
100 3 100 100 100 100 59 82 a7 100
V-test 5 10 34 57 63 94 12 17 35 49
30 3 95 97 100 100 33 54 76 100
100 4 100 100 100 100 85 93 98 100
LINEAR
Kolmogorov-Smirnov 5 0 0 1} 0 0] 0 0 0 0
Ha=normal 30 0 6 4 33 93 a 0 1 0
100 2 99 99 100 100 i 0 a7 a7
Kolmogorov-Smirnov 5 4 12 6 13 21 0 5 2 9
Ha=uniform 30 1 38 59 86 100 0 28 49 94
100 2 a7 98 10 100 29 76 90 100

Table 2.7: Comparison of circular and linear goodness-of-fit statistical tests for simulated

data of known distribution.

Each simulation in each condition was run 100 times, and each one-sample goodness of fit
test listed in Table II was run for each simulation. Type I errors are listed for all
conditions and for all tests performed. Ha indicates the alternate hypothesis used.

test and Kuiper’s test yielded similar power levels for unimodal VM distributions, even for
distributions with relatively high angular dispersion (corresponding to a lower x value).
The power of all circular statistical tests were higher than the corresponding linear K-S test
against uniformity for simulated VM and BM distributions, except in the case where n=100.
However, the power of the same test against a null hypothesis of a normal distribution is
very low, such that most simulations showed that a K-S test did not find the simulated

uniform distribution to be significantly different from a normal distribution.

As expected, one-sample uniformity tests exhibited low power when tested on BM distribu-
tions, as the cluster of data around two peaks began to resemble uniform data when both
distributions had low concentration values. V-test showed the highest power when testing
BM data against a null hypothesis. When the BM distribution was relatively clustered
(at the highest concentration value tested k=3), all tests showed higher power in detecting

non-uniformity:.
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2.4 Discussion

The present study demonstrates that circular statistical methods may be used to analyze
biological data containing directional biases and anisotropy, particularly to quantify neu-
rite outgrowth. To analyze the direct effects of the underlying substratum of the culture
surface on neuronal outgrowth, we plated and cultured neurons at low density for 24 hours
and imaged the cultures for analysis. In the absence of directional cues, on uniform sub-
strates, neurites were randomly oriented. The neurons on substrates with patterned protein
stripes were highly aligned to the underlying stripe geometry. The neurons on substrates
with graded anisotropy in protein concentration were directed towards the more permissive

regions of the substrate.

In this report, we demonstrated the utility of an analysis procedure that we have found
to be useful for evaluating a wide range of neurite outgrowth phenomena. First, circular
histograms were plotted to visualize the data about a circular axis. The descriptive statistics
were calculated for each distribution, including the mean angle, length of the mean vector,
and the circular standard deviation. We then ran circular one-sample goodness-of-fit tests
against uniformity and compared the circular methods to commonly used linear statistical
methods. We simulated data with known distribution parameters to test the power of the

circular and linear goodness-of-fit tests.

We have shown that circular statistical methods show sufficient power and are a better
model than linear statistical methods to analyze directional neurite outgrowth on micropat-
terned substrates. Circular histograms and categorization allow easy visualization of data
clustering, as demonstrated by histograms of neurite angles grouped around the direction
of alignment. Circular data presentation avoids observational and truncation biases which
occur in linear statistical analyses, for more accurate characterization of data. Circular
statistical tests are more sensitive for smaller sample sizes, as shown by higher power of
circular tests for simulations containing low n’s. Further, they are more sensitive to com-
plex distributions, as shown by the performance of multisample tests in comparing neurite

angles on CSPG stripes versus CSPG gradients. The approximate linearity of a small arc,



69

in the case when data is clustered, is sometimes used to justify the application of linear
models to simplify data analysis; however, different degrees of dispersion depending on the
variability of the data can strongly affect the validity of this assumption. If there is any
appreciable variability of circular data, it has been noted that the average of the dataset is

better described by a resultant vector rather than the arithmetic mean (Fisher, 1993).

Evaluation of neurite outgrowth in wvitro have included qualitative scoring systems with
grouped categorical quantification (Dertinger et al., 2002; Sonigra et al., 1999; Sorensen et
al., 2007), and measurement of neurite characteristics such as neurite length, area, number
and branching patterns (Kim et al., 2006; Mann et al., 1998; Recknor et al., 2004). A num-
ber of studies initially demonstrated the ability of patterned striped substrates to support
directional neurite outgrowth in vitro (Clark et al., 1993; Gomez and Letourneau, 1994) and
the ability of concentration gradients to direct neuronal growth up concentration gradients
(Walsh et al., 2005) by using traditional linear statistical methods. Categorization of circu-
lar data prior to using linear statistical methods has been a common approach to analyzing
directional data. After the categorization of angular data into bins for plotting histograms
(generally in bins of 10-20°), or into categories of “aligned” versus “unaligned,” linear statis-
tical tests can be applied to the groups of categorical data. ANOVAs are commonly used
to test the differences between the degrees of neurite alignment over different substrates or
experimental conditions (Macias et al., 2000; Sorensen et al., 2007). It is important to note
that ANOVAs assume a Gaussian model for the distribution of angles which may not be
accurate, depending on the population. Previous studies of neurite growth and orientation
have used nonparametric statistical tests such as the ¥2 test (Biran et al., 2003; Dertinger et
al., 2002; Manwaring et al., 2004; Smeal et al., 2005) and the Kolmogorov-Smirnov (KS) test
(Ming et al., 2001; Thompson and Buettner, 2006; Yuan et al., 2003). A rational for using
nonparametric tests is that circular data of neurite outgrowth angles are rarely expected to
approach a normal distribution (in a linear presentation) or a VM distribution (in a circular
presentation). The y2 and KS tests were also performed in this study and shown in some
cases to perform differently from circular tests. One limitation of linear statistical methods

for the application of directional neurite outgrowth in culture systems is that there may
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be an overemphasis on the tails of the linear scale, in this case 0° and 180° or 360°. This

overemphasis can result in artificially inflating the calculated variance of the data.

Other studies that analyze cellular phenomenon, particularly of cell migration, have recog-
nized the need to present data in a nonlinear fashion in order to most appropriately visualize
and analyze movement data which is usually highly complex, with cell trajectories tracing
a relatively noisy path. If the nature of the path in response to a directional stimulus is
of interest, the migration angle is usually an important aspect of analysis. Recent stud-
ies have utilized circular visualizations for data presentation, most commonly using Rose
diagrams, where the frequency of migration angles are plotted around a circular axis with
the area of each bar corresponding to frequency (Frevert et al., 2006; Papakonstanti et al.,
2007; Saadi et al., 2006). In neuroscience literature, examples of visualization of angular
data using circular methods have included neuronal migration (Ward et al., 2003), neurite
outgrowth (Tailby et al., 2005), response to magnetic stimulation (Macias et al., 2000), and

mitochondrial organization in axonal transport (Miller and Sheetz, 2004).

2.5 Conclusion

In conclusion, we have applied a statistical method for graphically representing and analyz-
ing directional data pertaining to neurite growth that can be used to investigate neuronal
cultures and their interactions with their microenvironment in vitro. Despite recent ad-
vances, current approaches to nerve repair fall short of restoring complete function, and
in wvitro systems that have been developed to more systematically study parameters affect-
ing neurite growth have become more specific and quantitative. The techniques described
here are useful in identifying directional neurite outgrowth patterns on in witro platforms,
allowing us to better evaluate neurite growth trajectories that exhibit circular geometry.
Statistical methods such as uniformity tests provide a formal means to test hypotheses re-
lating to neuronal responses to complex microenvironments, and circular histograms provide

a visualization tool to investigate neuronal processes exhibiting circular geometries. This
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approach offers a more informative way to probe the mechanisms of neurite outgrowth and

guidance.
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Chapter 3

Multi-Molecular Gradients of
Permissive and Inhibitory Cues

Direct Neurite Outgrowth

Correct development of neuronal tracts requires the coordination of multiple permissive and
inhibitory signals. By generating an in vitro microenvironment using soft lithography and
microfluidic techniques, multiple guidance cues can be presented in a spatially defined way.
Here we evaluated how neurites of dorsal root ganglia neurons responded to permissive and
inhibitory cues presented by substrate-bound molecular gradients. Linear gradients contain-
ing inhibitory chondroitin sulfate proteoglycan (CSPG) and/or permissive laminin-1 (LN)
were generated as single-cue gradients, parallel double-cue gradients, and opposing double-
cue gradients with varying slopes. Neurite growth was analyzed using circular statistical
methods, and for all gradients examined, neurons extended neurites toward regions of lower
CSPG and higher LN concentrations. Single-cue gradients elicited similarly directed neurite
growth responses at the higher concentrations tested for both LN and CSPG, and both
gradient slope and fractional concentration change affected neurite growth. When the two
contrasting molecular cues were presented together, neurites responded differently depending

on the directions of the gradients. Neurite growth on LN-CSPG double gradients of oppo-
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site direction was strongly directed, while neurite growth on LN-CSPG double gradients of
parallel direction was uniform. These results represent an important step towards under-
standing how neurite growth is guided by complex microenvironments containing multiple

molecular cues.

3.1 Introduction

A fundamental issue in developmental neuroscience is how growing axons find their way
to establish the myriad of specific connections of the nervous system. This question is also
critical to efforts toward promoting regrowth after injury, since regenerating axons re-express
many characteristics from development. Answers were initially suggested by Ramoén y Cajal,
who posited that axons navigate by chemotaxis (Ramon y Cajal, 1892), and later by Sperry,

who suspected that gradients of specific molecules could guide axons (Sperry, 1963).

The existence of attractive and repulsive molecules in the nervous system has been es-
tablished experimentally, and it is largely accepted that the graded expression of guidance
molecules plays an important role in forming the precise wiring of the nervous system (Dick-
son, 2002; Tessier-Lavigne and Goodman, 1996). However, how growing axons respond to
gradients of guidance cues and integrate this information into a functional response is less
well understood. Theoretical models provide differing hypotheses on how axons read gradi-
ents to infer critical guidance characteristics, and experiments have found differing cellular
responses depending on the cell type and range of concentrations and slopes tested (Goodhill

and Baier, 1998; Goodhill and Urbach, 1999; Loschinger et al., 2000).

Experimental work has suggested that axons could be guided by a wide range of parameters
including the absolute molecular concentration, the gradient sign or direction, the gradient
shape, the gradient slope or slope, and the fractional change in concentration (Bagnard et
al., 2000; Halfter, 1996; Isbister et al., 2003; Rosentreter et al., 1998; Song et al., 1998;
von Philipsborn et al., 2006). Previous studies of axon guidance by gradients have largely

focused on examining diffusible gradients of soluble molecules such as neurotrophic factors,
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semaphorins, and netrins (Bagnard et al., 1998; Bagnard et al., 2000; Kennedy et al., 1994;
MacLennan et al., 1997; Song et al., 1998). Recently, gradients of soluble cues have been
deposited on the surfaces of three-dimensional collagen gels (Rosoff et al., 2004). Many
diffusible molecules reside in vivo largely bound within tissues and matrix (Kennedy et al.,
1994; MacLennan et al., 1997). Thus, it is important to consider the direction of axon
growth by surface-bound gradients, including gradients of soluble molecules, extracellular
matrix molecules, and cell surface molecules. While axon guidance by discontinuous surface-
bound molecules has been characterized for a number of systems, typically using variations
of the stripe assay (Rosentreter et al., 1998; Snow and Letourneau, 1992), until recently it
has been difficult to generate reproducible continuous gradients of surface-bound molecules
in vitro. Recent studies have demonstrated the fabrication of molecular gradients with high
degrees of resolution and control over gradient parameters through microfluidic techniques,

achieving definition on the scale of hundreds of microns (Dertinger et al., 2002).

In this study, we used microfluidic techniques to create substrate-bound gradients of laminin-
1 (LN), of chondroitin sulfate proteoglycan (CSPG), and of the two cues presented simulta-
neously. LN is a well-established permissive guidance cue that is present in developing and
regenerating axonal tracts, and that can influence neurite direction and speed and reduce
neurite retraction (Luckenbill-Edds, 1997). CSPGs are strong inhibitors of neurite growth
that are present in boundary regions of the developing brain and in the glial scar and de-
generating nerve after injury (Hoke and Silver, 1996). We analyzed the growth of postnatal
rat dorsal root ganglion (DRG) neurons in response to permissive versus inhibitory cues, to
single versus multi-cue gradients, to changes in absolute versus fractional molecular concen-
tration, and to changes in gradient direction. The motivation for these studies is to gain a
more rigorous comprehension of how growing neurons interpret their complex extracellular
environment in which permissive and repulsive guidance molecules act in combination to

direct axonal growth.
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3.2 DMaterials and Methods

3.2.1 Fabrication of gradient mixer

The microfluidic gradient mixers used to generate patterns of protein gradients (Figure 3.1a)
were fabricated using soft lithography and rapid prototyping. Gradient mixer masks were
designed using patterns modified from Dertinger et al. (Dertinger et al., 2002), and patterns
were transferred onto silicon wafers using photolithography. Gradient mixers were made by
fabricating poly(dimethylsiloxane) (PDMS) impression replicas of the pattern from the sili-
con wafer masters. Gradient mixers were then assembled by adhesion of PDMS microchan-
nels to glass surfaces. Patterns for photolithography were designed with AutoCAD LT 2004
(Autodesk Inc, San Rafael, CA) and printed on high resolution transparent film at 10,000 dpi
(CAD/Art Services, Inc., Bandon, OR). Standard photolithography techniques were used
to pattern substrates. Silicon wafers (Silicon Sense Inc, Nashua, NH) were coated with a
layer of negative tone Nano SU-8 50 photoresist (MicroChem, Newton, MA) by spin coating
with a CEE100 spinner (Brewer Science, Rolla, MO) in a two stage process: 1) spinning at
500rpm for 10sec with a ramp of 100rpm/sec, and 2) spinning at 2000rpm for 30sec with a
ramp of 300rpm/sec. Wafers were baked at 65°C for 6min, baked at 95°C for 20min, and
slowly cooled to 22°C. Photoresist was polymerized by UV exposure through the patterned
film with a Karl Suss mask aligner (MJB3 UV300) at 5.3 mW /cm2 for 1.1min. Wafers were
baked at 65°C for 2min, 95°C for 5min, and slowly cooled. Non-crosslinked photoresist was
dissolved with SU-8 Developer (MicroChem), and wafers were rinsed with isopropyl alco-
hol (IPA) and dried under nitrogen. Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane
(silane, United Chemical Technologies, Bristol, PA) was deposited under vacuum onto the
micropatterned wafers to prevent adhesion of the photoresist to the polydimethylsiloxane
(PDMS) during casting. Sylgard 184 PDMS elastomer base (Dow Corning, Midland, MI)
was mixed with Sylgard 184 PDMS curing agent at a 10:1 wt/wt ratio, degassed, poured
onto micropatterned wafers to a thickness of 1-2 mm, and cured at 95°C for 60min. PDMS
replicas of gradient mixer patterns were cut out and inlet and outlet holes were made using

a steel punch. PDMS substrate and a clean glass slide were plasma activated at 10.5 W for
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60 sec with a plasma cleaner/sterilizer (PDC — 32 G, Med RF level, Harrick, Pleasantville,
NY), and brought together immediately after activation to form an irreversible seal. To pre-
vent the final gradient channel from bonding irreversibly to the glass slide, the final channel
was covered with a piece of PDMS while plasma activation occurred. Immediately following
plasma activation and bonding of the PDMS and glass, the microchannels were filled with
poly-L-lysine (pLL) solution (1mg/mL, MW 30-70kDa, Sigma, St. Louis, MO) and allowed
to adsorb for 4 hours. Channels were rinsed with dH20 to remove excess pLL, and protein

solutions to generate gradients were applied and stored hydrated at 4°C overnight.

3.2.2 Generation of protein gradients

Table 3.1 lists the types of gradients generated for this study. Polyethylene tubes inserted
into the inlet and outlet ports were attached to 1mL syringes containing varying mouse
LN solutions (10pug/mL or 50ug/mL, Invitrogen, Carlsbad, CA) varying CSPG solutions
from embryonic chick brain (10pg/mL or 20pg/mL; Chemicon, Temecula, CA), and 3%
bovine serum albumin (BSA) in phosphate buffered saline (PBS). Single-cue gradients of
LN and CSPG were generated by delivering either protein solution into one inlet of the
microchannels, and BSA, a neutral molecule, into the second inlet of the microchannels
with a syringe pump set to a constant flow rate of 0.2uL/min. Double contrasting gradients
were generated in a similar manner using LN and CSPG solutions in the respective inlets
to the gradient mixer. Double parallel gradients were generated by adding both LN and
CSPG solutions to one inlet, and BSA to the second inlet of the gradient mixer. The
solutions were delivered over 12h to allow adsorption of the proteins onto the glass slide.
After adsorption of the protein gradient, the PDMS covering the final gradient channel was
cut and peeled from the substrate to expose the area over the final gradient channel for cell

culture. Gradient-containing substrates were stored in PBS at 4°C overnight.
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Figure 3.1: Microfluidic gradient mixer generates linear substrate-bound protein gradients.
(a) Schematic diagram of gradient mixer used to generate multiple gradient types. Dashed
rectangle shows the region analyzed in b-e. (b,c) Fluorescent micrographs of the double-cue
opposing gradient (LN50/CSPG10) channel stained with anti-LN (b) and with anti-CSPG
(¢) immunohistochemistry. Bar = 50pum. (d) Corresponding densitometric analysis of pixel
intensity of anti-LN (solid line) and anti-CSPG (dotted line) immunohistochemistry for
LN50/CSPG10 gradients. r=0.96 for anti-LN, r=0.97 for anti-CSPG. (e) Densitometric
analysis of double cue parallel gradient (LN50CSPG10/BSA) stained with anti-LN (solid
line) and anti-CSPG (dotted line) immunohistochemistry. r=0.76 for both molecules.
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Substrate Gradient Type Inlet 1 Inlet 2 Slope (LN) Slope (CSPG)

name (Inlet concentration concentration (ug (ugmL 1

1/Inlet 2) (ug mL~1) (ug mL~1) mL~lum~1) pm~1)

LN50 Uniform 50 50 0 N/A
permissive

LN10 Uniform 10 10 0 N/A
permissive

LN50/BSA Single 50 30,000 0.2 N/A
permissive

LN10/BSA Single 10 30,000 0.04 N/A
permissive

LN50/LN40 Single 50 40 0.2 N/A
permissive

BSA/CSPG10 Single 30,000 10 N/A 0.08
inhibitory

BSA/CSPG20 Single 30,000 20 N/A 0.08
inhibitory

LN50/CSPG10  Double 50 10 0.2 0.04
opposing

LN10/CSPG10  Double 10 10 0.04 0.04
opposing

LN10/CSPG20  Double 10 20 0.04 0.08
opposing

LN50CSPG10/BSMouble parallel 50, 10 30,000 0.2 0.04

Table 3.1: Gradients tested

3.2.3 DRG neuronal cell culture

All reagents were from Invitrogen unless otherwise specified. DRG were dissected from the
spinal columns of postnatal (P0-P4) rat pups and cleaned of axons, blood, and connective
tissue. DRG were incubated in 0.05% trypsin-EDTA in Hank’s balanced salt solution with-
out calcium or magnesium at 37 ° C for 60min and dissociated by trituration. Cells were
plated at 2600 cells/cm2 in 2mL of serum-containing medium: Dulbecco’s Modified Eagle’s
Medium, 10% fetal bovine serum, 4mM L-glutamine, penicillin (100U /ml)/streptomycin
(100pg/ml) and 50ng/ml nerve growth factor (7S; Sigma). Cultures were incubated at 37°C

with 5% CO2 in a humidified environment for 24h.

3.2.4 Visualization of gradients and DRG neurons

Samples were fixed with 2% paraformaldehyde (Sigma) in PBS for 20min at room tempera-
ture, then rinsed with PBS. Nonspecific staining was blocked by incubating for 1h at room
temperature with 10% goat serum, 1% bovine serum albumin (Sigma), in PBS (blocking

buffer) with the addition of 0.1% Triton X-100 (VWR) for permeabilization. Antibody
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against neurofilament (mouse monoclonal RT97, 1:200, Developmental Studies Hybridoma
Bank, Iowa City, IA) was used to visualize neurons, and antibodies against LN (rabbit
polyclonal, 1:500, Biomedical Technologies Inc, Stoughton, MA) and against CSPG (mouse
monoclonal CS56, 1:100, Sigma) were used to visualize the gradient. Following incubation
with primary antibody, samples were rinsed in PBS, reacted for 1h at room temperature
with appropriate secondary antibody (The Jackson Laboratory, Bar Harbor, ME) diluted
1:200 in blocking buffer, and rinsed in PBS. As a control, samples were processed without
incubation with primary antibody. Samples were examined on a Nikon Eclipse TE2000-S
microscope, equipped with phase-contrast and epifluorescence optics with appropriate filter
cubes. Images were captured using a Hamamatsu Orca-ER camera and Orbit shutter con-
troller (Improvision, Lexington, MA), outputting to OpenLab v4.0.2 (Improvision) running
on Mac OS v10.2. Contrast adjustments for visualization were performed using the level

function in Adobe Photoshop CS2.

3.2.5 Characterization of gradients

To quantify intensity changes across the gradients, comparative densitometry was performed
for all samples. Intensity values for ten positions across the channel were measured using
OpenLab. Intensity units were calibrated to a scale of 0-100% where 100% represents the
highest intensity observed on the substrate corresponding to the highest concentration of
molecule and 0% represents no fluorescence. Least-squares regression was used to fit a linear
trend line to the data. For this analysis we defined each molecular concentration as a fraction
of the initial concentration applied at the inlet of the gradient mixer, based on theoretical
mixing in the microchannels as described by the following equation, where C(t,x) is the
concentration at time t and at point x, D the diffusion coefficient in cm?/s, t the time in
s, |1 the width of the channel in pm, h the width of the initial distribution in ym, and Cq
the initial concentration in the channel in \mug/mL (Jeon et al., 2000). The slope of each
molecular gradient was defined as the change in molecular concentration per micrometer,
where the inlet concentration was taken to be the maximal protein concentration, according

to the method of Dertinger et al. (Dertinger et al., 2002). Fractional concentration change
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was defined as the percent concentration change (concentration change/initial maximum

concentration) across the width of a typical DRG neuron growth cone, 10um.

3.2.6 Quantification of cell response and statistical analysis

For quantification of cellular adhesion, each gradient substrate area was analyzed in five
parallel, longitudinal regions across the width of the final microchannel. Each longitudinal
region was b0um wide and contained different concentrations of LN and CSPG. Cell adhesion
was measured by counting the number of cells in each region for each substrate tested.
A 2 test was used to test for uniformity of the cell adhesion pattern. The length and
angle of the longest neurite were measured for all neurons on the final gradient channel
for which the neurite did not contact another neuron. This method was adapted from
Dertinger et al., where the longest neurite was taken to represent the direction of neurite
orientation, as the longest neurite eventually becomes the axon of a polarized cell (Dertinger
et al., 2002). Kuiper’s test for uniformity was used to evaluate if directionality of neurite
growth occurred on gradient substrates, in contrast to the alternate hypothesis of random
uniform outgrowth in all directions. Descriptive statistics such as circular mean vectors
(with magnitude and direction components corresponding to clustering about the mean and
mean direction respectively) and standard deviation were then determined to approximate
the expected norm and spread in the neurite angle distribution. To characterize the overall
direction of neurite outgrowth, neurite angles were further categorized into three categories:
1) growth towards the permissive cue, defined by angles in the range of 240-360° and 0-60°,
2) vertical growth, defined by angles in the range of 60-120° and 240-300°, 3) growth towards
the inhibitory cue, defined by angles in the range of 120-240° (Figure 3.2c). To evaluate the
effect of fractional concentration change on neurite orientation, the entire channel width was
analyzed in 25 regions of 10 microns, the width of a typical growth cone, and the longest
neurite of each neuron in each region was analyzed. To evaluate the effect of slope on neurite
orientation, the angles of the longest neurites from neurons growing on protein gradients
of different slopes were grouped. To evaluate the effect of regional adhesion on neurite

orientation, the number of neurons adhered to each region of 10 microns was measured
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and normalized to the total number of neurons on each substrate. To test for correlation
between variables, i.e. neurite angle versus 25 regions for fractional concentration change,
neurite angle versus inlet concentration for slope, and neurite angle versus regional adhesion,
circular-linear coefficient and the associated significance were calculated. Oriana software

(Anglesey, Wales) was used, and significance levels were taken to be p<0.05.

3.3 Results

3.3.1 Multi-molecular gradients generated

Protein gradients were first generated in solution by interdiffusion of adjacent laminar
streams in microchannels, then the soluble gradients were adsorbed onto glass substrates
coated with pLL to form substrate-bound gradients (Figure 3.1a). Laminar flow through
the microchannels allowed for slow interdiffusion of the two proteins with even mixing and
adsorption. Serial dilution and intermixing of multiple streams of varying concentrations
gave rise to a step gradient at the convergence point of the streams, which formed a smooth
gradient in the final channel. Gradients of varying slopes across the 250pm width of the
channel were generated by changing the concentration of protein added to the inlet channels.
Quantitative densitometry of immunofluorescence images of the gradient channel confirmed

shapes of the adsorbed protein gradients generated (Figure 3.1b-e).

3.3.2 Molecular concentration and slope affect neurite growth

DRG neurons adhered and extended neurites on gradients, and were identified as neurons
by immunocytochemistry for neurofilament (Figure 3.5d-f), which facilitated distinction of
the neurons from the few DRG-derived Schwann cells in the cultures. As a control, DRG
neurons cultured on uniformly coated LN coverslips were double immunostained with an-
tibodies RT97 (anti-neurofilament) and S100 (a stain for glia), and imaged under confocal

microscopy (Figure 3.2a). Distinct cell populations of neurons and glia were observed, as
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Figure 3.2: (a) Neurofilament and S100 double immunostaining allows identification of DRG
neurons and non-neuronal cells in culture.

Overlaid confocal images of DRG cultures cultured on uniform LN substrates double stained
with anti-neurofilament and Cy2 secondary antibody to identify neurons (red, indicated by
arrows) and anti-S100 and Cy3 secondary antibody to stain for Schwann cells (green, indi-
cated by arrowheads). Scale bar = 20um. (b) Quantitative densitometry allows identifica-
tion of DRG neuronal subtypes and non-neuronal cells. Histogram shows pixel intensities
of anti-neurofilament stained DRG cultures on uniform LN substrates containing neuronal
subtypes A, B and non-neuronal cells. *denotes statistical significance from all other groups
at p<0.05. (c) Analysis of directional growth of neurites by quantifying the longest neu-
rite per neuron. Schematic shows method of neurite angle measurement and the range
of angles categorized as neurites growing “towards” or “away from” permissive/inhibitory
cues presented, or growth in a “vertical” direction. (d) Concentration of LN affects neurite
outgrowth. Dissociated DRG neurons were cultured on substrates with varied LN concen-
trations and corresponding slopes. Graph of mean neurite angles, rescaled from a 360° scale
to a 180° scale for the linear plot, where mean angle of 0-60° is defined as growth toward
LN, 60-120° is defined as vertical growth, and 120-180° is defined as growth away from LN,
as shown in (c). Square, LN10/BSA; Circle, LN50/BSA; Triangle, LN50/LN40.
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shown by the minimal overlap between the neurofilament and S100 stains. Further, the mor-
phology of the neurofilament positive cells was much different than that of the S100 positive
cells, where the neurofilament positive cells were higher in the z-direction and S100 positive
cells were flatter, showing that neurons were morphologically distinct from other cell popu-
lations in our culture system (data not shown). Comparative densitometry of neurofilament
stained DRG images captured at constant exposure time showed that brightness of staining
with anti-neurofilament is significantly different between the processes of neuronal subtypes
A and B and non-neuronal cells (Figure 3.2b), allowing identification of neuronal versus
non-neuronal populations in DRG cultures studied. A comparison of neuronal response to
substrates presenting varying concentrations and slopes of LN showed that both these vari-
ables affected neurite growth (Table 3.2, Figure 3.2). When [LN|max applied was increased

L neurite

from 10 ug mL™! to 50 ug mL~! and slope was held constant at 0.04ug mL ™! um™
outgrowth was directed on both gradients (Kuiper’s test; p<<0.05), but neurite distributions
were different. Where [LN|max applied was 50 ug mL~! the angles were biased towards the
direction of increasing |LN]|. For the samples where the [LN|max applied was 10 pg mL-1 ,
neurites did not grow equally in all directions, but the mean of the distribution of neurite
angles was 98°. Closer examination of the circular histogram of the LN10/BSA data (Figure
3.3e) revealed two clusters of neurites that contributed to this result, suggesting bimodal-
ity. One cluster of neurites grew at an angle between 50° and 70°, and a smaller cluster of
neurites grew in the direction of 240°. Taken together with the entire distribution, these
two clusters led to the nonuniform neurite angle distribution, with the corresponding mean
vector of 98°. This distribution differed from the neurite angle distribution of LN50/BSA,
where the majority of neurites grew towards the direction of higher [LN] (Figure 3.3¢). When
[LN]Jmax was held constant at 50j1g/ml and slope was increased from 0-0.04 yg mL~!pym~!
the neurite angle distribution changed from uniform (Kuiper’s test; p>0.05) to oriented to-
ward higher [LN]| (Kuiper’s test; p<<0.05). When the slope was increased further to 0.2 ug
mL~'um™! the neurite angles remained oriented toward higher [LN]. Examination of the

mean neurite angles on gradients with varying [LN] shows that for [LN|max > 20pg, neurite

angles were directed toward higher [LN]| (Figure 3.2d).
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Figure 3.3: DRG neurite outgrowth on single-cue gradients is directed toward higher LN or
lower CSPG concentration.

Phase contrast micrograph of dissociated DRG neurons cultured for 24 hours on single-
cue LN50/BSA (a) or BSA/CSPG10 (b) gradients shown under phase contrast microscopy.
Bar = 50pum. Arrows show the vectors that were used to evaluate the neurites. Circular
histograms show the corresponding distributions of neurite angles on single-cue LN50/BSA
(¢), BSA/CSPG10 (d), LN10/BSA (e) or BSA/CSPG20 (f) gradients, where each angle
presented is the angle of the longest neurite per neuron. White arrows indicate mean neurite
angles for directed distributions; mean angles were not shown for uniform distributions.
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LN10 uniform  LN50 uniform  LN10/BSA  LN50/LN40 LN50/BSA

Slope (pg mL-1 pm-1) 0 0 0.04 0.04 0.2
[LN]max applied (pg mL-1) 10 50 10 50 50
Angle distribution uniform uniform directed directed directed
Mean angle (°) N/A N/A 98 4 23

Table 3.2: Concentration and slope of LN gradients affect neurite outgrowth.
Maximum applied LN concentration and slope characteristic of each type of substrate are
shown, with resulting neurite angle distribution and mean neurite angle.

3.3.3 Neurite outgrowth on single-cue gradients of contrasting cues

Neuronal growth was compared on single-cue gradients whose maximum concentrations of
guidance cues were previously shown to influence neuronal growth, i.e. 50pg/ml LN and
10pg/ml CSPG in the applied solution (Figure 3.3a-d). DRG neurons extended neurites on
both LN and CSPG single-cue gradients, and Kuiper’s uniformity test showed that in each
case the distribution of neurite angles was directed, either toward higher concentrations of
permissive LN on LN gradients, or toward lower concentrations of inhibitory CSPG on CSPG
gradients. Comparison of the distributions of the neurite angles on LN gradients versus on
CSPG gradients revealed that the two distributions were directed to a similar degree, and
the distributions were not significantly different from each other (mean direction of 23.4°
for LN gradient and 30.9° for CSPG gradient). Neurite growth was analyzed in response
to the fractional concentration change (dC/C) across the width of an average DRG growth
cone (10pm). On the LN single-cue gradients, as the concentration of LN decreased linearly
from 100% on the left side of the gradient channel to 0% on the right side, the fractional
concentration change increased exponentially from 0% on the left side to 100% on the right
side (Figure 3.4a). The CSPG single-cue gradients contained similar absolute and fractional
concentration profiles to the LN gradients, except that the left-to-right directions were re-
versed, since CSPG was infused through the right inlet and LN was infused through the left
inlet for gradient generation (Figure 3.4b). On the LN gradient, more neurites were directed
toward a higher LN concentration when they encountered the highest change in fractional
concentration (100% change), whereas in contrast on the CSPG gradient, more neurites were
directed toward a lower CSPG concentration when they encountered the lowest change in

fractional concentration (4% change) (Figure 3.4c). This differential response on the gra-
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Figure 3.4: Growth evaluated in context of fractional concentration change.
(a,b) Fractional concentration change (dashed lines) is exponential for gradients of linear
slope (solid lines). Change in concentration is expressed as the percent change in concen-
tration over a 10um region, across the channel width, for LN gradients with LN in inlet
1 (a) and for CSPG gradients with CSPG in inlet 2 (b). (c¢) Graph of neurite outgrowth
direction in response to change in fractional concentration for single-cue gradients. Region
1 corresponds to a fractional concentration change of 4% in LN and 100% in CSPG, while
region 25 corresponds to a fractional concentration change of 100% in LN and 4% in CSPG.

dient substrate may contribute to bimodality in neurite angle distributions when analyzed
as a whole. The influence of the change in concentration of molecular cues was tested by
varying inlet concentration, thus generating gradients of different maximum concentrations
and corresponding different slopes. Neurite growth direction was affected by slope, such
that when the LN gradient slope decreased from 0.2pg/mL pm-1 to 0.04ug/mL/um, the
mean direction of the distribution of neurite angles changed from 23.4° (toward increasing
LN concentration) to 98° (oriented in a vertical, non-preferential direction) (Figure 3.3c, e).
When the CSPG gradient slope was increased from 0.04ug/mL/pm, to 0.08ug/mL/um, the
neurite angle distribution changed from directed to not significantly directed (0.05<p<0.1)
as tested by Kuiper’s test; however, the mean direction changed from 30.9° (toward decreas-
ing CSPG concentration) to 17.6° (more oriented toward decreasing CSPG concentration)

(Figure 3.3d, ).
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3.3.4 Neuronal adhesion and neurite elongation on single-cue gradients

Cell adhesion patterns were also influenced by the type of cue and the protein gradients
presented. Higher total numbers of DRG neurons adhered to LN gradients than to CSPG
gradients. DRG neurons adhered preferentially to regions of the substrates that contained
higher permissive LN and lower inhibitory CSPG concentrations. A x? test for uniformity
demonstrated that DRG neuronal adhesion patterns were non-uniform on the LN and the
CSPG gradients (p<<0.05), and there was a graded increase in adhesion along the LN gra-
dient in the direction of increasing LN concentration. In contrast, there was a threshold
response in adhesion along the CSPG gradient with relatively small increases in adhesion
in the direction of decreasing CSPG concentration until the final 1/5 of the channel width,
where the frequency of adhered cells doubled in the region containing the lowest CSPG con-
centration (Figure ??). Varying the slope of concentration gradients across the width of the
channel of the LN gradient elicited different cellular adhesion responses, but changes were
not seen in response to varying the slope of the CSPG gradient. Decreasing the slope of the
LN gradient from 0.2pg/mL/pm to 0.04ug/mL/um, changed the DRG neuronal adhesion
pattern from non-uniform to uniform, but increasing the slope of the CSPG gradient from
0.04pg/mL/pm to 0.08ug/mL/um, did not alter the cell adhesion patterns. Neurite elon-
gation on single-cue gradients was evaluated by measuring the mean length of the longest
neurite for all neurons observed. No significant difference in length of the longest neurite
was found between substrates of different slopes or different types of cues (Table 4). To
ensure that directional neurite outgrowth and adhesion patterns were not a consequence of
the physical dimensions of the microchannels or of residual flow patterns during the gradient
generation step, neuronal response on uniformly coated substrates of the same dimensions
were tested. The distributions of neurite angles and neuronal adhesion were uniform across

the channel width of uniform substrates.



92

Variables r p-value
Angle v. Slope (LN) 0.13 1.21E-04*
Angle v. Fractional LN change 0.247 8.12E-09*
Angle v. Regional adhesion (LN) 0.257 1.61E-09*
Angle v. Slope (CSPG) 0.014 0.983

Angle v. Fractional CSPG change 0.17 0.033*
Angle v. Regional adhesion (CSPG) 0.269 2.11E-4*

Table 3.3: Effects of slope, fractional concentration change, and regional adhesion on neurite
angles.

Circular-linear correlation coefficients (r) and associated significance (p-value), shown for
both LN50/BSA and CSPG10/BSA gradients. Slope affects direction of neurite outgrowth
on LN gradients, but not on CSPG gradients. Fractional change affects neurite orientation
on both gradient types tested. Regional adhesion affects neurite orientation on both gradient
types tested. *Significance level taken to be p<0.05.

3.3.5 Multiple parameters affect neurite outgrowth on single-cue gradi-

ents

To test the relative effects of fractional concentration change and slope on neurite orientation,
the correlation between neurite angles measured per substrate or neurite angles per 10um re-
gion were calculated. Because neurite angle is a circular variable whereas the slope is a linear
variable, a circular-linear coefficient and the significance of the correlation were determined
(Mardia and Jupp, 2000) (Table 3.3). For both LN and CSPG gradients, circular-linear
correlation analysis demonstrated a significant correlation between the fractional concen-
tration change and the angles of the neurites growing over that change in concentration.
LN gradients showed a significant correlation between the neurite angle and slope whereas
CSPG gradients did not yield a significant correlation between the two variables. To test
the effects of regional adhesion on neurite orientation, correlations between neurite angles
and the number of neurons per 10pm region (normalized to the total number of neurons
per substrate) were calculated. For both LN and CSPG gradients, circular-linear analysis
showed a significant correlation between regional adhesion and the angles of the neurites

growing in the region.
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Substrate n  Mean length (um) Standard deviation (pum)
LN 10 163 27.93 18.25
LN50 135 45.03 44.12
LN10/BSA 107 24.51 12.33
LN50/BSA 434 28.74 18.71
LN50/LN40 147 35.39 31.39
BSA/CSPG10 136 16.36 6.89
BSA/CSPG20 83 22.78 12.57
LN10/CSPG10 31 41.70 63.42
LN50/CSPG10 363 32.70 28.48
LN50/CSPG20 75 27.73 32.46
LN50CSPG10/BSA 82 30.44 16.21

Table 3.4: Neurite length is not affected by type of cue or by gradient slope. Mean and
standard deviation of length of longest neurite measured on all gradient substrates tested.

3.3.6 Neurite outgrowth on double-cue opposing gradients

Double-cue gradients were generated in which LN increased in concentration linearly from
right to left, and simultaneously, CSPG increased in concentration linearly from left to right
across the final channel width, by infusing LN into the left inlet and CSPG into the right
inlet of the same gradient mixer (Figure 3.1b-d). The DRG neuronal growth responses to
these double-cue opposing gradients were similar in orientation to the responses to single-cue
gradients of identical concentrations (Figure 3.5b, e, h, k — LN50/CSPG10). Mean neurite
direction was 340.6°, which was more directed toward increasing LN concentration and de-
creasing CSPG concentration than the mean directions for neurite growth on the single-cue
LN50/BSA and BSA/CSPG10 gradients (23.4° and 30.9°, respectively, see Figure 3.3c, d).
On double-cue opposing gradients of different slopes, DRG neuronal responses were also sim-
ilar to those on single-cue gradients, where neurite growth was vertical and non-preferential
on gradients with either decreased LN slope (from 0.2pg/mL/um to 0.04pg/mL/pum) or
increased CSPG slope (from 0.2ug/mL/pum to 0.04ug/mL/um) (Figure 3.5g-1). Similar to
neurite behavior on single-cue gradients, neurite length was not significantly different for

the double contrasting gradients tested (Table 3.4).
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Figure 3.5: Neuronal response to double-cue opposing gradients.
DRG neurons show preference for higher LN and lower CSPG concentrations on opposing
double-cue gradients in both neurite outgrowth and adhesion patterns. (a-c) Phase contrast
and (d-f) fluorescent images of DRG neurons stained with anti-neurofilament immunocy-
tochemistry after 24 hours in culture on LN10/CSPG10 gradients (a, d), LN50/CSPG10
gradients (b, e) and LN50/CSPG20 gradients (c, f). Arrows show vectors by which neurites
are evaluated. (g, i) Mean neurite angles (arrows) on circular histograms of neurite angles
on LN10/CSPG10, LN50/CSPG20 gradients indicate angles directed toward the vertical
axis of the gradient channel (i.e. no directional preference). (h) Neurite angle distribution
on LN50/CSPG10 gradient indicates preference towards direction of higher LN and lower
CSPG concentration. (j-k) Histogram of cell adhesion patterns analyzed in 5 regions of
50pm width across the channel of LN10/CSPG10 (j), LN50/CSPG10 (k) and LN50/CSPG
20(1) gradients. Cell adhesion patterns across opposing double-cue gradients changed when
slope was varied. Bar = 50um.
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3.3.7 Neuron adhesion patterns on double-cue opposing gradients

Adhesion patterns on LN50/CSPG10 gradient substrates were similar to those on single-
cue LN50/BSA gradient substrates, with a non-uniform distribution of cells across the mi-
crochannel width (p<0.05 by chi-squared test) and a graded decrease in cell number as the
concentration of LN decreased and the concentration of CSPG increased. By decreasing
the maximal concentration of LN applied or increasing the maximal concentration of CSPG
applied, (50pug/mL to 10pg/ml LN and 10pg/ml to 20ug/mL CSPG), cell adhesion was dra-
matically reduced (516 versus 91 cells and 516 versus 126 cells respectively). Decreasing only
the slope of the LN gradient (from 0.2ug/mL/um to 0.04pg/mL/pm) resulted in similar cell
adhesion patterns across the microchannel, where a gradual decrease in cell number was
observed as the concentration of LN decreased and the concentration of CSPG increased
(Figure 3.5j-1). Increasing only the slope of the CSPG gradient (from 0.04ug/mL/um to
0.08ug/mL/pm) changed the DRG neuronal adhesion pattern from uniform to non-uniform

(p=0.075).

3.3.8 Neuronal response to double-cue parallel gradient

A double-cue gradient was generated in which LN and CSPG both increased in concentra-
tion from right to left across the final channel width, by infusing LN and CSPG into the left
inlet and the neutral molecule BSA into the right inlet of the same gradient mixer. These
gradients were somewhat less linear than the double-cue opposing gradients (Figure 3.1e).
The DRG neuronal growth response to the double-cue parallel gradient (Figure 3.6) was
different from that to the double-cue opposing gradient (Figure 3.5). The neurite angle dis-
tribution was not directed on the parallel gradient (Figure 3.6b), in contrast to the directed
distribution on the opposing gradient. Neurite length was unaffected by the direction of the
protein gradients, with no significant difference between the two substrates tested (Table
3.4). Cellular adhesion was lower on the double-cue parallel gradient than on the double-cue
opposing gradient, even when the concentrations of the respective proteins were the same at

50ug/mL maximum LN and 10pg/mL maximum CSPG (141 cells on the parallel gradient
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Figure 3.6: Change in direction of gradients influences neurite angle and neuronal adhesion
patterns.

(a) Phase contrast images of DRG mneurons on double-cue parallel gradients of
LN50CSPG10/BSA after 24 hours in culture. Bar = 50um. (b) The distribution of neurite
angles on parallel double-cue gradients is uniform as tested by Kuiper’s test for uniformity.
(c) Adhesion patterns across the gradient channel width for LN5S0CSPG10/BSA double-cue
parallel gradient are non-uniform.

versus 516 cells on the opposing gradient). The adhesion patterns were similar between the
two types of double-cue gradients, with a gradual decrease in cell adhesion across the width
of the microchannel toward region 5. Both distributions were non-uniform as determined

by a chi-squared uniformity test (Figure 3.6c¢).

3.4 Discussion

The main objective of this study was to analyze neurite outgrowth on molecular gradients
that varied in molecular type, molecular concentration, gradient direction, and gradient
slope. In previous studies, gradients containing a single guidance cue were generated by dif-
fusion from various source reservoirs over a given distance of a substrate, such as polymeric
membrane filter (Bagnard et al., 2000; Halfter, 1996) or hydrogels (Cao and Shoichet, 2001),
and most recently from patterned nanoliter sources (Rosoff et al., 2004). These methods have
been modified for covalent immobilization of the protein after gradient generation, by pho-
toimmobilization methods on hydrogels (Dodla and Bellamkonda, 2006). Our microfluidic

approach, modified from the method developed by Dertinger et al. (Dertinger et al., 2002),
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provided several advantages in this study; (1) substrates were generated that contained re-
producible, linear gradients of protein concentration with micron-scale dimensions; (2) by
simply changing the types and concentrations of the inlet solutions, a wide variety of gradi-
ents were produced, including spatially well defined double-cue gradients, whose influence on
neurite outgrowth has not previously been investigated, and (3) exploiting the versatility of
this approach, we compared for the first time the effects of multiple molecular and gradient
parameters in the same study. Linear gradients over a distance of 250pm were generated
that contained specific combinations of the following molecules in substrate-bound form:
permissive LN, neutral BSA, and inhibitory CSPG. The single permissive, single inhibitory,
and double opposing gradients all directed the outgrowth of neurites from DRG neurons in
the direction of increasing LN concentration and of decreasing CSPG concentration. Neu-
ronal adhesion trends displayed corresponding preferences for higher LN and lower CSPG
concentrations. The single-cue gradients demonstrated similar strengths in their neurite
guidance abilities, regardless of the type of cue. The double opposing gradient displayed a
slightly stronger ability to direct neurites than the single gradients suggesting the possibility
that this gradient presentation may facilitate a slight synergism of the effects of these two
contrasting molecular cues. In contrast, when LN and CSPG were presented as a double
parallel gradient, the gradient did not direct neurite outgrowth, suggesting that the con-
trasting guidance effects of the permissive and inhibitory molecular cues counteracted each
other when concentrations of similar relative “strengths” were present in the same regions

for a parallel presentation.

Previous studies have suggested that neurite growth on gradients could be guided by nu-
merous parameters including the absolute molecular concentration, the gradient slope, the
fractional molecular concentration, and the gradient direction (Baier and Bonhoeffer, 1992;
Britland et al., 1996; Isbister et al., 2003; Rosentreter et al., 1998; Song et al., 1998). We
analyzed our data from single-cue gradient experiments in the context of the two models of
gradient detection: absolute change (to which we refer as slope) and fractional change in con-
centration. Within our system, the molecular concentration varied linearly across the 250pm

width of each gradient channel, as confirmed by immunofluorescence. Molecular concentra-
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tion also varied between gradients of differing slopes. Fractional concentration change was
defined as the change in concentration over 10pm, the width of a typical DRG growth cone,
divided by the maximum molecular concentration along the gradient. Comparing growth
on single-cue gradients of permissive and inhibitory cues has shown that neurite orientation
is influenced by both slope and fractional change in concentration. Correlations between
neurite angle and the relative change in protein concentration of both models suggest that
fractional concentration change may play a larger role in orienting neurites, perhaps in part

through effects on adhesion.

The inclusion of an opposing cue in our system allowed us to determine whether additive
effects or synergism occurs when both permissive and inhibitory gradients are interpreted
simultaneously by a growth cone. Neuronal responses to the variations in relative gradi-
ent directions between the double-cue opposing gradients and double-cue parallel gradients
showed that the same combination of cues can elicit different neurite guidance and orienta-
tion responses when spatially patterned in different ways. Statistically significant differences
in neurite outgrowth direction and neuronal adhesion patterns in response to the concen-
tration, the gradient slope, and the gradient direction provide evidence that DRG neurons
respond to multiple substrate bound molecular cues by utilizing concentration, slope, and

directional information to make directional growth decisions.

Both LN and CSPG are present in the nervous system during development and after injury,
are co-localized in many regions (Kuecherer-Ehret et al., 1990; Tona et al., 1993), and
are important molecules for study because they play key roles in axon guidance. LN is
a glycoprotein localized in basement membrane and extracellular matrix. It can strongly
stimulate neuronal migration and neurite outgrowth, and its patterned expression during
development suggests its importance in axon guidance (Liesi et al., 1995; McLoon et al.,
1988). CSPGs are expressed in many regions of the developing nervous system that axons
avoid (Landolt et al., 1995; Oakley and Tosney, 1991; Snow et al., 1990), and CSPGs can
inhibit neurite growth in wvitro (Condic, 2001; Snow and Letourneau, 1992; Tom et al.,
2004). The post-injury environment of the glial scar has been shown to express both LN

and CSPG, and the interactions of damaged axons with both molecules likely provide key
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information to influence the potential for regeneration (Davies et al., 1999; Fitch et al.,
1999). Specifically, both growth-inhibiting and growth-promoting ECM molecules increase
simultaneously in reactive astroglia, thus the double cue parallel gradients mimic this in

vivo post-injury environment.

Early studies evaluated the effects of sharp borders of LN and CSPG on neurite growth
(Snow et al., 1990); subsequent work has presented the cues in gradient form, which is
relevant to their spatial distribution within the nervous system. Previous work has examined
the effect of single-cue LN gradients on axon guidance and neurite growth, with varying
results. Neurites from sympathetic neurons and DRG neurons have been demonstrated to
not orient in the direction of LN gradients (Dodla and Bellamkonda, 2006; McKenna and
Raper, 1988). Dertinger et al. found that LN gradients could orient initial axon polarization
from hippocampal neurons, but suggested that the gradient did not play a significant role in
guiding neurite outgrowth (Dertinger et al., 2002). In contrast, studies have shown guidance
of retinal axons by gradients of merosin (Halfter, 1996) and of neurites from DRG explants
by gradients of the IKVAV peptide (Adams et al., 2005). Our results for neurons plated
on single-cue LN gradients suggest that the graded presentation of substrate bound LN can
direct neurite growth. In the present study, the protein concentration ranges were chosen
from concentrations shown to affect neurite outgrowth after adsorption to a substrate. The
gradient shapes were linear, yielding varying fractional concentration changes across the
substrate. A larger range of fractional concentration changes was tested than in previous
studies: in the range of 0% change, corresponding to no gradient to 100% change where the
concentration doubles over the width of a growth cone. Other studies have reported neurite
turning and increased neurite outgrowth from culture on gradients with fractional changes
of 0.35-3.5% (Dodla and Bellamkonda, 2006; McKenna and Raper, 1988) and 10%(Adams
et al., 2005). For LN gradients in this study, the magnitude of fractional concentration
change affected the direction of neurite growth such that when the fractional concentration
change was 4% (Region 1 in our system), fewer neurites grew in the direction of higher
LN concentration, whereas when the fractional concentration change was 100% (Region 25

in our system), more neurites grew toward higher LN concentration. In general, neurites
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on more shallow fractional concentration changes have been reported to be not oriented by
underlying LN gradients, while steeper fractional concentration changes resulted in growth

cone turning up a gradient.

Previous studies of axon guidance by proteoglycans have typically presented CSPG in com-
bination with a low concentration of LN, as CSPG is highly inhibitory to neurite outgrowth.
LN was excluded from the present experimental setup with a graded presentation of CSPG,
on which the neurite outgrowth response could be analyzed systematically. DRG neurons
showed preferential neurite outgrowth and adhesion patterns on single-cue CSPG gradients
that are consistent with the chemorepulsion associated with CSPG, i.e. directed away from
regions of higher CSPG concentration. CSPG functions can vary depending on what other
molecules are present in the surrounding local environment (Snow DM, 2002), i.e., the in-
hibitory effects of CSPG are reduced when CSPG is presented simultaneously with LN. In
response to simple parallel gradients of LN and the CSPG aggrecan, dystrophic endbulbs
were shown to enter regions containing LN and lower aggrecan concentration (Tom et al.,
2004). Snow et al. have reported that growth cones can grow onto and up increasing con-
centration steps of CSPG on a substrate (combined with a uniform low concentration of
LN) at concentrations that inhibit neurite growth when presented as a border (Snow and
Letourneau, 1992). Previously demonstrated effects of CSPG on LN conformation as well
as the increased expression of integrin receptors by neurons in response to CSPG speak to
the complexity of the interactions of these molecules as they influence neurite outgrowth
(Snow DM, 2002; Tom et al., 2004; Tona et al., 1993). In this study and others that include
two cues, the conformational presentation of the cues is expected to be influenced by steric
interactions, as both molecules are relatively large and CSPGs have an uneven negative
charge distribution depending on the structure of their GAG chains. However, while CSPG
has been hypothesized to inhibit axon growth by modulating the effects of LN by binding
to GAG binding sites (Snow DM, 2002), previous biochemical studies have suggested that
LN does not have a strong interaction with CSPGs, particularly when compared to heparin
sulfate proteoglycans (Herndon et al., 1999). In the present study, the orientation and adhe-

sion patterns of neurites and neurons of opposing double-cue gradients were consistent with
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those on single-cue LN gradients, but the number of cells that adhered to the substrate was
lower when CSPG was introduced onto the substrates. For double-cue parallel gradients,
cell numbers were further reduced and the preference in directionality that neurites showed
for single permissive cue gradients and double opposing cue gradients was lost. These re-
sults suggest that the addition of CSPG modulates the guidance by LN but that the spatial

arrangement of these proteins is important in how this occurs.

The findings presented here provide new insights into the basic mechanisms of haptotactic
guidance and the neuronal mechanisms involved in sensing directional gradients of guidance
cues. These results show that DRG neurons can detect substrate bound gradients using two
gradient detection mechanisms that are the topics of much study: slope and fractional con-
centration change. This study shows that in response to double-cue gradients, DRG neurons
can incorporate information that includes the concentration, the gradient direction, and the
gradient slope and suggests that the growth cone may have a shifting internal baseline for
comparing more than one cue to the external environment. Many studies have focused on
response to single guidance cues to evaluate the mechanisms by which neurons read gradi-
ents; this work indicates that the introduction of more than one cue likely presents complex
interactions between cues that further affect neurite outgrowth. Studying both single cue
and double cue gradients allows us to conceptually deconstruct the complex environment of
the glial scar to study the individual and combined effects of the cues present in concentra-
tion gradients. In future studies it will be of interest to investigate how the parameters in a
complex system of multiple molecular, spatially defined, overlapping gradients are integrated
and are transduced through downstream signaling pathways. The roles of such factors as
neuron type and protein type will also be important to evaluate. This work is important
for understanding the mechanisms of growth cone navigation and directed axon growth and

guidance to enhance strategies for neurite growth promotion for nerve regeneration.
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Chapter 4

Optimization of combinatorial protein

gradients for neurite outgrowth

Presentation of guidance molecules in an anisotropic manner has been shown to guide grow-
ing axons by chemotaxis. Here we evaluated the influence of specific parameters such as
molecular concentration, slope and direction of combinatorial laminin (LN) and chondroitin
sulfate proteoglycan (CSPG) gradients on dorsal root ganglia neurons. Linear combina-
torial gradients were generated using a microfluidic gradient mixing device. We analyzed
the growth of postnatal rat dorsal root ganglion neurons in response to permissive versus
inhibitory cues in multiple spatial presentations of gradients. Neuronal adhesion and neurite
growth were analyzed after 24 hour culture on various double-cue gradients. Slopes were
shown to exhibit a nonlinear relationship with cellular adhesion. Slope of LN showed a
linear correlation with neurite length while the slope of CSPG showed nonlinear correlations
with neurite length. The directionality of neurite outgrowth was evaluated using circular
statistical methods to determine the influence of the underlying gradients on neurite angles
of outgrowth. Optimization of inlet concentrations of molecular gradients was performed,
and maximizing LN while minimizing CSPG concentrations over the concentration ranges
tested was shown to maximize cellular adhesion and length. Addition of Rho kinase inhibitor

Y27632 significantly increased neurite length as compared to controls on opposing double
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cue LN/CSPG gradients. The motivation for these studies is to gain a more rigorous compre-
hension of how growing neurons interpret their complex extracellular environment in which
permissive and repulsive guidance molecules act in combination to direct axonal growth.
These results represent an important step towards understanding how neurite growth is

guided by complex microenvironments containing multiple molecular cues.

4.1 Introduction

Promotion of neuron growth and direction of neurite outgrowth are primary goals in the
development of strategies for nerve repair. These goals also address a fundamental issue
in developmental neurobiology to understand how neurons sense and respond to changes in
their extracellular environment. Anisotropic distribution of guidance cues has been identified
as one important way in which guidance cues can direct growth, by exploiting the differential
response of growth cones (Bellamkonda, 2006). The existence of attractive and repulsive
guidance molecules in a graded fashion has been observed in vivo both in the developing
nervous system and the glial scar after injury. In addition, the response of neurons to these
gradients has been studied in in vivo and in vitro models, and it is largely accepted that
the graded expression of guidance molecules plays an important role in forming the precise
wiring of the nervous system (Gurdon and Bourillot, 2001), and can be used as a possible

strategy to overcome the inhibition of the post-injury environment.

However, the specific gradient parameters that strongly influence neurite growth are less
well understood. Previous theoretical (Goodhill and Urbach, 1999) and experimental studies
(Bagnard et al., 2000; von Philipsborn et al., 2006) have suggested that a range of gradient
parameters influence neurite growth including: direction, shape, slope or relative changes in
concentration, and absolute molecular concentration. Gradients generated by microfluidic
methods offer greater levels of precision, spatial and temporal control, the ability to quantify
gradient parameters, and the ability for quantitative cellular analysis on the single cell level,
which allow us to better investigate these gradient parameters (reviewed by Keenan and

Folch (Keenan and Folch, 2008)).
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Combinatorial gradients have been studied previously as it was recognized that these exist
in vivo. Experimental work with combinatorial gradients of nerve growth factor (NGF),
neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) (Cao and Shoichet,
2003), semaphorins 3A and 3C (Bagnard et al., 2000), BDNF and LN (Wang et al., 2008),
and aggrecan and LN (Tom et al., 2004) have shown that combinatorial gradients are able

to elicit differential growth responses depending on the combinations of proteins presented.

In this study we examine the effects of multiple combinatorial protein gradients on DRG
neuron and neurite growth to determine the optimal spatial presentations of protein gra-
dients to direct neurite outgrowth and promote cellular adhesion and neurite outgrowth.
The two molecules used in this study are LN, a well-established permissive guidance cue
that is present in developing and regenerating axonal tracts (Buettner and Pittman, 1991)
and CSPGs, strong inhibitors of neurite growth that are present in boundary regions of the
developing brain and in the glial scar (Lemons et al., 2005). These molecules were chosen
as strong promoters and inhibitors of neurite growth in the post-injury microenvironment.
Here we show that DRG adhesion and neurite outgrowth respond differentially to differ-
ent features of protein gradients presented, showing complex responses to substrate bound

combinatorial protein gradients.

Further, strategies to overcome the inhibition present in the glial scar primarily from proteo-
glycans, were also explored in this study, including enzymatic digestion of inhibitory chon-
droitin sulfate chains with chondroitinase ABC (chABC) and the application of a pharma-
cological inhibitor to Rho kinase, Y27632. Digestion of glycosaminoglycan chains (Lemons
et al., 2003) and inhibition of glycosaminoglycan chain polymerization (Laabs et al., 2007)
have been shown to decrease the inhibition of CSPG. Modulating Rho kinase activity has
been shown to modulate neurite outgrowth on CSPG substrates(Jain et al., 2004). In this
study we show that inhibition of Rho kinase can affect neurite outgrowth, mitigating the

inhibitory effects of CSPG, on opposing LN/CSPG gradients.
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4.2 Materials and methods

Unless otherwise stated, all materials were purchased from Sigma-Aldrich (St. Louis, MO).

4.2.1 Substrate fabrication

Microfluidic gradient mixers were used to generate patterns of protein gradients. These
devices were fabricated using photolithography and soft lithography. Masks containing pat-
terns of gradient mixers were designed with modifications from Dertinger et al. (Dertinger
et al., 2002), and described further in Li et al. (Li et al., 2008). Patterns were transferred to
silicon wafers using photolithography. Poly dimethyl siloxane (PDMS; Dow Corning) was
mixed 10:1 elastomer:curing agent and cast onto silicon wafers to produce a replica. Gradi-
ent mixers were then assembled by adhesion of PDMS microchannel molds to glass surfaces
after plasma activation (PDC-32 G, High RF level, Harrick, Pleasantville, NY). Gradient
mixers were coated with poly-L-lysine (100ug/mL, MW 30-70kDa) and incubated at 4°C

overnight.

Protein solutions were prepared for injection by syringe pump through the gradient mixer.
Mouse LN solutions (10ug/mL to 50ug/mL, Invitrogen, Carlsbad, CA), CSPG solutions
from embryonic chick brain (1pg/mL to 20ug/mL; Chemicon, Temecula, CA), and/or 3%
bovine serum albumin (BSA) in 0.1M phosphate buffered saline (PBS) were applied at the

inlets of the gradient mixer.

To test the effects of the core protein of the proteoglycans on neurite outgrowth, enzymatic
treatment of CSPG with chABC was performed to digest the chondroitin sulfate chains of
CSPG, leaving the core protein. CSPG solutions (10ug) were treated with 0.05U chABC
(units defined as the quantity of the enzyme that catalyzes the formation of 1 pmol of
unsaturated disaccharide from chondroitin sulfate C per minute) in 50mM Tris-HCI, 0.15M
NaCl, 3uM aprotinin, 20mM benzamidine, ImM leupeptin, ImM pepstatin A (Tris buffer)

by incubation at 37°C for 3 hours prior to injection into the gradient mixer. Enzymatically
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digested solutions of 10ug/mL CSPG and 50ug/mL LN were applied in gradient mixer inlets

to generate opposing gradients, as described above.

Protein solutions were delivered over 12h to allow adsorption of the proteins onto the glass
slide. After adsorption of the protein gradient, the PDMS covering the final gradient channel
was cut and peeled from the substrate to expose the area over the final gradient channel for

cell culture. Gradient-containing substrates were stored in PBS at 4°C overnight.

4.2.2 DRG cell culture

DRG were dissected from the spinal columns of postnatal (P0-P4) rat pups and cleaned of
axons, blood, and connective tissue. DRG were incubated in 0.05% trypsin-EDTA in Hank’s
balanced salt solution without calcium or magnesium (Invitrogen, Carlsbad, CA) at 37°C
for 60min and dissociated by trituration. Cells were plated at 2600 cells/cm? in 2mL of
serum-containing medium: Dulbecco’s Modified Eagle’s Medium, 10% fetal bovine serum,
4mM L-glutamine, penicillin (100U /ml)/streptomycin (100pg/ml) (Invitrogen, Carlsbad,
CA) and 50ng/ml nerve growth factor (7S). Cultures were incubated at 37°C with 5% CO2

in a humidified environment for 24h.

To test the effects of Rho kinase activity on modulating the inhibition of neurite outgrowth
by CSPG gradients, Y27632 was added to DRG cultures on double cue gradients containing
LN gradients of -0.2pg/mL/pm and CSPG gradients of 0.04ng/mL/pum. After an initial in-
cubation time of 1 hour for plating (37°C, 5% CO2), 50ul of either pharmacological inhibitor
or culture media was added to the DRG cultures. ROCK inhibitor Y27632 was used at a
concentration of 10uM (Borisoff et al., 2003; Fournier et al., 2003; Yuan et al., 2003). Cells

were incubated (37°C, 5% CO2) for an additional 23 hours for a total of 24 hours.

4.2.3 Microscopy and Image analysis

Samples were examined on a Nikon Eclipse TE2000-S microscope, images were captured

using a Hamamatsu Orca-ER camera and Orbit shutter controller (Improvision, Lexington,
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MA), outputting to OpenLab v4.0.2 (Improvision) running on Mac OS v10.2. Contrast
adjustments for visualization were performed using the level function in Adobe Photoshop

CS2.

Total cellular adhesion on the final microchannel presenting the protein gradients was ana-
lyzed. All cell bodies fixed and imaged at 24 hours after cell seeding were counted. Duplicate
samples were performed and analyzed. Neurite outgrowth was analyzed by evaluation of the
length of the longest neurite. Neurites longer than the length of a soma, and that did not
come into contact with another cell were included in this analysis. OpenLab software was
used to determine the average longest neurite length. The ruler tool was used to measure
the length of the process from the point on the soma where the process began to the tip
of the neurite visible under phase contrast microscopy. The direction of neurite outgrowth
was analyzed by the angle of the process outgrowth from the vertical (y) axis as measured

by the ruler tool in the OpenLab software.

4.2.4 Data analysis

Each experimental group contained duplicate samples, with a minimum of 10 measures per

condition. Results are shown as the mean + standard error.

Gradient slope was calculated for each protein gradient generated by calculating the concen-
tration change across the gradient channel and dividing by the width of the gradient channel.
To test the influence of the slope of LN and CSPG gradients on DRG responses, the slope
of either LN or CSPG was held constant in magnitude, while the slope of the other protein
gradient was varied. Each dataset thus has gradients of both molecules present, but for
comparison across the dataset, slope of only one molecular gradient is varied to determine

the individual effects of the molecular gradient of interest.

Experimentally, LN solutions were applied from the left inlet port of the gradient mixer,
whereas CSPG solutions were applied from either the left or right inlet port. For analysis

of DRGs on constant CSPG slope with varying LN slope, the magnitude of CSPG slope
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was held constant, and for the substrates where CSPG solutions were applied from the left
inlet port, the gradient calculations and neurite angle measurements were transformed to
allow our reference frame to denote a positive CSPG slope of 0.04pg/mL/pm. The gradient
mixer design is symmetrical, and as the magnitude of CSPG does not change, and the
serial dilution and mixing undergone by the CSPG solutions are the same, the gradient

calculations only reflect a change in sign.

To test the effects of gradient slope on cellular adhesion and neurite length, statistical
analysis was performed using one-way ANOVA testing and post-hoc analysis using Tukey’s
test for multiple comparison using SPSS 14.0 (SPSS, Inc., Chicago, IL). Data were plotted
on bar graphs and differences between substrates tested within each dataset were analyzed

for statistical significance.

To test the effects of gradient substrates on directional neurite growth, statistical analysis
was performed with circular statistical methods. Circular histograms are presented that
wrap a linear 0°-180° scale around a circle, and show the mean direction. To determine
if the substrates elicited directional growth versus random uniform outgrowth, Rao’s spac-
ing tests were performed. To determine if direction of neurite outgrowth differed between
substrates, the multisample Mardia-Watson-Wheeler test was performed. All circular tests

were performed with Oriana 2.0 (Kovach Computing Services).

To test the effects of gradient direction on DRG response, data was grouped into the sub-
strate types that we defined as “opposing” or “parallel” (Li et al., 2008), where opposing
gradients presented LN and CSPG gradients in opposite directions, and parallel gradients
presented LN and CSPG gradients in the same direction. Statistical analysis was performed
on Design-Expert 7 (Stat-Ease). Input factors of LN and CSPG slopes for opposing and
parallel gradients were used at two levels (high/low) in a statistical model based on two-way

ANOVA, with response factors of cellular adhesion and neurite length.

Optimization with the ANOVA statistical model was also performed to determine the opti-
mal input values of LN and CSPG slopes within the experimental range for maximal cellular

adhesion and maximal neurite length using Design-Expert 7. As the statistical model for



114

a) cellular adhesion for opposing gradients and b) neurite length for parallel gradients were
found to be significant in the analysis described above, optimization was only performed for
those datasets. Cellular adhesion and neurite length as a result of the input slopes of LN

and CSPG as predicted by the statistical model are presented in contour plots.

To test the effects of exogenous factors on modulating DRG response to CSPG gradients,
data from untreated, chABC and Y27632 treated samples were compared using ANOVA for

cellular adhesion and neurite length.

4.3 Results

Three measurements were made from each sample to evaluate the effects of protein gradients
on DRG neurite growth. The total number of cells over the area of the final gradient
channel was counted as a measure of overall permissiveness to neurons. The lengths of
the longest neurites were determined and averaged to generate a measure to evaluate the
permissiveness to outgrowth potential. The angles of the longest neurites were measured to
determine the directionality of neurite outgrowth cultured with anisotropic molecular cues.
An ideal treatment would be highly permissive to neuronal adhesion, and stimulate long

neurite growth in a specified direction.

4.3.1 Cellular adhesion is affected by LN concentration and slope in dou-

ble cue LN and CSPG gradients

We investigated the effects of the inlet concentration and slope of LN gradients when pre-
sented concurrently with a constant CSPG gradient, on DRG neuronal adhesion and neurite
outgrowth. The inlet concentration of CSPG applied was kept constant at 10pg/mL, to
present a linear slope of 0.04pg/mL/pum. For analysis, the slopes of LN and CSPG were
transformed to reorient the reference frame so that all CSPG slopes were -0.04p1g/mL /im, as
described in section 2.4. By varying the inlet concentrations to the gradient mixer, varying

LN slopes were generated in the range of -0.04pg/mL/pm to 0.2pg/mL/pm.
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Figure 4.1: Effects of varyng LN concentration (LN10-50) and slope (-0.04 to 0.2pg/mL/pm)
presented simulataneously with -0.04pg/mL/pm CSPG gradients (CSPG10) on cellular ad-
hesion

(A) and neurite length (B). *, +, # denote significantly different groups (p<0.05). Data
represents mean +SEM for n=2 samples.

The inlet concentrations and slope of LN significantly affected cellular adhesion as tested
by ANOVA (p<0.05). Cellular adhesion was maximized, at 107 cells, on LN50/CSPG10
substrates, corresponding to the steepest negative slope tested, -0.2 pg/mL/pm (Figure
4.1a). Post-hoc analysis with Tukey’s test showed that the number of cells adhered onto the
LN50/CSPG10 substrate was significantly different from cell numbers on BSA /LN10CS10,
LN10/CSPG10 and LN20/CSPG10. Neurite length was not found to be significantly dif-
ferent on substrates with varying CSPG slope using ANOVA (p=0.512), with all neurite

lengths in the range of 22.9 pm to 33.5pm (Figure 4.1b).

A comparison of the neurite angle distributions of the longest neurites on substrates with
varying LN slopes and constant CSPG slope, showed that negative LN slopes (0.04, 0.08
and 0.2pg/mL/pm) elicited directed neurite outgrowth (Figure 4.2). A transformed positive

LN slope of 0.08pg/mL/pm was also able to direct neurites to a vertical orientation (6°).
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BSA/LN10CSPG10 LN10/CSPG10 BSA/LN20CSPG10 LN20/CSPG10 BSA/LN50CSPG10 LN50/CSPG10
*

* * *

Figure 4.2: Effects of varyng LN concentration (10-50ug/mL) and slope (-0.04 to
0.2pg/mL/pm) presented simulataneously with -0.04pg/mL/pm CSPG gradients (CSPG10)
on neurite outgrowth direction.

* denotes directed neurite outgrowth (p<0.05)

4.3.2 Cellular adhesion is affected by CSPG inlet concentration and slope
in double cue LN and CSPG gradients presenting a shallow LN

gradient

We investigated the effects of inlet concentrations of CSPG gradients on double cue gradients
with LN slope of -0.04pg/mL/pm. The slope of CSPG was varied from -0.004pg/mL /pim
to 0.08pg/mL/nm, and data is presented by increasing CSPG concentrations (Figure 4.3).
Cell adhesion numbers ranged from 33 to 121. Inlet concentration of CSPG was a signif-
icant factor influencing the number of cells adhered when presented concurrently with a
LN gradient of -0.04pg/mL/pm, as tested by one-way ANOVA (p<0.05). Post-hoc analysis
showed that the number of cells on LN10CS1/BSA was significantly different from the num-
ber on LN10/CSPG10 (Tukey’s test, p<<0.05). The inlet concentrations of CSPG did not
significantly influence neurite length as tested by one-way ANOVA, although the longest
mean neurites observed were on LN10CS10/BSA, substrates with the highest input LN

concentration and lowest input concentration of CSPG tested.

Neurite angle distributions of the longest neurites cultured on double cue LN and CSPG
gradients with varying CSPG slopes at a constant LN slope of -0.04pg/mL /pm show directed
neurite growth on CSPG slopes of -0.004pg/mL/pim and 0.04pg/mLum (Figure 4.4). Neurite
angles in both cases were directed toward the direction of increasing LN concentration (220°,

331° on substrates with -0.004pg/mL/pm and 0.04pg/mL/pm respectively).
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Figure 4.3: Effects of varyng CSPG concentration (CSPG1-20) and slope (-0.004 to

0.08pg/mL/pm) presented simulataneously with -0.04pg/mL/pm LN gradients (LN10) on
cellular adhesion

(A) and neurite length (B). * denotes significantly different groups (p<0.05). Data
represents mean +SEM for n=2 samples.
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Figure 4.4: Effects of varyng CSPG concentration (CSPG1-20) and slope (-0.004 to

0.08pg/mL/pm) presented simulataneously with -0.04pg/mL LN gradients (LN10) on neu-
rite outgrowth direction.

* denotes directed neurite outgrowth (p<0.05)
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Figure 4.5: Effects of varyng CSPG concentration (1-20ug/mL) and slope (-0.004 to
0.08pg/mL/pm) presented simulataneously with -0.2ug/mL LN gradients (LN50) on cel-
lular adhesion

(A) and neurite length (B). * denotes significantly different groups (p<0.05). Data
represents mean +SEM for n=2 samples.

4.3.3 Neurite length is affected by CSPG inlet concentration and slope in
double cue LN and CSPG gradients presenting a steep LN gradient

We investigated the effects of inlet concentration of CSPG on double cue gradients with
LN slope of -0.2pg/mL/pm. The slope of CSPG was varied from -0.004pg/mL/pm to 0.08
ng/mL/pm and data is presented by increasing CSPG concentrations. The effect of CSPG
inlet concentrations on cellular adhesion was not significant, as tested by one-way ANOVA.
CSPG inlet concentrations significantly affected neurite length when presented concurrently
with a LN gradient of -0.2pg/mL/pum (Figure 4.5) as tested by one-way ANOVA (p<0.05).
Post-hoc analysis showed that mean neurite length on CSPG gradients with slopes of -
0.004pg/mL/pm was significantly different from neurite length on substrates with CSPG

slopes of 0.2ng/mL/pum on substrates presenting steep LN gradients (Tukey, p<0.05).

Neurite angle distribution on substrates with CSPG slope of -0.02pg/mL /pm to 0.04pg/mL /pm
was directed as shown from Rao’s spacing test (Figure 4.6). These correspond to double
cue parallel gradients and lower CSPG inlet concentrations applied, suggesting that slope of
CSPG gradients play a role in directing neurite outgrowth. Neurite outgrowth was directed

either vertically or toward higher LN concentrations.
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Figure 4.6: Effects of varyng CSPG concentration (1-20ug/mL) and slope (-0.004 to
0.08pg/mL/pm) presented simulataneously with -0.2pg/mL/pm LN gradients (LN50) on
neurite outgrowth direction.

* denotes directed neurite outgrowth (p<0.05)

4.3.4 The relationship between cellular adhesion and neurite length

To optimize the presentation of protein gradients, the goal is to maximize both cellular
adhesion and neurite length. Figure 4.7 shows adhesion and length normalized as a percent-
age of the maximal value in the dataset. By varying the inlet concentrations and slopes of
LN, cellular adhesion was maximized on LN50/CSPG10, whereas neurite length was maxi-
mized on LN10CSPG10/BSA substrates. As cellular adhesion was found to be significantly
affected by slope and neurite length was not from previous analysis, LN50/CSPG10 ap-
peared to be the optimal substrate for neurite outgrowth when the CSPG slope is presented
at -0.04pg/mL/pm. By varying the inlet concentrations and slopes of CSPG, with both
LN gradients tested (-0.04pg/mL/pm and -0.2pg/mL/nm), the lowest CSPG concentration

applied yielded maximal cellular adhesion and longest neurite outgrowth.

Presenting the data as a scatterplot enabled curve fitting to interpolate local maxima and
minima of responses with given input parameters (Figures 4.8). Cellular adhesion showed
similar and non-linear responses to the slope of protein gradients, with regression lines
described by third-order equations showing the best fit. Local maximum of cellular adhesion
for substrates with CSPG slope of 0.04pg/mL /pm was found for a LN slope 0.18ng/mL/pm.
Local minimum of cellular adhesion for the same substrate was found for a LN slope of -
0.05pg/mL/pm. The absolute maximum of cellular adhesion on this substrate over the

slopes tested was on the LN slope of -0.2pg/mL/pm. For substrates with LN slopes of -0.04
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Figure 4.7: Comparison of cellular adhesion and neurite length as a normalized fraction of
maximum adhesion and outgrowth of each dataset
(A) varied LN slope, (B) varied CSPG slope on -0.04pg/mL/pm LN (LN10), (C) varied
CSPG slope on -0.2pg/mL/pm LN (LN50). Black bars denote adhesion and gray bars
denote length of longest neurite.
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Figure 4.8: Scatterplot of slope versus adhesion or length to show non-linear relationship
between these variables. Complex third order equations were found to best fit these datasets

in A, C, D.

and -0.2pg/mL/pm, local maxima and minima largely overlapped, where cell adhesion was
maximized on the CSPG slope of 0.0lpg/mL/pm and minimized on the CSPG slope of
0.07pg/mL /pm.

Neurite length showed a differential response to protein slope depending on the molecule
presented. Varying LN slope showed a linear correlation with neurite length, with a pos-
itive correlation. Varying CSPG slope at both LN slopes tested showed local maxima of
neurite lengths on 0.01pg/mL/um CSPG slope and local minima of neurite lengths on

0.06pg/mL/pm, as described by third-order equations.
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Opposing gradients Parallel gradients

Cellular adhesion Neurite length
Term % Contribution p-value %Contribution p-value
ANOVA 100 0.0406 100 0.0024
A-LN 38.92642 0.0326 32.43936 0.0080
B-CSPG 12.83397 0.1390 58.622 0.0023
AB 33.13242 0.0415 not selected N/A

Table 4.1: Contribution of each input parameter (LN or CSPG) to ANOVA model

4.3.5 LN and CSPG concentrations elicit differential effects on neurite

outgrowth dependent on gradient direction

Substrates tested could also be sorted by the direction of the gradient presented. For these
double cue gradients, opposing gradients or parallel gradients can be generated. Cellular
adhesion was significantly affected by the inlet concentrations of LN and CSPG on substrates
presenting opposing gradients, and was not significantly affected by these concentrations on
parallel gradients. Neurite length was significantly affected by the inlet concentrations of LN
and CSPG on substrates presenting parallel gradients, as tested by ANOVA, and was not
significantly affected by these concentrations on opposing gradients. Equations below show
the multiple regression model used to describe the relationship between inlet concentration
and cellular adhesion on opposing gradients (Equation 4.1) and inlet concentration and
neurite length on parallel gradients (Equation 4.2). Table 4.1 shows the contributions of

each molecule to DRG responses.

Adhesion = 59.13 + 19.384 — 11.13B — 17.88(A * B) (4.1)

In(Length) = 3.38 + 0.184 — 0.24B (4.2)
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Opposing gradients Parallel gradients

LN (ng/mL) 50 50
CSPG (pg/mL) 10 1
Adhesion 87.07 154
Length (um) 25.76 45.12
Desirability (average of % maximum 0.537 0.844

of adhesion and length)

Table 4.2: Optimized double cue gradients

4.3.6 Optimization of LN and CSPG slope to maximize cellular adhesion

and neurite outgrowth

Using the solver function in Design Expert 7, the solutions that maximize cellular adhesion
and neurite length from the ANOVA model were found by an iterative process and plotted
on a contour plot over the ranges of input parameters bound by the high /low levels tested in
the screening model. The optimal inlet concentrations are listed in Table 4.2. The contour
plots show the predicted number of cells and neurite length for all given ranges of LN and
CSPG slope, from interpolation of the ANOVA model. Figure 4.9A shows the nonlinear
response of cellular adhesion to double cue opposing gradients of LN and CSPG, where over
the ranges of LN concentrations tested (10pg/mL to 50pg/mL), 20pg/mL LN slope appears
to be a threshold below which cellular adhesion is unresponsive to CSPG slope presented,
and above which the slope of CSPG has a much larger effect on adhesion. Figure 4.9B shows
the linear response of neurite length on double cue parallel gradients of LN and CSPG, where

as LN slope is maximized and CSPG slope is minimized, neurite length is maximized.

4.3.7 Effects of treatments against inhibitory CSPG on neurite outgrowth
on double cue LN and CSPG gradients

In comparisons between untreated, chABC, and Y27632 treated cultures of DRG on LN50/CSPG10
gradients, cellular adhesion on these substrates were not significant different from each other
(Figure 4.10). Neurite length on Y27632 treated samples was significantly greater than
neurite lengths on untreated and chABC treated samples, as tested by oneway ANOVA

(57.64pm versus 24.93 pm on untreated controls). The untreated controls elicited directed
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Figure 4.9: Contour plots of optimization within multiple regression model described in

Equations 1 and 2.

Red dots indicate design points of experimental data, color maps correspond to low (blue)
to high (red) response ranges. (A) represents 3D response surface of cellular adhesion to
inlet concentrations of LN and CSPG of opposing gradients, (B) represents 3D response

surface of neurite length to inlet concentration of LN and CSPG of parallel gradients.
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Figure 4.10: Addition of exogenous factors chABC and Y27632 affects neurite length on
multimolecular gradients.

Cellular adhesion (A) and neurite length (B) on opposing LN50/CSPG10 gradients after
the enzymatic digestion of CSPG with chABC, and addition of Y27632, a Rho kinase
inhibitor. Untreated controls are included as a comparison. (C) shows neurite angle
distribution on chABC, Y7632 treated samples and untreated controls. Data represents
mean £SEM for n=2 samples.

neurite growth towards the areas of higher LN concentration, while samples treated with

chABC and Y27632 showed neurite outgrowth in all random directions.

4.4 Discussion

The present study uses combinations of substrate bound linear gradients of LN and CSPG
to examine the neurite promoting effects of specific features of protein gradients such as

molecular concentration, and concentration change, corresponding to slope and gradient
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direction. Gradients generated by microfluidic methods offer several advantages, the most
useful being the ability to create predictable, reproducible linear protein gradients with
precise spatial control over the scale of hundreds of microns (reviewed in (Keenan and Folch,
2008)). Gradient parameters are easily controlled by varying inlet concentrations and ports
used during the solution injection process through the microfluidic device. Linear adsorbed
gradients do not change over the timescale of cell culture used in these studies. DRG cells
were seeded at low density and analyzed only if they were not in contact with other cells in

order to isolate the effects of the gradients from other cell-cell guidance mechanisms.

Previous studies have used LN concentrations ranging from 1pg/cm2 (Buettner and Pittman,
1991) to 100pg/mL (Hammarback et al., 1985), and CSPG concentrations ranging from 3-
5png/mL (Snow et al, 2000) to 100 pg/mL (Hynds and Snow, 2001) in studies investigating
selective adhesion of neurons to substrates. Laminin, a basement membrane associated gly-
coprotein, was chosen as a candidate molecule for neurite guidance, found in embryonic
development and peripheral nerve. CSPG, a heterogeneous class of extracellular matrix
molecules, have a complex role in the development of the nervous system, with both stimu-
latory and inhibitory effects (Lemons et al., 2005). CSPGs from embryonic chick brain used
in this study, have been shown to be inhibitory in vitro to DRG growth (Snow, 1994; Snow
et al., 2003).

The purpose of this study was to determine if key measures of growth promotion: adhe-
sion, neurite length and direction, were affected by molecular concentration, slope of each
molecular gradient, or gradient direction in combinatorial gradients of LN and CSPG. The
data show that for cellular adhesion, slope of LN and CSPG gradients appeared to have a
large effect. For neurite extension, the slope of CSPG had an effect only when steep LN
gradients were concurrently presented. This suggests that CSPG gradients play a larger role
in adhesion than extension, where inhibition occurs regardless of the slope of LN presented.
For the direction of neurite outgrowth, molecular concentration appeared to have a large
effect, showing that a combination of molecular concentration and anisotropy is most effec-
tive for directing neurite growth in a particular direction. A comparison of the relationship

between neurite adhesion and length showed that for combinatorial gradients, optimal values
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of slope and direction do not necessarily coincide to maximize both adhesion and length.
This suggests that promoting adhesion and neurite extension may be regulated by different
guidance mechanisms. This is also supported by findings from Dou and Levine (Dou and
Levine, 1995), where cerebellar granule neurons were observed to attach equally well to
the LN coated surfaces and the LN-glycosaminoglycan coatings, but neurite outgrowth was
largely inhibited. Local maxima and minima for adhesion and neurite length were identified
to find the optimal LN and CSPG slopes individually over the ranges tested in this study.
Non-linear relationships between slope of LN and CSPG and adhesion showed a complex

relationship.

Combinations of guidance molecules have been tested and shown to have synergistic effects
on neurite outgrowth. Neurotrophic factor combinations of NGF, GDNF and CNTF were
found to have a synergistic effect on neurite extension (Deister and Schmidt, 2006). The
optimal concentration of all three factors applied in combination corresponded to the opti-
mum concentration of individual factors (50ng/mL NGF and 10ng/mL GDNF and CNTF)
resulted in increased neurite outgrowth compared to individually applied neurotrophic fac-
tors. Coating of substrates with different combinations of LN and CSPG has been shown
to elicit differential neurite outgrowth patterns. When the concentration of LN is low in
comparison to CSPG concentration, CSPGs inhibit neurite growth and induce growth cone
collapse or turning away from CSPG. When LN concentration is high in comparison to

CSPG concentration, neurites are able to grow on the substrate (Snow, 1994).

Multimolecular gradients have been studied, and the additive effects of each molecule have
been found to be nonlinear. Multimolecular soluble gradients of NGF and NT-3 gradients
have been found to work synergistically (Cao and Shoichet, 2003), and BDNF and LN
gradients have been observed to direct growth cone turning (Wang et al., 2008). Double
cue gradients of LN and CSPGs have been studied as models of the glial scar, where LN
and aggrecan gradients have been observed to elicit neuronal morphologies with dystrophic
endbulbs in adult axons consistent with regenerating axons through the glial scar in vivo
(Tom et al., 2004). In a previous study from this laboratory (Li et al. 2008) the effects of

multi-molecular gradients of permissive and inhibitory cues, LN and CSPG were explored,
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which suggested that gradients presenting only one cue, either permissive or inhibitory, were
able to direct neurite growth in a similar manner, but there were large differences in cellular
adhesion. For double cue gradients, it was shown that neuronal responses were dependent
on gradient directions and elicited different neurite guidance and orientation responses when

spatially patterned in different ways.

Treatment using chABC and Y27632 were hypothesized to modulate response to CSPG on
double cue LN and CSPG gradients, as the addition of these exogenous factors modulate
response to CSPG stripes in vitro (Jain et al., 2004; Lemons et al., 2003; Monnier et al., 2003;
Snow et al., 1990). In this study, there was no reduction in inhibition when CSPGs were
enzymatically digested by chABC prior to generating the gradient. This may be due to ABC
digestion leaving behind digested sugar chain "stubs," which may have biological activity
(Lemons et al., 2003), as the “stubs” are not removed before the solution is injected into the
gradient mixer. Adsorption of these “stubs” to the substrate surface may be inhibitory to
neurite growth. Previous studies on the effect of Y27632 have shown that neurite length is
greatly increased by the addition of Y27632 to DRG cultures on CSPG substrates (Jain et

al., 2004; Monnier et al., 2003). Our results agree with these studies.

Neurons may respond differentially to the local environment if multiple complex cues present
conflicting information. Hence, it is important to consider combinatorial gradients separately
from single cue gradients as interactions between the molecules presented may add additional
complexity to the microenvironment. In this study, cellular responses have been shown
to correlate to molecular gradients in a non-linear fashion, with differential response to
specific gradient parameters such as slope or direction. Treatment using strategies such as
enzymatic digestion or pharmacological inhibition of downstream signaling pathways may
also elicit more complex cell responses when combinations of cues are presented, and further
investigations would clarify and elucidate how cells integrate such iniformation to make

growth decisions.
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Chapter 5

Genomic and Morphological Changes
of Neuroblastoma Cells in Response

to Three-Dimensional Matrices

Advances in neural tissue engineering require a comprehensive understanding of neuronal
growth in three dimensions. This study investigated the gene expression of SH-SY5Y hu-
man neuroblastoma cells when cultured in three-dimensional (3D) versus two-dimensional
(2D) environments. Microarray analysis demonstrated that in response to varying matrix
geometry, SH-SY5Y cells exhibited differential expression of 1766 genes in collagen I, in-
cluding those relevant to cytoskeleton, extracellular matrix, and neurite outgrowth. Cells
extended longer neurites in 3D versus 2D collagen I cultures. Real-time RT-PCR exper-
iments and morphological analysis comparing collagen I and Matrigel tested whether the
differential growth and gene expression reflected influences of culture dimension or culture
material. SH-SYBY neuroblastoma cells responded to geometry by differentially regulat-
ing cell spreading and genes associated with actin in similar patterns for both materials;
however, neurite outgrowth and the expression of the gene encoding for neurofilament var-
ied with the type of material. Electron microscopy and mechanical analysis showed that

collagen I was more fibrillar than Matrigel, with larger interfiber distance and higher stiff-

132
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ness. Taken together, these results suggest complex cell-material interactions, in which the
dimension of the culture material influences gene expression and cell spreading, and the
structural and mechanical properties of the culture material influence gene expression and

neurite outgrowth.

5.1 Introduction

Current goals for neural tissue engineering include replacing damaged or degenerated neural
tissue with a matrix containing neural progenitor cells, promoting the ingrowth of host
neurons into an acellular matrix, and generating in vitro systems in which to study neuronal
growth under conditions that mimic the in vivo nervous system environment. Neurons in
vivo adhere to and interact with the extracellular matrix (ECM); in tissue engineering,
hydrogels and other polymer matrices have been utilized to perform ECM functions. Recent
efforts have focused on promoting neuronal growth and directing neurite extension in three-

dimensional (3D) environments.

A variety of 3D matrices have been shown to support neuronal growth and neurite extension,
including microporous polystyrene scaffolds (Hayman et al., 2004), fibrin matrices (Pittier et
al., 2005), agarose hydrogels (Balgude et al., 2001), Matrigel hydrogels (Khan et al., 2002),
and collagen hydrogels (Ma et al., 2004; O’Connor et al., 2001). While studies have begun
to characterize these matrices with regard to their chemical composition and mechanical
properties, the underlying physiologic response of the neuron to the 3D environment is
not completely understood. Comparisons of neuronal growth as well as comparisons of
the growth of nonneuronal cells, in standard two-dimensional (2D) monolayer cultures as
compared to 3D matrix cultures that more closely resemble in wvivo environments, have
shown clear phenotypic differences. For example, previous studies have revealed differences
in cellular surface area, stress fiber distribution, cellular migration, focal adhesions, neurite
and growth cone dimensions, and protein and gene expression (Balgude et al., 2001; Even-
Ram and Yamada, 2005; Hayman et al., 2004; Jaworski and Klapperich, 2006; Klapperich

and Bertozzi, 2004; Li et al., 2003; Pittier et al., 2005; Wang et al., 2003).
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A powerful approach to investigate these differences is to examine the neuron’s global gene
expression profile. In this study, we used oligonucleotide microarrays to compare the gene
expression patterns of SH-SY5Y neuroblastoma cells grown in 3D versus 2D culture environ-
ments, with the aim of identifying molecules with putative roles in differentially interpreting
3D guidance cues and promoting neurite outgrowth. Neuroblastoma cells were initially cul-
tured in collagen hydrogel matrices and on collagen substrates. Matrigel was subsequently
utilized as an additional hydrogel matrix and substrate material, to determine if material

type influenced neuroblastoma growth response.

The motivation for these studies is to gain a more rigorous comprehension of the cellular and
molecular mechanisms underlying axon growth in a matrix that is physiologically relevant
in its three-dimensional geometry. The overarching goal is to combine materials design
requirements with knowledge of the physiological response of the neuron, in order to optimize

the development of biomaterials for neural tissue engineering.

5.2 Materials and Methods

5.2.1 Cell culture

All materials were purchased from Invitrogen (Carlsbad, CA) unless otherwise specified.

The human neuroblastoma cell line SH-SY5Y, ATCC#CRL-2266 (American Type Culture
Collection, Manassas, VA) was cultured in a 1:1 mixture of Eagle’s MEM Minimum Essen-
tial Medium (ATCC) and Ham’s F12 Medium (containing 2mM L-glutamine and 1.5g/1 of
sodium bicarbonate) supplemented with 10% fetal bovine serum and 100 U/ml penicillin-
streptomycin. To further differentiate the cell line toward a neuronal phenotype, cell media
was supplemented with 10pM retinoic acid (RA) for three days. Cells cease proliferation
and 70% of cells are differentiated following this treatment (Navone et al., 2001; Rebhan et

al., 1994; Sidell, 1982).

Cell culture for RNA studies was performed using six-well plates as described below. Cell
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culture for microscopy studies utilized donut dishes. For donut dish assembly, sterile, acid-
washed (sulfuric and nitric acid (5:1)) glass coverslips were affixed to 35x10mm tissue culture
dishes with 20 mm holes (Willco Wells, Amsterdam, Netherlands). For 2D cell culture on
collagen I substrates, dishes or wells were coated with 3 mg/ml of purified bovine dermal type
I collagen in 0.012 N HCI according to the manufacturer’s instructions (PureCol, Inamed
Co., Fremont, CA; also marketed as Vitrogen 100, Cohesion Technologies, Palo Alto, CA
and referred to hereafter as collagen I). SH-SY5Y cells (106 cells per well for 2D and 3D
RNA studies; 6.5 x 104 cells per dish for 2D and 1.3 x105 cells per dish for 3D microscopy
studies) cultured in RA-supplemented media were plated onto the collagen-coated wells or
dishes. For culture in 3D collagen I, matrices of 2ml final volume were prepared with a
mixture of 5X Dulbecco’s Modified Eagle’s Media (DMEM), collagen I, and SH-SY5Y cell
suspension in a ratio of 2:7:1, and the pH was adjusted to 7.3-7.4. This solution was plated
on wells or dishes and gelled at 37°C with 5% CO2. RA-supplemented media was added 1
hour after plating. Cells were cultured for 24h in a humidified environment at 37°C with

5% CO2.

For 2D culture on growth factor reduced Matrigel TM (BD Biosciences, Franklin Lakes, NJ,
referred to hereafter as Matrigel), wells or dishes were coated with 0.5ml Matrigel, and
incubated at 37°C for 30 minutes. SH-SY5Y cells cultured in RA-supplemented media
were plated onto the gelled Matrigel. For culture in 3D Matrigel, matrices of 1.5ml final
volume were made with a mixture of Matrigel and cell suspension (SH-SY5Y cells in 50-100
nl DMEM; 0.5-0.8 x 106 cells per well for 2D and 1-1.6 x 106 cells per well for 3D RNA
studies; 2 x 104 cells per dish for 2D and 4 x 104 cells per dish for 3D microscopy studies),
plated on wells or dishes and incubated at 37°C for 30 minutes. RA-supplemented media
was added 30 minutes after plating. Cells were cultured for 24h in a humidified environment

at 37°C with 5% CO2.
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5.2.2 RNA isolation

Cells grown in collagen I were treated with 0.5% collagenase (Sigma, St. Louis, MO) at
37°C for 20-40 minutes, washed with 0.1M phosphate buffered saline, pH 7.4 (PBS), and
suspended in 100 pl of PBS. One ml of RN Alater stabilization reagent (Qiagen Inc. Valencia,
CA) was added and the cells were stored at 4°C. Cells grown in Matrigel were treated
with MatriSperse Cell Recovery Solution (BD Biosciences) according to the manufacturer’s
instructions. The cells were resuspended in 100ul of PBS, one ml of RNAlater was added,
and the cells were stored at 4°C. RNA was isolated with the RNAeasy Mini Kit (Qiagen).
RNA purity was determined by spectrophotometry, with an A260/A280 ratio of 1.9-2.1

indicating pure RNA.

5.2.3 Microarray analysis

RNA from collagen I cultures was converted into double stranded ¢cDNA using a Super-
Script Double Stranded ¢cDNA Synthesis Kit. Double stranded cDNA was converted into
cRNA using the BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, New
York, NY). The cRNA was fragmented for target preparation according to the GeneChip
Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA). Fragmented biotin-
labeled cRNA samples were hybridized for 16 h to U133A Human GeneChips (Affymetrix).
Chips were washed and labeled with streptavidin-phycoerythrin according to the Affymetrix
2 Stain Protocol. Chips were scanned using an Agilent Technologies G2500A GeneArray
scanner and Affymetrix MicroArray Suite (MAS) 5.0 software. Data analysis was performed

using MAS 5.0, Affymetrix Micro DB, and Data Mining Tool 3.0 software.

5.2.4 Real-time RT-PCR

RNA was prepared as described above and total RNA concentration was determined by
absorbance at 260 nm. Serial dilutions of RNA were made for RT-PCR reactions containing

100 ng, 10 ng, 1 ng, 0.5 ng, 0.25 ng or 0.125 ng of total RNA. All reactions were performed
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in triplicate. The primers and probes were designed with QuantiProbe Design Software
(Qiagen, Valencia, CA). Reactions also contained 1X Quantitect Probe RT-PCR Master
mix, 1X Quantitect specific PCR primers and dual-labeled specific probe mix with a Car-
boxyFluorescein FAM fluorophore at the 3’ end of the specific probe and an Eclipse Dark
Quencher at the 5" end. Reactions were carried out using an Applied Biosystems 7300 Real
Time PCR system using the following protocol: reverse transcription (30 minutes at 500°C),
initial activation step (15 minutes at 950C), and amplification (45 cycles of 15 seconds de-
naturation at 940C, 30 seconds annealing at 560°C and 30 seconds of extension at 760C).

Fluorescence data was collected during the annealing step.

5.2.5 Real-time RT-PCR analysis

Fold changes in gene expression were calculated relative to the level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA in the samples. GAPDH was chosen as the
reference gene because microarray analysis indicated that its expression level did not change
when cells were plated on 2D versus 3D collagen. The efficiency calibrated model(Pfaffl et
al., 2002) was applied to the data to calculate relative expression of genes of interest (target
genes) as compared to GAPDH (reference gene) for each condition tested (2D or 3D) in each
matrix (collagen or Matrigel). Cycle threshold (Ct) values for a dilution series of 2D and
3D RNA were determined for reference and target genes. Ct values were plotted against log

1
of RNA concentration and efficiencies were calculated according to E = 10" Store,

For each gene at each condition and matrix tested, three replicates of six serially diluted
concentrations were performed. These exceed the minimum requirement of three replicates
at three concentrations in order to yield data with sufficient statistical power, and the mini-
mum requirement of two replicates of three concentrations to yield data with an appropriate
dynamic range and reproducibility(Yuan et al., 2006). The mean Ct values for each input
concentration and each condition were used to calculate ACt values. ACts for each gene
were calculated by subtracting the Ct value of the 3D sample from that of the 2D sample.

Expression ratios between the conditions were calculated from the ACts for each gene in each
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matrix using the following equation, with fold change corresponding to the expression ratio

for upregulated genes in 3D, and the reciprocal of the expression ratio for downregulated
ACttarge
Etargett o

Ac‘t'reference
reference

genes in 3D: Expression ratio =

5.2.6 Quantification of neurite growth

After 24h of culture, 2D samples were examined on a Nikon Eclipse TE2000-S microscope
under phase-contrast optics using a 20X objective and 10X projection lens. Images were
captured using a Hamamatsu Orca-ER camera and Orbit shutter controller (Improvision,
Lexington, MA), outputting to OpenLab v4.0.2 (Improvision). Neurite lengths were mea-
sured using OpenLab software. Cells cultured in 3D were examined at multiple focal planes
under phase-contrast optics using a Zeiss Axiovert microscope using a 20X objective and
10X projection lens. Images were captured using a Hamamatsu Orca-ER camera and neu-
rite length segments were measured along the plane of focus using the ruler tool in Zeiss
Axiovision software, that allowed for continuous measurements between slices in a z-stack,
yielding a summation of length segments. The height of a stack was measured by counting
the number of focal planes, with an intra-plane distance of 1pym. The 3D neurite length
was then calculated using the Pythagorean theorem as the hypotenuse of a triangle with
the horizontal projection of neurite trajectory (x) and height of z-stacks (z) as the sides . A
neurite was defined as an extension exceeding the length of a cell body, and was included in
the analysis only if the neurite was the longest neurite of the neuron examined and did not
contact other cells (Wu et al., 2004; Yamashita et al., 2002; Yip et al., 1998). Neurons with
neurites that did not meet these criteria were not included in analysis of cell morphology.
A total of 90 neurites per condition, taken from 3 replicate samples for each condition, were

measured to determine the average neurite length.

5.2.7 Confocal microscopy

Confocal microscopy was used to view neurite extension on 2D substrates and in 3D gels.

SH-SY5Y cells were plated and labeled with phalloidin as described below. After 24h in
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culture, samples were analyzed using a Leica TCS SP2 AOBS spectral confocal microscope.
A krypton-argon laser was used to excite at 488nm and cells were viewed using a 63X
objective lens. Multiple z scans were obtained and Voxx software or Leica confocal software

was used for image analysis.

5.2.8 Phalloidin staining

Cells grown on 2D substrates were fixed with 2% paraformaldehyde for 20 minutes, washed
with PBS, treated with 0.1% Triton X-100 for 5 minutes, washed twice with PBS, incubated
for 20 minutes with 1% bovine serum albumin (BSA) in PBS, stained for 20 minutes with
1 unit of Alexa Fluor 546 phalloidin (Molecular probes, Invitrogen, Carlsbad, CA), washed
with PBS, and visualized under epifluorescence and confocal microscopy. For cells grown in
3D gels, the staining protocol was the same, except that incubation periods were 2 hours
for paraformaldehyde, 30 minutes for Triton X-100, one hour for BSA, and one hour for

fluorescent phalloidin.

5.2.9 Mechanical characterization of gels using dynamic mechanical anal-

ysis

The storage modulus and loss modulus of the hydrogels were measured using a DMA 7e
Dynamic Mechanical Analyzer (Perkin Elmer, Wellesley, MA). Parallel plate geometry was
employed with 15 mm diameter plates. Acellular hydrogel samples, with thickness varying
from 2-4 mm, were subjected to static force of 11mN and an oscillating dynamic force of
10mN at 2.6 Hz at room temperature. The modulus of a sample was determined by averaging
data points between 1 and 3 minutes of a sample’s run on the DMA. Triplicate samples were

tested for each type of hydrogel.
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5.2.10 Scanning electron microscopy

For examination under scanning electron microscopy (SEM), acellular samples were fixed in
Karnovsky’s fixative (Electron Microscopy Sciences, Hatfield, PA) for 3h and rinsed in 0.1M
cacodylate buffer (Sigma). Samples were washed with dH20 and dehydrated with graded
ethanols to 100% ethanol. Samples were dried by incubation with hexamethyldisilazane
(HMDS; Sigma) for 10min and a further incubation with fresh HMDS overnight. Samples
were examined with a Hitachi S-2700 scanning electron microscope using an acceleration

voltage of 3kV.

5.2.11 Transmission electron microscopy

For examination under transmission electron microscopy (TEM), acellular samples were
fixed in Karnovsky’s fixative for 3h and rinsed in 0.1M cacodylate buffer. Samples were
postfixed with 1% osmium tetroxide for 3h, washed with dH20, and dehydrated with graded
ethanol washes to 100% ethanol. Samples of 1mm3 in size were cut from the original sample,
infiltrated with Spurr’s resin, and 85nm sections were cut with a diamond knife on a Reichert-
Jung Ultracut E. Sections were mounted on copper mesh grids and examined with a Phillips
EM 410 using a voltage of 80kV. TEM micrographs were analyzed to determine pore size as
approximated by inter-fibril distance, using Adobe Photoshop CS2. The distance between
fibrillar structures was measured in pixels using the line tool and converted to microns.
Ten measurements per image were taken with n=3 images for Matrigel and n=>5 images for

collagen.

5.2.12 Statistical analysis

Statistics were performed on all quantitative measurements. To evaluate the effect of matrix
material on gene expression, Student t-tests were performed on calculated gene expression
fold changes for each gene in each matrix material for n=4 samples. To evaluate the sig-

nificance of dimensionality and materials on cell spreading and neurite outgrowth, one-way
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analysis of variance (ANOVA) was performed in the between-subject design. Post-hoc mul-
tiple comparison analysis was done using the Bonferroni test. To evaluate the difference in
mechanical properties of the two gels tested, the Student t-test was used. SPSS 11.5 software

(SPSS, Inc., Chicago, IL) was used, and significance levels were taken to be p=0.05.

5.3 Results

5.3.1 SH-SY5Y cells exhibited differential gene expression in 3D versus

2D cultures

SH-SY5Y cells grown in 2D and 3D collagen I were recovered after 24h, RNA was extracted,
and 30-40 yg of total RNA was obtained from 0.5-1.0x107 cells. RNA was confirmed to be
free of degradation or DNA contamination. A total of 14,564 genes and expressed sequence
tags were screened by microarray analysis. Concordance analysis identified 1766 probesets
that were significantly differentially expressed with p < 0.05. Of these, 919 known and 12
unknown genes were up-regulated in 3D cultures, and 823 known and 12 unknown genes
were down-regulated in 3D cultures. Fold changes of 1.5 fold or greater and found to be
significantly different by MAS 5 algorithms with p < 0.05 were taken to be differentially
expressed genes of interest (Costigan et al., 2002; Li and Wong, 2001). Known genes that
were differentially expressed in neuroblastoma cells cultured in 3D collagen I gels included
those encoding proteins involved in cytoskeleton, extracellular matrix, RNA metabolism,
protein metabolism, signal transduction, and other functions (fold change > 1.5 and p <
0.05; Table 5.1). Genes up-regulated in 3D cultures included those encoding cytoskeletal-
associated proteins such as actin filament a2 capping protein and signal transduction factors
such as midkine. Among the genes that were down-regulated in 3D cultures were genes
encoding the cytoskeletal proteins filamin A, actinin 1-al, and talin 1, and genes encoding

extracellular matrix molecules such as fibronectin 1, collagen IIlal and versican.

Because initial pilot studies showed difference in neuronal morphology (see below), we se-

lected for further evaluation seven genes differentially expressed in 3D versus 2D that en-
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Genbank Description Fold changet SD
CYTOSKELETON

NM_006289.1 talin 1 —-1.9+0.3
AWO051856 filaminin A, a-actin binding protein —-1.7+01
Al082078 actinin 1, a1 —1.6+0.1
NM006158.1 neurofilament 1.3+£0.1
AV685920 cappingprotein (actin filament) muscleZ-line, a2 1.7+0.3
EXTRACELLULARMATRIX

AF130095.1 fibronectin1 -3.5+1.0
AU144167 highly similar procollagena(lll)chain precursor -3.1+141
Al813758 collagen,type lll, a1 -3.0+0.8
AF130082.1 collagen,typelll, a1 —2.5+£0.8
NM_004385.1 chondroitinsulfateproteoglycan2 (versican) —-1.9+0.2
RNAMETABOLISM

AW103422 poly(rC)-bindingprotein 2 —-2.3+0.7
Al655799 RNA binding protein; AT-rich elementbinding factor —2.2£0.5
BG026366 KH-type splicing regulatoryprotein (FUSE binding protein 2) —1.8+0.3
NM_004643.1 poly(A)-binding protein, nuclear1 —1.6+0.2
NM_005105.1 RNA binding motif protein 8A 1.7+£0.2
AI800983 cleavageand polyadenylationspecificfactor 5, 25 kDa 1.7+0.2
PROTEINMETABOLISM

AW772056 dopadecarboxylas€aromaticL-amino acid decarboxylase) 1.6+0.3
NM_002539.1 ornithine decarboxylaséd 21+£0.5
NM_001415.2 eukaryotictranslationinitiation factor 2, subunit3 (Y 52kD) 24+0.5
OTHER

NM_004039.2 annexinA2 —-2.0+04
D21254.1 cadherin11, type2 (osteoblasspecific) -1.9+0.3
NM_024555.1 f-box andleucine-richrepeatprotein 6 —1.6+0.3
NM_005413.1 sine oculis homeobox(Drosophilad) homolog3 —-1.5+0.2
NM_016127 HSPCO035protein (hematopoieticstem/progenitocell) 1.5+0.1
M69148.1 midkine (neuritegrowth promotingfactor 2) 1.6+£0.2
BG288007 lysophospholipasé 1.7+0.2
AF180519.1 GABA-A receptor-associategrotein 1.8+0.1
AW138159 H3 histone,family 3B/FL 2gb:NM_005324.1 1.9+0.5
NM_005461.1 Kreisler (mouse)maf-relatedleucine zipperhomolog 2.3+0.4
UNKNOWN

AK024108.1 Homo sapienscDNA FLJ14046fis, clone HEMBA1006461 —-1.9+04
AW238632 KIAA1096 protein —-1.6+0.1
BG256504 KIAA0220 protein —-1.8+£0.3
NM_014392.1 neuron-specifigrotein 1.5+0.1
NM_024034.1 hypotheticalproteinMGC3129 1.54+0.1
BC005807.1 clone MGC:10264,mRNA, completecds 1.6+0.1
BE881590 Homo sapiensclone 24421 mRNA sequence 1.7+0.2
Al890972 hypotheticalprotein PRO2730 2.0+0.2

SH-SYS5Y cells were culturedon 2D collagen| substratesr in 3D collagenmatricesfor 24h and subjectedto microaray
analysis Fold changeis the average3D/2D ratio from threeindependehmicroarrayexperimentg p < 0.05). Genesreportedwere
upregulagd (p ) or downregulaéd (—) in 3D andhadfold changes> 1.5in all runswith the exceptionof neurofilament

Table 5.1: Microarray results of 2D versus 3D
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coded for proteins relevant to the cytoskeleton, extracellular matrix, and neurite growth.
The gene for neurofilament was included in light of its relevance to neurite growth, even
though its fold change between 3D and 2D cultures was less than 1.5 by microarray analysis.
Fold changes for the RT-PCR experiments were calculated relative to the level of GAPDH
mRNA. The differential gene expression results from the microarray data were confirmed
by real time RT-PCR using samples from the same samples that had been used for the
microarray experiments. The RT-PCR experiments confirmed the differential expression of
three genes that had been shown by microarray to be up-regulated in 3D cultures: neurofil-
ament, midkine, and actin filament capping protein; and four genes that had been shown by
microarray to be down-regulated in 3D cultures: collagen IIlal, actinin 1-al, fibronectin 1
and filamin A (compare Table 1 and Table 2 — collagen I column). The sign of the average

fold change for each gene tested was identical between the RT-PCR, and microarray results.

These experiments were extended to include a second type of hydrogel material, Matrigel, in
order to test whether the gene expression changes observed in cells cultured in 3D versus 2D
collagen reflected influences of culture dimension or culture material. Matrigel is composed
of 56% laminin, 31% collagen IV, and 8% entactin. The sign of the average 2D versus 3D fold
change for each gene tested was identical between the collagen and Matrigel results (Table
5.2). For five of the seven genes tested (filamin A, actinin 1 alpha 1, capping protein alpha 2,
fibronectin 1 and midkine), the magnitudes of the average fold changes were similar between
collagen and Matrigel cultures (p > 0.05; Table 5.2). The fold change for neurofilament was
significantly higher in collagen (p < 0.01), and the fold change for collagen III alpha 1 was

significantly higher in Matrigel (p < 0.001).

5.3.2 SH-SY5Y cells displayed different morphologies when grown in 3D

versus 2D cultures

SH-SY5Y neuroblastoma cells exhibited healthy growth with neurite extension on control
2D tissue culture plastic as well as under all four culture conditions tested — 2D collagen I,

3D collagen I, 2D Matrigel, and 3D Matrigel. For all culture conditions, after 24 hours in
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TaBLE 2. DIFFERENTIAL 3-DIMENSIONAL (3D)/2-DIMENSIONA L
(2D) ExPressION OF SELECTED SH-SY5Y GENESIN
COLLAGEN | AND MATRIGEL

Gene Collagenl Matrigel p-value
CYTOSKELETON

filaminin A —1.69+043 —-1.68+0.21 0.94
actinin1, a1 —1.16+0.11  —1.63+0.51 0.12
neurofilament 1.66+0.22 1.18+0.10 0.01
cappingprotein a2 1.66+0.54 2.19+0.70 0.28
EXTRACELLULARMATRIX

fibronectin1 —2.01+£0.26 —-2.17+0.24 0.39
collagenlll, a1 —1.40+0.17 -2.86+0.18 < 0.001
SIGNALTRANSDUCTION

midkine 1.70+0.58 2.18+0.59 0.29

Table 5.2: qPCR results

culture, some somata and neurites touched neighboring cells while other cells did not contact
adjacent cells. Neuronal morphology varied with the dimension of the substrate/matrix and
the type of material (Figures 5.15.25.3). After 24 hours in culture, the somata of SH-SY5Y
cells cultured in 3D matrices were globular in appearance (Figure 1B, 1D, 3B, 3D) while
cells on 2D substrates exhibited a flatter, more spread morphology (Figure 1A, 1C, 3A, 3C).
Quantitative image analysis of cell morphology supported these observations and showed
that neuroblastoma cells grown on 2D substrates had longer somata than cells grown in 3D
matrices (p < 0.001; Figure 2A). Cells grown on 2D Matrigel substrates tended to aggregate
into cell clusters (Figure 1C). Cell spreading was prominent in cells growing on 2D substrates
stained with phalloidin, showing a flat, angular morphology. Staining with phalloidin showed
that while actin was present in cells growing in both 2D (Figure 3A, C) and 3D (Figure 3B,

D), the filament organization of actin was not visible in 3D.

5.3.3 SH-SY5Y neurite outgrowth varied with type and dimension of

material

Quantitative analysis showed that SH-SY5Y cells grown with collagen I as the culture ma-
terial extended neurites that were longer in 3D cultures than in 2D cultures (47.2 + 1.5pm
versus 26.0 + 0.57pm, p<0.001, Figure 2B). Cells grown with Matrigel as the culture ma-

terial extended neurites with somewhat longer average lengths in 2D cultures than in 3D
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Collagen |

Figure 5.1: Different morphologies of SH-SY5Y neuroblastoma cells in 3-dimensional (3D)
and 2-dimensional (2D) cultures.
Phase contrast micrographs of SH-SY5Y cells cultured for 24 h on 2D collagen I substrates
(A), on 2D Matrigel substrates (C), in 3D collagen I matrices (B), and in 3D Matrigel
matrices (D). Scale bar, 50 mm.



>

[o2]
o
3

w
S

o

Length of:napr axis of soma (um)
|
L

TCP Collagen  Matrigel | ‘Collagen Matrigel

m)
5 38

@
S

Neurite length (pi
N
3

o

2D

3D

TCP
L

Collagen  Matrigel ~Collagen ~ Matrigel
] |

2D

horizontal measurement (Sx)

vertical distance (z)

05
Neurite length =(Sx*+2%)

z-planes

3D

p-values

2D

TP Collagen |

Matrigel

Collagen

Matrigel

20

3D

TP
Collagen |
Matrigel
Collagen |
Matrigel

X 0.06
X

1
041
X

< 0,001
< 0.001
< 0.001
X

< 0,001
< 0.001
< 0.001
T
X

p-values

2D

TCP Collagen |

Matrigel

Collagen

Matrigel

20

3D

TP
Collagen |
Matrigel
Collagen |
Matrigel

X 1
X

< 0.05
< 0.001

< 0.001
< 0.001
< 0.001
X

0.06
< 0.001
X

146

Figure 5.2: SH-SY5Y neuroblastoma cell spreading and neurite outgrowth varied with ma-

terial type and geometry.

Quantification of the length of the major axis of the soma (A) and neurite length (B) of

SH-SY5Y cells cultured for 24h on tissue culture plastic (TCP), on 2D collagen I
substrates, on 2D Matrigel substrates, in 3D collagen I matrices, or in 3D Matrigel
matrices. Data are mean + SEM. Cells were chosen for evaluation randomly across 3
samples for each condition. n=82 for somata in 3D collagen I; n=90 for all other

conditions. Tables indicate p values for each pair-wise comparison. Figure 2C shows the
method of quantifying neurite length in 3D. A cartoon of a neuron grown in a 3D matrix
in a typical orientation of soma and neurites spanning multiple focal planes. The inset is a
zoomed in view of the neuron and neurite in multiple z-planes taken using a Zeiss Axiovert
microscope. The horizontal projection of each neurite segment in focus at each focal plane

is measured and summed (¥x), the vertical projection of the entire neurite is
approximated to the nearest 1luym by taking the total of the z-stack height, and the

resultant neurite length is calculated using the Pythagorean theorem to determine the

length of the hypotenuse.
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Figure 5.3: Visualization of actin in SH-SY5Y neuroblastoma cells in 3-dimensional (3D)

and 2-dimensional (2D) cultures.

Confocal micrographs of SH-SY5Y cells stained with phalloidin after culture for 24h on 2D
collagen I substrates (A), on 2D Matrigel substrates (C), in 3D collagen I matrices (B),
and in 3D Matrigel matrices (D). In cells cultured in 2D, filaments were visible, whereas

staining was more diffuse in cells in 3D. Scale bars, 50 mm (A,C) and 25 mm (B,D).
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cultures (33.7 + 1.3um versus 28.7 + 1.5pm), but this difference was not significant (p=0.06).
When neuroblastoma cells were cultured on 2D substrates, Matrigel supported the growth
of longer neurites than both collagen I (p<0.001) and tissue culture plastic (p<0.05). In
contrast, when cells were cultured in 3D matrices, collagen I supported longer neurites than
Matrigel (p<0.001). SH-SY5Y cells in 3D collagen I matrices often extended a single long
neurite, while cells in 3D Matrigel matrices typically extended several shorter neurites, in-
cluding one that could be easily observed to be the longest. Neurite diameters were similar

for all samples tested.

5.3.4 Collagen I and Matrigel differ in structure and mechanical proper-

ties

In light of the observed differences in the two matrices to support neurite outgrowth, we
compared the structures of collagen I and Matrigel by examination under scanning and
transmission electron microscopy (Figure 5.4). Scanning electron microscopy analysis of
3D collagen I and Matrigel matrices showed distinct structural differences between the two
matrices (Figure 4A, 4C). Collagen I matrices contained an intertwined fibrillar network,
while Matrigel surfaces contained a more dense, non-fibrillar structure with clustered ECM
molecules and tighter pores. These observations were extended to the internal structure of
the matrices upon examination with transmission electron microscopy (TEM; Figure 4B,
4D). Quantitative analysis was performed on the TEM images, since the incorporation of
resin during the processing helped to preserve the relative dimensions of the two matrices.
Collagen I matrices were more fibrillar in structure with fibrils of approximately 80-300nm
in diameter, and were more porous with inter-fiber distances of 3.9 + 0.7pm, as compared

to the more dense Matrigel matrices, with inter-fiber distances of 0.4 + 0.2pm.

Collagen I and Matrigel matrices also displayed different mechanical properties (Figure 5.5).
Dynamic mechanical analysis demonstrated that the storage modulus of the collagen I ma-
trices was larger than that for Matrigel matrices of the same volume and geometry (14.26 +

0.34 versus 2.43 + 0.44, p<0.001), indicating that the collagen I matrices were stiffer than
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Figure 5.4: Distinct structural properties of collagen I and Matrigel matrices.
Scanning electron micrographs of collagen I (A) and Matrigel (C) matrices and
transmission electron micrographs of collagen I (B) and Matrigel (D) matrices. Note the
more fibrillar and porous structure of collagen I and the denser structure of Matrigel. Scale
bars, Sum.
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Figure 5.5: Distinct mechanical properties of collagen I and Matrigel matrices.
Storage and loss modulus for collagen I and Matrigel matrices as measured using dynamic
mechanical analysis. *p < 0.001; #p < 0.01. Data are mean + standard error of the mean,

n = 3 for each condition.
the Matrigel matrices. The loss modulus for collagen I matrices was also larger than that for
Matrigel matrices (5.61 + 0.86 versus 1.12 + 0.13, p<<0.01), suggesting that collagen I matri-
ces have a larger damping capacity than Matrigel matrices. By dividing the loss modulus by
the storage modulus we obtain the tangent of the loss angle (tan delta), which is a measure
of viscosity, where a smaller tan delta corresponds to a more viscous material. Collagen I
has a slightly higher tan delta value (0.39) than Matrigel (0.35), reflecting a slightly lower
viscosity of the collagen I matrices. Thus, in 3D cultures, SH-SY5Y neuroblastoma cells

extended longer neurites in an environment composed of a stiffer material with a slightly

lower viscosity and a higher damping capacity.
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5.4 Discussion

The main objective of this study was to analyze the growth response of human neuroblastoma
cells in a 3D as compared to a 2D environment. Toward this end, we compared the gene
expression of SH-SY5Y cells grown in 3D collagen I matrices to that of SH-SY5Y cells
grown on 2D collagen I substrates. Microarray analysis identified over 1700 genes that were
differentially regulated. The study was focused in light of observed differences in neuronal
morphology and neurite outgrowth; seven genes with roles in cytoskeleton, ECM, and neurite
growth were selected for further analysis, and their differential expression in 3D versus 2D
culture conditions in two distinct matrices was confirmed by RT-PCR. We hypothesized that
the differences in gene expression were related to differences in the geometry of the culture
and were independent of the type of ECM material used. RT-PCR experiments tested this
hypothesis and confirmed that genes for filamin A, actinin 1 alpha 1, capping protein alpha
2, fibronectin 1 and midkine were differentially regulated in response to culture geometry,
and expression patterns were similar between collagen I and Matrigel. Neuroblastoma cell
soma morphology also varied with culture geometry; in both collagen I and Matrigel, cells

were more round in 3D and more spread in 2D cultures.

More complex results were seen for patterns of neurite outgrowth, which varied between the
two types of materials. Growth of neuroblastoma cells in collagen I cultures resulted in a
3D/2D neurite length ratio of 1.8, while growth in Matrigel cultures resulted in a 3D /2D
neurite length ratio of 0.85. We hypothesized that neurite growth could be correlated with
material properties. To gain insight into the cell-material interactions that underly the
observed material-specific variations in neurite growth, we compared the structural and
mechanical properties of collagen I and Matrigel. Collagen I matrices, which were more
supportive of neurite outgrowth than Matrigel matrices, were found also to be more fibrillar,
more stiff, and more porous. These results suggest that neuronal cells preferentially extend

their neurites in microenvironments that provide the requisite structure, space, and traction.

In the experimental design of this study SH-SY5Y neuroblastoma cells were utilized since

they have been used in previous studies of neurite outgrowth (Ferrari-Toninelli et al., 2004;
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Sheehan et al., 2006; Shiraishi et al., 2006; Soumyanath et al., 2005), neuronal function
(Arun et al., 2006; Gutala et al., 2006; Navone et al., 2001), and gene expression (Dunckley
and Lukas, 2006; Gutala et al., 2006; Lee et al., 2006). They also contain a single cell type
as compared to primary neuronal cultures that typically contain multiple cell types, making
the cell line well suited for gene profiling experiments. Collagen was selected as a biomaterial
because it is a biological hydrogel, and its highly hydrated and porous structure is supportive
for cellular adhesion and neurite outgrowth (Lin et al., 2005; O’Connor et al., 2001). Cells
were seeded with similar cell numbers per condition, which required the use of unequal cell
densities between conditions. A pilot study testing changes in gene expression of fibronectin
in 2D versus 3D collagen under three different cell density conditions showed similar down-
regulation of the gene and similar fold changes between the three conditions, suggesting that
the different plating densities did not significantly influence the results of this study. Gene
expression was evaluated after 24 hours in culture, since at this time, neuroblastoma cells
have attached to their substrates and extended neurites; this timepoint is often used for
assessment of neurite outgrowth (Balgude et al., 2001) and gene expression (Jaworski and
Klapperich, 2006; Lafrenie et al., 1998; Li et al., 2003). The use of triplicate samples and the
combination of the fold-change (> 1.5) and p-value (< 0.05) criteria facilitated a rigorous
analysis of the changes observed in the microarray experiments, as described in previous
studies (Costigan et al., 2002; Li and Wong, 2001), and real-time RT-PCR with analysis

developed by Pfaffl(Pfaffl, 2001; Pfaffl et al., 2002) verified changes in selected genes.

A 3D culture environment surrounds cells with matrix material, providing structural sup-
port and matrix-derived molecular and chemical cues, and exerting physical forces from all
directions. This environment contrasts with a conventional 2D culture substrate on which
cells form adhesions and receive support only on their ventral surfaces. Matrix geometry
can influence cell migration (Even-Ram and Yamada, 2005; Friedl and Brocker, 2000; Friedl
et al., 1998; Lutolf and Hubbell, 2005; Vicente-Manzanares et al., 2005), signaling events
and other cellular functions (Bottaro et al., 2002; Cukierman et al., 2002; Geiger, 2001;
Rong et al., 2002; Stevens and George, 2005). In this study, SH-SY5Y neuroblastoma cells

displayed a more spread morphology with more prominent actin filaments when cultured
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on 2D substrates, while they were more globular with more diffuse actin when cultured in
3D matrices. Similar 3D/2D differences in actin staining and morphology have been ob-
served for smooth muscle cells in collagen cultures (Li et al., 2003). Correlated with the
SH-SY5Y cells’ globular morphology in 3D was the downregulation of the actin crosslinking
proteins filamin A and actinin 1-al and the focal adhesion protein talin, which function
as connector proteins between the cytoskeleton and integrins, and thus are important in
mediating cell-matrix adhesions during cell spreading(Alberts et al., 2002a, b; Even-Ram
and Yamada, 2005; Feng and Walsh, 2004; Small et al., 2002; van der Flier and Sonnen-
berg, 2001; Vicente-Manzanares et al., 2005). Interestingly, kidney cells down-regulated
talin protein when cultured on 3D versus 2D Matrigel and collagen (Wang et al., 2003).
Also correlated with the reduced prominence of actin filaments was the upregulation in 3D
cultures of the gene for actin capping protein, that binds the growing plus ends of actin
filaments and regulates their growth. Taking these results together, we hypothesize that the
differences in cellular surface area could be mediated by restrictions from the surrounding

matrix in 3D.

These results have shown that both the dimension and type of material influence neurite
outgrowth. Both neuroblastoma cells (this study) and dorsal root ganglion neurons (pre-
liminary studies from our laboratory) extended longer neurites in 3D versus 2D collagen. In
other studies comparing growth in 3D and 2D cultures, shorter neurites have been found in
3D versus 2D fibrin cultures (Pittier et al., 2005), and the growth cones of neurons grown
in 3D agarose have been observed to be more globular than growth cones of neurons on 2D
agarose (Balgude et al., 2001). These variations in neurite outgrowth among different culture
materials suggest important roles for material-associated properties. In the present study,
neurite outgrowth and the correlated 3D upregulation of neurofilament gene expression were
enhanced by the stiffer, more fibrillar, and more porous collagen I matrix, as compared to
Matrigel. Interestingly, neurofilament protein has also been found to be increased by neu-
ral cells derived from human embryonic stem cells, when these cells were cultured in 3D
polystyrene scaffolds (Hayman et al., 2004). Collagen and fibrin gels have been shown to

promote neurite extension and neuron viability, particularly when aligned (Ceballos et al.,
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1999; Dubey et al., 1999) and when compared to agarose gels (Lin et al., 2005; O’Connor
et al., 2001). Other studies have suggested that stiffness is inversely correlated and pore
size is positively correlated to neurite outgrowth (Balgude et al., 2001; Bellamkonda et al.,
1995; Dillon et al., 1998; Flanagan et al., 2002; Gunn et al., 2005; Krewson et al., 1994;
Yu and Bellamkonda, 2001). Future studies will be needed to elucidate the respective con-
tributions of material properties such as stiffness, porosity and surface energy, as well as
chemical composition, to cell-material interactions, and to further our comprehension of

how the multifaceted microenvironment influences cell function.

The 3D environment in which cells reside and function in vivo and that tissue engineers aim
to replicate, provides physical support and matrix-associated cues to cells from all directions.
Neuroblastoma cells respond to a 3D environment by regulating their gene expression and
changing their morphology and neurite outgrowth. The findings of this study suggest that
the regulation of these responses is complex, and depends on the geometry of the matrix as
well as on its composition, structure, and mechanical properties. The connection of these
material parameters and cellular responses is an important step toward the development of

tailored matrices for neural tissue engineering.
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Chapter 6

Conclusions and Future Directions

In this thesis, the main objective was to determine the contributions of different classes
of guidance cues individually or in combination to neurite growth, with particular focus
on molecular and topographical guidance cues. The interaction between a cell and its
microenvironment involves a complex mixture of many cues, and no single guidance cue has
been able to elicit directed and functional nerve regeneration. The objective of this thesis was
approached using three strategies: (1) to determine the salient and optimal parameters for
neurite guidance by anisotropic presentation of the extracellular matrix molecules, laminin
(LN) and chondroitin sulfate proteoglycans (CSPG), (2) to determine relationships between
physical three-dimensional (3D) cues and global changes in neuronal behavior, and (3) to

determine the important intracellular and extracellular events necessary for cellular bridging.

Chapter 1 provided a brief overview of the fundamental science behind the development of
nerve repair technologies, with a focus on in vitro studies that have both described cellular
phenomena and elucidated some mechanisms behind these phenomena. As highlighted in
Chapter 1, many in vitro biomaterials platforms have been studied that incorporate cues
with varying molecular cues and micropatterning, topographical features and dimensions,
and microstructural and architectural features, and many of these guidance features have
been included in the design of nerve guidance channels for the application of nerve repair.

The move to using in vitro platforms to further study the mechanisms of nerve growth and

161
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neuronal interactions with their microenvironments after the observation of promising in
vivo results has given investigators a way to more precisely control the cues presented to
growing or regenerating axons to quantify the resulting cellular behavior. The use of micro-
fabrication techniques also marks an improvement in our ability to control the microscale
features incorporated in the substrates that are used to conduct these studies. Microfab-
rication techniques allow very precise spatiotemporal presentation of both molecules and
geometries of interest. The experimental work in this thesis has made extensive use of mi-
crofabrication techniques such as photolithography, soft lithography, microfluidics and micro
contact printing to deposit precise protein patterns and generate templates with microscale

topographical features.

An underlying goal of this thesis was to select the most appropriate analysis methods for
quantitative evaluation of neurite outgrowth in response to cues presented by in vitro bio-
material platforms. Statistical methods to summarize and describe distributions of cellular
responses have been critical for the analysis of the response of single cells in a population.
Inferential statistics have been heavily used in the present studies to take observed patterns
of neuronal responses and build statistical models that take into account randomness and
uncertainties to draw inferences about the process of neurite guidance by molecular and

topographical cues.

One particular application of circular statistics for the analysis of directional data, in this
case, neurite outgrowth angles, has been described in Chapter 2. Because neurite angles
are directional in nature, where the most suitable presentation of the data is on a circular
scale between 0° and 360°, which wraps upon itself, linear statistical methods that treat
the scale as a unidirectional line forever increasing are not appropriate for analysis of this
type of data. Instead, circular statistical methods have been developed where directional
data is broken down into their vector components and operations for statistical analyses
are performed in the polar coordinate system to account for geometry of the scale. These
methods that include one-sample uniformity tests such as Rayleigh’s, Rao’s and Kuiper’s
tests, and multisample comparison tests such as Watson’s U2 and Mardia-Watson-Wheeler

test have been described and applied to experimental neurite outgrowth data on different
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substrate types (uniform, striped and gradient) and simulated directional data with known

parameters (mean direction and dispersion).

Future directions for applying directional analysis methods to neurite outgrowth studies
are to apply spherical statistical methods and models developed for datasets in geology and
crystallography to directional neurite outgrowth in 3D cultures. In the case of neurite growth
in 3D cultures, the polar coordinate system would not be sufficient to describe positional
and directional information. The application of spherical statistical models would allow for
better descriptive, correlation and regression methods for analysis of the spatial response of

neurite growth to the spatial organization of the 3D environment.

The first objective of this thesis was to understand which parameters of molecular gradients
would be optimal to promote and guide neurite growth. Anisotropy in molecular concen-
tration had been shown to be able to better guide neurite growth in previous studies, with
the hypothesis that anisotropic presentation of cues is able to exploit a geometry-dependent
differential response in the growth cone that would establish polarity or induce a directional

change in trajectory of growth.

Chapter 3 demonstrated that absolute and relative concentration changes across the growth
cone affect neurite directional growth, and slopes of protein gradients have differential effects
on dorsal root ganglia (DRG) cellular adhesion and neurite growth depending on the presence
of other proteins and protein gradients. Both absolute and relative concentration changes
were found to have an effect on the direction of neurite outgrowth on single cue gradients.
Differential adhesion across the gradient channel was seen for single cue gradients and double
cue contrasting gradients. This response was mainly due to concentration differences over
the channel area. Neurite length was not significantly changed on the substrates tested,
which suggested that these molecules do not play a large role in neurite extension. The
main finding of this chapter was that directional neurite growth was achieved with single
cue and double cue opposing LN and CSPG concentration gradients. Uniformly coated LN

and double cue parallel gradients did not elicit directional growth.

Chapter 4 demonstrated that gradient slope and direction of LN and CSPG had differential
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effects on cellular adhesion and neurite growth. Cellular addhesion and parallel gradients
responded non linearly to slope of LN and CSPG, as expressed by pg/mL/um. Opposing
gradients were shown to influence cellular adhesion, and parallel gradients were shown to
influence neurite length. Further analylsis with the ANOVA model showed that LN and
CSPG did not act independently on opposing gradients. Optimization of inlet concentrations
to maximize cellular adhesion and neurite length showed that increasing LN concentration
and decreasing CSPG concentrations were optimal for neurite outgrowth. Appendix B also
demonstrated the effects of Rho GTPases on neurite outgrowth on parallel gradients, which
starts to address the question of the mechanism of cellular response and neurite outgrowth

to these multimolecular gradients.

Future directions for this project include studying the effects of different molecular gradients
and combinations of molecular gradients. Of particular interest would be the optimization
of gradient parameters of both substrate bound factors such as the extracellular matrix
molecules studied here in combination with concentration gradients of soluble growth factors
or chemotropic factors such as nerve growth factor (NGF'), brain derived neurotrophic factors
or other neurotrophins. These molecules act on neurons through different signal transduction
pathways and investigation of the intersection of these pathways may provide more insight

into the optimal microenvironments for neurite growth.

Another objective of this thesis was to study the influence of mechanical and physical cues
in 3D on neuron gene expression and morphology. Microarray analysis showed that for SH-
SY5Y neuroblastoma cells, RNA and protein metabolism were upregulated in 3D cultures,
and extracellular matrix gene expression was generally downregulated. Genes regulating
the cytoskeleton were differentially regulated with genes important for cell spreading such
as actinin al dependent on dimensionality. Gene expression for neurofilament and the corre-
sponding neurite lengths in 2D versus 3D culture were material-specific, with upregulation of
neurofilament and longer neurites in 3D collagen I cultures, and no change in neurofilament
expression and shorter neurites in 3D Matrigel. Characterization of the biomatrices showed
that collagen I was stiffer and more fibrillar than Matrigel which may have contributed to

these changes.
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Future directions for this project include testing the effect of 3D culture in different bioma-
trices and synthetic matrices with more controllable chemical, mechanical and structural
properties. By precisely controlling specific mechanical and structural features in the mi-
croenvironment, more specific correlations can be made between structural features with

neuronal growth characteristics.

Microgrooves are another geometric feature that can impart directional information to the
growing neurite. When presented in combination with directional molecular cues such as
stripes, they present a very strong guidance cue for both neurons and glial cells such as
Schwann cells (SCs). Appendix C compares adhesion, bridge formation and dynamics of
DRG and SC across micropatterned grooves. For the formation of SC bridges, LN coating
appears to be necessary for the distal anchoring of process on plateaus. Dynamics of the
SC bridging process is also highly variable over a wide timescale, showing a wide range of

inherent motility of SCs that can form SC bridges.

Future directions for studying specific parameters of SC bridging include the inclusion of
other extracellular matrix molecule coatings that may be able to direct SC adhesion and
alignment. Experimental data can also be compared to theoretical models regarding force
generation and bridge formation, with input variables of cell motility, geometry, process

extension and retraction and density of cells.

The results from this thesis will allow for greater understanding of cellular and molecular
mechanisms involved in axon guidance and neuron growth, particularly after injury. These
results contribute to elucidation of mechanisms that underlie axon growth and guidance that
can be applied to translational research. The cues under investigation in this thesis can be
incorporated into a nerve guidance channel construct to enhance regeneration of peripheral
nerves across a large gap, as well as in more complex glial scar models to evaluate growth
potential in the central nervous system. This thesis investigates the growth promoting
potential of several different classes of guidance cues individually and in combination, as it
is widely accepted that no single approach will prove sufficient for successful regeneration

— a methodology combining the most effective individual therapies is required (Harel and
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Strittmatter, 2006; Schwab, 2002).

In specific aim 1, neurite growth responses to specific parameters of molecular concentration,
slope and direction were quantified in vitro. From a basic science perspective, understanding
the specific contributions of two important molecules present in the glial scar in combination
may inform applications in nerve tissue engineering that aim to direct neurites in a partic-
ular direction. From an application perspective, using these optimized parameters in more
complex glial scar models would allow more direct evaluation of the regenerative potential
of externally applying concentration gradients in a post-injury environment. Translational
research that uses anisotropic presentations of molecules in the context of peripheral nerve
repair are discussed in Bellamkonda (Bellamkonda, 2006), where distribution of permissive
factors such as substrates (hydrogels/fibers), extracellular matrix (ECM) proteins or pep-
tides (LN), trophic factors (NGF), and glial cells were identified as essential components of
grafts. The specific parameters identified in specific aim 1 would suggest optimal ranges and

presentations of these essential components.

In specific aim 2, global changes in gene expression and morphology in response to dimension
were quantitatively assessed. From a basic science perspective, we have identified several
hundreds of genes that were up or down regulated simply by the change in the dimension
of culture conditions. These genes can be further investigated to address the question of
how 2D in vitro studies may relate to 3D in vivo studies. In wvitro studies in 2D offer the
advantage of simplicity in experimental design, operation and analysis, but parallels cannot
be drawn directly. By identifying and understanding the specific differences between 2D
and 3D on a global scale, better platforms using tissue engineered approaches in 2D and
3D can be developed for the study of axon growth and guidance. From an application
perspective, all in vivo experiments are by necessity in 3D, but understanding the specific
effects of 2D versus 3D on neurons may allow for the design of substrates that exploit the
permissiveness of both types of geometry by distributing 2D-like substrates/surfaces in 3D

space, as suggested by Bellamkonda (Bellamkonda, 2006).

In specific aim 3, molecular and topographical cues were able to affect cellular bridging.
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From an axon guidance perspective, cellular bridging appears to be a side effect of contact
guidance, where a subset of cells does not extend in the direction of the longitudinal axis
of grooves, but rather perpendicular it. From a basic science perspective, characterization
of the cellular bridges and their associated cell functions such as process extension, cellular
motility and force generation allows us to understand how this process occurs. From an
application perspective, spinal cord lesions have shown cysts and scars (Schwab, 2002) and
bridging may be useful to span areas of cysts, as there is no underlying support available

for cellular growth in those injured areas.

The studies described in this thesis have quantified cellular responses to specific extracel-
lular guidance cues. This information can be used both to add to the body of knowledge
of how axons grow and make growth decisions, both in development and after and injury,
and also applied to translational research as more precise methods of presenting guidance
cues become available. More generally, future directions for studying the specific effects
of protein gradients on neurite outgrowth include the investigation of focal adhesions to
specific ligands on the single cell level. Quantitative information on the spatial and tempo-
ral interactions of specific receptors on the cell surface with the molecules presented, and
intracellular organization would elucidate the mechanisms by which gradient sensing oc-
curred. The investigation of ligand-target patterns such as integrin clustering and activity
and organization of cytoskeletal elements such as actin or microtubules and the activity
of key signaling molecules such as Rho kinase would provide more detailed information on
how neurons respond to these molecular cues. By understanding the specific roles of these
intracellular signaling elements, we can begin to build a model of how a cell responds to a
complex environment such as the in vivo environment. Currently the studies in this thesis
contribute to the body of basic science knowledge regarding axon growth and guidance. Fu-
ture studies with a goal towards informing translational research using similar presentations
of guidance cues in more complex injury models can provide quantitive information to the

problem of nerve regeneration.
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ABSTRACT

Tissue engineering provides a valuable tool for in vitro investigation of complex ir vivo environments.
A particular application of tissue-engineered in vifro platforms in neuroscience and regenerative medicine
is the fabrication of controlled microenvironments for the study of axon guidance, with the goal of in-
forming strategies to overcome nerve injury. The innovative design of tissue-engineered scaffolds that
incorporate multiple guidance cues and cell types into various environments is advancing the under-
standing of how neurons integrate guidance information to make growth decisions. This review focuses on
recent strategies that present neurons with multiple cues with micro- and nanoscale resolution in order to
study the interactions between neurons and their local environment during axon guidance.

INTRODUCTION

XON GUIDANCE HAS BEEN a topic of study in neuroscience
for many decades in developmental neurobiology and
in nerve regeneration, and many cues have been identified
that influence axon pathfinding. A number of these guidance
cues are soluble factors such as ephrins, netrins, and sema-
phorins.'~ Other categories of guidance cues include bound
factors that guide through neuron—-matrix interactions,”™ to-
pographical cues that influence nerve growth through contact
guidance,](HS and electrical cues that affect the rate and di-
rection of nerve growth.'™'® Experimental research using
traditional biological techniques has provided valuable in-
formation regarding the neuronal response to individual
guidance cues. However, the local environment that growing
nerves face is inherently complex and contains a rich mixture
of cues whose collective influence on growing nerves is not
completely understood. Biomedical engineers and neurosci-
entists have employed tissue engineering techniques to model
the complex in vivo environment of the nervous system as
a means of isolating and studying the specific interactions
between these cues and the neurons on which they act.
Historically, tissue engineering strategies have been used
in efforts to develop therapies for peripheral nerve and spi-
nal cord injury, combining biomaterials, cell therapy, and
drug delivery approaches.]g’23 Strategies for nervous system

repair include preventing cell death by delivering anti-
inflammatory agents and neuroprotective agents and pro-
moting axonal growth to appropriate targets. The intrinsic
growth capacity of cells and the extracellular environment
contribute to the capability of axon regeneration. Manip-
ulating the cells’ local microenvironment has been a partic-
ular focus of much research, from nerve grafts to engineered
constructs. Regenerative repair in the peripheral nervous
system (PNS) is thought to be possible because of the
presence of growth-promoting cues provided by supportive
glia(i.e., Schwann cells; SCs), macrophages, and monocytes.
More serious injuries to the PNS require surgical interven-
tion, most commonly autologous nerve grafts (reviewed
in?*?%). The central nervous system (CNS) has much poorer
regenerative capacity because of the inhibitory post-injury
environment composed of degenerating myelin and the glial
scar, formed by hypertrophic reactive astrocytes. Similar
transplantation strategies for CNS injuries using embryonic
spinal cord?® or peripheral nerve tissue have met with lim-
ited success (reviewed in 27). The conventional paradigm of
tissue engineering, in which cells and scaffold materials are
combined to replace or regenerate diseased or injured tissue,
initially seemed particularly applicable to the problems of
nerve injury. However, it has been found that success-
ful nerve regeneration with complex, precise connections
requires more than the substitution of engineered tissue for
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injured tissue. A consensus has emerged that it will ulti-
mately require the coordinated presentation of multiple
permissive signals to be incorporated into tissue-engineered
biomaterial platforms designed to promote regrowth.

Hence, understanding the mechanisms underlying axon
guidance by multiple cues is a critical aspect of nerve re-
generation and one that can best be addressed using tissue
engineering approaches. Evans®® has reviewed the strategies
for traditional tissue-engineered constructs for nerve repair
according to component: scaffolds, support cells, growth
factors, and extracellular matrix (ECM). Scaffolds are
biomaterials-based and can be biological or synthetic.?’
Support cells include glial cells of the CNS and PNS, neural
progenitor cells (NPCs), and cells genetically modified to
secrete growth-promoting molecules.’*3? Growth factors
can improve neuronal viability and increase neurite initia-
tion and outgrowth. ECM can increase cellular adhesion,
migration, and neurite initiation and extension. Incorpora-
tion of these permissive molecules is one way of promoting
axogenesis and neurite growth.

In 1993, Langer and Vacanti described tissue engineering
as “an interdisciplinary field that applies the principles of
engineering and life sciences toward the development of bi-
ological substitutes that restore, maintain, or improve tissue
function or a whole organ.”* More recently, MacArthur and
Oreffo defined tissue engineering as “‘understanding the prin-
ciples of tissue growth, and applying this to produce func-
tional replacement tissue for clinical use.”>* Here we employ
both these descriptions in combination to provide the context
for this review.

Tissue engineering approaches can be used to create more
in vivo-like platforms for studies of axon guidance, because
they allow the generation of precisely controlled microenvi-
ronments that mimic specific features of the local in vivo
environment. These platforms can incorporate 3 dimensions,
cocultures of different cell types, and defined presentation
of molecules to enable the study of key neuronal functions.
One particular advantage of tissue-engineered platforms of
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neural microenvironments is that they can present several
types of cues in a synergistic or a competitive manner to
elucidate their relative importance (Fig. 1). This article will
review studies from the past 5 years that employ tissue-
engineering approaches to advance the understanding of the
effects of the local microenvironment on axon guidance.
(See Table 1 for overview.)

PRESENTATION OF MOLECULAR CUES
AS GRADIENTS AND MICROPATTERNS

Axon guidance by concentration gradients of soluble
guidance cues has been studied extensively in vitro. Trophic
factors such as nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), insulin-like growth factor
(IGF-1, IGF-2), and fibroblast growth factor (FGF) have
been found to elicit turning of growth cones toward the
molecule of interest.”>~” Gene therapy experiments using
lentiviral vectors expressing NT-3°® have shown that greater
growth through and beyond the inhibitory glial scar region is
achievable, but longer distance growth was not obtainable
with the trophic stimulus alone, because the presence of a
continuing growth factor gradient beyond the lesion did not
stimulate growth into those areas. The complexity of the
local post-injury CNS environment has motivated the de-
velopment of in vitro models of the glial scar, which have
largely focused on patterning the chemical cues present,
particularly permissive laminins (LNs) and inhibitory chon-
droitin sulfate proteoglycans (CSPGs>**%). More recently,
neurite outgrowth assays have also incorporated peptides
that correspond to locations of cell-binding sites on permis-
sive extracellular molecules such as LN or fibronectin (FN).
These key peptides include arg-gly-asp (RGD),*' ile-lys-
val-ala-val IKVAV),*? and tyr-ile-gly-ser-arg (YIGSR),#*
which have been shown to mediate cell attachment,
spreading, migration, and neurite outgrowth; they have been
incorporated into assays evaluating the effect of molecular

Tissue Engineered Platfarm for foon Guidance
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FIG. 1. Types of guidance cues incorporated into in vitro tissue-engineered platforms to investigate axon guidance and growth.

171



TISSUE-ENGINEERED PLATFORMS OF AXON GUIDANCE

35

TABLE 1. OVERVIEW OF AXON GUIDANCE CUES
Cue Cellular response Reference
Molecular gradients
CSPG Growth towards [CSPG] [49]
EphrinAS Growth towards low [EphrinA5] [48]
IKVAV Growth towards high [IKVAV] [71
LN Growth towards high [LN] [8], [49], [98]
Molecular micropatterns
Fibronectin Neurite attachment dependent on stripe width [54]
LN Neurite extension on micropatterns only [52], [59]
Electrical cues
Endogenous Migration, differentiation, wound healing, neurite [60], [61]
extension
Direct current Increase branching, growth rate [17], [66]
Synchronize firing, induce polarity [62], [63]
Astrocyte alignment [76]
Pulsed electromagnetic field Enhanced differentiation of PC12, inhibited [67], [68]
neurite extension
Combined electrical and molecular cues
Electrical stimulation with NGF Longer neurite growth on substrates with pPy [56]
and NGF than pPy alone
Structural and mechanical cues
Agarose Synergy between NT-3 and NGF [94]
GRGDS channels preferred [58]
Collagen Longer neurites in 3D [86]
Increased neurite length and interfiber diameter [85], [93]
on soft substrates
Matrigel Longer neurites in 2D [86]
Induced axogenesis [92]
Polyacrylamide Longer neurites formed on stiffer substrates [103]
Topographical cues
Microchannels Neurites directed along grooves [10]
Microchannels with NGF Longest neurites observed with combined NGF [106]
and topography
Neuritogenesis with sub-optimal [NGF] reduced [107]
on nanogrooves
Microchannels with pLL Neurites extended only where pLL was present [109]
Microgrooves coated with LN Neurite alignment and “bridging” [13]
SC topography Neurite growth along SC topography pattern [126]
Cellular cues
Aligned astrocytes Astrocyte monolayer directed progenitor cell [122]
growth
Aligned OEC/ONF Neurites oriented and grew in the direction of [124]
glial cell culture
Aligned SC DRG neurites aligned to SC monolayer [31]
Nerve guidance channels
Alginate gels More myelinated axons and SC migration in vivo [143]
Collagen Gel contraction, uniaxial alignment of collagen [84]

Ethylene vinyl acetate with NGF or GDNF

Fibrin gels with NT-3
PLA, PLGA

fibrils in vitro
Increase in myelinated axons in gels with RGD
in vivo
Nerve cables, myelinated axons, motoneurons,
and DRG neurons supported in vivo
Cellular infiltration after 9 days in vivo
Stimulate DRG neurite outgrowth in vitro
Cellular infiltration observed after 13 days in vivo

[84], [140], [143]
[135]
[38, 143]

[137]
[148]
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cues on axon guidance, the results of which will be described
in a later section.

Bellamkonda*® has discussed the concept of anisotropy in
structural and molecular contexts of scaffold design, where
anisotropy may facilitate faster and more robust regenera-
tion by exploiting the sensitivity of the growth cone to elicit
directional growth. For molecular cues, anisotropy translates
to concentration gradients across the dimensions of a growth
cone. Concentration gradients of soluble neurotrophic fac-
tors have been widely studied because they can be easily
generated through diffusion,*® and they have been shown
to contribute to the process of chemotaxis. Concentration
gradients of substrate-bound molecules have also been
generated using techniques such as micropatterning,47 mi-
crofluidics, and self-assembly of monolayers to covalently
bind peptides.”® von Philipsborn et al.** showed guidance of
retinal ganglia growth cones using discontinuous ephrinAS
gradients generated using microcontact printing. Neurite
stop decisions depended on gradient steepness, as well as the
concentration of ephrinAS5 present locally, where a de-
creasing slope and lower ephrinAS concentrations allowed
further growth onto the gradient area. Adams et al.” dem-
onstrated guidance of dorsal root ganglia (DRG) explants
using an increasing concentration gradient generated using
photo-immobilization of the IKVAV peptide. On these
substrates, growth cones were able to turn up a gradient with
a10% to 25% fractional difference in IKVAYV concentration
over 30pum (Fig. 2). Li er al.** have shown changes in
neuronal response over a larger range of fractional concen-
tration difference; a 4% fractional difference in LN con-
centration over 25um resulted in fewer DRG neurites
oriented toward higher LN concentration, whereas a 100%
fractional concentration change over 25 pm resulted in more
neurites oriented toward the higher LN concentration. Multi-
molecular opposing gradients fabricated to present high
concentrations of LN intermixed with low concentrations of
CSPG were able to direct DRG neurite orientation in a
similar manner as single-cue LN gradients, guiding neurite
outgrowth in the direction of higher LN and lower CSPG
concentrations.

Many studies have used microfabrication techniques to
provide patterns of molecular cues to direct neuronal growth
and cell adhesion.*”**>! Neurons from rat brain stem and
cortices preferentially adhered to regions coated with permis-
sive guidance cues such as LN, and neurite outgrowth fol-
lowed the micropatterned tracks.”>>* Cellular adhesion and
neurite extension onto underlying line- or grid-patterned
microcontact-printed substrates have been observed in dis-
sociated neurons®® and brain slices.>* Optimal dimensions of
nodes for neuronal adhesion for cells were found to be in the
range of 14 to 20 um.>> DRG neurite attachment was found to
be dependent on FN stripe width, with a minimum width of
approximately 30 pm required for cell attachment and neurite
extension.>® To direct neurite growth to specific patterns of
the substrate, several micropatterning techniques have been
used, including “inking” elastomeric stamps and using ad-
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FIG. 2. Growth cones respond to immobilized gradients of ile-
lys-val-ala-val (IKVAV) peptides. Greater neurite outgrowth occurs
toward the regions of higher concentration of immobilized IKVAV
peptide. Wedge indicates direction of concentration gradient. Phase
contrast image shown on top; inverted grayscale image of phal-
loidin labeled f-actin shown in bottom panel. Scale bar = 50 pm.
Figure from Adams et al.,7 Journal of Neurobiology, Vol. 62, No. 1,
2005, pp. 134-147. Copyright (2004, Wiley Periodicals). Reprinted
with permission of John Wiley & Sons, Inc.

sorption to transfer patterns,” covalent binding of “inked”
elastomeric stamps using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry,
photoimmobilization of molecules using polyallylamine con-
jugation to N-4-(azidobenzoyloxy)succinimide) (PAA-azido
chemistry),”®® and other methods of protein immobiliza-
tion using commercially available heterobifunctional cross-
linkers.* Song et al. used photolithography and EDC/NHS
chemistry to micropattern poly-L-lysine (pLL) and LN on
regions of conductive polypyrrole (pPy). Hippocampal neu-
rons adhered to and extended neurites only on the pattern of
pLL or LN, demonstrating a method for fabricating micro-
patterns of molecular guidance cues in combination with
conductive polymers®* (Fig. 3). Micropatterned cues allow
highly controlled directional guidance of neuronal adhesion
and axonal growth.

The use of anisotropy in presenting chemical cues through
gradients or stripes to provide directional bias has been lar-
gely successful in vitro. Recent advances in microfabrication
techniques in microfluidics and microcontact printing have
increased our capacity to present directional information on a
biologically relevant scale. Optimal dimensions of features
range from tens to hundreds of microns®>>> and can be used
in combination with other types of guidance cues for synergy
in a more complex microenvironment.
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FIG. 3. Dorsal root ganglia neurons follow micropatterns of poly-L-lysine-laminin immobilized on polyglutamic acid—doped poly-
pyrrole network at nodes (A) and on channels (B). Neurites stained positive for GAP-43 (green fluorescence). Cell nuclei were labeled
with 4’,6-diamidino-2-phenylindole (blue fluorescence). Neurons preferentially adhere and neurites preferentially extend on micro-
patterns. Figure reprinted from Biomaterials, Vol. 27, No. 3, Song et al. Micropatterns of positive guidance cues anchored to polypyrrole
doped with polyglutamic acid: A new platform for characterizing neurite extension in complex environments, pp. 473-484. Copyright
(2005), with permission from Elsevier.”® Color images available online at www.liebertpub.com/ten.

PRESENTATION OF ELECTRICAL CUES

Endogenous electric fields in the form of voltage gradients
have been observed to polarize the nervous system along the
rostral—caudal axis during development (5-18 mV/mm)®°
and direct nerve growth and accelerate wound healing in the
rat cornea (440 mV/0.5 mm).°! Steady direct-current elec-
tric fields applied in vitro in solution (<40 mV/mm) have
been shown to synchronize neuronal firing patterns in hip-
pocampal slices;®* induce polarization of pyramidal neu-
rons;® and affect neurite orientation, branching, and growth
rate of Xenopus neurons in vitro."” Firing patterns in neu-
ronal networks have been shown to respond to weaker
electric fields (140 pV/mm rms, 295 uV/mm peak ampli-
tude) than single neurons (185pV/mm rms, 394 pV/mm
peak amplitude).®> Hence, electrical stimulation is thought
to have a significant effect on neurite differentiation and
extension. Parameters for optimization include frequency,
orientation, flux density, and wave form (direct current or
pulsed electromagnetic field).

Initial studies investigating the effect of electrical stimu-
lation on neurons were performed on Xenopus neurons ex-
posed to a steady direct current field. Extracellular electric
fields (0.1-10 V/cm) applied in solution reversibly influenced

the direction of neurite growth and increased neurite initia-
tion and length in Xenopus.'” Primary cell types such as
embryonic chick DRGs were also used to assess the effects
of electric fields; neurites grew faster, turned, and branched
preferentially towards the cathode (25 V/m, 10 min dura-
lion).64 PC12 cells, a culture line derived from a rat adrenal
medulla pheochromocytoma, are widely used as a model
system for neuronal differentiation and studying the mech-
anism of action of NGF,® particularly in studies of electrical
stimulation. PC12 cells and their subline PC6 cells respond
to NGF by shifting from a chromaffin cell-like phenotype to
a neurite-bearing sympathetic neuron-like phenotype in a
highly regular and dose-dependent manner,”® and much re-
search has been conducted to study the effects of electro-
magnetic fields on this particular type of NGF-stimulated
neurite outgrowth of PC12 cells.

Magnetic fields have enhanced neuronal differentiation in
PCI12 cells, whereas they have inhibited neurite growth.
Morgado-Valle er al.®” have shown that low-frequency
magnetic fields (0.7 mT, 2 h/day for 5 days, 60Hz) enhanced
differentiation of PC12 cells to a neuronal phenotype, a
process sensitive to modulation of L-Ca®*" channels by
channel agonists and blockers. Blackman ez al.®® have shown
that a direct action of magnetic fields (100 mT, sinusoidal,
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50 Hz) inhibits NGF-stimulated neurite outgrowth of PC12
cells. Pulsed electromagnetic fields have been found to de-
press DRG neurite growth® (15 A, 20 ps pulse duration, 10—
25Hz) and PC6 cells’’ (0.3 mT, 20 ms pulse duration, 2 Hz)
when cultured with NGF. The degree of pulsation (10-100%
or direct current) had an effect on PC6 neurite initiation and
extension, where low pulse duty (10%) results in a lower
percentage of neurons with longer neurites, and conversely,
direct current does not inhibit neurite initiation, although
neurite lengths are decreased.”’ Varying experimental con-
ditions investigating the effects of magnetic fields on neurite
outgrowth have made direct comparisons across different
studies difficult. Future work to standardize these parame-
ters would allow better comparisons to enable optimization
of these factors.

Molecules present in the environment under electrical
stimulation can affect the cellular response to an applied
electric field.'®"*”® Novel biomaterial platforms have been
developed to study the effects of electrical activity presented
on conducting surfaces in combination with molecular cues.
An applied constant current or constant voltage can enhance
axonal extension in vitro from neurons adhered to substrates
coated with the conductive polymer pPy.'®”> Gomez and
Schmidt®” compared the effects of electrical stimulation on
PC12 cell neurite growth when cultured on pPy alone and on
pPy with NGF. They observed longer neurites on constant
electrically stimulated (100mV, 2h) pPy-NGF substrates,
than on pPy substrates without NGF. Electrical stimulation
can also be incorporated into biomaterial platforms as a tool
for drug delivery to deliver growth factors to promote nerve
growth. Richardson et al. incorporated neurotrophin-3 (NT-3)
in a film of pPy doped with p-toluene sulphonate galvano-
statically grown on gold electrodes. NT-3 was released using
electrical stimulation (1 mA, 100-ps pulse), and neurite out-
growth from auditory neurons (spiral ganglion neuron ex-
plants) was enhanced.”* The development of these tailored
biomaterial platforms allows systematic investigation of
the contributions of different types of cues in the neuronal
environment.

Electric fields have been found to influence the growth of
other cell types. Electrical gradients (> 10mV/mm) direct
neural crest cell migration toward the cathode.” Of interest
for axon guidance is the effect of electrical stimulation on
astrocytes.”® On a cell culture platform that presented
electrical current in solution to multiple culture chambers,
astrocytes aligned after exposure to 1.63mA for 24h.
These substrates were then used to direct DRG neurites,
which will be discussed in a later section.

PRESENTATION OF CUES IN 3 DIMENSIONS

Comparisons of cellular growth in standard 2-dimensional
(2D) monolayer cultures and 3-dimensional (3D) matrix
cultures that more closely resemble in vivo environments
have shown clear phenotypic differences. For example,
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previous studies have revealed differences in cell surface
area, stress fiber distribution, cell migration, focal adhesions,
neurite and growth cone dimensions, and protein and gene
expression. Tissue engineering approaches have allowed the
development of assay formats that include the third dimension
as a controllable and defined parameter and are used to elu-
cidate cell-material interactions between neurons and their
ECM. Three-dimensional matrices that have been explored
include biologically based matrices such as alginate,””~"°
collagen 1,37 Matrigel,”*® and fibrin,**® as well as syn-
thetic polymer-based scaffolds such as poly lactic acid
(PLA),¥*° poly lactic-co-glycolic acid (PLGA), and aga-
rose.”! Studies have characterized 3D matrices with regard to
their chemical and mechanical properties and their ability to
support neuronal growth. Collagen gels have been used
successfully to differentiate neural stem cells®' and NPCs®*
with FGF in the culture medium, and functional synapses
have formed in the cultures.®’ Addition of Matrigel to rat
sympathetic neurons plated on pLL substrates has been shown
to induce rapid axogenesis with corresponding changes in
microtubule organization. Another aspect of differential
regulation of neuronal cell culture in 3D can be reflected in
the global gene expression of neurons. Li et al.®® showed,
using microarray analysis, that differentially regulated genes
between 2D and 3D culture of SH-SYSY neuroblastoma cells
included those involved in cytoskeletal reorganization, ECM,
metabolism, and signaling. Gene expression trends were
maintained over cultures in different matrices (collagen and
Matrigel), but morphological differences in 2D and 3D cul-
tures such as cell spreading and neurite growth appeared to be
material-specific. The stiffer 3D matrix of collagen supported
longer neurites than 2D collagen, whereas in the softer Ma-
trigel, neurons in 3D extended shorter neurites than neurons
in 2D.

Combining 3D environments with molecular guid-
ance cues for neurite outgrowth to study the effects of cues
in a more in vivo-like environment is a logical exten-
sion of neuronal assay formats in 3D. Neurotrophic factors
can be incorporated into 3D cultures by the addition of
growth factors to culture medium®? or in a more con-
trolled manner by covalent linkages between the growth
factor and the matrix.’®**">> Steepness of NGF gradients
was found to attract DRG*® and PC12%° neurite growth
up the concentration gradient on collagen gels46 and
poly(2-hydroxyethylmethacrylate),” respectively. Cao and
Shoichet”™ observed a synergistic effect on DRG outgrowth
with NGF and NT-3 presented in 3D agarose. When NT-3
was applied individually, there was no directional growth.
When the 2 growth factors were applied together, the guid-
ance range of neurites toward higher concentrations of
NGF and NT-3 exceeded the guidance range of an NGF
gradient alone. Deister and Schmidt®? adapted a DRG ex-
plant assay in a shallow collagen gel to study the combina-
tions of neurotrophic factors in culture. After adding NGF,
glial-derived neurotrophic factor (GDNF), and ciliary neuro-
trophic factor (CNTF) individually and in combination,
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total neurite outgrowth and length were evaluated. The
combination of 3 factors led to greater neurite outgrowth
and length than in cultures containing individual factors at
the optimal concentration, implying that interactions be-
tween neurotrophic factors can increase neuronal respon-
siveness in 3D.

Incorporation of ECM molecules in a 3D matrix has
also been investigated.”"**” Neuroblastoma cells showed
greater cell adhesion on alginate gels that were coated with
LN or covalently linked to YIGSR peptide and greater
neurite number and length on YIGSR peptide-linked gels in
a ligand density-dependent manner.”® Luo and Shoichet®®
have demonstrated that DRG neurites will grow preferen-
tially in channels modified to present GRGDS peptide in a
3D agarose gel. Dodla and Bellamkonda®! have shown that
concentration gradients of photo-immobilized LN-1 in 3D
agarose gels can direct DRG neurite growth in the direction
of higher LN-1 concentration. Furthermore, gels presenting
concentration gradients of LN-1 promote faster neurite ex-
tension than gels presenting isotropic LN-1 concentrations,
which implies that patterning of chemical cues may be a
separate parameter to be optimized within the complexity of
the 3D environment (Fig. 4). Embryonic cortical neurons
have been challenged with choices between competing
growth options of poly-D-lysine (PDL), 3D Matrigel, and
microtopography. When presented with 2D PDL-adsorbed
surfaces and an intermediate layer of 3D-gelled Matrigel,
neurons appeared to prefer PDL-coated 2D surfaces. When
presented with 2D PDL-adsorbed surfaces, 3D Matrigel, and
grooved topography (3.5-15 pm), neurites preferred to ex-
tend into the 3D gel layer of Matrigel rather than along PDL
surfaces (walls and grooves) of the topographical substrates,
differing from the result of neurite turning into grooves in
the absence of Matrigel. Growth cones therefore make
growth decisions that balance permissiveness and obstacles
in topography and 3D architecture, resulting in directional
growth to minimize turning while remaining on the most
permissive substrate available.”®

The progression of tissue-engineering platforms from 2D
to 3D has been widely noted. The capacity to integrate
guidance cues of interest in a specific and controlled manner
has enabled researchers to add a layer of complexity to
in vitro systems for axon guidance to more closely mimic the
local in vivo environment while maintaining the ability for
quantitative analysis.

PRESENTATION OF MATERIAL
AND PHYSICAL CUES

Physical and mechanical cues such as stiffness have been
known to affect a multitude of cell functions such as ad-
hesion, proliferation, migration, differentiation, and mor-
phology. Durotaxis has been observed in many cell types,
including neurons.” Neurite extension during development
and after an injury requires mechanical interactions be-

tween growth cone and substrate. Parameters that have
been shown to influence DRG neurite extension include
substrate mechanical properties,'® ligand concentration,'®"
and geometry. Mechanical effects appear to be highly de-
pendent on cell type and the range of moduli presented.
Leach er al.'® tested the NGF-dependent response of PC-
12 cells on polyacrylamide substrates with varying stiff-
ness, and by controlling the amount of FN present, kept the
adhesive ligand concentration constant over the samples
tested. The range of substrate stiffness tested (7-19 kPa)
spanned the physiological range as well as “very soft” and
“very stiff ” substrates. A threshold response was observed
in which the softest substrates supported fewer and shorter
neurites but above a threshold of approximately 100 Pa,
longer and more branched neurites were observed regardless
of increasing shear modulus of the substrate. Willits and
Skornia® studied the effects of mechanical stiffness on chick
DRG neurons. By varying the concentration of collagen used
to gel the matrix, varying stiffnesses (2.2-17 Pa) were gen-
erated. After 4 days in culture, softer matrices resulted in
longer neurite lengths. In this experimental setup, it is in-
teresting to note that an increase in interfiber diameter cor-
responds to a decrease in mechanical stiffness and collagen
concentration, a geometric constraint that may contribute to
the observed cellular response. Analysis and modeling sug-
gested complex non-linear cell-material interactions.
Mechanical stiffness has been found to influence other
cell types, including astrocytes.'”® On soft gels of poly-
acrylamide with a shear modulus of 200 Pa, suppression of
astrocyte growth has been observed in monoculture and
coculture experiments, with low attachment and spreading
and disorganized F-actin. This behavior is in contrast to the
growth of cortical neurons on the same soft substrates tested;
coculture experiments show a significantly higher propor-
tion of cortical neurons than astrocytes on the soft than on
the hard (9 kPa shear modulus) substrates.'*® These studies
point toward the development of materials tailored to sup-
port specific cell populations within the nervous system.

PRESENTATION OF TOPOGRAPHICAL CUES

A number of studies have drawn attention to the fact that
interactions with a 3D extracellular microenvironment in-
fluence neuronal growth. Topographical cues influence nerve
growth and regeneration using contact guidance and can be
combined with adhesion molecules that also play a role in
contact guidance. Neurons have the capacity to respond to
topographical features in their microenvironments, and they
have been shown to adhere, migrate, and orient their axons
to navigate surface features such as grooves in substrates in
the micro- and nanoscales. Using microfabrication tech-
niques such as photolithography and soft lithography, to-
pographic guidance of neurite outgrowth has been explored
in vitro with culture substrates that contain well-defined
micropatterned features. Mahoney ez al.' studied the effects
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FIG. 4. Combination of 3-dimensional matrix with chemical cues: Anisotropy of laminin (LN) presentation in agarose gels can direct
neurite outgrowth to regions of higher LN. Arrow indicates higher LN concentration. (A) Neurite outgrowth in unmodified agarose gel.
(B-D) Neurite outgrowth in gels containing increasing steepness of LN concentration (0.017, 0.051, 0.121 pg/mL per mm respectively).
Scale bar = 100 pm. Figure from Dodla and Bellamkonda,”! Journal of Biomedical Materials Research Part A, Vol. 78A, No. 2, 2006,
pp. 213-221, Copyright (2006, Wiley Periodicals, Inc). Reprinted with permission of John Wiley & Sons, Inc.

of microchannels of 20 to 60 pm in width and 11 pm in depth
on PC12 cell cultures. Neurites were directed along the axis
of the grooves, with microchannels of 20 to 30 um being
most effective at neurite direction. Polypropylene filaments
have been found to direct DRG neurites and SCs from DRG
explants along the long axis of the filaments tested with an
optimal filament diameter of 5 pm. The addition of FN and
LN coatings on the filaments led to greater maximal neurite
lengths than with uncoated controls and resulted in neurite
outgrowth that preceded migrating SCs.'®*

Combinations of defined topographical and molecular
cues revealed synergies between cues. Gomez er al.'®
studied the combined effects of NGF and microtopography
of microchannels on axon initiation, polarization and elon-
gation of hippocampal neurons. When presented with mi-
crochannel substrates of 1- to 2-pum widths and 400- to 800-
pm depths containing immobilized NGF on the surface,
hippocampal neurons responded to the combination of
molecular and topographical stimulation with the longest
neurites. The observations that topography had a stronger
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effect on polarization but no effect on elongation suggested
that both cues are required for maximal neurite growth.””!*°
Foley et al."® observed that topographic feature size mod-
ulated neuritogenesis of PC12 cells cultured with sub-
optimal concentrations of NGF in media, with greater
neuritogenesis when cells were cultured on ridges of 70 and
250nm than on wider ridges (400-1900nm) and flat sur-
faces. Synergy between topography and adsorbed ECM
molecules of LN also promoted neurite alignment and out-
growth onto microgrooves.'”” DRGs cultured on substrates
with groove depths of greater than 3 pm and groove widths
of 10 um in combination with 200 pg/mL of LN showed
maximal neurite outgrowth and alignment of up to 95%.
Zhang et al. 108 developed a hybrid template that combines
topographical and molecular cues with channels 5 pm deep
and 20 to 40 pm wide connecting to nodes of 50- to 100-um
widths and pLL to achieve geometric control over neurite
connections for the application of microelectronic circuits.

Hippocampal neurites extended on pLL tracks and avoided
regions where no pLL was present. Studies such as these
facilitate the investigation of hierarchies and synergies
between cues.

Topographical cues have also generated unexpected
neurite morphologies. Goldner et al." have observed the
phenomenon of neurite “bridging,” in which a subset of
DRG neurites can span grooves coated with LN varying
from 30 to 200 pm wide and 50 pm deep with no underlying
support (Fig. 5). Several cell types, including hippocampal
neurons, rat B104 neuroblastoma cells, and SCs, were all
shown to exhibit the bridging morphology. Neurites were
observed to climb up the groove walls to generate such
bridges, suggesting complex cell dynamics in response to
micro-topography.

Nanotopography to promote cell growth has been a
subject of interest for many biological applications and
for axon guidance in particular. Nanotopography has been

FIG. 5. Dorsal root ganglia neurites show unusual “‘bridging” morphology (arrows) over microgrooves 50 um deep. (A, C) Phase contrast
images at plateau and groove level, respectively. (B, D) Immunostained anti-neurofilament fluorescent images at plateau and groove level
respectively. Scale bar = 50 pm. Figure reprinted from Biomaterials, Vol. 27, No. 3, Goldner et al. Neurite bridging across micropatterned
grooves, pp. 460—472. Copyright (2005), with permission from Elsevier.'* Color images available online at www.liebertpub.com/ten.
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presented to cells in vitro via nanoscale etches into silicon
wafers, %0 nanofibers on the surfaces of scaffolds,''"!'?
and carbon nanotubes (CNTs) on flat surfaces.!'>''®
Methods of fabrication have been reviewed in Norman and
Desai,'!” including a list of ordered versus unordered na-
notopographies that can be generated using methods such
as chemical etching with hydrofluoric acid to generate
unordered nanoscale grooves and more controllable elec-
trospinning with well-studied polymeric materials such as
PLA and PLGA, which may be aligned or unaligned.

Neuronal adhesion and viability on nanotopography have
been most widely studied, and results vary depending on the
type of nanoscale substrate presented. Chemical etching of
silicon wafers found an optimal surface nano-roughness of 20
to 50 nm to be the most permissive for attachment of primary
neurons isolated from the substantia nigra.mg Electrospun
polyamide nanofibers with a median diameter of 180 nm
supported neuronal growth, and covalently linked tenascin-
C—derived peptides increased the neurite outgrowth of a
number of CNS primary neurons, including cerebellar
granule, cerebral cortical, hippocampal, motor, and DRG
neurons, indicating that nanotopography may act synergis-
tically with molecular cues to promote neurite growth.''!
Nanofibrillar meshes presenting IKVAV peptides have also
been fabricated using self assembly of amphiphilic peptides
around cells in culture medium. These IKVAV-linked na-
nofibers differentiated NPCs more rapidly than the addition
of soluble IKVAV peptide or LN''® (Fig. 6). Cellular re-
sponses to substrates presenting CNTs have been evaluated;
hippocampal cells have been stimulated using CNT micro-
electrodes,''® PC12 neurite formation has been supported
by 2% CNT containing polycarbonate urethane,''> and
astrocytes have been shown to have poorer adhesion to CNT—
polycarbonate urethane substrates and lower alkaline
phosphatase production on low-surface-energy nanophase
fibers.'!® Using nanoscale fabrication methods, it will be
exciting to generate biomaterial platforms that study combi-
nations of nanoscale guidance cues with other important cues
such as electrical stimulation and molecular cues.

Neurons have the capacity to respond to topographical
features in their microenvironments, and grooves have been a
widely studied geometry. The progression of guidance cues
from micro- to nanoscale resolution has shown that the
guidance range encompasses both length scales and can af-
fect cell functions from cell differentiation of NPCs to neurite
morphology such as orientation, direction, and length.

PRESENTATION OF ALIGNMENT
INFORMATION BY CELLS

Cocultures of neurons and glial cells have been investi-
gated using primary cells and cell lines to study the influence
of nonneuronal cells on axon guidance. Glial cells have been
observed to bridge lesions and promote axon growth after
injury in models of nerve damage.**'?° SCs play an essential
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FIG. 6. Nanofibrillar gels presenting ile-lys-val-ala-val (IKVAV
peptide are more effective at inducing differentiation of neural pro-
genitor cells. Differentiated neurons were labeled for B-tubulin (in
green), and differentiated astrocytes (glial cells) were labeled for
Glial fibrillary acidic protein (in orange). (A) No neurite formation
from NPCs encapsulated in an IKVAV incorporated polyacrylamide
gel. (B) Neurite formation from a neural progenitor cell (NPC) neu-
rosphere cultured in a nanofibrillar gel presented with IKVAV on the
surface. Scale bar = 100 um. Figure from Silva et al.,"'® reprinted
from Science, 27 February 2004: Vol. 303, no. 5662, pp. 1352-1355.
Color images available online at www.liebertpub.com/ten.

role in guiding neurites after injury in a transected nerve
model, and the inhibition of SC proliferation and migration
reduced axon growth.* Coculture studies have been per-
formed to assess the effects of cell types present in the glial
scar in vivo, and scar-in-a-dish experiments have explored
injury environments in vitro.3! Recently, these cocultures
have been applied in novel biomaterials systems micro-
fabricated to present cues in a more systematic manner, with
cells from a more permissive environment being cocultured
in an oriented manner or an unoriented manner where no
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underlying directional cue is presented. Thompson and
Buettner'?!' have shown that, in cocultures of SC and DRG
neurons, the underlying glial culture can direct neurite
growth (Fig. 7). When DRG neurons were seeded onto SC
monolayers oriented by microstamped LN stripes, neurites
oriented to the direction of SC alignment.

Cultures of neurons on astrocyte monolayers have shown
that astrocytes can direct neurite outgrowth in the direction of
astrocyte orientation,’® induce neurite turning to the under-

lying direction of astrocytes, and increase neurite length.'*?
Recknor er al.'** cocultured astrocytes with NPCs and ob-
served that confluent, directed astrocyte monolayers can
direct adult rat hippocampal progenitor cells and may con-
tribute to the differentiation process of these neural progen-
itor cells. Deumens er al.'** cultured neonatal cerebral
cortical neurons with olfactory ensheathing cells (OECs),
glial cells thought to be responsible for continuous growth of
peripheral axons in the olfactory system, and their associated

FIG.7. Dorsal root ganglia cultured on aligned underlying Schwann cell (SC) monolayer culture are directed in the orientation of SCs.
Fluorescent images of 4’,6-diamidino-2-phenylindole—stained SCs and neurofilament-stained DRGs on aligned (A, B) and unaligned
(C, D) SC monolayers. Figure from Thompson and Buettner, 2006.3! This figure first appeared in Annals of Biomedical Engineering
Vol. 34, No. 1, 2006, pp. 161-168. Reprinted with permission from the authors. Color images available online at www.liebertpub.com/ten.
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olfactory nerve fibroblasts (ONF) or neonatal astrocytes.
Greater neurite elongation was observed on OEC/ONF cul-
tures than on neonatal astrocyte cultures. OEC/ONF or as-
trocyte monolayers were aligned when cultured on aligned
porous poly(D,L) lactide scaffolds. Cortical neurites were
oriented in the direction of the underlying aligned OEC/ONF
or astrocyte culture.

Neuron—glial interactions have been observed because
glial cells are supportive cells in the CNS that can contribute
to the modulation of neuronal responses to their environ-
ment. By including these cells in neuronal cultures that focus
on guiding neurons and their extensions, a more complex
mixture of cues can be presented in a time-dependent and
feedback-dependent manner, which is much more similar to
interactions in vivo.

PRESENTATION OF CELLULAR
TOPOGRAPHY IN THE ABSENCE OF CELLS

Cells present a complex and dynamic set of cues that
include their topography and their ability to produce per-
missive and inhibitory molecules. To understand how these
cues affect neurons, it is useful to isolate the individual
complex effects of neighboring cells. Until now, the diffi-
culty in reproducing the complex shapes of cells without
including molecular components has left the influence of
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cellular topography largely unexplored. To separate the
contributions of molecular cues from cellular topographical
cues, Bruder ez al.'** have recently developed transparent,
biocompatible poly(dimethyl siloxane) substrates with bio-
mimetic, SC-shaped relief topography. As a result, the
contribution of cellular topography as an independent factor
in cocultures and, in particular, the role of SC topography in
axon guidance can be studied. Neurites have been found to
respond to SC topography by following the underlying di-
rection of SC alignment (Fig. 8).'*> This micromolding
method can be extended to any cell type of interest, and
polymeric templates of directed astrocyte monolayers have
also been fabricated. In our laboratory, we have recently
found that micromolded polymeric replicas of aligned as-
trocytes can direct DRG neurite growth to the orientation
of astrocyte replicas.

NERVE GUIDANCE CHANNELS PRESENT
COMBINATIONS OF CUES TO DIRECT
AXON GROWTH

Nerve guidance channels (NGCs) are biomaterial-based
devices that are designed to be transplanted experimentally
for nerve repair, first studied as a possible alternative to
nerve autografts. NGCs aim to provide a conduit through
which regenerating axons can grow and connect to their

FIG. 8. Schwann cell (SC) replicas guide dorsal root ganglia (DRG) neurites. Phase contrast microscopy and scanning electron
microscopy (SEM) (inset) of fixed SC templates (A) and polymeric replicates (B) of cells cultured at 120,000 cell/mL aligned onto 50-
pm laminin stripes. DRG morphology visualized under phase contrast (C, D) and fluorescent micrographs (E, F) on flat poly-
dimethylsiloxane (C, E) or replicas (D, F) and stained with neurofilament immunocytochemistry (B, E). Scale bars, 200 pm for phase
contrast and fluorescent micrographs and 20 pm for SEM micrographs. Figure reprinted from Bruder et al., Journal of Biomaterials
Science, Polymer Edition, Vol. 18, No. 8, 2007, pp. 967-982, with permission from Koninklijke Brill N.V."*> Color images available

online at www.liebertpub.com/ten.
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appropriate targets (reviewed in **'?*'27)_ NGCs are an
example of a tissue-engineering approach to axon guidance
and nerve repair using cells and scaffolds to regenerate an
injured nerve by incorporating features in the NGC to mimic
the in vivo environment of a nerve autograft. By using in-
formation gained about guidance cues from in vitro studies
as reviewed above, researchers are optimizing the incorpo-
ration of biological factors and generating biomaterials to
present cues that stimulate the regeneration process. These
cues have been incorporated into synthetic nerve grafts with
the potential of increasing nerve growth after injury. NGCs
are typically transplanted and then evaluated in a rat sciatic
nerve model, a well-established in vivo model for peripheral
nerve injury, with a gap distance of 10 to 15mm and di-
ameter of 1 to 2 mm. In this final section, we provide a brief
review of recent advances in NGCs.

Topography of the NGC is a major component of guidance
information. The tube structure itself provides a directional
cue, providing a stronger topographical cue than unaligned
degenerating fascicles that are present at the injury site.'”®
Additional topography on the inner surfaces of the lumen can
be incorporated by alignment of fibers, ! 189129130 mem-
branes,'*! and surface roughness.'*? The curvature of a
substrate has been found to provide relevant guidance in-
formation to growing neurites, where DRG neurites were
found to align in directions of minimal curvature, and to
increase branching on substrate areas with principal maximal
curvature.'*? Microfilaments incorporated in NGCs can also
provide topographical guidance, with PLA microfilament-
containing conduits promoting tissue cable formation
and SC migration in vivo. In 60- to 80-um microfilament-
incorporated poly-(L-lactide-co-DL-lactide), axon growth
was greater toward the distal stump.'’ Higher packing den-
sity of PLA microfilaments has also been found to correlate
with the number of successfully regenerated nerves.® Re-
cently, microfilaments have been combined in NGCs with
molecular cues such as heregulin-B1.'*° Synergism between
heregulin (800ng) and microfilaments (50-100 um) was
shown by more SCs in NGCs in vivo with both cues than
in those presenting each cue separately.

Addition of growth factors to NGCs has been widely stud-
ied to enhance axon growth through the conduit. Controlled-
release approaches have been used to fabricate polymeric
devices that can deliver growth factors to the site of injury
over time."**' Yang er al.'*® fabricated a microporous
conduit of PLGA with single or multiple lumens that in-
corporated NGF in encapsulated and unencapsulated for-
mulations. Bioactive NGF release was measured up to 14
days in single- and multiple-channel NGCs; after subcuta-
neous implantation over 13 days, cellular infiltration was
observed. NGF microspheres of degradable polymers have
also been fabricated into NGCs by loading the microspheres
into silicone or polyphosphoester tubes.'*” Addition of NGF
into NGCs was found to increase nerve fiber diameter and
density at the distal end of the injury site at the 3-month time
point. Fine ef al.'** fabricated synthetic ethylene vinyl ac-

etate copolymer NGCs with NGF or GDNF incorporated
into the walls of the polymers to be released over 6 weeks.
Addition of NGF or GDNF was found to support nerve ca-
bles, myelinated axons, motoneurons, and DRG neurons
in vivo.

ECM molecules and gels can also be incorporated into
NGC:s to provide sites of adhesion, to attract permissive glia,
and to promote axon growth.g‘””’m Alginate, collagen,
and fibrin sponges and gels have been used as materials to fill
the inner volume of NGCs.'*? Hashimoto et al.'** observed
more myelinated axons and more SC migration from the
distal stump into alginate gels than into collagen sponges or
fibrin glues. By incorporating molecular cues, growth can be
enhanced. Rafiuddin Ahmed and Jayakumar' 3 incorporated
RGD peptides into a collagen matrix with a NGC in vivo and
showed more myelinated axons in RGD-incorporated gels
than in collagen controls. SCs proliferated at early stages
after implantation in proximity to RGD peptides. Taylor
et al."* immobilized NT-3 into fibrin gels, thus combining a
biological 3D matrix with trophic factors. Implantation of
NT-3-loaded fibrin gels in an acute spinal cord suction ab-
lation after 9 days showed cellular infiltration into the matrix
and diminished glial fibrillary acidic protein-positive reac-
tive astrocytes.

Combining NGCs with tubular structure, biological or
polymeric matrices (collagen, fibrin, Matrigel, methylcel-
lulose, or channels), and neurotrophic factors (FGF, NT-3)
in a complete spinal cord transection allowed for compari-
son of matrices in NGCs.'*? Although addition of each ma-
trix increased axon density, specific matrices elicited growth
from different subpopulations in the spinal cord. Fibrin pro-
moted growth from reticular neurons, and methylcellulose
promoted growth from vestibular and red nucleus neurons,
thus showing differential effects of matrix composition.

Mechanical properties of NGCs and incorporated matrices
can affect neurite growth. Poly(2-hydroxyethyl methacrylate-
co-methyl methacrylate) (PHEMA-MMA) channels with
varying elastic moduli (177, 311 kPa) showed an increase in
area and width of neural tissue within the stiffer NGCs.'**
In longer-term implantation studies, these PHEMA-MMA
NGCs maintained their structural integrity for up to 8 weeks.
Collapse of NGCs was observed in 29% of samples after 16
weeks, and the collapsed samples had significantly lower
wall area than patent samples. To improve nerve graft
patency, poly(caprolactone) coil-reinforced PHEMA-MMA
tubes were fabricated to obtain NGCs with higher compres-
sive strength, allowing NGCs with mechanical integrity from
low modulus materials.'*

Electrical guidance cues can also be incorporated into
NGCs using pPy.'*® Electrical stimulation applied through
the electrically conductive biodegradable polymers en-
hanced neurite outgrowth in a current-dependent fashion,
promoting myelinated axons and SCs similar to those of the
native sciatic nerve.

Addition of SCs to NGCs provides an additional cellu-
lar guidance cue. Philips er al.®® incorporated SCs and
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fibroblasts into collagen gels, which contracted and resulted
in uniaxial alignment of collagen fibrils. This matrix was
then loaded into silicone tubes for an implantable construct.
Evans er al.'*’ injected SCs into PLA conduits in vivo, and
although axon density after 4 months was lower than that of
isografts, mean sciatic function indices were comparable,
suggesting promotion of functional recovery.

By taking lessons from in vitro studies such as those re-
viewed in this article and incorporating the cues that affect
axon guidance into NGCs in a systematic manner, in vivo
experiments can inform strategies to increase the effective-
ness of nerve regeneration.'*® The biomaterial aspect of
NGCs allows scientists to design and optimize physical
parameters of the tube, including length, diameter, and wall
thickness, which all contribute to the topographical infor-
mation presented to growing neurons. Material properties of
polymers such as permeability, degradability, interior sur-
face morphology, and conductivity can also be modified for
optimal ingrowth of cells and neurite extension. Incorpora-
tion of scaffolds or 3D matrices in the lumen of the NGCs
allows a permissive substrate for cells to grow through, with
appropriate mechanical and chemical cues such as exoge-
nous trophic factors or ECM adhesion molecules dispersed
or patterned within the matrices. Thus far, functional re-
covery over clinically relevant lengths has not been achieved
with synthetic grafts, but these defined microenvironments
allow for the careful study of the processes of axon guidance
in a more controlled manner in vivo.

CONCLUSIONS

Tissue engineering approaches combine biomaterials,
cells, molecules, and cutting-edge micro- and nanofabrica-
tion to develop new scaffolds, platforms, and experiments
for the study of the key parameters in axon guidance. Major
goals for nerve regeneration include prevention of secondary
injury, compensation for demyelination, removal of inhibi-
tors to growth, promotion of axonal growth, direction of
newly growing axons to their proper targets, and replace-
ment of dead cells to regain functional recovery.'*’ These
goals highlight the importance of a multi-factorial approach
to tissue-engineering strategies for axon guidance and nerve
repair. In addition to transplantation, in which nerve
grafts'>*'52 and cellular transplants'**'>* have been widely
studied, strategies include anti-inflammatory and anti-apo-
ptotic treatments (reviewed in '3>'%®), drugs or antibodies
that block the inhibitors of regeneration,'>” growth factors to
promote axon sprouting,®>'*® gene therapy to deliver growth
factors, *®>° (and reviewed in'®%), and transplantation of
stem cells with the potential to differentiate into new cell
populations to replace the injured or dead cells.'®!1%2 One
major approach with these strategies is to employ neural
tissue—engineering principles to replace damaged or de-
generated neural tissue with a matrix containing guidance
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cues including diffusible factors, substrate-bound factors,
electrical gradients, and topographical cues, with the aim of
incorporating these cues into nerve guidance channels to
increase ingrowth and precise reconnection of host neurons.
By using tissue engineering to present and examine multiple
guidance cues in a precise and systematically composed
manner in vitro and in vivo, we can gain critical information
for a deeper understanding of how axon guidance occurs
in vivo.
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Appendix B

Effects of RhoGTPases on Neurite
Outgrowth on Multimolecular

Gradients

The glial scar of hypertrophic astrocytes that form after an injury in the central nervous sys-
tem is well documented to be inhibitory, with several classes of growth inhibitory molecules
that are upregulated, including the family of extracellular matrix molecules known as chon-
droitin sulfate proteoglycans (CSPG) (Fitch and Silver, 1997; Jones et al., 2003; Morgenstern
et al., 2002). Using microfluidic techniques, proteins can be adsorbed on glass substrates in

a manner that mimics the gradient of CSPG found in vivo after spinal cord injury.

CSPG are organized in a crude gradient with the lowest concentrations in the lesion penum-
bra and the highest in the epicenter (Davies et al., 1999; Fitch and Silver, 1997), and
surprisingly, a permissive molecule, laminin (LN) is also present in the microenvironment
after an injury in a graded fashion. To study how gradients of guidance cues are detected and
transduced as neurites navigate complex inhibitory microenvironments, the glial scar was
modeled as two parallel gradients containing LN and CPSG, where higher concentrations of

both cues are present at one edge and decrease towards the opposite edge of a microchannel.
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Previous studies have used models of the glial scar that range from “scar-in-a-dish” coculture
models where injured neurons and glia are excised and cultured on membranes to acellular
models using gradients of LN and a common CSPG, aggrecan. Co-culture models incorpo-
rate the complexity of heterotypic cell cultures that exist after an injury, but are difficult
to control with precise parameters and reproduce. Molecular gradients have been shown
to elicit similar injury morphology, such as dystrophic endbulbs and are much more easily
controllable and reproducible than scar-in-a-dish type experiments. Parallel gradients of LN
and CSPG are therefore good models of the glial scar that have highly tunable features for

the study of neuronal response to the glial scar (Tom et al., 2004).

To further study the effects of cytoskeletal reorganization on neurite outgrowth in these
microenvironments, dorsal root ganglia neurons were cultured on parallel gradients with a
pharmacological inhibitor against Rho kinase (ROCK; Y27632). The Rho family of GTPases
have been shown to play a role in transducing the extracellular CSPG signal to intracellular
cytoskeletal changes and growth cone turning away from the source of CSPG (Jain et al.,

2004; Sandvig et al., 2004).

B.1 Materials and Methods

Microfabrication techniques of photolithography, soft lithography and microfluidic pump-
driven flow were used to generate the adsorbed protein gradients using a gradient mixer de-
scribed in previous chapters (Figure B.1). Briefly, gradient mixer patterns were designed on
AutoCAD and transferred to silicon masters using photolithography. Polydimethyl siloxane
(PDMS) molds bearing the pattern of the gradient mixer were cast using soft lithography.
PDMS molds were then adhered to glass slides after plasma activation, and coated with
Img/mL, MW 30-70kDa poly-L-lysine (pLL). Protein solutions were then delivered to the
inlet ports using pump driven flow and allowed to adsorb onto the pLL coated glass sur-
face. In this study, LN concentrations were varied from 10ug/mL to 50ug/mL and CSPG

concentrations were varied from 1 ug/mL to 5ug/mL. This corresponds with LN slopes
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ranging between -0.04ug/mL/um to -0.2ug/mL/um, and CSPG slopes ranging between -
0.004ug/mL/um and -0.02ug/mL/um.

PDMS mold over the gradient channel was cut off to expose the channel for cell seeding.
Dissociated dorsal root ganglia neurons (DRG) from postnatal day 0-4 rat pups were used
in these experiments. DRG were cultured at 25,000 cells/well over these substrates for 24
hours, then fixed with 2% paraformaldehyde. Cell adhesion in each 50um region across the
channel, neurite length and direction of neurite outgrowth were measured. All samples were

run in duplicate, and data analysis was performed using ANOVA.

For pharmacological treatment against RhoGTPases to study the effects of Rho kinase in
modulating the response to CSPG in parallel double cue gradients, 10uM Y27632 was applied
after 1 hour to DRGs cultured on parallel gradients of LN30CS5/BSA. Image and data

analysis was carried out after 24 hours in culture as described above.

Timelapse microscopy was performed on DRG cultures in LN30CSPG5/BSA substrates with
and without the addition of Y27632. Gradient fabrication was performed as described above,
and cell density was seeded at 100,000 cells/well. Phase-contrast images were taken at 10x.
OpenLab software allowed selection of 5 fields of view along the channel for automated

timelapse imaging at 10 minute intervals over 24 hours.

Data analysis of timelapse images was performed by manually tracking cell bodies and
growth cones (“tips” of the neurites as determined by phase contrast). These coordinates
were then used to determine the distance between cell body and growth cone, as well as the

angle of this vector with respect to the channel. The angle of the vector was determined for
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each time point, and each tracked cell and neurite was divided into four categories based
on their outgrowth angles over time: consistently growing toward higher concentrations
of LN and CSPG (180-359°), consistently growing away from higher concentrations of LN
and CSPG (0-179°), turning toward LN and CSPG, or tuning away from LN and CSPG.
The percentages of cells falling into each category were calculated, and the corresponding
distance data for each of the angle groups was then grouped, averaged and the standard

deviation was taken.

B.2 Results

B.2.1 Varying the slope of LN and CSPG parallel gradients changes the

cellular adhesion patterns over the gradient channel

Cellular adhesion across the channel was evaluated by counting the number of cells in each
50um wide region as described above. Higher inlet concentrations of LN elicited relatively
higher cellular adhesion in regions 1 and 2, corresponding to higher levels of higher LN
and CSPG concentrations. Further, substrates with the highest inlet concentrations of LN
tested (LN50-+CS1/BSA and LN50+CS5/BSA), showed a graded adhesion pattern across
the channel width. Lower concentrations of LN (10, 30ug/mL) applied elicited relatively
higher cellular adhesion in regions 2 and 3, corresponding to moderate LN and CSPG con-

centrations (Figure B.2a).

Lengths of the longest neurites were compared for cultures presenting parallel double cue
gradients of different slopes. Varying inlet concentrations of both LN and CSPG was found
to affect neurite length, as tested using oneway ANOVA. Post-hoc tests using Bonferroni’s
test showed interesting comparisons between the groups tested. When the CSPG inlet con-
centration was held constant at 1ug/mL while LN inlet concentrations were varied between
10 and 50ug/mL, neurite lengths were significantly increased. When the CSPG inlet con-
centration was held constant at 5ug/mL while LN inlet concentrations were varied between

10, 30 and 50ug/mL, neurite lengths were significantly different between the samples.
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Figure B.2: Cellular adhesion (A) and neurite length (B) on parallel gradients with varying
inlet concentrations and slopes of LN and CSPG.
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Cellular adhesion Neurite length
% Contribution p-value % Contribution p-value
LN 12.90 0.098 32.35 0.003
CSPG 62.11 0.009 58.62 0.008
Interaction 13.=6 0.090 not selected N/A

Table B.1: Effect of LN and CSPG slopes on cell adhesion and neurite length.

B.2.2 CSPG slopes presented have a larger effect than LN slopes on

cellular adhesion and neurite length on parallel gradient substrates

Using a 2 level factorial ANOVA design, the relationship between cellular responses (adhe-
sion, mean neurite length) and inlet concentration was modeled. Equation 1 describes the
relationship between LN and CSPG concentration and cell adhesion. Equation 2 describes
the relationship between LN and CSPG concentration and neurite length. The statistical
model showed that CSPG significantly affects cell adhesion and both LN and CSPG signifi-
cantly affect neurite length. The contributions of each input parameter (inlet concentration
of LN and CSPG) to the statistical model were calculated and tested for significance (Table

B.1).

B.2.3 ROCK inhibition alters cell adhesion patterns on parallel LN/CSPG

gradients

Parallel gradients presenting inlet LN concentration of 30ug/mL and inlet CSPG concen-
tration of 5ug/mL show a preference for cells to adhere towards the middle of the channel,
in Region 3, a region that corresponds to an intermediate concentration of both LN and
CSPG. The addition of Y27632 allows more cells to adhere onto the leftmost area of the
channel, Region 1, a region that corresponds with higher concentration of both LN and
CSPG. This suggests that the addition of Y27632 to a culture with moderate levels of both
LN and CSPG will allow cells to attach to LN rich areas that were inhibitory prior to the

addition of the drug (Figure B.3).
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Figure B.3: ROCK inhibition alters cell adhesion patterns on parallel LN/CSPG gradients.
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Figure B.4: ROCK inhibition increases neurite turning on parallel LN /CSPG gradients over
24 hours.

B.2.4 ROCK inhibition increases neurite turning on parallel LN/CSPG

gradients over 24 hours

Timelapse anaylsis of neurite growth on LN30CS5/BSA substrates with the addition of
Y27632 showed a decrease in neurite turning, in either direction (towards and away from
regions of higher LN and CSPG concentrations) compared to the untreated controls (Figure
B.4). On LN30CSPG5/BSA substrates with no Y27632 treatment, 67% of neurites changed

directions over the 24 hour culture period, as compared to 34% on Y27632 treated cultures.

B.3 Discussion

Parallel LN and CSPG gradients of different slope were found to affect both cellular adhesion

and neurite length. The complex environment of the glial scar contains both molecules, and
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their interaction particularly when combined with spatial pattening of the molecule shows
complex cellular responses. Studies in which antibodies to various antigens of laminin were
used on substrates coated with both laminin and CSPG showed that CSPG did not interfere
with the permissive effects of laminin by “masking” laminin (Qiu et al 2000). The mechanism
by which these conflicting cues do interact or interefere with each other as the cell attempts
to interpret them is still unclear. By varying the inlet concentration and slopes of each of
the LN and CSPG gradients in a parallel gradient environment, we can start to investigate
how the molecules may guide cellular adhesion or neurite outgrowth. Cellular adhesion
and neurite outgrowth in this study are both more affected by CSPG inlet concentration
than LN, the most marked result being that at lower concentrations of CSPG applied, LN
gradients elicit selective cellular adhesion to the regions 1 and 2, corresponding to the higher

LN and CSPG concentrations.

ROCK is a down stream effector of Rho, a member of the Rho family of GTPases, which
has been shown to mediate neurite growth inhibition. Specifically, activation of Rho induces
growth cone collapse and neurite retraction. Further, in the glial scar environment, an
increase in Rho activity has been observed after injury. In this study, it was shown that
ROCK inhibition was able to alter cellular adhesion patterns and increase the percentage of
cells adhering to regions presenting higher molecular concentrations of CSPG. This agrees
with results from previous studies which have shown that the inactivation of Rho is sufficient
to stimulate axon regeneration in inhibitory encivironments (Dergham et al., 2002; Madura

et al., 2004).

Dynamic stress fiber polymerization has been observed at the leading edge of growth cones
(Suter and Forscher, 2000), and F-actin turnover is thought to occur rapidly at this leading
edge, on the order of minutes: 3-5 minutes in neuroblastoma cells NG108-15 as visualized
by photoactivation experiments (Mallavarapu and Mitchison, 1999) and up to 10 minutes in
DRG growth cones (Gallo et al., 2002). Inhibiting actin turnover has been observed to cause
growth cone contraction and neurite retraction (due to endogenous actomyosin contractility),
and it has been hypothesized that some inhibitory cues may inhibit neurite extension by

inhibiting actin turnover (Gallo et al., 2002). Hence, the mechanism by which ROCK
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inhibition (thereby Rho) could promote neurite growth was investigated in this study using
timelapse analysis of neurite growth dynamics. As RhoA is an important signaling molecule
that governs the polymerization and depolymerization of these stress fibers in neurites; which
influences neuronal motility and neurite extension, the dynamics of neurons over a 24 hour
time period in culture, observed at 10 minute intervals, reflected the intracellular cytoskeletal
organization. In this study, ROCK inhibition changed neurite extension /retraction dynamics

and neurite turning was increased.

In conclusion, we have developed an in vitro model of the glial scar incorporating LN and
CSPG with tunable gradient slope. LN appears to have a larger effect on cellular adhesion
and neurite extension than CSPG. ROCK appears to play a large role in inhibiting neurite
extension, as the inhibition of ROCK on these substrates resulted in longer neurites. ROCK
appears to elicit these changes through altering neurite extension, retraction and turning,
suggesting that regeneration across the scar may be successful if we can learn how to properly
apply ROCK inhibitors in a directed manner. We now have a better understanding of how
neurites navigate across the post injury environment of a glial scar, as modeled by two key
proteins present in gradient form in vivo. Importantly, our data suggest that LN can play
a large role in promoting cellular adhesion and neurite growth, even in the presence of the

highly upregulated inhibitory molecules in the CSPG family.

B.4 References

Davies SJA, Goucher DR, Doller C, Silver J. Robust Regeneration of Adult Sensory Axons in

Degenerating White Matter of the Adult Rat Spinal Cord. J. Neurosci., 1999; 19: 5810-22.

Dergham P, Ellezam B, Essagian C, Avedissian H, Lubell WD, McKerracher L. Rho signaling

pathway targeted to promote spinal cord repair. J Neurosci, 2002; 22: 6570-7.

Fitch MT, Silver J. Glial cell extracellular matrix: boundaries for axon growth in develop-

ment and regeneration. Cell Tissue Res, 1997; 290: 379-84.



198

Gallo G, Yee HF, Jr., Letourneau PC. Actin turnover is required to prevent axon retraction

driven by endogenous actomyosin contractility. J. Cell Biol., 2002; 158: 1219-28.

Jain A, Brady-Kalnay SM, Bellamkonda RV. Modulation of Rho GTPase activity alleviates
chondroitin sulfate proteoglycan-dependent inhibition of neurite extension. J Neurosci Res,

2004; 77: 299-307.

Jones LL, Margolis RU, Tuszynski MH. The chondroitin sulfate proteoglycans neurocan,
brevican, phosphacan, and versican are differentially regulated following spinal cord injury.

Exp Neurol, 2003; 182: 399-411.

Madura T, Yamashita T, Kubo T, Fujitani M, Hosokawa K, Tohyama M. Activation of Rho

in the injured axons following spinal cord injury. EMBO Rep, 2004; 5: 412-7.

Mallavarapu, A., and Mitchison, T. Regulated actin cytoskeleton assembly at filopodium

tips controls their extension and retraction. J. Cell Biol, 1999; 146:1097-1106.

Morgenstern DA, Asher RA, Fawcett JW. Chondroitin sulphate proteoglycans in the CNS

injury response. Prog Brain Res, 2002; 137: 313-32.

Sandvig A, Berry M, Barrett LB, Butt A, Logan A. Myelin-, reactive glia-, and scar-derived
CNS axon growth inhibitors: expression, receptor signaling, and correlation with axon re-

generation. Glia, 2004; 46: 225-51.

Suter DM, Forscher P. Substrate-cytoskeletal coupling as a mechanism for the regulation of

growth cone motility and guidance. J Neurobiol, 2000; 44: 97-113.

Tom VJ, Steinmetz MP, Miller JH, Doller CM, Silver J. Studies on the Development and
Behavior of the Dystrophic Growth Cone, the Hallmark of Regeneration Failure, in an In

Vitro Model of the Glial Scar and after Spinal Cord Injury. J. Neurosci., 2004; 24: 6531-9.



Appendix C

Bridging and motility on

micropatterned grooves

C.1 Introduction

Neurons and glia respond to physical cues in their microenvironment. Surface topography
has been shown to be important for tissue engineering, as a way in which biomaterials can
influence cell behavior. Topographical features can direct a wide range of cellular functions
such as activation, orientation, and migration (reviewed in (Curtis and Wilkinson, 1997)).
One specific way in which topography can induce changes in cell response is through contact
guidance, where anisotropic topographical features direct cells to align their orientation and
morphology along the long axis of topographical features (Manwaring et al., 2004; Rajnicek
and McCaig, 1997). The contact guidance phenomenon has been described in particular
in regard to the response of cells to repeating grooved topography over a wide range of
microscale features (Song and Uhrich, 2007). Many cell types have been shown to exihibit
contact guidance when cultured on grooved substrates presenting nano- to micro-scaled
features, including fibroblasts, astrocytes and neurons. Schwann cells (SC) in particular,
have been shown to increase alignment to microgrooved substrates, as compared to flat

substrates presenting no topographical cue (Hsu et al., 2005; Miller et al., 2002).
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Anisotropic topographical features may also direct cell responses in a different manner from
contact guidance. Grooved topographical features can also direct cells to extend across
grooves and plateaus, with no apparent underlying support. This morphology, termed “cel-
lular bridging” has been observed in primary neurons: dorsal root ganglia (DRG), hippocam-
pal, neuroblastoma (B104) cells, SC, and fibroblasts (Goldner et al., 2006). Cells exhibit
complex interactions with grooved substrates, where complex mechanisms of cell adhesion,
process extension and tension are required for pulling a cell 50pm above its initial adhesion

point.

Molecular cues also provide guidance information for neurons and glia. In the context of
topography, non-uniformity in protein deposition on the edges of topographical features has
been proposed to play a role in contact guidance (Lopez et al., 1993). Experiments studying
the morphology of focal adhesion formations on fibroblasts on microtextured surfaces have
shown that these surfaces can influence the orientation of intracellular and extracellular pro-
teins (den Braber et al., 1998). Hence the presentation of both molecular and topographical

cues may have synergistic effects on neurite outgrowth.

In this study, we evaluated the formation and dynamics of DRG and SC bridges on mi-
crogrooved substrates presenting different patterns of molecular cues using different methods
of protein deposition (adsorbed and covalent binding of proteins to surfaces). Here we show
that there are differences in DRG and SC adhesion preferences and bridging morphology,

and that the cells undergoing the bridging formation process are highly motile and dynamic.

C.2 Materials and Methods

All reagents were obtained from Invitrogen unless otherwise specified.

C.2.1 Substrate preparation

Microgrooved substrates were fabricated using photolithography and soft lithography as de-

scribed in Goldner et al. (Goldner et al., 2006). Briefly, masks containing the substrate
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patterns were designed using AutoCAD, as a series of repeating lines 50pm wide, spaced
70pm apart, over a lcm x lcm area. Patterns were transferred onto silicon wafers using pho-
tolithography. Substrates for cell culture were then made by fabricating poly(dimethylsiloxane)
(PDMS) impression replicas with 1-2mm thickness, of the pattern from the silicon wafer

masters.

C.2.2 Protein coating

Several micropatterns were fabricated using both passive adsorption techniques and covalent
attachment techniques. Several surfaces were selectively coated, all surfaces (total), plateau
surfaces (plateau) and groove and wall surfaces (groove). Schematic of each are shown in

Figure C.1.

C.2.2.1 Adsorption

Substrates were coated via adsorption with either 3% fluorescein isothiocyanate conjugated
bovine serum albumin (FITC-BSA) or 50pg/mL LN. For coating on all surfaces (total coat-
ing), substrates were plasma activated at 10.5W for 60 s with a plasma cleaner/sterilizer
(PDC — 32 G, Med RF level, Harrick), sterilized by immersion in 70% ethanol, and rinsed
with sterile dH20. Substrates were incubated with protein solutions for one hour, and rinsed

with dH20 before plating.

For selective coating on surfaces of groove floors and walls (groove coating), the edges of
the grooved substrates including the ends of the grooves were removed, creating channels.
PDMS substrates were plasma activated as described above and reversibly adhered to a
glass coverslip. FITC-BSA or LN solutions were applied to the open ends of the channel,
allowing capillary action to passively draw the protein solution into the channels. Excess
protein solution was applied at each end of the channel to prevent drying, and incubated at
room temperature for 1 hour. Excess protein was then removed using an air stream and the

PDMS substrate was then removed from the coverslip.
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Figure C.1: Selective micropatterns of microgrooved substrates.
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(A) total coated and (B) plateau coated substrates were fabricated via adsorption and
covalent attachment methods, (C) groove coated substrates were fabricated via adsorption
only, and (D) shows substrates with no surface modification. P, plateau, W, wall and F,

floor.
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For selective coating on plateau surfaces (plateau coating), a modified method of micro-
contact printing was used. Glass coverslips were submerged in 10% sodium docecyl sulfate
(SDS; Sigma-Aldrich) and sonicated, rinsed in dH20 and dried. Coverslips were coated with
50pg/mL LN for one hour, and excess protein solution was removed using an airstream.
PDMS substrates were plasma activated as described above and reversibly adhered to the
coated glass coverslip for 1 hour at room temperature before being removed from the cover-

slip.

C.2.2.2 Covalent protein attachment

Substrates were coated covalently with ,either 3% FITC-BSA or 50pg/mL LN. Substrates
were cleaned by immersion in 10% SDS solution and sonicated for 5 minutes. Substrates
were rinsed with distilled H20, then methanol, and baked at 45°C for 5 minutes. Substrates
were then incubated with 5% 3-Aminopropyl Trimethoxysilane (APTS, Aldrich) in 100%
ethanol at 30rpm for 10 minutes. Substrates were then rinsed with ethanol, dried, then
baked at 80°C for 2 hours. The substrates were then coated with a 5mg/ml solution of the
crosslinker Bis[sulfosuccinimidyl| suberate (BS3, Pierce) in Phosphate Buffered Saline (PBS)
for 20 minutes at room temperature. Substrates were rinsed with PBS to remove excess BS3.
For control samples, substrates were then dried with pressurized air in preparation for cell
seeding. Protein solutions were then applied depending on the micropattern desired. For
uniformly coated samples, substrates were then coated with protein solution for 1 hour
at room temperature. For plateau coated samples, substrates were microstamped with
a coverslip coated with protein solution (as described above). For orthogonally coated
samples, substrates were microstamped with an adsorbed protein coated grooved substrate

(as described above), applied orthogonally to underlying grooved substrates.

C.2.3 Cell culture

Dissociated DRG neurons from postnatal day 0-4 rat pups were used in these experiments.

DRG were seeded at 110,000 cells/mL for bridging experiments. DRG were cultured in
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Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS), penicillin
(100U /mL), streptomycin (100pg/mL) and 50ng/mL nerve growth factor, on microgrooved

substrates described above for 24 hours.

SC from adult rat sciatic nerve (SC, P4 through P10, a gift from the Bunge lab) were used
in these studies. SC were cultured in DMEM supplemented with 10%FBS, 1% L-glutamine,
2pM forskolin, 10pg/mL bovine pituitary extract, 226pM heregulin (gift from Genentech),
and penicillin (100U /mL), streptomycin (100pg/mL) (SC media) on poly(L-lysine) coated
surfaces 0.01% (PLL; Sigma). SC were seeded at 50,000 cells/mL for adhesion and endpoint

bridging studies and 25,000cells/mL for timelapse studies.

Two methods of cell seeding were used in these studies: drop seeding, where the cell sus-
pension with the final seeding density in 200 ul. was dropped onto the surface of the mi-
crogrooved substrates. After the initial incubation at 37° for 3 hours with 200uL media
where the cells adhered to the substrated, 3mL of media was added to the cultures. In
solution seeding, a cell suspension with the final seding density in 5mL of media was added
to the culture dish with the microgrooved substrate. Culture dishes were gently agitated
(30rpm, 10min) for more even seeding across the entire substrate surface. Drop seeding was
used for all DRG cultures, both drop seeding and solution seeding were used for SC cultures

and specified in the relevant sections. Solution seeding was used for all SC timelape studies.

C.2.4 Image analysis

Epifluorescence microscopy with a Nikon Eclipse TE2000-S was used to visualize LN coated
surfaces after immuohistochemistry. Phase contrast microscopy using a Nikon Eclipse TE2000-
S was used to visualize cellular bridges. All analysis was performed on unfixed samples. A
bridge was defined as a cell extension or cell body that spanned from one plateau or wall
to the adjacent plateau or wall without underlying support. Distinction between bridge
types was determined by varying the depth (z) plane of focus and determining the depth
at which bridges formed. This was easily distinguishable as the bridge came into focus

at specific focal planes that corresponded to the depth at which the bridge formed. Most
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analyses done in this study was on “plateau-level bridges,” defined as bridges that formed
in z-planes within -10pm of the plateau. Some analysis was done on “wall bridges,” defined
as bridges that formed in z-planes between -10pm and -40pm from the plateau. For total
coated and plateau coated samples, cells and bridges on 10 grooves were evaluated on n=2
or n=3 samples. For groove coated samples, cells and bridges on 20 grooves were evaluated
on n=3 samples, as substrate preparation of groove coated samples required cutting half of

the available grooved area.

C.2.5 Scanning electron microscopy

To visualize cellular morphologies and cellular bridges under scanning electron microscopy
(SEM), samples were fixed using Karnovsky’s fixative for 3 hours, rinsed in 0.1M sodium
cacodylate buffer, and postfixed in 1% osmium tetroxide (OsO4) in 0.1M cacodylate buffer
for 1Thour. Samples were incubated in 1% thiocarbohydrazide (TCH) for 30 minutes, 0.5%
0s04 for 30 minutes and dehydrated using graded ethanols to 100% ethanol. Following
air-drying and gold-palladium sputter coating, samples were imaged using a Hitachi S-270

SEM with 15kV acceleration voltage.

C.2.6 Timelapse analysis

Phase contrast images of four fields of view (two in the center of the grooves and two at
groove edges) were captured every 10 minutes over 24 hours. Images at each field of view
were captured as z-stacks of 70pm, with seven z-planes with 10pm intervals. Z-stacks were
oriented so that an image was taken at 10pm above the level of the plateau and 10pm below
the level of the groove. After 24 hours, image sequences were organized for analysis with

Volocity software and exported as Quicktime movies.

Soma of individual SC were tracked over 24 hours using ImageJ Manual Tracker. Z-positions
of soma over time were recorded and from those data, distance and velocity were calculated.
Velocity was calculated both over the each 10 minute interval, and over the climbing period

of bridge formation.
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C.2.7 Modeling of force generation during bridging process

Tension forces required to pull a soma upwards on the groove were modeled as a system of
two cables in static equilibrium. Figure C.2 shows a free body diagram with forces acting
on the soma at particular geometries during bridge formation. Assumptions include no
translational and rotational motion by the soma, equal contribution of each process, and
frictionless and massless processes. Equations listed in Figure C.2 show the force calculations
and parameters for the model. Figure C.2 shows the input parameters used in the force
calculations, F,p = forces in z direction, Fp =tension force, F; =buoyancy force, F; =drag
force, F,, =force due to gravity, m=mass, a =acceleration, R =radius of cell, p =density.

Values for cell density from (Schnaar and Schaffner, 1981).

C.3 Results

C.3.1 Preferential adhesion on micropatterned grooves

DRG and SC adhesion at 3 hours and 24 hours were evaluated on micropatterned substrates
with selective LN coating. The majority of DRGs on all substrates tested were in the grooves
at both 3 hours and 24 hours (Figure C.3). For SC on substrates with plateau or groove
LN coating, the majority of cells initially adhered on surfaces in grooves at 3 hours, and
moved onto the plateau surfaces by 24 hours in culture. For SC on substrates with total LN
coating, cells were more evenly dispersed between groove and plateau surfaces at 3 hours,

and more cells adhered on the plateau surfaces at 24 hours (Figure C.3).
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Y F._ma=0=2Fpsinf+ Fp — Fy — Fy

Parameters SC DRG
Cell density (g/cm?) 1.049 1.004
Media density (g/cm?) 1.00 1.00

Viscosity, n 1.69E-3 1.69E-3
Volume (um?) 8540 53400
Mass (g) 8.57E-9 5.36E-8

Figure C.2: Free body diagram showing forces acting on a cell soma during bridge formation
under static equilibrium and input parameters used in the model.

Where F, =gravitational force, I, =buoyancy force, Fy =drag force, m— mass, g— ac-
celeration due to gravity, v = specific vlume, p =density, n =viscosity, r= radius, V =
velocity
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Figure C.3: Preferential cellular adhesion on micropatterned substrates.
(A) At 3 hours, DRG preferentially adhered to grooves on all micropatterned LN substrates
tested. SC preferentially adhered to grooves, on plateau and groove coated substrates, and
adhered to plateaus on total coated substrates. (B) At 24 hours, DRG preferentially adhered
to grooves on all micropatterned LN substrates. SC preferentially adhered to plateaus on
all micropatterned LN substrates.
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C.3.2 Bridges across micropatterned grooves exhibit several stereotypic

morphologies

DRG and Schwann cell processes formed bridges with diverse morphologies. Bridges were
classified as “plateau” bridges and “wall” bridges, based on the depth at which the bridges
were formed, as described in section C.2.4 (Figure C.4a, b). Plateau bridges were further
classified as (1) “typical” bridges, described in Goldner et al. (Goldner et al., 2006), processes
across two adjacent plateaus with no underlying support at the center of the groove (Figure
C.4a), (2) “soma” bridges where a cell body along with processes spanned across two adjacent
plateaus and (3) “end” bridges where processes across two adjacent plateaus at the groove
edge (Figure C.4c). Bridges have been observed to be composed of a single neurite or
multiple neurites, and qualitatively DRG bridges appear to be more complex, with more

cell-cell interactions than Schwann cell bridges.

C.3.3 SC exhibit much higher incidence of bridging on selectively coated

grooved substrates

The number of bridges formed over 24 hours on micropatterned susbtrates with selective
LN coating was evaluated for DRG and Schwann cell culture. Only plateau bridges were
evaluated in this comparison. SCs formed more bridges than DRGs on all substrates tested
(Figure C.5). It is interesting to note that both SCs and DRGs were able to form bridges on

selectively coated (plateau and groove coated) substrates using the drop seeding method.

C.3.4 Method of protein attachment on microgrooved substrates affects

SC bridging

Protein coating was performed both by passive adsorption of LN solutions onto plasma
activated PDMS surfaces, as well as covalent attachment of LN using bifunctional linkers

APTS and BS3. Attachment of FITC-BSA showed that even coating was achieved using
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Figure C.4: Scanning electron micrographs of SC bridges of various morphologies.
(A) plateau bridges with extensions at the z-plane of the plateau, (B) wall bridges, (C) end
bridges that occur on the edge of the groove, and (D) floor-to-wall bridges. Only plateau
bridges were evaluated for studies using DRGs, SCs on covalently attached LN substrates
and timelapse studies. Plateau and wall bridges were evaluated in studies with SCs on
adsorbed LN substrates. P, plateau, W, wall and arrow indicate bridges.
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Figure C.5: Differences in bridge formation between SC and DRG on micropatterned
grooves.

SC formed significantly more bridges than DRG on total and plateau coated substrates.
These studies were performed using the drop seeding method during cell seeding on mi-
crogrooved substrates.
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Bridge type SC DRG
fast (time to bridge in min) <300 <1200
slow(time to bridge in min) >300 >1200
variant change in z direction

Table C.1: Criteria for bridge types used in timelapse analysis

both of these methods, and selective coating of specific surfaces was feasible using micro-
contact printing techniques. SC were seeded using the solution seeding method, and SC
bridges on total and plateau coated substrates were directly compared (Figure C.6). SC
plateau bridges formed on total LN coated substrates by either method, but significantly
more bridges formed on covalent than on adsorbed LN substrates (t-test p<<0.05). SC bridges
were unable to form on adsorbed plateau LN coated substrates, but were observed on co-
valent LN coated substrates (Figure C.7). SC bridging on grooved substrates coated with
intermediary chemicals used in the covalent linking process was also evaluated as a control

(Figure C.7b).

C.3.5 Bridge formation dynamics

Soma of DRG and SC were tracked in the z-direction over time as bridges were forming over
grooved substrates. This data was plotted in several ways to visualize cell trajectories over
time: (1) all z heights measured for a particular cell type was averaged over each timepoint
to obtain an “average” trajectory for the cell type (Figure 7a, b), (2) bridges were sorted
by their dynamics into “fast”, “slow” and “variant” (criteria listed in Table C.1 for each cell
type), grouped and averaged over each timepoint for the average trajectory for each bridge
type (Figure 7c, d), (3) only the climbing phase of the soma were evaluated such that t0
was taken to be when the soma was observed to make its first movement in the z-direction

to determine the stereotypic trajectory each cell type (Figure 7e,f).

Average trajectories of SC (Figure 7a) and DRG (Figure 7b) show differences between SC
and DRG bridging dynamics. DRG appear to make constant upward progress in the groove,
whereas SC appear to have a climbing phase (0-400min), a suspension phase (400-800min)

and then a climbing phase (800-1200min). This could be an effect of more variable SC
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Figure C.6: Differences in SC bridge types between substrates with different micropatterned
coatings.

SC preferentially form wall bridges on total and groove coated substrates. SC did not
form bridges on plateau coated substrates. These studies were performed using the solution
seeding method during cell seeding on microgrooved substrates.
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Figure C.7: SC formed more bridges on (B) covalently coated substrates than (A) adsorption
coated substrates.

SC were able to form bridges on covalent plateau coated substrates. SC were also able to
form bridges on coatings of intermediate chemicals used in the covalent attachment process

(B).
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SC DRG

F, (N) -879E-11 -5.25E-10
F, (N)  837E-11  5.23E-10
Fq(N)  1.38E-15 5.36E-16
F.r(N) -1.72E-10 -1.05E-9

Table C.2: Gravitational, Buoyancy, Drag and Tension forces generated by SC and DRG
during bridging as calculated by static equilibrium model.

bridging dynamics. The variability can be seen in Figure 7c, where the three types of SC
bridges, fast, slow and variant were graphed and shown to be very different from each other.
DRGs were more consistent in their trajectories as seen in Figure 7d. To determine if there
were stereotypic climbing paths of SC and DRG, we reorganized the data so time 0 was
taken to be the time at which climbing started. Figures 7e, f show that for SC, the initial
climbing phases (<100min) between all bridges were very similar in trajectory and speeds,
whereas the intermediate climbing phases (200-600min) for DRG bridging was much more

consistent than the initial and ending phases of bridging.

C.3.6 Forces generated during cellular bridging

Table C.2 shows the estimated forces associated with the static equilibrium system, and the
minimum amount of force generation in the z direction required by the cells to form bridges
using two processes. DRG bridges appear to require a larger force than SC bridges, based
on differences in soma size, and upward velocity of the cells. Figure C.9 shows the calculated
tension forces (Fr) each process is required to generate as the soma moves up the groove. In
these calculations, a cell is assumed to have only two processes, and forces required are then
based on the geometry of static loading. This correlates to experimental observations of
bridge morphology, where DRG neurite bridges are more likely than SC to involve networks
of neurites, and more neurites appear to be involved in bridging. This could be due to the

larger forces needed to form DRG bridges.
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Figure C.8: Timelapse trajectories of SC and DRG bridging and associated velocities.
Trajectory data show data + SEM of average z-distance of all SC bridges (A) and all DRG
bridges (B) over time. Regression lines are fitted to each set of trajectory data, shown on
graph. Trajectory data was then separated into “fast,” “slow” and “variant” bridge types
and plotted for SC (C) and DRG (D) bridges. Trajectory data was then normalized at the
start of climbing, to normalize change in z direction. Average of climbing trajectories for
(E) SC and (F) DRG were plotted.
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C.4 Discussion

Extensive studies have shown that micropatterned coatings with permissive molecules and
microgrooved topographies are able to direct neurons and glia in culture. Cellular bridging
has been described as a phenomenon where cells pull their soma vertically upwards within
a groove. Hence, how this bridging process occurs is of interest and in this study we studied
several factors such as cellular adhesion, selective micropatterns of LN, and varied coating

methods of LN to clarify their influence on the bridge formation process.

LN is an important extracellular matrix molecule for both cellular adhesion and the for-
mation of protrusions for DRG and SC. DRG (Li et al., 2008) and SC (McCarthy et al.,
1983) have shown haptotactic migration up gradients of LN in traditional two dimensional
cell culture. Selective coating with LN on 3D substrates allows us to observe preferential
seeding and migration on distinct areas of LN coating or no coating, depending on the mi-
cropattern applied. Differences between DRG and SC adhesion patterns on microgrooved
substrates were observed, where initial cell seeding (after 3 hours) did not appear to achieve
uniformity in cellular adhesion, where the majority of all cells adhered to the surfaces of the
grooves. However at 24 hours, the majority of DRG remained in the grooves whereas the
majority of SC were observed on the surfaces of the plateaus. This may indicate a higher

motility of SC as compared to DRG.

Comparison of bridging at 24 hours also showed that SC formed significantly more bridges
than DRG, under similar cell seeding conditions. Initial cell seeding conditions were varied
slightly between SC and DRG as SC replicate while DRG neurons do not divide. SC were
seeded at 50,000 cells/ substrate and DRG were seeded at 110,000 cells/substrate, and
SC formed more bridges after 24 hours. Cell-cell interactions are involved in the bridging
phenomenon as shown in Goldner et al. (Goldner et al., 2006), where an optimal cell seeding
density of 125,000 cells/substrate was reported. In the subsequent parts of this study, cell
seeding density was adjusted for optimal bridging density at 24 hours in order to make

comparisons across different micropatterns on microgrooved substrates.

Coating method was found to significantly affect bridge formation on both types of mi-
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cropatterned LN substrates tested (total and plateau coated substrates). Covalent binding
of proteins is hypothesized to be a more controlled way of protein deposition and hence
more effective in allowing cells to adhere to these surfaces. Studies with L1 and fibronectin
have shown that adsorption with poly-D-lysine and covalent binding show similar amounts
of protein on the substrate. However, depending on cell type, covalently attached L1 and
fibronectin may or may not have an effect on cellular adhesion and neurite length (Webb
et al., 2001). Covalent attachment of Tyr-Ile-Gly-Ser-Arg (YIGSR), a peptide found on the
B1 chain of LN was found to allow for higher strengths of NG108-15 adhesion than com-
pare to adsorbed LN (Cargill et al., 1999). Hence adhesion and process outgrowth on these
substrates may be different. Our studies agree with these observations, where increased SC

bridging was observed on covalently attached LN surfaces.

Timelapse studies show highly dynamic SC and DRG cultures and allowed the study of
bridges that formed before the 24 hour period in endpoint studies. Cell motility appears to
play a role in the bridging process, and within each cell type there are different trajecto-
ries and motilities exhibited by the cell. Metabolic and cytoskeletal functions could affect

bridging dynamics and morphologies and would be a future direction of the research.

Topography is capable of eliciting various morphologies from neurons and glia, and under-
standing the underlying mechanisms by which bridges form and stabilize are important for

understanding the roles of the microenvironment on the neurite growth phenomenon.
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